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RADIATION  SAFETY  DURING  SPACE  FLIGHTS 

V.G.  Bol.kov,  V.P. Demin, I.B. Keirim-Markus, Ye.Ye.  Kovalev', 
A.V. Larichev, V . A .  Sakovich, L.N. Smirennyy, M . A .  Sychkov 

ABSTRACT 

This is one of  the  first  Soviet  books  which 
examines  the  problem  of  safety  from  radiation  danger 
durir&g space  flight  in  detail.  The  book  covers  the 
following  areas:  cosmic  radiation  dosimetry,  radia- 
tion conditions,in space,  interaction  between 
radiation and matter,  protection  from  space  radiation. 

Chapter 1 discusses  the  dosimetry of cosmic 
radiation.  The  experimental  and  mathematical  dosimetry 
methods  are  reviewed.  The  effects of ionizing  radia- 
tion  on  human  beings and  dosimetry  methods  are  thep 
examined. 

Chapter 2 deals  with  primary  galactic  radiation 
in  srace (PCR), its interaction  with  the  earth's 
magnetic  field,  its  origin,  anl  the  tissue  dose  rate 
resulting  from  it.  Radiation  levels  during  several 
Soviet  manned  flights  are  presented. 

Chapter 3, entitled  "Solar  Cosmic  Radiation  (SCR) ," 
discusses  the  origin,  frequency,  mechanism,  spectrum, 
resulting  tissue  dose  rate,  and  methods  of  forecasting 
SCR. 

Chapter 4 deals  with  the  inner  (i.e.  close)  radia- 
tion  zone of the  earth.  The  results  derived  from  Soviet 
and  Lmerican  satellite  experiments  are  described.  The 
resulting  dose  is  given. 

Chapter 5 discusses  the  outer  radiation  zone  of  the 
eartk,,  i.e.,  at altitudes  of  several  hundred  kilometers. 
The  zone  was  mapped  by  Soviet and American  satellites. 
The  spectrum,  structure,  and  resulting  tissue  dose  are 
nrescnted. 

Chapter 6, entitled  "Interaction  of  High-Energy 
Protons  with  Shielding  Xaterial,"  considers  protons  having 
energies  of  several  tens  and  hundreds  of Bevy which 
comprise  the main part  of  corpuscular  radiation  from  the 
SCR and  from  the  inner  radiation  zone of the  earth. 



Chapter 7 discusses  the  shielding  of  manned 
spacecrafts  from  protons  found  in  the  inner  radiation 
zone of  the  earth  and  those  due to solar  flares. 

Chapter 8 treats  shielding  from  electrons  and 
electromagnetic  radiation  for  flights  near  the  earth. 

Chapter 9 discusses  nuclear  engines  and  other 
nuclear  power  devices.  Performance  of  chemical,  nuclear, 
and  electric  (ion  and  plasma)  jet  engines  is  compared. 
The  following  nuclear  engines  are  described:  thermal- 
exchange  type  with  homogeneous and heterogeneous  reactors, 
electric-energy  nuclear  engine,  turbogenerator  nuclear 
engine,  thermoemission  type,  and  a  type  using  nuclear 
explosions.  Numerous  American  nuclear  engine  projects 
are  reviewed. 

Chapter 10 discusses  shielding  problems  for  space 
vehicles  having  a  nuclear  reactor.  Nuclear  spacecraft 
designs  containing  shielding  are  described. 
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INTRODUCTION 

be  
f i  

Two d a t e s  - October  4 ,  1957,  and  January 2 ,  1959 - marked  the 
=inning  of   man's   conquest   of   cosmic  space.   The  launching  of   the 
rst a r t i f i c i a l   e a r t h  s a t e l l i t e  a n d   t h e   f i r s t   c o s m i c   r o c k e t   i n   t h e  

S o v i e t   U n i o n   m e a n t   t h a t   t h e   f i r s t   a n d   s e c o n d   c o s m i c   v e l o c i t i e s  were 
f i n a l l y   s u r p a s s e d .   I n   a d d i t i o n ,   t h e   g r a v i t a t i o n a l   b a r r i e r  was over- 
cone ,   wh ich   had   b locked   man ' s   pa th   t o   t he  cosmos f o r  several ages .  

/3n 

F l i g h t s   i n   c o s m i c   s p a c e c r a f t s  - which were c a r r i e d   o u t   i n   t h e  
Soviet   Union by Yu. A .  Gagar in ,  G .  S .  T i t o v ,  A .  G .  Nikolayev,  P .  R. 
Popovich,  V.  F.  B y k o v s k i y ,   b y   t h e   f i r s t  woman-cosmonaut V.  V.  Nikolayev- 
Tereshkova,  and i n   t h e   U n i t e d  States  by  John  Glenn, Pi. Carpen te r ,  
by W .  S h i r r a ,   a n d  G .  Cooper - showed t h a t   t h e   r e m a i n i n g   b a r r i e r s   o n   t h e  
p a t h   t o   t h e  cosmos  had  been s u c c e s s f u l l y   o v e r c o m e :   u n u s u a l   l i v i n g  
c o n d i t i o n s ,  weightlessness,acceleration a t  l i f t - o f f  and a t  l a n d i n g ,  
and   ove rhea t ing   du r ing   dece le ra t ion   i n   t he   a tmosphe re .   Moreove r ,  
i n t ens ive   s tud ie s   on   cosmic   space ,   wh ich  were s t i m u l a t e d   b y   t h e  
s u c c e s s e s   i n   l a u n c h i n g   s p a c e   v e h i c l e s ,  l e d  t o   t h e   d i s c o v e r y  of new 
fac to r s   wh ich   were   p rev ious ly  unknown.  They  showed t h a t   o n e   v e r y  
s e r i o u s   o b s t a c l e  m u s t  s t i l l  be   encoun te red   i n   t he   conques t  of cosmic 
s p J c e  - t h e   r a c ' i a t i o n   b a r r i e r .  

Seve ra l   yca r s   ago ,  i t  w a s  assumed t h a t   c o s m i c   r a d i a t i o n   o u t s i d e  
o f   t h e   e a r t h ' s   a t m o s p h e r e   r e p r e s e n t s  a ve ry  weak s t r e a m   o f   p a r t i c l e s  
having  very  Arcat   energy,   which is  s t a b l e   i n  t i m e .  Ca lcu la t ions   wh ich  
were per formed  by   separa te   au thors   (Tobias ,Schaefer )  showed t h a t   t h e  
da.lger  from t h i s   r a d i a t i o n  i s  n o t   g r e a t ,   a l t h o u g h  i t  e n t a i l s  a c e r t a i n  
a m l u n t   o f   u n c e r t a i n t y ,   s i n c e   t h e   b i o l o g i c a l   e f f e c t  of t h i s   t y p e  of 
r a l i a t i o n   h a s   n o t   b e e n   s t u d i e d   e x p e r i m e n t a l l y .  

Rad ia t ion   zones   o f   t he   ea r th  were d i scove red  (Van Allen,   Vernov,  
and  Chudakov)  with  the  aid  of  equipment  which was p l a c e d   o n   a r t i f i c i a l  
e a r t h   s a t e l l i t e s .  On t h e   b a s i s   o f   t h e   f i r s t  estimates, t h e   d o s e  
r a t e   i n   t h e   r a d i a t i o n   z o n e s   a m o u n t e d   t o   a b o u t   1 0 0   r o e n t g e n s   p e r   h o u r ,  
a n d   t h u s   t h e   r a d i a t i o n   z o n e s   o f   t h e   e a r t h  w e r e  unexpec ted ly   found   t o  
be a new s o u r c e   o f   r a d i a t i o n ,   w h i c h   h a d   t o   b e   t a k e n   i n t o   c o n s i d e r a t i o n .  
S o n e   d a t a   p o i n t e d   t o   t h e   f a c t   t h a t  similar r a d i a t i o n   z o n e s ,   w h i c h  were 
p o s s i b l y   m o r e   p o w e r f u l ,   e x i s t e d   a r o u n d   o t h e r   p l a n e t s   ( J u p i t e r ,   V e n u s ) ,  
a n d   t h e s e   w o u l d   b e   e n c o u n t e r e d   d u r i n g   i n t e r p l a n e t a r y   f l i g h t s .  /4 

T h e   g r o w i c g   i n t e r e s t   i n   c o s m i c   r a d i a t i o n  made i t  n e c e s s a r y   t o  
d i r e c t   a t t e n t i o n   t o   t h e  small s p o r a d i c   v a r i a t i o n s   i n   c o s m i c   r a y s ,  
which  had  been w e l l  known f o r  a long   pe r iod   o f  t i m e  and  which were 

* :Jote:  Numbers i n   t h e   m a r g i n   i n d i c a t e   p a g i n a t i o n   i n   t h e   o r i g i n a l  
f o r e i g n   t e x t .  
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compared  with  solar  activity  in 1942 (Forbush). Intensive  studies, 
particularly  studies on the  phenomena  occurring in February, 1956, 
showed  that  from  time  to  time  the sun is  a  source of powerful, 
corpusclar  streams.  According to some  estimates,  these  streams  create 
doses  on  the  order  of 10 4 rad in interplanetary  space.  The  penetrating 
capacity  of  this  radiation  is  such that some  authors  propose  using 
protective  screens  having  a  thickness  of  2-4 m, in order t o  lower  the 
dose to permissible  amounts.  Thus,solar  cosmic  radiation  is  the  second 
new  factor  comprising  the  radiation  danger  during  cosmic  flight. It 
is  all  the  more  serious  because  the  radiation  appears in an unexpected 
way, and  the  possibility  of  predicting  it  and  taking  protective 
measures  against  its  stream  is  problematical to a  considerable extent. 
These statements  clearly  illustrate the seriousness of  the  radiation 
barrier as an obstacle  which  is  encountered on the  path  toward 
mastering  the  cosmos. 

The  problems of safety  against  radiation  have  been  investigated 
intensely  in  recent years, in  connection  with  the  apparent  significance 
of  radiation  danger  during  cosmic  flights.  A new branch of science - 
radiation  safety  during  cosmic  flights - has  developed  at an essentially 
very  rapid tempo,  along  with its  branches:  dosimetry  of  cosmic  radia- 
tion,  protection  from  cosmic  radiation,  and  others - each  of  which  has 
specific  characteristics. 

Thus,  for  example,  a  new problem arises  in the  dosimetry  of  cosmic 
radiation - measurement of  the  tissue dose of radiation  having  very 
great  energy  and  linear  density  of  energy  transfer. The problem  arises 
anew  as  to  the magnitude of the dose, which  determines  the  result  of 
radiation  arising  from a very  irregular  distribution  of  the  doses in 
the organism,  and  under  the  effective  radiation  with  relative  biological 
effectiveness (RBE) which  changes  within  extreme  limits. The problems 
thus  arise  of  developing new apparatus  which  would  make  it  possible  to 
measure  this magnitude of the dose, taking  the RBE into  consideration, 
and  to measure  the  distribution  of  the dose with  respect t o  volume of 
the  body  and  with  respect  to  time. The necessity of predicting  the 
radiation dose by means  of  different  methods  and  equipment is thus 
apparent. 

In  order to provide  protection  from  radiation,  the  distinct  problems 
arise  as  to  protection  by  means  of  partial absorbtion of  charged  particles, 
utilization  of  shadow  protection,  equipment  and  supplies  which  can be 
used  as protection  elements,  and  a  radiation  protection  installation. 
The  principal  estimates  show  that  atomic  energy  must be used  for  long 
cosmic  flights. Thus, the  necessity  arises  of  combining  protection 
from  cosmic  radiation  with  protection  against  radiation  from  the  nuclear 
energy  apparatus. 

The  characteristics  of  cosmic  radiation  dosimetry  are  discussed in 
this book, and  the radiation  conditions in cosmic space, the  main  inter- 
action  between  cosmic  radiation  and matter, and  protection  from  cosmic 
radiation are  analyzed. 
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The au tho r s   have  set themse lves   t he   p rob lem  o f   p re sen t ing  a 15  
d e s c r i p t i o n ,   w h i c h  i s  a s   c o m p l e t e  as poss ib l e ,   o f   t he   p rob lem  o f  
r a d i a t i o n   s a f e t y   d u r i n g   c o s m i c   f l i g h t s   i n   c h a p t e r s   w h i c h   d e a l   w i t h  
t h e   s o u r c e s   o f   r a d i a t i o n ,  i t s  l e v e l s ,   m e t h o d s   f o r   m e a s u r i n g   t h e   d o s e s ,  
a n d   t h e   p h y s i c a l   m e t h o d s   f o r   p r o v i d i n g   p r o t e c t i o n   a g a i n s t   t h e   r a d i a -  
t i o n .   I n   s u c h   a n   e s s e n t i a l   a n d   r a p i d l y - d e v e l o p i n g   r e g i o n ,   f a c t s   a n d  
concep t s  are c o n s t a n t l y   b e i n g   r e a p p r a i s e d ,  s o  t h a t  i n  t i m e ,  when t h e  
book i s  p u b l i s h e d ,   t h e r e  w i l l  d o u b t l e s s   b e   e l e m e n t s   i n  i t  which are 
o b s o l e t e .   T h e r e f o r e ,  i t  must   be  regarded as a snapsho t   o f   da t a   ( and ,  
p o s s i b l y ,   i n f o r m a t i o n   o f   t h e   a u t h o r s )   i n   t h e   g i v e n f i e l d .   S i n c e   t h i s  
i s  o n e   o f   t h e   f i r s t   b o o k s   w h i c h   e x a m i n e s   i n   d e t a i l   t h e   p r o b l e m s   o f  
r a d i a t i o n   s a f e t y   d u r i n g   c o s m i c   f l i g h t s ,  i t  w i l l  n a t u r a l l y   h a v e  many 
d e f e c t s ,   a n d   t h e   a u t h o r s  w i l l  a p p r e c i a t e   a n y  cri t icisms f rom  the  
r e a d e r s .  

- 

Chapters  I and I11 i n   t h e  book were w r i t t e n  by I. B. K e l r i m -  
Markus,   Chapter I1 and  Chapter I V  - by M.  A .  Sychkov,  Chapter V and 
V I 1 1  by  A .  V .  La r i chev ,   Chap te r  V I  by Ye. Ye. Kovalev;  Chapter V I 1  
by Y e .  Ye. Kovalev’and L .  N .  Smirenniy,   Chapter  I X  by V.  G.  Bobkov, 
and  Chapter X - V .  P .  Demin and V .  A .  Sakovich.  

The  a u t h o r s   a r e   i n d e b t e d   t o  a l l  t he i r   co -worke r s  who a s s i s t e d  
i n   c o m p i l i n g   t h i s   b o o k .  
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CHAPTER 1 

DOSIMETRY OF COSMIC  RADIATION 

1.1 Absorbed  Dose 

Life  on the  earth  has  developed  under  the  protection  of  an /7 
air  covering,  whose  mass  over  each  square  centimeter  of  the  surface 
amounts  to 1 kg.  Intense  radiation of a  different  nature  is  in 
operation  outside of  the atmosphere,  which  includes  ionizing  radiation 
which  is  called  cosmic  rays.  This  primarily  includes  streams  of 
charged  atomic  particles  having  high  energy - protons,  a-particles, 
atomic  nuclei  of  light  and  medium  elements  from  Li  to  Fe. In addition, 
streams  of  rapid  electrons  occur  in  the  cosmic  rays;  these  electrons, 
interacting  with  the  atmosphere  or  with  the  casing  of  cosmic  devices, 
produce  X-ray  radiation.  They  are  also  emitted  by  the  sun. 

Under  the  influence  of  cosmic  rays,  secondary  radiation  is 
formed,  which  is  composed  of  neutrons  and  mesons,  and  cascades  and 
stars  of  elementary  particles  are  produced.  Thus,  all  types  of 
ionizing  radiation  are  encountered  in  cosmic  space.  The  energy of 
the parti  les  and  quanta of cosmic  radiation  reaches  a  magnitude of 
10" - 10 ev; it far  exceeds  the  amount  which  man  has  been  able to 
obtain  on  earth by artificial  means.  As  is  apparent  from  its  name, 
ionizing  radiation  actively  influences  matter,  causing  ionization and 
excitation  of  atoms  and  molecules,  which  sometimes  leads  to 
appreciable  macroscopic  changes  which  are  for  the  most part harmful. 
Strong  irradiation  has  a  destructive  effect  on  living  nature.  This 
explains  the  necessity  for  controlling  and  measuring  ionizing  radia- 
tion  in  the  study  and  conquest of cosmic  space. 

E8 

Since  radiation,  which is  very  familiar  to  laboratories  on  the 
earth,  comprises  cosmic  radiation,  the  problem  of  measuring  its  effect 
is in  many  respects  solved  by  the  methods of dosimetry of ionizing 
radiation - a  branch  of  technical  physics  which  has  extensively 
developed  during  recent  decades  in  connection  with  the  utilization  of 
atomic  energy  (Ref. 1 - Ref. 7). In  addition,  particles  having  very 
great  energy  are  encountered  in  cosmic rays; the  interaction of these 
particles  with  matter  has  not  been  given  adequate  study,  and  the 
dosimetry  of  these  particles  has  developed  very  slightly. - 18 

A basic  measurement  for  the  interaction  of  ionizing  radiation 
with  a  substance  has  been  the  radiation  energy  which  is  transmitted 
to  the substance  per  unit  of  mass.  This  quantity  is  called  the 
absorbed  radiation  dose D, and  it  is  measured in  ergs  per  gram  or  in 
rads (1 rad = 100 erg/g). The  unit of electronvolts  per  gram (ev/g) 
and  the derivatives  of  it 1 Mev/g = lo6  ev/g = 1.60.10-8 rad are  also 
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used.  The  dimensionality  is [Dl = [L2T-2] , i.  e. , is  the  same  as  the 
dimensionality  of  the  square  of  velocity. 

Absorbed doses on the  order  of l o 4  rad  up  to millirads are of 
great  interest  with  respect to the  effect  of  cosmic  radiation on man 
and  1iving.nature.  Radiation  effects on inert matter  expands  this 
region up  to quantities on the  order  of 1O1O rad. 

The  following  general  relationship  exists  between  the  absorbed 
dose  and  the  radiation  energy E, which  passes  through  a  unit of area 
in the direction r: 

Here p is  the  density  of  the substance, and n and r  represent  the 

stream  and  propagation  direction of  elementary  particles  and  quanta 
of radiation  having  the  energy fi. 

i  i 

d E  dn 
dr dr With a  certain  approximation, we can write - = 0 ,  and - - z p n  

for  the  quanta  of  electromagnetic  radiation,  where p is  the  coefficient 
of electron  transformation.  Consequently, we have 

For charged particles, we have 

D = 2 n i  (Si + Y I G I ) .  (1.3) 
i 

where Si - " "i represents  the  ionization  energy losses, o r  the 
d p  ri 

stopping  power. We shall  call  the  quantity v the  coefficient  of  the 

nuclear  transformation 
i 

Here, o is the  macroscopic  cross  section  of  nuclear  interactions.  In 

the summation  process,  consideration  is  given to all the  secondary 
charged  particles  which are emitted a s  a  result of the  interaction, 
substituting  either  their  total  energy 6 or  the  stopping  power S 

depending on the magnitude  of  their  mean  free  path as compared with 
the radius  of  the  elementary  volume pR (see  below). The second /9  
term in the  parenthesis  of  formula (1.3) is usually  small as 
compared with the  first one, and  for low particle  energy  it can be 
frequently  disregarded. We then have 

i 

i' k '  

- 
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For  neutral  particles, we have 

The absorbed dose which is produced  by  a single stream of  radia- 
tion, which is uniform  with  respect to  its  composition  and  the  energy 
of  the  particles  or  the  quanta, will be called  the  specific  absorbed 
dose 

a = -  D n '  

where IT is  the  total  stream of particles (quanta). The dimensionality 
is [ 6 ]  = [L4T-2]. If the  radiation  composition is known, we then have 

D = i 

where  summation is made  over all types  and  energies  of  particles  and 
quanta. 

The dose  which  is  absorbed per unit  of  time  is  called  the  absorbed 
dose  rate P, and  is  expressed  in  rads  per  second  and  in  similar  units. 
The  dimensionality is [PI  = [L2 T - 3 ] .  Relationships  which are similar 
to formulas (1.1) - (1.8) can be written  for  the  absorbed dose rate, if 
the radiation  intensity I is  substituted  instead of E, and the  stream 
density p is  substituted, instead  of n  (particles/cm2  .sec, etc.) . i  i 

The  absorbed dose rate of cosmic  rays at  the boundaries of the 
earth's atmosphere  amountsto - lu" rad/sec.  However,  the 
radiation  from  solar  flares can increase it  up  to a  magnitude on the 
order  of 1 rad/sec. In the  radiation  zones of  the  earth,  the  absorbed 
dose  rate  per  unit  of  cosmic  apparatus  reaches I O 3  f I O 4  rad fsec, and  the 
possibility  cannot be overlooked  that  even  more  powerful  radiation  may 
be  encountered in interplanetary  space (Ref. 1 - Ref. 7). 

The interaction  between  ionizing  radiation and substances of 
differing  composition  varies, and therefore  a  different  absorbed dose 
can be transmitted  to  substances  located in the same field  of  radiation. 
If  this  difference  usually  does  not  exceed  tens of  per  cent  for  charged 
particles,  then  for  electromagnetic  radiation  the  absorbed  dose in heavy 
substances is frequently  much  greater  than in light  substances. Thus, 
the magnitude of  the  absorbed  dose  cannot  serve  as  a  measurement  for  the 
amount of radiation,  without being  defined in more concrete terms. In 
order  to  characterize  electromagnetic  radiation  unequivocally,  its  effect 
on a  specially-selected  substance  is  measured:  dry  air  under normal /19 
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conditions ( O o  C ,  760 mm Hg.). In order to  avoid distortion  due to 
transition  effects  close to the  boundaries of the  different media, 
the  measurements  are  carried  out  under  conditions  of  electron 
equilibrium, i.e., in free  air  space at a  distance  from  other  bodies 
which  is  greater  than  the  mean  free  path of secondary  electrons.  The 
absorbed  dose  in air, which  is  measured  under  these  conditions, is 
called  the  irradiation  dose  (or  exposure dose). 

The  roentgen  serves  as the  unit of irradiation  dose. The roentgen 
(p) is  the  amount  of  electromagnetic  radiation  which forms, in 1.293  mg 
of air, secondary  electrons  which  produce  ion  charges  of  each sign in 
it along  one  electrostatic  unit (e.e.>. The quantity  1.293  mg  repre- 
sents  the  mass  of 1 cm3  of  air  under  normal  conditions.  Since  34.0 ev 
is  required  for  the formation of one pair  of  ions in air, and  the 
elementary  charge  (electron  charge)  equals 4.80.10-10 e.  e.,  it can be 
readily  calculated  that  the dose absorbed in air 

corresponds to  the irradiation  dose in 1 p, by definition. 

The  primary  problem  in  dosimetry  of  ionizing  radiation  is  to 
determine  the  amount  of  X-ray  radiation  which  influences  the  living 
tissue.  One  measurement  method,  which  has  been  used  most  extensively, 
is  the ionization  method - i.e., the  method  based on measuring  ionization 
of  gas  under  the  effective  radiation.  Air  is  the  simplest  element  to 
use  for  this gas, especially  since  it  is  very  similar to biological 
tissue  in  its  interaction  with  X-rays.  The  irradiation dose is  some- 
times  called  the  ionization dose, in  connection  with  the  measurement 
method. Up until  the  present,  not  only  the  amount of radiation, but 
also the  effect of radiation on matter, have  frequently  characterized 
the  irradiation dose, and  it has  been measured  in  roentgens. 

A s  long  as  it  is a  question of electromagnetic  radiation,  the 
error  is  not  too great, although  such an estimate  is  ambiguous.  Even  for 
muscle  tissue, the  absorbed dose of  the  irradiation dose in one p can 
range  between  0.919  and  0.972 rad, depending on the  energy  of  radiation 
quanta.  For  tissue of the bones, it can range  between  0.927 and 9 rad. 
At  the same time, rapid neutrons,  which  ionize the air to an insignifi- 
cant amount, create  large  absorption  doses in the  tissue due to large 
energy  transfer  to  hydrogen atoms, which do not  exist in air.  There- 
fore, the  effect  of radiation on a  substance  must be characterized by 
the  absorbed dose, and  in  particular  by  the  tissue  absorbed dose, if 
one  is  speaking  of  living  beings. 

The study  of  the dose field  near  the  earth  and in interplanetary 
space has  only  just  begun,  and  there  are  only  a few publications (Ref. 8 - 
Ref. 11). Information  regarding  cosmic  radiation  consists of data on 
the  magnitude  of  particle streams, quanta  streams, and  the  radiation 
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energy  spectrum. The utilization  of  relationships (1.1) - (1.6) /11 
makes  it  possible  to  go  from  these quantities to  the  absorbed 
radiation  dose. 

For X-ray  and  y-radiation,  according  to  equation ( 1 . 2 ) ,  it is 
necessary  to know the  mass  coefficient of electron  transformation p / p ,  
and  it is then  possible to determine  the  magnitude  of  the  specific 
absorbed  dose: 

8 = p - - .  & 
e 

The  dependence of  the  quantity x = 616 - where is  calcu- tis  tis 
lated  for  the  muscle  tissue - on energy  is  shown  graphically  for 
several  substances in Figure 1.1. 

The  values of  the  quantity 

(1. l o )  

for  tissue  are  shown  in  Figure 1.2. N represents the magnitude of a 
y-quanta  stream  which  forms an absorbea  dose  per 1 rad.  These  data  are 
shown  in  Figure 1.2, together  with 'tis' 

In accordance  with  definition  and  formula (1.2), in  order  to  calcu- 
late  the  radiation  dose  in  roentgens it is  necessary to multiply  the 
absorbed dose, which  is  given in rads, by  the ratio  between  the  coeffi- 
cients  for  electron  transformation of y-radiation  in  air and in  the 
medium p B / p ,  and  to  then  divide by 0.878 rad/roentgen. 

It  has  already  been  indicated  above  that  formula (1.2) is  approxi- 
mate.  For  large  amounts of radiation  quanta  energy, it  must be  taken 
into  consideration  that  only  part of the  energy  of  secondary  electrons 
is  absorbed by  the  medium  close  to  the  point  where  the  quantum  interacts 
with  a  substance. In addition,  photonuclear  reactions  begin to  play a 
certain  role. Therefore, at quanta  energies  which  are  more  than 3 MeV, 
a  quantity  which  is  similar to v [formula (1.4)] must  be used, instead 
of  the  trivial  coefficient  of  electron  transformation 1-1. 

Formulas (1.5) and (1.8) must be used  to  calculate  the  absorbed 
electron  dose. The specific  absorbed dose is: 

(1.11) 

i.e.,  it  equals  the  ionization loss of electron energy  or  the  stopping 
power. The  quantity S can  be  calculated  for  electrons  according to  the 
Bethe-Mijller formula (Ref. 12) : 
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F i g u r e  1.1 

Dependence of X = on  Quanta  Energy. 
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(1 .12)  

F i g u r e  1 . 2  

S p e c i f i c  T i s s u e  Dose G t i s  and  Quanta  Stream N l t i s  
Which Forms the   T i s sue   Dose   pe r  1 r a d .  
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The approx ima te   equa t ion  (1.12) is v a l i d   f o r   n o n - r e l a t i v i s t i c  /13 
e l e c t r o n   e n e r g i e s  ( < 104 ev)  . I n   t h e   f o r m u l a ,  N = 6-02 .1023  i s  t h e  

number of   a toms  per  1 g o f   subs t ance :  Z is t h e  number  of e l e c t r o n s   p e r  
atom; e i s  t h e   e l e c t r o n   c h a r g e ;  m is i ts  mass; v is t h e   v e l o c i t y ;  c is  
t h e   s p e e d  of l i g h t ;  = c, V I(z) % 12.5Zev i s  t h e  mean i o n i z a t i o n  of 

t h e   s u b s t a n c e .  

A 

For   e l ec t ron   ene rgy   wh ich  i s  g r e a t e r   t h a n  2 MeV, the   Bethe-Moller  
formula i s  a p p l i c a b l e   o n l y   f o r   r a r e f i e d   g a s e s ,   a n d  i s  i n a c c u r a t e   f o r  
condensed  media,  which are p o l a r i z e d   d u r i n g   t h e   p a s s a g e   o f   a n   e l e c t r o n .  
A s  a r e s u l t ,   t h e   m a g n i t u d e  of t h e   i o n i z a t i o n   l o s s e s   i n   l i q u i d  and s o l i d  
b o d i e s   d e c r e a s e s ,  as compared  with  the  magni tude  which i s  determined 
a c c o r d i n g   t o   f o r m u l a  (1.12), a n d   f o r   v e r y   l a r g e   e n e r g i e s  i t  does   no t  
depend  on t h e   c o m p o s i t i o n   o f   t h e  medium. 

The va lues   o f  St is  - - &tis ,  '1 = stis a n d   t h e   r e l a t i v e   s t o p p i n g  

power X, = - are g i v e n   f o r   c e r t a i n   s u b s t a n c e s   i n   F i g u r e s  1 . 3  and 1 . 4 .  
'tis 

The absorbed   dose   o f   mesons ,   p ro tons ,   and   heavier   ions   can   be   ca lcu-  
l a t e d   w i t h   t h e   a i d   o f   f o r m u l a s  (1.3) and (1 .8) .  It i s  a p p a r e n t   t h a t   t h e  
s p e c i f i c   a b s o r b e d   d o s e  i s  

(1.13) 

The i o n i z a t i o n   e n e r g y   l o s s e s   c a n  b e  c a l c u l a t e d   a c c o r d i n g   t o   t h e   r e l a t i o n -  
ship  given  by  .Bethe-MGller :  

where z i s  the   pa r t i c l e   cha rge .   Fo r   mesons   and   p ro tons ,  z = 1, and f o r  114 
a - p a r t i c l e s ,  z = 2 .  The  remaining  nomenclature  i s  t h e  same a s   i n  
formula ( 1 . 1 2 )  . 

"_ 

When t h e   c h a r g e d   p a r t i c l e   v e l o c i t i e s  become  comparable   to   e lec t ron  
v e l o c i t i e s   i n   a t o m s ,   t h e   p a r t i c l e s   r e a d i l y  damp o u t   a n d   l o s e   e l e c t r o n s ,  
and t h e i r   c h a r g e   c h a n g e s   d u e   t o   t h i s .   T h i s   p r o c e s s  i s  n o t   t a k e n   i n t o  
c o n s i d e r a t i o n  by formula (1.14), and   l eads   t o   an   e r ro r   wh ich   amoun t s  t o  
approximate ly  20 p e r   c e n t ,  when t h e   e n e r g y   o f   p r o t o n s   d e c r e a s e s  down t o  
50 kev ,   and   of   a -par t ic les  - down t o  800 kev ,  e tc .  

The dependences of t h e   q u a n t i t i e s  S ,  X ,  and N1 f o r   p r o t o n s   h a v i n g  
d i f f e r e n t   e n e r g y ,   i n   d i f f e r e n t   s u b s t a n c e s ,  are shown i n   F i g u r e s  1 .5  and 
1 . 6 .  F o r   o t h e r   p a r t i c l e s ,   i n   a c c o r d a n c e   w i t h   f o r m u l a  (1.14) S can   be  
c a l c u l a t e d   b y   m u l t i p l y i n g   t h e   q u a n t i t y  S of   p ro tons  - which   have   the  same 

* N o t e :   n . u .   d e s i g n a t e s   n u c l e a r   u n i t .  
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I 
A1-Bones 

/13 

F i g u r e  1 . 3  

R e l a t i v e   S t o p p i n g  Power X, = S / S t i s  f o r   E l e c t r o n s  

v e l o c i t y  as t h e   p a r t i c l e s   u n d e r   c o n s i d e r a t i o n  - by z 2 .  The pro ton  
energy w i l l  b e   g r e a t e r   t h a n   t h e   p a r t i c l e   e n e r g y   i n   p r o p o r t i o n   t o  
t h e   r a t i o   b e t w e e n   t h e   p a r t i c l e  mass  and t h e   p r o t o n  mass. The 
second term i n   e q u a t i o n  (1.13) c a n   f r e q u e n t l y   b e   d i s r e g a r d e d ,   a s ,  
f o r   e x a m p l e ,   f o r   p r o t o n s   h a v i n g   a n   e n e r g y  less t h a n  100 MeV. I n  
o t h e r   c a s e s ,  6 = vE makes a c o n s i d e r a b l e   c o n t r i b u t i o n   t o   t h e  

s p e c i f i c   a b s o r b e d   d o s e .  We s h a l l  now t u r n   t o   d e t e r m i n i n g  v i n  
somewhat g r e a t e r   d e t a i l .  

n .u .  

L e t  t h e   u n i t   s t r e a m   w h i c h   f a l l s   i n t o   t h e   a t m o s p h e r e   e q u a l  
1 p a r t i c l e / c m 2  . We s h a l l  select  a s p h e r i c a l  volume i n   t h e  atmos- 
p h e r e ,   h a v i n g   t h e   r a d i u s   R , w h i c h  i s  l o c a t e d  s o  t h a t   t h e   c o u r s e  
t r a v e r s e d  by a p a r t i c l e   i n t e r s e c t s  i t  a l o n g   t h e   d i a m e t e r   ( F i g u r e   1 . 7 ) .  
The p a r t i c l e   e n e r g y   w h i c h  i s  t r a n s m i t t e d   t o   t h e   a t m o s p h e r e   w i t h i n  / 16 
t h e  limits o f   t h e   s p h e r e  is: 

2 R  

E,=- S x d  dG x = E l  (0) - &1(2R), (1 .15)  
0 

where 61 (0) i s  t h e   p a r t i c l e   e n e r g y   b e f o r e   c r o s s i n g   t h e   s p h e r e ,  
and  Cl(2R) i s  a f t e r   t h e   e n e r g y   l o s s  on t h e   c o u r s e  2R (we are s t i l l  
c o n s i d e r i n g   o n l y   i o n i z a t i o n   l o s s e s ) .  

The absorbed  dose,   which i s  a v e r a g e d   o v e r   t h e   s p h e r i c a l   v o l u m e ,  
i s  : 

(1.16) 

I f  i t  is  t a k e n   i n t o   c o n s i d e r a t i o n   t h a t   t h e   p r o b a b i l i t y  of a 
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Figure   1 .4 .  

Atis of  E lec t rons   and   t he   E lec t ron  

Stream N 1  tis which  Forms t h e   T i s s u e  Dose p e r  1 r ad :  

i s  t h e   T o t a l   I o n i z a t i o n ;  
""""""""" i s  t h e   P r i m a r y   I o n i z a t i o n .  

p a r t i c l e   p a s s i n g   t h r o u g h  a g i v e n   s e c t i o n  of t he   a tmosphe re  decreases 116 
i n   p r o p o r t i o n   t o  nR2 , t hen  - g o i n g   t o   t h e  l i m i t  - w e  o b t a i n   t h e  
s p e c i f i c   a b s o r b e d   d o s e  

The  mean f r e e   p a t h  of a p a r t i c l e   i n   t h e   s p h e r e   d o e s   n o t   e q u a l  2 R  - 
as was o b t a i n e d ,   s i n c e  w e  assumed t h a t   t h e   p a r t i c l e   c r o s s e s   t h e  

d iameter  - b u t   r a t h e r  - R . T a k i n g   t h i s   i n t o   c o n s i d e r a t i o n ,  w e  
d 6  o b t a i n  6 = - - as would  be  expected i f  a l l  t h e   i o n i z a t i o n   l o s s e s  
dpx ' 

a r e   u s e d   i n   t h e   c a l c u l a t i o n .  

4 
3 

S i n c e   t h e   p o s i t i o n  of  t h e   s p h e r e  was t a k e n   t o   b e   a r b i t r a r y ,  l e t  
u s   p l a c e   t h e   c e n t e r  of t h e   s p h e r e  a t  t h e   p o i n t   w h e r e   n u c l e a r   i n t e r a c t i o n  
of  t h e   p a r t i c l e   t a k e s   p l a c e ,  as t h e   r e s u l t   o f   w h i c h   s e v e r a l   s e c o n d a r y ,  
c h a r g e d   p a r t i c l e s   a r e  e m i t t e d .  The energy  o f  e a c h   s e c o n d a r y   p a r t i c l e  1 1 7  
which i s  t r a n s m i t t e d   t o   t h e   a t m o s p h e r e ,   w i t h i n   t h e  limits o f   t he  
s p h e r e ,  i s  : 
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The absorbed  dose o f  the   secondary  pa r t i c l e ,  which is averaged 
o v e r   t h e   s p h e r e ,  i s :  

(1.19) 

F i g u r e  1 .5 .  

Rela t ive   S topping   Power  X = S / S t i s  f o r   P r o t o n s  

We shou ld  now l i k e   t o   p o i n t   o u t   t h a t   t h e   p r o b a b i l i t y   f o r   t h e  117 
emiss ion  of  secondary par t ic les  i s  p r o p o r t i o n a l   t o   t h e   v o l u m e  of  

t h e   s p h e r e  - ~ r R 3  , and t o   t h e   m a c r o s c o p i c   c r o s s - s e c t i o n  of n u c l e a r  

i n t e r a c t i o n s  of a p r i m a r y   p a r t i c l e   i n   t h e  medium o under  con- 
s i d e r a t i o n .  The p a r t   o f   t h e   s p e c i f i c   a b s o r b e d   d o s e   w h i c h  i s  caused 
by a s e c o n d a r y   p a r t i c l e  i s :  

4 
3 

For a l l  s e c o n d a r y ,   c h a r g e d   p a r t i c l e s ,  w e  have 

(1.20) 

(1.21) 
where n i  i s  t h e  number of a g iven   t ype  o f  p a r t i c l e s   w h i c h  are 
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e m i t t e d   d u r i n g   t h e   i n t e r a c t i o n .  

T h u s ,   e x t r a p o l a t i o n   t o   z e r o   l e a d s   t o   t h e   c o n c l u s i o n   t h a t  
n u c l e a r   i n t e r a c t i o n s  do n o t  make a c o n t r i b u t i o n   t o  a s p e c i f i c  ab- 
sorbed   dose .   Under   th i s   approach ,  a s p e c i f i c   a b s o r b e d   d o s e  of 
neutrons  and  y-quanta   a lso  becomes  zero.  

Ep, M ev 

F igure  1 . 6  

S p e c i f i c   T i s s u e  Dose 6 t i s  o f   Pro tons   and   the   Pro ton  S t r e a m  
N 1  tis , which  Forms t h e   T i s s u e  Dose p e r  1 r a d .  

"_""_""" Without   Cons ider ing  6 n . u ,  

/ 15 

However, t h e   m a t h e m a t i c a l   e x t r a p o l a t i o n   w h i c h  was a p p l i e d  I17 
above   does   no t ,   s t r i c t ly   speak ing ,   have   any   phys i ca l   mean ing ,   s ince  
t h e   p r o c e s s  o f  i o n i z a t i o n   a n d   e x c i t a t i o n   o f   a t o m s   i n   t h e  medium i s  
d i s c r e t e .  The concept  o f  t he   abso rbed   dose ,  as w e l l  a s   t h e   c o n c e p t  
o f  t empera tu re ,  i s  app l i cab le   i n   ave rag ing   t he   ene rgy   (wh ich  is  t r a n s -  
m i t t e d   t o   t h e  medium) o v e r  a c e r t a i n  volume  which i s  n o t   t o o   s m a l l .  
Otherwise ,  i t  can   happen   t ha t   t he   abso rbed   dose  i s  u n u s u a l l y   l a r g e  
where   t he   i on ized   a toms   a r e   l oca t ed ,   and   equa l s   ze ro   t h roughou t  
t h e  rest of t h e  medium. Thus, i t  i s  n e c e s s a r y   t o   s e l e c t  a c e r t a i n  
f i n i t e   q u a n t i t y  R , which i s  dependent   on   the   formula t ion  of  t h e  
problem  (dimensions  of a chromosome s e c t i o n ,   n u c l e u s   o f  a c e l l ,  
t h e   e n t i r e   c e l l ,   a n d   t h e   m a c r o s c o p i c   d i m e n s i o n s ,  e t c . ) .  I f   t h e   p a r -  
t i c l e   e n e r g y  i s  s u c h   t h a t  

dE 
den ' s=-- 

then   for   such   " long-range"  pa r t i c l e s ,  w e  have 
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where 

(1.22) 

(1.23) 

Thus ,   t he   con t r ibu t ion   f rom  the   " long- range"   pa r t i c l e s   t o   t he  
s p e c i f i c   a b s o r b e d   d o s e  is determined  by  the  dimensions of t h e   t h e  

"elementary volume" p R  . I n  l a t e r  c a l c u l a t i o n s ,  i t  is  assumed t h a t  
R = 1 cm.  

F igu re   1 .7  

Determination  of  6n.u.  

I f  another   ex t reme  case  i s  t a k e n ,  when t h e   t o t a l   r a n g e  of a 
p a r t i c l e  is c o n f i n e d   t o   t h e   d i s t a n c e  R , t h e n   i n t e g r a t i o n   i n  
equa t ion   (1 .18 )   l eads  t o  &2(0). It can  then  be  simply  assumed 
t h a t ,   a t   c e r t a i n   p o i n t s   a l o n g   t h e   c o u r s e   t r a v e r s e d   b y  a primary 
p a r t i c l e ,   t h e   e n t i r e   e n e r g y  of a s e c o n d a r y   p a r t i c l e  E2 i s  d i s -  
charged. The  number of s u c h   " s h o r t - r a n g e "   p a r t i c l e s   p e r   u n i t  
o f  cour se   l eng th   amoun t s   t o   no /p  , and  consequently w e  have:  

6&= - & no 
e 2' (1.24) 

For a l l   s e c o n d a r y   " s h o r t - r a n g e ' '   p a r t i c l e s ,   i n   c o n t r a s t   t o  
the ' l long-range"   par t ic les   cons idered   above ,  w e  have 

* Note: R =  long-range;  s = s h o r t - r a n g e ;  n.R. = nuclear   long-range .  
.~ ~ ~~ 
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(1.25) 

(1 .26)  

a n d   t h e   t o t a l   f o r m u l a  

The n e u t r o n s   t h e m s e l v e s   d o   n o t   i o n i z e   t h e  medium. I n   t h e i r   i n t e r -  
a c t i o n   w i t h   t h e  medium, t h e   n e u t r o n s  - which  have  an  energy  of up t o  
several t e n s  o f  m e g a e l e c t r o n   v o l t s  - produce   secondary   charged   par -  
t i c l e s ,   w h i c h   c a n   b e   r e g a r d e d  as " s h o r t - r a n g e "   p a r t i c l e s   i n  many 
c a s e s .   T h e r e f o r e ,   t h e   s p e c i f i c   a b s o r b e d   d o s e   o f   n e u t r o n s  is  

(1.28) 

[compare  with  formula  (1.6)] . The s p e c i f i c   d o s e   f o r   n e u t r o n s  i s  
usua l ly   one- two  orders   o f   magni tude   smal le r   than   for   p ro tons   wi th  
t h e  same  energy .   The   on ly   except ion   to   th i s  i s  i n t e r a c t i o n   b e t w e e n  
s l o w   n e u t r o n s   a n d   c e r t a i n   s u b s t a n c e s   i n   w h i c h   e x o t h e r m i c   n u c l e a r  
r e a c t i o n s   a r e   v e r y   l i k e l y   t o   o c c u r .   C e r t a i n   v a l u e s  of 6 ,  X ,  and 
N1 are shown i n   F i g u r e s  1 .8  and  1.9.  

The magni tude   o f   the   absorbed   dose  i s  u s u a l l y   n o t   t h e  same i n  I19 
d i f f e r e n t   s e c t i o n s   o f  a body  which is l o c a t e d   i n   t h e   r a d i a t i o n  
f i e l d .   T h e r e f o r e ,  i t  i s  n o t   a l w a y s   s u f f i c i e n t ,   n o r   e v e n   a l w a y s  
p o s s i b l e ,   t o   c h a r a c t e r i z e   t h e   e f f e c t   o f   r a d i a t i o n  upon a body  by 
t h e   c a l c u l a t e d   o r   m e a s u r e d   a b s o r b e d   d o s e   a t   o n e   p o i n t .  In c e r t a i n  
c a s e s ,   t h e   e f f e c t  of  r ad ia t ion   can   be   desc r ibed   by   t he  mean ab- 
sorbed   dose  

(1.29)  
M 

where M i s  t h e  mass of   the   body.  

S o m e t i m e s ,   f o r   e x a m p l e ,   d u r i n g   i r r a d i a t i o n   o f   g a s e s   o r   l i q u i d s ,  
t h e   i r r a d i a t i o n   e f f e c t  i s  a l s o   d e t e r m i n e d   b y   t h e   i n t e g r a l   a b s o r b e d  
dose E - i . e . ,  t h e   t o t a l   r a d i a t i o n   e n e r g y   w h i c h  i s  t r a n s m i t t e d   t o  
the  body: 

J( Note:  n.  s . = n u c l e a r   s h o r t - r a n g e .  
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(1 .30)  

The i n t e g r a l   a b s o r b e d   d o s e  is measured i n   e r g s ,   m e g a e l e c t r o n   v o l t s ,  
gram-rads,   and  other  similar u n i t s .  

I n   t h e   g e n e r a l   c a s e ,  i t  i s  n o t   p o s s i b l e   t o   c h a r a c t e r i z e   t h e  
e f f e c t   o f   r a d i a t i o n  upon a body  by a s i n g l e   q u a n t i t y ,   a n d  i t  i s  neces-  
s a r y   t o  know t h e   d i s t r i b u t i o n  of the   abso rbed   dose   t h roughou t   t he  body 
- i . e . ,  t h e   d i s t r i b u t i o n   o f   p e n e t r a t i n g   d o s e s .  The composi t ion of t h e  
r a d i a t i o n ,   t h e   i n t e n s i t y ,   t h e   s t r e a m s  - a l l   o f   t h i s   c h a n g e s   w i t h i n  
t h e  body  due t o   a t t e n u a t i o n   o f   t h e   r a d i a t i o n   f a l l i n g  upon the   body ,  
a c c u m u l a t i o n   o f   s e c o n d a r y   r a d i a t i o n ,   i n v e r s e   d i s s i p a t i o n ,   s e l f -  
s c r e e n i n g ,   a n d   f o r   o t h e r   r e a s o n s .  By way of  an  example,  l e t  us  use 
an   equ i l ib r ium  r ad ia t ion   spec t rum  in   an   aqueous  medium,  which i s  
c o n s t a n t l y   i r r a d i a t e d  by c e r t a i n   r a d i a t i o n   s o u r c e s   ( T a b l e   1 . 1 ) .  

F igu re  1 . 8  

Dependence  of 6 / 6 t i s  on Neutron  Energy. 

T h u s ,   t h e   c a l c u l a t i o n  of  p e n e t r a t i n g   d o s e s   w i t h   t h e   a i d   o f   t h e   1 2 1  
formulas  given  above i s  an  unusual ly   t ime-consuming  problem.  I f   the  
f a c t  i s  t a k e n   i n t o   a c c o u n t   t h a t  i t  i s  o n l y   p o s s i b l e   t o   o b t a i n  com- 
p r e h e n s i v e   d a t a   a b o u t   t h e   s p e c t r u m   a n d   c o m p o s i t i o n   o f   r a d i a t i o n   i n  
rare cases, i t  t h e n  become appa ren t   t ha t   an   expe r imen ta l   me thod ,   and  
n o t  a c a l c u l a t i n g   m e t h o d ,  i s  a b a s i c  method f o r   d o s i m e t r y   o f   i o n i z i n g  
r a d i a t i o n .  The c a l c u l a t i o n   o f   a b s o r b e d   d o s e s  i s  u s u a l l y   u s e d   f o r  
p r e d i c t i o n s   a n d   o r i e n t a t i o n s .  

The e f f e c t  o f  i o n i z i n g   r a d i a t i o n  upon man a n d   o t h e r   l i v i n g  
c r e a t u r e s   d e p e n d s  on many f a c t o r s .   N a t u r a l l y ,  i t  i s  p r i m a r i l y  
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TABLE 1.1 

DOSAGE  COMPOSITION OF RADIATION  FOR AN EQUILIBRIUM  SPECTRUM  IN  WATER 
(REF. lo) 

I Contribution to  the  Absorbed  Dose 
" - - . . . - - 

Interval of 
Kinetic 
Energies 

AE Kev 

Linear 
Intensity of 
Local Energy 

Losses 
S,Kev/microns 

19 700-25 000 
13 100-19 660 
9 800-13 100 
6 550-9 800 
4 900-6 550 
3  300-4 900 
2  450-3 300 
1 650-2 450 
1 230-1 650 
820-1  230 
610-820 
410-610 
310-410 
205-310 
154-205 
102-154 
77-102 
51-77 
38-51 
26-38 
19-26 
13-19 
9.6-13 
6.4-9.6 
4.8-6.4 
3.2-4.8 
2.4-3.2 
1.6-2.4 
1.2-1.6 
0.8-1.2 
0.6-0.8 
0.4-0.6 
0.3-0.4 
0.2-0.3 
0.15-0.2 
0.1-0.15 
0-0 1 

5  000-6 000 
4 000-5 000 
2 88 0-4 000 
1 000-2 000 

0-3 000 

690-1 000 
300-600 
100-300 
0- 10s- " 

T o t a l  

- 
- 
- 
- 
- 
- 
- 
- 

0.103 
0.109 
0.118 
0.131 
0.151 
0.178 
0.217 
0.268 
0.345 
0.447 
0.595 
0.782 
1.05 
1.39 
1.86 
2.46 
3.30 
4.34 
7.0 
11.0 
16.6 
25.3 
36.6 
50.4 
66.6 
81.0 
90.2 
93.0 

- 

47.4 
51.5 

111.1 
141 
154 
153 

8 3 :  4/ 

I AD, x lo g.rad 10 ev 
" 

Electrons 
5 
88 
141 
298 
263 
410 
292 
394 
259 
332 
209 
258 
158 
187 
112 
133 
81 
105 
68 
93 
64 
91 
65 
9 4  
69 
102 
76 
113 
84 
129 
98 
153 
120 
187 
140 
216 
556 

- 
- 
- 
- 
- 
- 
- 
- 

262 
509 
726 
443 
505 
282 
312 
17  3 
198 
115 
140 
88 
115 
78 
108 
77 
112 
82 
122 
90 
138 
105 
164 
128 
200 
14 9 
230 
592 

- 

a-Particles 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
3 
34 
178 
253 
444 
322 
466 
345 
487 
320 
400 
243 
299 
185 
241 
163 
232 
170 
256 
186 
285 
731 

5243 

1503 
1215 
971 
626 

"" . - 

6243 
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determined by t h e   m a g n i t u d e   o f   t h e   t i s s u e   d o s e .  When i r r a d i a t i o n  
c o n t i n u e s   i n   s m a l l   d o s e s   o v e r  a l ong   pe r iod   o f  t i m e ,  t h e   a p p e a r a n c e  
o f   h a r m f u l   e f f e c t s  is  controlled  by a very  weak s e c t i o n   o f   t h e  
o r g a n i s m ,   o r   t h e   s o - c a l l e d   " c r i t i c a l   o r g a n " .  The f a c t  i s  t h a t  
d i f f e ren t   o rgans   and   sys t ems   o f   t he  human o r g a n i s m   o r   o f   o t h e r  1 2 2  
organisms  have a d i f f e r i n g   s e n s i t i v i t y   t o   r a d i a t i o n .   T h u s ,   f o r  
e x a m p l e ,   t h e   c r y s t a l l i n e   l e n s   o f   t h e  human e y e ,   t h e  sex g l a n d s ,  
and t h e   h e m o g e n i c   o r g a n s   a r e   m o s t   s u s c e p t i b l e   t o   t h e   e f f e c t   o f  
i o n i z i n g   r a d i a t i o n .  On t h e   o t h e r   h a n d ,   t h e   b o n e s   a n d   t h y r o i d  
g l a n d s   a r e   d i s t i n g u i s h e d  by re la t ive r e s i s t a n c e .   T h e r e f o r e ,  
a c c o r d i n g   t o   t h e   e f f e c t i v e   s a n i t a r y  l a w s  (Ref.  13), t h e  maximum 
p e r m i s s i b l e   l e v e l  of o c c u p a t i o n a l   i r r a d i a t i o n   o f   t h e s e   o r g a n s  
i s  s i x  times g r e a t e r   t h a n   f o r   o r g a n s   o f   t h e   f i r s t   g r o u p .  

LC 

hl 

E 
\ 
G 
0 
w 
U 

I 2 1  

F igu re  1 . 9 .  

S p e c i f i c   T i s s u e  Dose & t i s  of  Neutrons  and a Neutron  Stream 
N l t i s  which  Produces a T i s s u e  Dose ( F i r s t   C o l l i s i o n )   p e r  r a d .  

I t  i s  a b s o l u t e l y   c l e a r   t h a t ,   i f   t h e s e   o r g a n s  are s u b j e c t e d  / 2 2  
t o   t h e  same i r r a d i a t i o n ,   t h e   c r y s t a l l i n e   l e n s ,   t h e  sex o r g a n s ,  
and  hemogenic  organs w i l l  ' 3 ,  t h e   c r i t i c a l   o r g a n s .   I f ,   f o r   e x a m p l e ,  
r a d i o a c t i v e   i o d i n e  is f o u n d   i n  a human organism,   which i s  concen- 
t r a t e d  i n   t h e   t h y r o i d   g l a n d ,   a n d   i f   t h e   d o s e   w h i c h  i s  a b s o r b e d   i n  
i t  e x c e e d s   t h e   t i s s u e   d o s e   i n   o t h e r   p a r t s  o f  the   o rganism  by  
more t h a n   s i x  times, t h e   t h y r o i d   g l a n d  w i l l  b e   t h e   c r i t i c a l   o r g a n .  

The concep t ion   o f  a c r i t i c a l   o r g a n  makes i t  p o s s i b l e   t o  
c h a r a c t e r i z e   t h e   c h r o n i c   e f f e c t   o f   r a d i a t i o n   o n  man by   one   quan t i ty  
- t h e   t i s s u e   d o s e   i n   t h e  c r i t i c a l  organ .  It is u s u a l l y   p o s s i b l e   t o  
de te rmine   which   of   the   o rgans   in   the   body i s  t h e  c r i t i c a l  o r g a n   i n  
a s imple  way by a q u a l i t a t i v e  estimate o f   t h e   r a d i a t i o n   c o m p o s i t i o n .  
I n  many c a s e s   o f   g e n e r a l   i r r a d i a t i o n   o f   t h e   o r g a n i s m ,   t h o s e   s e c t i o n s  
o f   t h e  b o d y   w h e r e   t h e   t i s s u e   d o s e  i s  l a r g e s t  are t h e  c r i t i c a l  or- 
g a n s .   T h e n   t h e   c h r o n i c   i r r a d i a t i o n   o f   t h e   o r g a n i s m   c a n   b e   c h a r a c -  
t e r i z e d  by  one maximum t i s s u e   d o s e  - *MI. 
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W i t h   g e n e r a l   i r r a d i a t i o n   o f   t h e   o r g a n i s m   i n   l a r g e   d o s e s  , t h e  
r a d i a t i o n  damage r a p i d l y   e n c o m p a s s e s   t h e   e n t i r e   o r g a n i s m ,   a n d   t h e  
e f f e c t   o f   r a d i a t i o n  w i l l  - a p p a r e n t l y   b e  more c o r r e c t l y   i n d i c a t e d  by 
t h e  mean t i s s u e   d o s e  D , r a t h e r   t h a n   b y   t h e  maximum dose.  However, 
i t  must   a lways  be  remembered  that   one  quant i ty  - whether  i t  b e   t h e  
maximum d o s e ,   t h e  mean t i s s u e   d o s e ,   o r   t h e   i n t e g r a l   a b s o r p t i o n  
dose - c a n n o t   c h a r a c t e r i z e   i n  a comprehens ive   manner   the   rad ia t ion  
e f f e c t   o n  a b i o l o g i c a l   o b j e c t .  

By way o f   a n   e x a m p l e ,   f o r   t h e   d i s t r i b u t i o n  o f  t h e   r a d i a t i o n  
f i e l d   t h r o u g h o u t   t h e   o r g a n i s m ,   t i s s u e   d o s e s   i n  a p a r a f f i n  
model  of a dog are shown ( F i g u r e  1 . 1 0 ) ;  t h e s e  closes were o b t a i n e d  
f r o m   i r r a d i a t i o n  by a f l a t  stream of   p ro tons   hav ing   an   ene rgy   o f  
510Mev (Ref. 1 4 ) .  An a n a l y s i s   o f   t h e   c u r v e s   f o r   t h e   t i s s u e   d o s e  
and t h e   p r o t o n  stream, as w e l l  as t h e   c h a n g e s   i n   t h e   s p e c i f i c  
t i s s u e   d o s e   w i t h i n   t h e   m o d e l ,   p o i n t   t o   t h e   f a c t   t h a t   s e c o n d a r y  
r a d i a t i o n  i s  a c c u m u l a t e d   i n   t h e   m o d e l ,   p r i m a r i l y   p r o t o n s   w i t h   a n  
e n e r g y   i n   t h e   r e g i o n   o f  100-150 M e V .  Its c o n t r i b u t i o n   t o   t h e  ab- 
sorbed  dose a t  a dep th   o f  more t h a n  10 c m  amounts t o  30-40%. The 
maximum t i s s u e   d o s e   o c c u r s  a t  a d e p t h   o f  11 c m ,  and  amounts t o  
120% o f   t h e   t i s s u e   d o s e ,   m e a s u r e d   i n   t h e   a b s e n c e   o f   t h e   m o d e l  
( " i n   a i r " )   a n d   a p p a r e n t l y   e q u a l s  Atis n [ see   fo rmula  ( 1 . 7 )  1 .  The 
t i s s u e   d o s e  on t h e   s u r f a c e   a m o u n t s t o  100% f r o m   t h e   s i d e   o f   t h e   b u n d l e ,  
w h i l e   f r o m   t h e   o p p o s i t e   s i d e  i t  amounts t o  8 5 %   o f   t h e   t i s s u e   d o s e  
" i n  air",  w h i l e   t h e  mean t i s s u e   d o s e   a l m o s t   c o i n c i d e s   w i t h  i t .  

It c a n   b e   s e e n   f r o m   t h e   s t a t e m e n t s   g i v e n   a b o v e   t h a t   c h r o n i c  
i r r a d i a t i o n   i n  small d o s e s   a n d   i r r a d i a t i o n   i n   l a r g e   d o s e s  are 
c h a r a c t e r i z e d   b y   d i f f e r e n t   q u a n t i t i e s .   C o n s e q u e n t l y ,   t h e   b i o l o g i c a l  
e f f e c t   o f   r a d i a t i o n  i s  d e t e r m i n e d   n o t   o n l y   b y   t h e   t i s s u e   d o s e ,   b u t  
a lso  depends  on i t s  d i s t r i b u t i o n   i n  time - i . e . ,  i t  depends  on  the 
t i s s u e   d o s e  ra te .  This   dependence i s  a p p a r e n t   t o  a c e r t a i n   e x t e n t  
i n   t h e   i r r a d i a t i o n  of i n e r t   o b j e c t s .   T h u s ,   t h e   e f f e c t   o f   b a c k g r o u n d  
r a d i a t i o n   o n   t h e   s u r f a c e   o f   t h e   e a r t h  upon  an  x-ray  f i lm  does  not  
u sua l ly   p roduce  a l a t e n t   p h o t o g r a p h i c   i m a g e .   F o r  a l a r g e   a b s o r b e d  
dose r a t e ,  t h e   c h a n g e s   i n   p h o t o e m u l s i o n  are g r e a t e r   t h a n   d u r i n g  
r a d i a t i o n   w i t h  a dose  ra te  o f  - 10  rad jmin .  

The e f f e c t   o f   t h e   t i s s u e   d o s e  ra te  o n   t h e   r e s u l t s   d e r i v e d  
f r o m   t h e   i r r a d i a t i o n   o f   l i v i n g   c r e a t u r e s   c a n   b e   e x p l a i n e d  as t h e  
a p p e a r a n c e   o f   r e g e n e r a t i n g   p r o c e s s e s   i n   t h e   b i o l o g i c a l   s u b j e c t s .  
The  phenomenological  theory  of Bler (Ref.  15) a s sumes   t ha t  a 
c e r t a i n   p a r t  f o f   t h e   i m m e d i a t e   a f t e r e f f e c t s   o f   r a d i a t i o n  i s  
i r r e v e r s i b l e ,   a n d   p a r t  ( 1 - f ) is  ba lanced   acco rd ing   t o   an   ex -  
p o n e n t i a l  l a w  w i t h   t h e   c o e f f i c i e n t  6 , s o  t h a t   t h e   c h a n g e s  
r e s u l t i n g   f r o m   i r r a d i a t i o n   i n   t h e   l i v i n g   o r g a n i s m   d e c r e a s e   w i t h  
time t , w h i c h   h a s   e l a p s e d   a f t e r   t h e   i r r a d i a t i o n ,  as a c e r t a i n  
e f f e c t i v e   t i s s u e   d o s e  

(1.31) 
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The p e r i o d   o f   s e m i - r e g e n e r a t i o n  i s  

T z -  0,693 B ’  ( 1 . 3 2 )  

i . e . ,  t h e  time - d u r i n g   w h i c h   t h e   r e v e r s i b l e   p a r t   o f   t h e   r a d i a t i o n  
changes   decreases  by a f a c t o r   o f   t w o ,   a c c o r d i n g   t o   d a t a   g i v e n   b y  
Devidson  (Ref.  15) - amounts   to :   for  mice, 3 - 8 d a y s ;   f o r  a r a t ,  
6 - 9 d a y s ;   f o r  a dog, 1 4  - 1 8  d a y s ;   f o r   a n  ass, 20 - 2 8  days ;  
and f o r  man,  25 - 4 5  days.  

Depth, cm. 

F igure   1 .10  

Tissue  Doses o f  Pro tons   having   an   Energy   of  510 Mev 
i n  a Dog Model (Ref .   14)  : 

1 - Tissue  Dose,  x 1 0 ,   r a d ;  2 - The Same f o r  Two-way I r r a d i a -  
t i o n ;  3 - S t r e a m  o f   P r o t o n s ,  x l o 8 ,  c m F 2 ;  4 - The Same f o r  
P r i m a r y   P r o t o n s   ( c a l c u l a t e d )  ; 5 - S p e c i f i c   T i s s u e   D o s e ,  x 
r a d .  cm2. 

The q u a n t i t y  T = 28.75 days = 690  hours  (f3 = 0 . 0 0 1   l / h o u r s )   f o r  124 
man w a s  u s e d   i n   t h e   c a l c u l a t i o n s   b y   D e v i d s o n .   U s i n g   t h i s   q u a n t i t y  T ,  
w e  can  assume t h a t   t h e   e n t i r e   i r r a d i a t i o n   o f  man f o r  
( 0 . 1  - 0 .2 )  T = 2 - 4 days   can   be   regarded  as s i m p l e   i r r a d i a t i o n .  
F o r   i n t e r a c t i o n s   w h i c h   e x t e n d   o v e r  a l o n g e r   p e r i o d   o f  t i m e ,  p r o c e s s e s  
o f   r e g e n e r a t i o n   a p p e a r .   T h u s ,   f o r   e x a m p l e ,   i f  a man is s u b j e c t e d   t o  
i r r a d i a t i o n   i n  a dose of 100 r a d ,   a n d   t o   r e p e a t e d   i r r a d i a t i o n   f o r  
28.75 days a t  a dose   o f  50 r a d ,   t h e n   t h e   i m m e d i a t e   a f t e r e f f e c t s   o f  
t h e   s e c o n d   i r r a d i a t i o n  w i l l  b e   t h e  same as a f t e r   s i m p l e   i r r a d i a t i o n  
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a t  a dose   o f   100e-O'OO1 ' 6 9 0  + 50 = 100   r ad ,   and   no t   t he  same as a f t e r  
i r r a d i a t i o n   i n  a dose  of   100 + 50 = 150  rad .  

Fo r   pu rposes   o f   s imp i i c i ty ,  i t  was assumed i n   t h i s  example t h a t  
f = 0. When  man o r   o t h e r  m a m m a l s  is i r r a d i a t e d   w i t h   y - r a y s   o r   o t h e r  
t y p e s   o f   r a d i a t i o n   w i t h  small l i n e a r   d e n s i t y   o f   i o n i z a t i o n ,   t h e  
q u a n t i t y  i s  f 0.1.  

It s h o u l d   b e   n o t e d   t h a t   t h e   t h e o r y   o f  B l a i r  has   no t   been   deve loped  
s u f f i c i e n t l y   n o r   d o e s  i t  have   an   adequa te   expe r imen ta l   bas i s .  
Apparen t ly ,   t he   magn i tude   o f  f d e p e n d s   o n   t h e   n a t u r e   o f   t h e   i o n i z i n g  
r a d i a t i o n ,   a n d   f o r   r a d i a t i o n   w i t h  a h i g h   l i n e a r   i o n i z a t i o n   d e n s i t y  
f i s  s i g n i f i c a n t l y   g r e a t e r   t h a n   0 . 1 .   I n   o t h e r   w o r d s ,   t h e   a f t e r e f f e c t s  
o f   r a d i a t i o n   i n  a d i f f e r e n t   d o s a g e ,  by  two types   o f   r ad ia t ion   wh ich  
d i f f e r   w i t h  respec t  t o   t h e   q u a n t i t y  6 ,  w i l l  no t   be   the   same.   Thus ,  
d i f f e r e n t   t y p e s   o f   r a d i a t i o n   h a v e   d i f f e r e n t   b i o l o g i c a l   e f f e c t i v e n e s s .  

The r e l a t i v e   b i o l o g i c a l   e f f e c t i v e n e s s   o f   r a d i a t i o n   c a n   b e  
cha rac t e r i zed   by  i t s  c o e f f i c i e n t  Q ( q u a l i t y   c o e f f i c i e n t ) .  For  x-ray 
r ad ia t ion   hav ing   an   ene rgy   o f  80-200 k e v ,   w h o s e   b i o l o g i c a l   e f f e c t  
h a s   b e e n   s t u d i e d   i n   t h e   g r e a t e s t   d e t a i l ,  Q is  assumed t o   e q u a l   t o  
u n i t y .   F o r   a n y   o t h e r   t y p e   o f   i o n i z i n g   r a d i a t i o n ,   t h e  RBE c o e f f i c i e n t  
i s  n u m e r i c a l l y   e q u a l   t o   t h e   t i s s u e   d o s e s   o f   x - r a y   r a d i a t i o n   a n d  a 
g i v e n   r a d i a t i o n ,   w h i c h   c a u s e  a s i m i l a r   b i o l o g i c a l   e f f e c t .  The RBE 
c o e f f i c i e n t   r e p r e s e n t s t h e  same c o n d i t i o n a l   q u a n t i t y ,  a s ,  fo r   example ,  
t h e  maximum t i s s u e   d o s e ,  as a c h a r a c t e r i s t i c   o f   r a d i a t i o n   e f f e c t s .  
F o r   d i f f e r e n t   i r r a d i a t i o n   c o n d i t i o n s  by one   and   the   same  rad ia t ion  
and f o r   d i f f e r e n t   i r r a d i a t i o n   a f t e r e f f e c t s ,   t h e  RBE c o e f f i c i e n t s  
h a v e   d i f f e r e n t   v a l u e s ,   a n d   d o   n o t   c o i n c i d e   f o r   d i f f e r e n t   l i v i n g   o r -  
g a n i s m s .   S i n c e   c e r t a i n   t y p e s   o f   r a d i a t i o n   c a n   c a u s e  a s p e c i f i c  
e f f e c t ,   w h i c h   d o e s   n o t   a p p e a r   w i t h   x - r a y   i r r a d i a t i o n ,   t h e  FBE concept  
s o m e t i m e s   l o s e s   a n y   m e a n i n g .   T h i s   p e r t a i n s   t o   c e r t a i n   t y p e s   o f  
c h r o m o s o m e ' a b e r r a t i o n s ,   t o   d i m n e s s   o f   t h e   c r y s t a l l i n e   l e n s   u n d e r   t h e  
in f luence   o f   r ap id   neu t rons ,   e t c .   However ,   t he  RBE c o e f f i c i e n t   h a s  
t h e  same e s s e n t i a l   v a l u e ,   b e c a u s e  i t  makes i t  p o s s i b l e   t o   c h a r a c t e r i z e  
t h e   b i o l o g i c a l   e f f e c t   o f   i r r a d i a t i o n   u n e q u i v o c a l l y   ( R e f .   1 3 )   f o r  
s e v e r a l   c a s e s   w h i c h   a r e   o f   p r a c t i c a l   i m p o r t a n c e .  

The h a r m f u l   a f t e r e f f e c t s   o f   c h r o n i c   i r r a d i a t i o n   o f   t h e  human 
o r g a n i s m   i n   s m a l l   d o s e s   f r o m   d i f f e r e n t   t y p e s   o f   r a d i a t i o n   a r e  
c h a r a c t e r i z e d   b y   t h e  RBE c o e f f i c i e n t s ,   w h i c h  are c o n t a i n e d   i n  com- 
p u l s o r y   s a n i t a r y   l a w s   ( T a b l e  1 . 2 ) .  A graph  showing  the  dependence I25 
of Q on t h e   l i n e a r   d e n s i t y  of c h a r g e d   p a r t i c l e   e n e r g y   l o s s e s  
dt-s = S t i s  , i n   acco rdance   w i th   t he   r ecommenda t ions   g iven  by t h e  
I n t e r n a t i o n a l  Commission  on Rad io log ica l   Un i t s   (Re f .  1 6 ) ,  i s  shown 
i n   F i g u r e  1.11. 
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TABLE 1 . 2  

RBE COEFFICIENT Q FOR CHRONIC IRRADIATION (REF. 1 3 )  

"" 

Form o f   Rad ia t ion  

X-Ray and  y-Radiation 
6- P a r t i c l e s  and   Elec t rons  
Thermal  Neutrons 
Xapid  Neutrons 
P ro tons   and   a -Pa r t i c l e s  
Multi-charged  Ions  and 
Recoi l   Nucleus 

- 
S , kev/mi  cron 
o f   T i s s u e  

0 .2  - 5 
0 . 2  - 5 

5 - 20 
20 - 60 
20 - 200 

150 - 5000 

RBE C o e f f i c i e n t  

1 
1 
3 

10 
10 

20 

A s  can  be  seen  from  Table 1 . 2  and   F igure  1.11, t h e  RBE c o e f f i c i e n t  
f o r   r a d i a t i o n   i n c r e a s e s   w i t h   a n   i n c r e a s e   i n   S t i s .   R a d i a t i o n   w i t h  a 
h i g h e r   i o n i z a t i o n   d e n s i t y  i s  b i o l o g i c a l l y  more harmful .   Thus,  l a t e  
a f t e r e f f e c t s   f r o m   t h e   t o t a l   i r r a d i a t i o n   o f  a human organism by a t i s s u e  
dose   o f   r ap id   neu t rons   pe r  30 r a d  w i l l  b e   t h e  same as from a t i s s u e  
dose  of  x-rays p e r  300 r a d .  On t h e   o t h e r   h a n d ,   s o f t   y - r a d i a t i o n   o f  
r a d i o a c t i v e  Co60 ,  which  forms less d e n s e   i o n z i a t i o n   t h a n   x - r a y  
r a d i a t i o n ,   h a s  less  b i o l o g i c a l   e f f e c t i v e n e s s .   F o r  i t ,  Q e q u a l s  0 . 7  - 
0.8 ,  and t h e  same i r r a d i a t i o n   a f t e r e f f e c t s   a p p e a r   a f t e r   t h a t  as are 
accumulated  around 400 rad .   For  a c o n c e n t r a t e d   r a d i a t i o n   a c t i o n ,  126  
which  leads t o  a n   i n t e n s e   f o r m   o f   r a d i a t i o n   s i c k n e s s ,   t h e   d i f f e r e n c e  
i n   t h e   b i o l o g i c a l   e f f e c t   o f   r a d i a t i o n s   w i t h   d i f f e r e n t   S t i s  is  less 
c l e a r l y   e x p r e s s e d .   T h u s ,   f o r  r a p i d  n e u t r o n s   i n   t h i s  case Q h a s  a 
va lue   on   the   o rder   o f   two.  

Khen cosmonauts   are  on a l o n g   i n t e r p l a n e t a r y   f l i g h t ,   t h e  
t i s s u e  dose   o f   p r imary   cosmic   rad ia t ion   which  ac ts  upon  them w i l l  
be   determined by t h e  RBE c o e f f i c i e n t s ,   w h i c h  are shown i n   T a b l e  1 . 2 .  
I n  the   ca se   o f   s t rong   ove r -exposure   du r ing  a b r i e f   s o l a r   f l a r e ,  
t h e   i m m e d i a t e   h a r m f u l   a f t e r e f f e c t s  w i l l  be   determined  by smaller 
va lues   o f  Q ( t h e   d a s h e d   l i n e   i n   F i g u r e  1.11). I n   t h e  case o f  
r a d i a t i o n   h a v i n g  a mixed   composi t ion ,   the   magni tude   o f   the   absorbed  
d o s e   i n   r a d s ,   d u e   t o   t h e   d i f f e r e n c e   i n   t h e   b i o l o g i c a l   e f f e c t i v e n e s s ,  
canno t   s e rve  as a n   u n e q u i v o c a l   c h a r a c t e r i s t i c   o f   t h e   b i o l o g i c a l  
e f f e c t   o f   i r r a d i a t i o n .   F o r   e x a m p l e , 5   r a d  o f  x - r ay   r ad ia t ion   and  
5 r ad   o f   mu l t i - cha rged   i ons  ( a t o t a l   o f   1 0   r a d )   p r o d u c e   t h e  same 
a f t e r e f f e c t s  as 100  rad  of x - r ay   r ad ia t ion   and  0.25 r a d   o f   m u l t i -  
charged   ions  (a t o t a l  of 1 0 0 . 2 5   r a d ) ,   s i n c e  Q = 20 f o r   m u l t i -  
cha rged   i ons .  
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F i g u r e  1.11 

Dependence  of  the RBE C o e f f i c i e n t   o n   t h e   D e n s i t y   o f   L i n e a r  
Energy  Losses .  

"" . . . . R e p r e s e n t s   t h e   E x t r a p o l a t i o n   V a r i a n t   i n   t h e   R e g i o n  
o f  Large S ;  -e-*-*-*- Is based  on Data (Ref .  1 6 )  fo r   Chron ic  
O c c u p a t i o n a l   I r r a d i a t i o n ;  - - - - - R e p r e s e n t s   P r o v i s i o n a l  
Dependence o f  t h e  RBE C o e f f i c i e n t   F o r  Direct A f t e r e f f e c t s   o f  
I n t e n s e   I r r a d i a t i o n   o f  Man. 

T h e r e f o r e ,  i n  o r d e r   t o  estimate t h e   b i o l o g i c a l   e f f e c t   o f   r a d i a t i o n ,  
t h e   t i s s u e   s h o u l d   b e   m e a s u r e d   i n   u n i t s  o f  rem ( b i o l o g i c a l   e q u i v a l e n t  
of  a r a d ) .   I n  terms of  energy ,  1 rem of a g i v e n   t y p e   o f   r a d i a t i o n  
e q u a l s  1 r a d ,   s h a r e d   b y   t h e  RBE c o e f f i c i e n t  

1 rem = ~- - loo Q e r g / g .  
1 r a d  

Q 
- (1.33) 

Thus, 1 rem w i l l  be  less t h a n  1 r a d ,   u n d e r   t h e   c o n d i t i o n   t h a t  
Q > 1. The t i s s u e   d o s e ,   e x p r e s s e d   i n  rem's (D, r e m ) ,   e q u a l s  t h e  
t i s s u e   d o s e   e x p r e s s e d   i n   r a d s ,   m u l t i p l i e d   b y   t h e  RBE c o e f f i c i e n t :  

D (rem) = D ( r a d )  Q .  (I. 3 4 )  

T h u s ,   f o r  Q > 1, t h e   t i s s u e   d o s e   i n  rem u n i t s  i s  n u m e r i c a l l y   l a r g e r  
t h a n   t h e   d o s e   i n   r a d s ,   s i n c e   t h e   f i r s t  i s  e x p r e s s e d   i n  smaller u n i t s  
than i s  the   s econd .  The  example  given  above w i l l  now b e  as f o l l o w s :  
5 r ad   o f   x - r ay   r ad ia t ion   equa l s  5 rem, and 5 rad   o f   mul t i -charged  
i o n s   e q u a l  100 rem; t h e   t o t a l  i s  t h u s  105 rem. 100 r a d  = 100 rem o f  
x - r ay   r ad ia t ion   and  0.25 r a d  = 5 rem o f   m u l t i - c h a r g e d   i o n s   a l s o   e q u a l  
a t o t a l  of  105 r e m .  The b i o l o g i c a l   e f f e c t   o f   i r r a d i a t i o n   i n   b o t h  
c a s e s  i s  t h e  same as from 105 rad   (or   rem)  of x - r a y   r a d i a t i o n .  

Not o n l y   t h e   b i o l o g i c a l   e f f e c t  of i o n i z i n g   r a d i a t i o n   d e p e n d s  
on t h e   q u a n t i t y  S .  The r e s u l t s   p r o d u c e d   b y   i r r a d i a t i o n  o f  inanimate  
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bod ies  are a l s o   f r e q u e n t l y   s i g n i f i c a n t l y   d i f f e r e n t ,   s o m e t i m e s   q u a l i -  
t a t i v e l y   d i f f e r e n t ,   d u r i n g   i r r a d i a t i o n  by d i f f e r e n t   t y p e s   o f   r a d i a t i o n .  
Thus ,   rap id   neut rons   and   pro tons  i n  compara t ive ly  s m a l l  doses   o f  
about l o 2  r ad   cause  a s i g l k i f i c a n t   c h a n g e   i n   t h e   c o n d u c t i v i t y   o f   s e v e r a l  
s e m i - c o n d u c t i n g   e l e m e n t s ,   w h i l e   i r r a d i a t i o n   b y   s o f t   x - r a y   r a d i a t i o n  
h a s   n o   e f f e c t  up t o   v e r y   l a r g e   d o s e s .  T h e   p r o d u c t   y i e l d   o f   s e v e r a l  
r a d i o c h e m i c a l   r e a c t i o n s   d e p e n d s   e s s e n t i a l l y   o n   t h e   d e n s i t y   o f   l i n e a r  
ene rgy   l o s ses   o f   r ad ia t ion ,   wh ich   mus t   be   t aken   i n to   accoun t ,   f o r  
e x a m p l e ,   i n   u t i l i z i n g   c h e m i c a l   d o s i m e t e r s .  The readings  of   a lmost   127 
a l l  o t h e r   t y p e s   o f   d o s i m e t e r s   a l s o   d e p e n d   o n   t h e   q u a n t i t y  S ,  es- 
p e c i a l l y   f o r   l a r g e   v a l u e s   o f  i t .  

The s t a t e m e n t s   g i v e n   a b o v e   p o i n t   t o   t h e   f a c t   t h a t   t h e   p r o b l e m  
of  making a q u a n t i t a t i v e  estimate as t o   r a d i a t i o n   a c t i o n  is  reduced 
t o   d e t e r m i n i n g   t h e   a b s o r b e d   d o s e   i n   r a d s ,   b u t   e v e n   f o r  a mixed 
r a d i a t i o n   c o m p o s i t i o n ,   a d d i t i o n a l   i n f o r m a t i o n  i s  somet imes   requi red  
r e g a r d i n g  i t s  component  composition. It  i s  p a r t i c u l a r l y   c o m p l e x   t o  
d e t e r m i n e   t h e   d e g r e e   o f   r a d i a t i o n   e f f e c t   o n   l a r g e   a n i m a l s   a n d   o n  
man, when i t  i s  n e c e s s a r y   t o   h a v e   c e r t a i n   i n f o r m a t i o n   r e g a r d i n g  
t h e   p e n e t r a t i n g   r a d i a t i o n   d o s e s   a n d   t h e   d y n a m i c s   o f   i r r a d i a t i o n .  
I n   o r d e r   t o  s i m p l i f y  t he   p rob lem,   con tempora ry   r ad ia t ion   dos ime t ry  
u t i l i z e s   t h e   t i s s u e   d o s e   i n  3 c r i t i c a l   o r g a n ,   e x p r e s s e d  i n  rem's 
o r   t h e  mean t i s s u e   d o s e  as an   unequivoca l   measurement   o f   i r rad ia-  
t i o n .  The s e l e c t i o n  o f  t h e   c r i t i c a l   o r g a n  and t h e  RBE c o e f f i c i e n t s  
depend on t h e   i r r a d i a t i o n   c o n d i t i o n s  and i t s  a f t e r e f f e c t s ,   w h i c h  
m u s t  b e   p r e d i c t e d  o r  c l a r i f i e d .  

Let u s  now turn   to   the   methods   employed   to   measure   the   absorbed  
dose.  A l l  of  the  well-known  methods  can  be  used i n   p r i n c i p l e   f o r  
dos imet ry   o f   cosmic   rad ia t ion .  A t  t h e   p r e s e n t  t i m e ,  t h e   o n l y  limita- 
t i on   en ta i l ed   i n   measu remen t s   on   cosmic   appa ra tus  are t h e  maximum 
w e i g h t   d e c r e a s e ,   a n   i n c r e a s e   i n   s a f e t y ,   a n d   a n   i n c r e a s e   i n   t h e   v o l u m e  
o f  i n f o r m a t i o n   o b t a i n e d .  

The  methods  employed i n   d o s i m e t r y  o f  i o n i z i n g   r a d i a t i o n   h a v e  
b e e n   e x t e n s i v e l y   d e v e l o p e d   a n d   d i s c u s s e d   i n   d e t a i l   i n   s e v e r a l  mono- 
graphs  (Ref.  1 - 7 ,  Ref .   17-23) .   Therefore ,  w e  s h a l l   c o n f i n e   o u r s e l v e s  
t o   s y s t e m a t i z i n g   t h e   m e t h o d s   a n d   t o   t h e i r   d o s i m e t r i c   c h a r a c t e r i s t i c s ,  
as w e l l  as t o   i n d i v i d u a l   e x a m p l e s .  A l l  o f   the   methods ,   which   have  
been   used ,   o r  w i l l  be   u sed   fo r   dos ime t ry   o f   cosmic   r ad ia t ion ,   can   be  
d i v i d e d   i n t o   i o n i z a t i o n ,   l u m i n e s c e n t ,   s e m i - c o n d u c t i n g ,   p h o t o g r a p h i c ,  
and   chemica l   methods ,   depending   on   the   e f fec t   which  is u t i l i z e d   i n  
them. 

Ion iza t ion   me thods   o f   dos ime t ry   (Ref .  1-2, Ref.  17-19) are based  
on   measu r ing   t he   i on iza t ion   o f  a gas   which is formed  under   the 
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e f f e c t   o f   r a d i a t i o n .  The i o n i z a t i o n   c u r r e n t   i n   g a s   d i s c h a r g e  
c o u n t e r s  - t h e  number o f   i on iza t ion   impu l ses   p roduced  by t h e  
p a s s a g e   o f   c h a r g e d   p a r t i c l e s  - is measured i n   i o n i z a t i o n   c h a m b e r s .  
These  methods make i t  p o s s i b l e   t o   m e a s u r e   t h e   a b s o r b e d   d o s e   r a t e .  
I n   c o m b i n a t i o n   w i t h   s t o r a g e   e l e m e n t s -   e l e c t r i c   c o n d e n s e r ,  scaler ,  
and  commutator - t h e y   a l s o  make i t  p o s s i b l e   t o   m e a s u r e   t h e  
a b s o r b e d   d o s e .   I o n i z a t i o n   r e c o r d e r s  are r e a d i l y   c o n n e c t e d   t o  
t e l eme t ry   channe l s   and   t o   au tomat i c   dev ices .  

The i o n i z a t i o n   c u r r e n t  I i n   t h e  chamber is  de termined  by t h e  
r e l a t i o n s h i p  

I = -  Pnl 
w '  (1 .35)  

where P i s  t h e   a b s o r b e d   d o s e   r a t e ;  m i s  t h e  mass  of i r r a d i a t e d  
gas   i n   t he   chamber ;  w i s  the   fo rma t ion   ene rgy   o f  a p a i r   o f   i o n s  
- i . e . ,   t h e  mean abso rbed   r ad ia t ion   ene rgy   wh ich  i s  n e c e s s a r y   f o r  
i o n i z a t i o n  o f  one  of   the  a toms  (one  of   the  molecules)   of  The 
q u a n t i t y  w l ies  w i t h i n   t h e  limits 20-40 e v  ( 3 - 6 * l O - l f a 2 i g ) .  

The absorbed  dose ra te  o f   cosmic   r ad ia t ion  on t h e   s u r f a c e   o f  
t h e   e a r t h  - 1 0 - 7 r a d / s e c   g e n e r a t e s ,   c o n s e q u e n t l y ,  a c u r r e n t  
of   about  l o 4  - l o 5  e l e c t r o n / s e c   o r  - i n  1 g 
of   gas .   S ince  i t  i s  very   complex   to   measure   such   smal l   cur ren ts ,  
i t  i s  n e c e s s a r y   t o   h a v e  a chamber  with a volume  of   severa l  l i t e rs  
of  gas  a t  a t m o s p h e r i c   p r e s s u r e ,   o r  a chamber  with  gas a t  a p r e s s u r e  
of  several   atmospheres.   Thus,   the  measurement  of  the  combined 
i n t e n s i t y   o f   c o s m i c   r a y s  a t  s t a t i o n s  on t h e   e a r t h  is c a r r i e d   o u t  by 
Compton ioniza t ion   chambers   (Ref .   20)   wi th  a volume  of 20 z J  f i l l e d  
wi th   pure   a rgon  up t o  50 at. In   one   o f   t he   f i r s t   works   on   t he   abso rbed  
d o s e   d i s t r i b u t i o n   o n   s a t e l l i t e s   ( R e f .  8 ) ,  an  aluminum i o n i z a t i o n  
chamber  was  used  with a volume  of  43 m2, f i l l e d   w i t h   a r g o n   a t  a p r e s s u r e  
of  13.6 at. H o w e v e r ,   d u r i n g   t h e   f l i g h t   t h e   h e r m e t i c   s e a l i n g   o f   t h e  
chamber w a s  d i s t u r b e d ,   a n d   t h e   p r e s s u r e   i n  i t  decreased ,   due   to   which  
the  measurements were u n r e l i a b l e .  

The upper  limit fo r   t he   measu remen t   o f   t he   abso rbed   dose  ra te  
i s  p r a c t i c a l l y   u n l i m i t e d ,   a n d  i t  i s  o n l y   n e c e s s a r y   t o   s t i p u l a t e   t h e  
c o n d i t i o n   o f  a s a t u r a t i o n   c u r r e n t ,   t h u s   c r e a t i n g  a s u f f i c i e n t l y  
h igh  e l ec t r i c  f i e l d   i n t e n s i t y   i n   t h e  chamber .   This   en ta i l s   no  
d i f f i c u l t i e s  when m e a s u r i n g   t h e   e l e c t r o m a g n e t i c   r a d i a t i o n  of e l e c t r o n s  
o r   p r o t o n s .   H o w e v e r ,   h e a v y   i o n s   c r e a t e   s u c h   d e n s e   i o n i z a t i o n   i n  
t h e   t r a c k s   t h a t  a c o n s i d e r a b l e   p o r t i o n   o f   t h e   i o n s  i s  l o s t   d u r i n g   t h e  
r ecombina t ion   p rocess ,   and   t he   co r re spond ing   abso rbed   dose  i s  n o t  
r e c o r d e d   d u r i n g   t h e   m e a s u r e m e n t   o f   t h e   i o n i z a t i o n   c u r r e n t .  

L e t  u s   i n v e s t i g a t e   w h a t   d e t e r m i n e s   t h e   " h a r d   b e h a v i o r "  of t h e  
i o n i z a t i o n   c h a m b e r s   o r   t h e   d e p e n d e n c e   o f   t h e   i o n i z a t i o n   c u r r e n t  on 
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t h e   r a d i a t i o n   e n e r g y   p e r   u n i t   o f   t i s s u e   d o s e  rate.  For   e l ec t romagne t i c  
r a d i a t i o n ,   t h e   " h a r d   b e h a v i o r ' '  i s  p r a c t i c a l l y   e q u i v a l e n t   t o   t h e  
dependence   o f   t he   quan t i ty  X o n   e n e r g y   ( s e e   F i g u r e   1 . 1 ) .   I f   t h e  
d imens ions   o f   t he   chamber   cav i ty   a r e   no t   g rea t  as compared  with  the 
mean f r e e   p a t h   o f   t h e   s e c o n d a r y   e l e c t r o n s ,   w h i c h  are c r e a t e d  a t  t h e  
chamber  walls by t h e   e l e c t r o m a g n e t i c   r a d i a t i o n ,   t h e n   t h e   i o n i z a t i o n  
o f   t he   gas  i s  d e t e r m i n e d   b y   t h e s e   e l e c t r o n s ,   a n d   t h e   " h a r d   b e h a v i o r "  
in   t he   example   g iven   above  i s  d e t e r m i n e d   b y   t h e   q u a n t i t y  X f o r  
aluminum. I f   a n o t h e r   e x t r e m e  case is used ,  when t h e   c a v i t y  dimen- 
s i o n s   a r e  much g r e a t e r   t h a n   t h e  mean f r e e   p a t h   o f   s e c o n d a r y   e l e c t r o n s  
f rom  the   gas ,   then   the   "hard   behavior ' '  w i l l  be   de te rmined   by   the  
q u a n t i t y  X f o r   a r g o n .  

I n   t h e   i n t e r m e d i a t e  cases, t h e   r e l a t i v e   r o l e  of t h e   w a l l  and  gas 
e f f e c t  i s  de te rmined   by   t he   r e l a t ionsh ip   (Ref .   1 )  : 

Wall 
Gas L 
" - R X 1  (1 .36)  

where R i s  t h e  mean f r e e   p a t h   o f   s e c o n d a r y   e l e c t r o n s ,  X1 i s  t h e  
r e l a t i o n s h i p   o f  6 f o r   t h e   w a l l   m a t e r i a l   a n d   t h e   g a s ,   a n d  L i s  t h e  129  
cav i ty   d imens ions .  I t  i s  a p p a r e n t   t h a t   t h i s   r e l a t i o n s h i p   d e p e n d s  
on t h e   e n e r g y   o f   t h e   r a d i a t i o n   q u a n t a .  One o f   t h e   e x p l i c i t  cases 
i s  shown i n   T a b l e  1 .3  (Ref .  1). 

TABLE 1 . 3  

RELATIVE C O N T R I B U T I O N  OF THE WALL AND THE GAS TO THE 
CURRENT OF THE I O N I Z A T I O N  CHAMBER (REF. 1 )  

For a d e c r e a s e   i n   t h e   " h a r d   b e h a v i o r "   o f   t h e   e l e c t r o m a g n e t i c  
r a d i a t i o n ,  i t  i s  advantageous t o  u t i l i z e  chambers  with wal l s  made of  
l i g h t   m a t e r i a l s  - conduc t ive   p l a s t i c s ,   and   a luminum - and t o   f i l l  them 
w i t h  a i r  o r  w i t h   t i s s u e  - e q u i v a l e n t   g a s   m i x t u r e s ,   f o r   w h i c h  X = cons t  
i n   t h e   e n t i r e   e n e r g y   r e g i o n   w h i c h  is of i n t e r e s t .  The f a c t   s h o u l d   b e  
t a k e n   i n t o   c o n s i d e r a t i o n   t h a t   a b s o r p t i o n   a t   t h e   c h a m b e r  wal ls ,  i f   t h e y  
a r e   n o t   t h i n   e n o u g h ,   c a n   i n f l u e n c e   t h e   " h a r d   b e h a v i o r "   d u r i n g   m e a s u r e -  
m e n t s   o f   e l e c t r o m a g n e t i c   r a d i a t i o n   a n d   o t h e r   s o f t   e l e c t r o m a g n e t i c  
r a d i a t i o n .  
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F o r   c h a r g e d   p a r t i c l e s ,   t h e   " h a r d   b e h a v i o r "  i s  a l s o   p r i m a r i l y  
de t e rmined   by   t he   quan t i ty  X ( s e e   F l g u r e s  1.3 and 1.5). S i n c e  
u s u a l l y  S >> 6 [formula  (1.13)],   the wal l  e f f e c t   c a n   a l m o s t  

a l w a y s   b e   d i s r e g a r d e d ,   a n d   t h e   q u a n t i t y   f o r   g a s   m u s t   b e   u s e d  as X 
E x c e p t   f o r   t h e   p o s s i b l e   i n s t a b i l i t y   o f   t h e   q u a n t i t y  X , t h e   f a c t  
m u s t   b e   t a k e n   i n t o   c o n s i d e r a t i o n   t h a t   f o r  a m a j o r i t y  o f  gases  w 
decreases   somewhat   with an i n c r e a s e   i n   t h e   l i n e a r   e n e r g y   l o s s e s  
of  c h a r g e d   p a r t i c l e s .   T h u s ,   i n  a i r  f o r   e l e c t r o n s   h a v i n g   a n  
energy  of l o 3  - l o 6  e v ,  w = 34 e v  , a n d   f o r   a - p a r t i c l e s   h a v i n g  
an  energy  of  about 5 MeV,  w = 35 ev.  For more d e n s e l y   i o n i z i n g  
r a d i a t i o n ,   t h e   c h a n g e   i n   t h e   q u a n t i t y  w has   been   s tud ied   ve ry  l i t t l e .  
However, i t  i s  known t h a t   i n   p u r e ,   i n e r t   g a s e s  w bare ly   depends  
on S w i t h i n   w i d e  limits. 

n.u.  

Such   behav io r   o f   i ne r t   gases   can   be   exp la ined  by t h e   f a c t   t h a t  
t he   p robab i l i t y   o f   r ecombina t ion   i n   t hem is  small. I n  d e n s e   t r a c k s  
o f   s t r o n g l y - i o n i z i n g   p a r t i c l e s ,   c o m p a r a t i v e l y  f e w  ions  can  recombine 
w i t h   e l e c t r o n s , . u n t i l   t h e   t r a c k  i s  d i s s i p a t e d   u n d e r   t h e   e f f e c t  o f  
t h e  e l ec t r i c  f i e l d   o f   t h e   i o n i z i n g   c h a m b e r .   T h e r e f o r e ,   i n   c h a m b e r s  
which are f i l l e d   w i t h   p u r e l y   i n e r t   g a s e s ,   t h e   c o n d i t i o n s   o f   a n  
a b s o r p t i o n   c u r r e n t ,   u n d e r   w h i c h   t h e   i o n i z a t i o n   c u r r e n t  i s  p r o p o r t i o n a l  
t o   t he   abso rbed   dose   r a t e ,   c an   be  more r e a d i l y  c r e a t e d .  A mix tu re  
of i n e r t   g a s e s ,   w h i c h  i s  t i s s u e - e q u i v a l e n t   f o r   c h a r g e d   p a r t i c l e s ,  
i s  comprised by weight  of 5% A r  and 95% H e  (Ref.  2 4 ) .  In   t he   r ange  
of   proton  energy  f rom 10 t o  1000 M e V ,  t h e   q u a n t i t y  X e q u a l s  
1.15 2 0.05 f o r   s u c h  a mix tu re .  

A g a s   d i s c h a r g e   c o u n t e r   r e a c t s   t o   e a c h   c h a r g e d   p a r t i c l e   w h i c h  I 3 0  
passes through i t  by   impulses   having   the  same ampl i tude ,   and   there-  
f o r e  i t  is a c o u n t e r   o f   c h a r g e d   p a r t i c l e s .   W i t h   t h e   a i d  of  t h e  
c o u n t e r s ,   t h e r e  i s  p r a c t i c a l l y  no r e s t r i c t i o n  on  the  lower l i m i t  
fo r   the   measurement   o f   the   absorbed   dose  r a t e .  However,   for a 
comparat ively small r a d i a t i o n  ra te  of  about 10  m i c r o r a d / s e c ,   t h e  
coun te r s   s top   func t ion ing .   On ly   weak ly -e f f ec t ive   coun te r s   wh ich  
are i n  series, o f   t h e  SI-1-BG and SI-3-BG t y p e s ,  i n   c u r r e n t  modes 
make i t  poss ib l e   t o   w iden   t he   measu remen t   r eg ion  up t o   s e v e r a l  
r a d s  p e r  minute .  The compara t ive ly  low upper  l i m i t  for  measurements 
on g a s   d i s c h a r g e   c o u n t e r s   h a s   n o t   o n c e   l e d   t o   t h e i r   b r e a k d o w n  
d u r i n g   m e a s u r e m e n t s   o n   a r t i f i c i a l   e a r t h   s a t e l l i t e s   ( R e f .  2 5 ) .  

The "hard   behavior"   o f  a c o u n t e r ,  as we l l  as of  a dos ime te r  , 
i s  determined by t h e   b e h a v i o r   o f   t h e   s e n s i t i v i t y  E t o  a stream 
o f   p a r t i c l e s   o r   q u a n t a  N 1  , which   forms   the   t i s sue   dose   per  1 r a d .  
The s e n s i t i v i t y   o f   c o u n t e r s   t o   e l e c t r o m a g n e t i c   r a d i a t i o n  i s  
determined by t h e   p r o b a b i l i t y   w i t h   w h i c h   s e c o n d a r y   e l e c t r o n s  are 
formed a t  t h e   c o u n t e r  w a l l  a n d   w i t h   w h i c h   t h e y   f a l l   i n t o   t h e  
s e n s i t i v e   c o u n t e r  area. T y p i c a l   c u r v e s  are shown i n   F i g u r e  1 .12 .  
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1 
1 2 E,. . Mev 

F i g u r e  1 . 1 2  

S e n s i t i v i t y   t o   y - R a d i a t i o n   o f  Gas Discharge  Coun- 
ters  w i t h   D i f f e r e n t   C a t h o d e s :  
- see (Ref.   26) ; 
"_""""""" see (Ref .   2 ) .  

The "hard  behavior"   of  a Vik to r in   509   dos ime te r   w i th  a g a s   d i s c h a r g e  
counter   (Ref .   27)  i s  shown i n   F i g u r e  1.13. Coun te r s   w i th  a s t e e l  
wal l  - which  are  similar t o  STS-5 and STS-6 c o u n t e r s   i n  ser ies ,  and 
which  are   surrounded by a l a y e r   o f  2mm Fe - a l s o   h a v e  a moderate 
" h a r d   b e h a v i o r "   i n   t h e   e n e r g y   z o n e   o f   y - r a y s   q u a n t a   f r o m   5 0   t o   1 2 5 0   k e v  
( F i g u r e  1 . 1 4 )  (Ref .   28) .  

Charged p a r t i c l e s  are r e c o r d e d   w i t h   g a s   d i s c h a r g e   c o u n t e r s  
w i t h   t h e   s e n s i t i v i t y  E z 1, and   t he re fo re   t he   "ha rd   behav io r "  de- 
p e n d s   d i r e c t l y  on t h e   q u a n t i t y  K l  f o r   b i o l o g i c a l   t i s s u e  (see 
F i g u r e  1 . 4  and 1 . 6 ) .  The smaller i s  t h e   p a r t i c l e   e n e r g y ,   t h e   l o w e r  131 
i s  t h e   c o u n t i n g  ra te  wh ich   t hey   p roduce   fo r  a g i v e n   t i s s u e   d o s e  ra te .  
Many, o r  a l l  o f   t h e   s l o w   p a r t i c l e s ,  whose mean f r e e   p a t h  i s  comparable 
w i t h   t h e   t h i c k n e s s   o f   t h e   c o u n t e r  w a l l ,  are absorbed  a t  t h e  w a l l s ,  
w h i c h   l e a d s   t o   a n   a d d i t i o n a l   d e c r e a s e   i n   t h e   c o u n t i n g  ra te .  

The q u a n t i t y   S t i s   i n c r e a s e s  somewhat w i t h   a n   i n c r e a s e   i n   t h e  

d e c r e a s e s ,   d u e   t o   w h i c h   t h e   c o u n t i n g  rate d e c r e a s e s   f o r  a 
e n e r g y   o f   t h e   c h a r g e d   p a r t i c l e s   a b o v e   t h e  c r i t i c a l  e n e r g y ,   w h i l e '  

N 1  t is  g i v e n   t i s s u e   d o s e  rate.  F o r   e l e c t r o n s ,   t h e  c r i t i c a l  energy  is 
about  1 M e V ;  f o r   p r o t o n s ,  i t  i s  a b o u t  3 Beir (3000 Mev). It i s  i m p o r t a n t  
t o   n o t e   t h a t   i n  a stream of p r o t o n s   h a v i n g  an energy  of  40-60 MeV 
t h e   c o u n t e r   r e a d i n g s  w i l l  b e  4-7 times smaller t h a n  from p r o t o n s  
having   an   energy   of  600-6000 M e V ,  which  produce the same t i s s u e  
d o s e .   T h e r e f o r e ,   a d d i t i o n a l   i n f o r m a t i o n   m u s t   b e   o b t a i n e d   a b o u t   t h e  
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Figure   1 .13  

Typical   "Hard  Behavior ' '   of   y-Radiat ion  for  Gas Discharge 
Counters : 

_______ see (Ref .   28) ;  -.-.-.-.- Copper o r  Steel  
Counter   wi th  2 mm Fe F i l t e r   ( R e f .  2 8 ) ;  ------------ see 
(Ref.  2 7 ) .  !! , l o 7 ,  pulse/crn2*rad i s  P l o t t e d   A l o n g   t h e  

Ordina te   Axis .  
P 

r a d i a t i o n   c o m p o s i t i o n  when d e t e r m i n i n g   t h e   t i s s u e   d o s e   b a s e d  on t h e  
c o u n t e r   r e c o r d i n g .  

Gas d i s c h a r g e   c o u n t e r s   r e p r e s e n t   t h e   b a s i c  means of  d e t e c t i n g  / 32 
r a d i a t i o n  on   space   appa ra tus ;   t hey  are e x t e n s i v e l y   u t i l i z e d   i n  
s o u n d i n g   b a l l o o n s   a n d   i n   s t a t i o n s  on t h e   e a r t h .  I t  fol lows  f rom 
t h e   s t a t e m e n t s   p r e s e n t e d   a b o v e   t h a t   t h e i r   r e a d i n g s  must   be   in te rpre-  
t e d   i n   d i f f e r e n t   w a y s ,   d e p e n d i n g  on whether   they   measure   ga lac t ic  
r a d i a t i o n ,   e l e c t r o m a g n e t i c   r a d i a t i o n ,   o r   r a d i a t i o n   f r o m   s o l a r   f l a r e s .  

The t i s s u e   d o s e  ra te  i n   t h e   i n n e r   r a d i a t i o n   z o n e  of t h e   e a r t h  
(Ref. 29)  h a s   b e e n   c a l c u l a t e d   o n   t h e   b a s i s  o f  g a s   d i s c h a r g e   c o u n t e r  
r e a d i n g s .   J u d g i n g   f r o m   t h e   r a d i a t i o n   i n   t h e   i n n e r   z o n e ,   p r o t o n s  
w i t h   t h e  mean q u a n t i t y   S t i s  = 10 - 20 Mev c m 2  *g-',   produce 
P = 50 - 100  rad*hours- l   (behind  a p r o t e c t i o n  of 1 g * ~ m - ~ ) .   I f  
t h e   c o u n t e r   i m p u l s e s  were p roduced   by   e l ec t romagne t i c   r ad ia t ion ,  
having   quanta   energy   which   approximate ly   equals  500 kev ,   then   the  
same readings   would   cor respond  to  P M 250 r ad -hour s - ' .  

Gas d i s c h a r g e   c o u n t e r s   h a v e   b e e n   u t i l i z e d   t o   i d e n t i f y   r a d i a t i o n  
c o m p o s i t i o n   i n   t h e   e x t e r i o r   r a d i a t i o n   z o n e   o f   t h e   e a r t h   ( R e f .   2 5 ) .  
One of  two c o u n t e r s  was covered   wi th  a f i l t e r  of 4 g/cm2  of 
Pb + 0.6 g/cm2 Fe; t h e   o t h e r  was u n p r o t e c t e d .   B a s e d   o n   t h e   f i l t e r  
t r ansmiss ion   o f   abou t   0 .1%,  i t  was e s t a b l i s h e d   t h a t   c o m p a r a t i v e l y  

1 
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U I 2 , Mev 

F igure  1 . 1 4  

"Hard  Behavior"  of  y-Radiation  of a Coun te r   w i th  a F i l t e r  
(Ref .  28) 

s o f t   e l e c t r o m a g n e t i c   r a d i a t i o n   i n f l u e n c e d   t h e   c o u n t e r s ,   a n d  i t  w a s  
t h u s   p o s s i b l e   t o   o b t a i n   i n f o r m a t i o n   t o   b e   u s e d   i n   c h a n g i n g   f r o m   t h e  
c o u n t i n g   r a t e   t o   t h e   t i s s u e   d o s e  ra te .  

Luminescenc  dosimetry  methods  (Ref. 1-3, Ref. 1 9 ,  Ref.  21,  22) 
a re   based  on inducing   luminescence  by i o n i z i n g   r a d i a t i o n .  

I n   s c i n t i l l a t o r s ,   t h e   p a s s a g e   o f   c h a r g e d  par t ic les  produces  
b r i e f   l u m i n o s i t y - s c i n t i l l a t i o n   i m p u l s e s ,   w h i c h  make i t  p o s s i b l e   t o  
c o m p u t e   t h e   i n d i v i d u a l   p a r t i c l e s ,   o r   t o   m e a s u r e   t h e   a b s o r b e d   d o s e  
ra te  on the b a s i s   o f   t h e   t o t a l   l u m i n o s i t y .  It i s  a l s o   t h u s   p o s s i b l e  
t o   m e a s u r e   t h e   a b s o r b e d   d o s e   b a s e d   o n   t h e   l i g h t   s u m .  The  measurement 
z o n e ,   w i t h   t h e   a i d  o f  s c i n t i l l a t i n g   d e t e c t o r s ,  i s  l i m i t e d  by  only 
the   per formance   of   the   record ing   a r rangement .  

A s c i n t i l l a t i o n   c o u n t e r ,   w h i c h   r e p r e s e n t s   t h e   c o m b i n a t i o n   o f  a 
s c i n t i l l a t o r  and a p h o t o e l e c t r i c   m u l t i p l i e r  (PEM), is a p r o p o r t i o n a l  
coun te r  - i n   o t h e r   w o r d s ,   t h e   s c i n t i l l a t i o n   a m p l i t u d e s  are p r o p o r t i o n a l  
w i t h i n   s p e c i f i c  limits t o   t h e   e n e r g y  of t h e   c h a r g e d   p a r t i c l e   t r a n s -  
m i t t e d   t o   t h e   s c i n t i l l a t o r .   I n   o r d e r   t o   a v o i d   t h e  PEM coun t ing  
n o i s e   i m p u l s e s ,  a d i s c r i m i n a t o r   u n i t  i s  u s u a l l y   p l a c e d   b e h i n d   t h e  
s c i n t i l l a t i o n   c o u n t e r ;   t h i s   d i s c r i m i n a t o r   p a s s e s   i m p u l s e s   h a v i n g   a n  
ampli tude  which i s  l a r g e r   t h a n  a g iven   ampl i tude  - fo r   example ,  
l a r g e r   t h a n   t h e   a m p l i t u d e   o f   t h e   n o i s e   i m p u l s e s .   T h u s ,   p a r t  o f  t h e  
i m p u l s e s   f r o m   t h e   s c i n t i l l a t i o n  i s  r e t a i n e d .   T h e r e f o r e ,   t h e  
s e n s i t i v i t y   o f   t h e   s c i n t i l l a t i o n   c o u n t e r  i s  a complex  funct ion  of  
t h e   p a r t i c l e   e n e r g y   a n d   t h e   d i s c r i m i n a t i o n  level,  and i t  i s  d i f f i c u l t  
t o   u s e   t h e   s c i n t i l l a t i o n   c o u n t e r  as a dos ime te r .  

Only i n   i n d i v i d u a l  cases - fo r   example ,  when a l a r g e   s c i n t i l l a t o r  
measu res   p ro tons   hav ing   h igh   ene rg ie s  - almost a l l  of  t h e   s c i n t i l l a -  
t i o n s   p r o d u c e   i m p u l s e s   i n   t h e  PEM which are much l a r g e r   t h a n   t h e  I 3 3  
no i se   impu l ses .   Then ,   t he   coun t ing  rate is p r o p o r t i o n a l   t o   t h e  
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pro ton  stream, and  the  "hard  behavior ' '  is de termined   by   the   quant i ty  

N 1  t is  * 

F r e q u e n t l y ,   t h e   i n d i v i d u a l   s c i n t i l l a t i o n   i m p u l s e s  are n o t  
m e a s u r e d ,   b u t   r a t h e r   t h e  mean p h o t o c u r r e n t  of t h e  PE??. A f t e r  
d e d u c t i o n   o f   t h e   d a r k  PEM cur ren t ,   t he   magn i tude   o f   t he   pho to -  
c u r r e n t  i s  p r o p o r t i o n a l  t o  t h e  amount o f   l uminescence   l i gh t   wh ich  
is  e m i t t e d  p e r  u n i t   o f  t ime, and   consequent ly  i t  i s  p r o p o r t i o n a l  
t o   t h e   p r o d u c t i o n   o f   t h e   i n t e g r a l   o r  mean absorbed  dose r a t e  i n  
t h e   s c i n t i l l a t o r  p e r  ene rgy   l uminescence   y i e ld  Q :  

I, - Plllrj, (1.37) 

where p is  t h e  mean absorbed  dose r a t e ,  and m is t h e   s c i n t i l l a t o r  
mass . 

S i n c e   t h e   t i s s u e   d o s e  ra te  i s  P t i s  - - , w e  then  have X 

(1 .38)  

and the   "hard   behavior ' '  Xq o f  t h e   s c i n t i l l a t i o n   c o u n t e r   i n  a 
c u r r e n t  mode i s  determined by t h e   q u a n t i t y  X , and by the  depen- 
dence o f  on   ene rgy .   Th i s   ve r i f i ca t ion   o f   t he   fo rmulas  ( 1 . 3 7 )  
and  (1.38) i s  v a l i d ,   i f   t h e   d i m e n s i o n s   o f   t h e   s c i n t i l l a t o r  are n o t  
s o  l a r g e   t h a t  i t  s i g n i f i c a n t l y   d i s t o r t s   t h e   r a d i a t i o n   f i e l d .  

F igu re  1.15 

Dependence  of Q on the  Energy of Charged Par t ic les  for   Anthracene  (1) 
and  NaJ(T1) ( 2 ) .  
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F o r   t h e   m a j o r i t y   o f   s c i n t i l l a t o r s ,  r\ d e c r e a s e s   w i t h   a n   i n c r e a s e  
i n   t h e   d e n s i t y   o f   t h e   l i n e a r   e n e r g y   l o s s e s .   N o r m a l l y ,   t h e   d e p e n d e n c e  
of  q on S i s  c h a r a c t e r i z e d   b y   t h e   s o - c a l l e d   a / B - r e l a t i o n s h i p ,  i . e . ,  
t h e   r e l a t i o n s h i p   b e t w e e n   t h e   a m p l i t u d e   o f   t h e   s c i n t i l l a t i o n   c o u n t e r  
impu l ses   and   t he   a -pa r t i c l e   and   an   e l ec t ron ,   wh ich  leave t h e  same 
e n e r g y   i n   t h e   s c i n t i l l a t o r .   F o r   s c i n t i l l a t o r s  made o f   o r g a n i c   c r y s t a l s  
- a n t h r a c e n e ,   s t i l b e n e ,   s c i n t i l l a t i n g   p l a s m a s   a n d   l i q u i d s  - t h e  
a / $ - r e l a t i o n s h i p  is o n   t h e   o r d e r   o f   1 / 1 0 .   F o r   i o n   c r y s t a l s ,   o f   t h e  
XaJ (T l ) ,   and   t he   KJ (T1)   t ype ,   t he   a /@-re l a t ionsh ip  is on t h e   o r d e r   o f  
1 1 2 .  F o r   c e r t a i n   z i n c   s u l f i d e   p h o s p h o r s   a n d   f o r   c r y s t a l s   o f   L i J - E u ,  
t h e   a / $ - r e l a t i o n s h i p  is  c l o s e   t o   u n i t y ,   o r   e v e n   l a r g e r   t h a n   u n i t y .  
M o r e . d e t a i l e d   i n f o r m a t i o n   r e g a r d i n g  17 can   be   ob ta ined   f rom  F igure   1 .15  

The " h a r d   b e h a v i o r "   o f   y - r a d i a t i o n   f o r   n o n - o r g a n i c   s c i n t i l l a t o r s  
i s  l a r g e ,   d u e   t o   a n   i n c r e a s e   i n  X i n   t h e   r e g i o n   o f   s m a l l   e n e r g y  
( F i g u r e   1 . 1 6 ) .   J u s t   a s   f o r   g a s   d i s c h a r g e   c o u n t e r s ,  i t  can  be  par-  134 
t i a l l y   b a l a n c e d   w i t h   t h e   a i d  o f  f i l t e r s .   O r g a n i c   p h o s p h o r s  
(F igu re  1 . 1 7 )  have a compara t ive ly   smal l   "hard   behavior" ;   however ,  
t h e i r   s e n s i t i v i t y   t o   s o f t   y - r a d i a t i o n  is low. I n  o r d e r   t o   e l i m i n a t e  
the   "ha rd   behav io r ' : ,   t he   dec i s ion  was made t o   u t i l i z e  mixed s c i n t i l -  
l a t o r s   w i t h   t h e   a d d i t i o n   o f   h a l o i d   d e r i v a t i v e s   ( R e f .  3 0 ) ,  o r   t o  
i n t r o d u c e  ZnS-Ag in to   o rgan ic   phosphors   (Re f .   31 ) .  

1. ! 

Figure   1 .16  

"Hard  Behavior"  of  y-Radiation  of  NaJ(T1)  Crystals (1) and 
A n t h r a c e n e   C r y s t a l s  (2)  w i t h  a Th ickness   o f  25 mm (Ref.  2 ) .  

T h e s e   a d d i t i o n s  do n o t ,   h o w e v e r ,   e l i m i n a t e   t h e   " h a r d   b e h a v i o r "  
o f   o rgan ic   phosphors   du r ing   t he   measu remen t   o f   cha rged   pa r t i c l e s ,  
when i t  i s  de te rmined   by   t he   change   i n  Q , which is p a r t i c u l a r l y  
s i g n i f i c a n t   i n   t h e   p r e s e n c e   o f   h e a v y   c h a r g e d   p a r t i c l e s .   T h u s ,   t h e  
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c o n t r i b u t i o n   o f   a - p a r t i c l e s ,   h a v i n g   e n e r g r i e s   o f   a b o u t   1 0  M e V ,  t o  
t h e   t i s s u e   d o s e  w i l l  be  lowered  by 3-5 times, a s  compared  with  protons 
h a v i n g   h i g h   e n e r g i e s .   T h e r e f o r e ,   n o n - o r g a n i c   s c i n t i l l a t o r s ,   h a v i n g  
a smaller dependence  of rl - and a compara t ive ly  weak dependence 
of  X - on t h e   p a r t i c l e   e n e r g y ,  are more s u i t a b l e   f o r   d o s i m e t r y   o f  
c h a r g e d   p a r t i c l e s .  

The s e n s i t i v i t y   o f   s c i n t i l l a t i o n   c o u n t e r s   i n  a c u r r e n t   r e g i m e  
is  d e t e r m i n e d   b y   t h e   l e v e l   o f   t h e  PEM da rk   cu r ren t ,   and   depends  on 
t h e   c h o i c e   o f   t h e  PEX a n d   o n   t h e   s c i n t i l l a t o r   d i m e n s i o n s .   I n   e a c h  
c a s e ,   t h e   s c i n t i l l a t i o n   c o u n t e r s  make i t  p o s s i b l e   t o   m e a s u r e   t h e  
absorbed  dose ra te  of   p r imary   cosmic   rad ia t ion .  A comparison o f  
t h e   p h o t o c u r r e n t   a n d   t h e   c o u n t i n g  ra te  o f   t h e   s c i n t i l l a t i o n   c o u n t e r  
(Ref.  3 2 )  makes i t  p o s s i b l e   t o   d e t e r m i n e   t h e  mean magnitude  of  S I 3 5  
fo r   p r imary   cosmic   r ad ia t ion ,   wh ich  i s  e q u a l   t o  7 0 1 0 - ~  r a d  x cm2/ 
p a r t i c l e .  A s i m i l a r  method  was  used t o   i d e n t i f y   p r o t o n s   i n   t h e  
i n n e r   r a d i a t i o n   z o n e  of  t h e   e a r t h   o v e r   t h e   S o u t h   A t l a n t i c ,   a t   a n  
a l t i t u d e   o f  300 Km ( R e f .   1 1 ) .   S c i n t i l l a t i o n   c o u n t e r s   h a v e   b e e n  
e x t e n s i v e l y   u s e d   f o r   m e a s u r i n g   c o s m i c   r a d i a t i o n ,   b o t h   i n   s p a c e -  
c r a f t  , and i n   s t a t i o n s  on t h e   e a r t h ,   w h e r e ,   f o r   e x a m p l e ,   s c i n t i l -  
l a t i o n   n e u t r o n   d e t e c t o r s  are u t i l i z e d   w i t h  a dimension  of   about  1 m2 
(Ref. 3 3 ) .  

Figure  1 . 1 7  

"Hard  Behavior"  of  y-Radiation of Luminescent   Dosimeters :  

- I L C  Without a F i l t e r   a n d   W i t h  1 . 3  mm Pb + 0.5 mm 
AI( + 9 ) ;  --_-___---- IKS Without a F i l t e r  and  With 0.6 mm Sn + 0 . 5  mm 

AI( + 9 ) .  

The upper  l i m i t  f o r   t he   measu remen t s  made b y   s c i n t i l l a t i o n  
c o u n t e r s   i n  a cu r ren t   r eg ime  is de termined   by   the   per formance   of  
t h e   r e c o r d i n g   a r r a n g e m e n t .   I n   a n   i m p u l s e   r e g i m e ,  i't depends  on  the 
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l e n g t h   o f   s c i n t i l l a t i o n   a n d   o n   t h e   s c i n t i l l a t o r   d i m e n s i o n s .  The 
c o u n t i n g   r a t e  is  p r o p o r t i o n a l   t o   t h e   s c i n t i l l a t o r   d i m e n s i o n s ,   a n d   c a n -  
n o t   b e   l a r g e r   t h a n  a q u a n t i t y  on t h e   o r d e r   o f  T ,  i . e . ,  l o 8  i m p / s e c   f o r  
o r g a n i c   s c i n t i l l a t o r s ,  and l o 6  i m p / s e c   f o r   N a J ( T l ) ,   C s J ( T 1 )   c r y s t a l s ,  
e t c .  When a s c i n t i l l a t o r ,   h a v i n g  a c ross - sec t ion   o f  10 c m 2 ,  is used 
to   measu re   t he   t i s sue   dose   o f   p ro tons   hav ing   h igh   ene rg ie s ,   t he   coun t ing  
r a t e s   a l s o   c o r r e s p o n d   t o   a b o u t  1 rad / sec   and  10 m r a d / s e c .  

1 

Other   luminescent   dos imet ry   methods   a re   based   on   accumula t ing  
t h e   a b s o r b e d   r a d i a t i o n   e n e r g y   i n   t h e   p h o s p h o r s ,   w i t h   f u r t h e r   l i b e r a -  
t i o n  of t h e   a c c u m u l a t e d   l i g h t  sum i n   t h e  form  of a luminescent  glow. 
I n   f l a r i n g   p h o s p h o r s   [ t h e  ILC*  method  (Ref. 3 4 ,  Ref.  1 3 ,  t h e   l i g h t  
sum i s  luminesced   i n   t he   fo rm  o f  a l u m i n e s c e n t   f l a r e   u n d e r   t h e   e f f e c t  
of i n f r a r e d   l i g h t  on t h e   e x c i t e d   p h o s p h o r .   I n   t h e r m a l   p h o s p h o r s ,  /36 
t h e   a c c u m u l a t e d   l i g h t  sum is e m i t t e d  when the   phosphor  i s  h e a t e d  
(Ref.  35 - Ref. 3 7 ) .  These  methods make i t  p o s s i b l e   t o   m e a s u r e   t h e  
absorbed   dose ,   bu t   do   no t  make i t  p o s s i b l e   t o   f o l l o w   t h e   c h a n g e s   i n  
i t s  r a t e   c o n t i n u o u s l y .   I n   r e t u r n ,   t h e   l u m i n e s c e n t   r e c o r d e r s  are 
autonomous  and  small-dimensional,   and  do  not  require  power  sources 
o r   a d d i t i o n a l   i n t e g r a t i n g   d e v i c e s .  

An i m p o r t a n t   c h a r a c t e r i s t i c   o f   d e t e c t o r s   w h i c h   s t o r e   t h e   i r r a d i a -  
t i o n   e f f e c t  i s  t h e   c a p a c i t y   t o   r e t a i n   t h e   i n f o r m a t i o n   f o r  a long  
per iod   of   t ime.  I L C  d o s i m e t e r s   a t  room t empera tu re   l o se   abou t  1 2 %  of 
t h e   l i g h t  sum i n   t h r e e  d a y s ,  and  from t h a t   p o i n t   o n   r e t a i n   t h e   r e a d i n g s  
f o r  a month o r   l onge r .   The rma l   l uminescen t   dos ime te r s ,   based  on 
CaSO,-Xn ( R e f .  3 5 )  l o s e  25% o f   t h e   l i g h t  sum i n  8 hour s ,   and   a r e   no t  
s u i t a b l e   f o r   l o n g   m e a s u r e m e n t s .  Glass IKS* d o s i m e t e r s   r e t a i n   t h e   i n -  
f o r m a t i o n   f o r   a n   i n d e f i n i t e l y   l o n g   p e r i o d   o f  t i m e  (Ref .  3 7 ) .  

The lower limit for   the  measurement   zone i s  1-2 m r a d  [CaSOk-Mn 
thermal   phosphor   (Ref .  3 5 ) ,  I L C  (Ref .  3 4 ) ]  o r  20 m r a d   [ t h e r m a l ,  
l u m i n e s c e n t   g l a s s ,  IKS (Ref .  3 7 ) ] ,  w h i l e   t h e   l a r g e s t   q u a n t i t i e s  
which  can  be  determined  equal l o 3  rad  ( ILC)  or   even I O 6  r a d  ( I K S ) .  
The " h a r d   b e h a v i o r " ,   j u s t   a s   f o r   s c i n t i l l a t o r s ,  is de termined  by t h e  
composi t ion of Xq. However, the  dependence  of  q on S has   no t   been  
s t u d i e d .  I t  i s  we11 known t h a t   f o r  IKS d o s i m e t e r s   t h e   e / B - r a t i o  
e q u a l s  0 . 1 7  f o r   i r r a d i a t i o n   w i t h   a - p a r t i c l e s ,   h a v i n g   a n   e n e r g y  
of 5 M e V ,  and 0 . 5  - f o r   p r o d u c t s   o f   t h e   n u c l e a r   r e a c t i o n  L i  ( n ,  a )  
(Ref.  3 7 ) .  

The magnitude  of X c a n   b e   c a l c u l a t e d   w i t h   t h e   a i d  of t h e  
equa t ions   g iven   above .   Based   on   da t a   g iven   i n   t he   work   (Ref .  1 4 ) ,  
i n  measurements   on   the   t i s sue   dose   o f   p ro tons   wi th  I L C  d o s i m e t e r s ,  
X = 0 . 6 9  5 0 . 0 3  i n   t h e   p r o t o n   e n e r g y   z o n e   f r o m  100 t o  1000 M e V .  
I n   d o s i m e t r y   o f   e l e c t r o m a g n e t i c   r a d i a t i o n ,   t h e   a t t e n u a t i o n  of 
r a d i a t i o n   i n   t h e   p h o s p h o r   m u s t   b e   t a k e n   i n t o   c o n s i d e r a t i o n ,   w h i c h  

~ . .  . . "  * Note:  I L C  d e s i g n a t e s   I n d i v i d u a l   L u m i n e s c e n t   C o n t r o l .  IKS dos ime te r s  
. ~~ 

are rad ia t ion   dos imeters   based   on   thermoluminescence   measure-  
ments   in   a luminum  phosphate   g lass .  

37 



can   be   descr ibed  by t h e   m u l t i p l i e r :  

(1.39) 

where x r e p r e s e n t s   t h e   d i m e n s i o n s   o f   t h e   l u m i n e s c e n t   d e t e c t o r ,   a n d  
p and ut i s  r e p r e s e n t ,   r e s p e c t i v e l y ,   t h e   c o e f f i c i e n t s   o f   e l e c t r o n  
t r a n s f o r m a t i o n   o f   y - r a y s   i n   t h e   p h o s p h o r   m a t e r i a l   a n d   i n   t i s s u e .  
F igu re  1 . 1 7  shows  the   "hard   behavior ' '   o f   y - rays   for  I L C  and IKS 
dos ime te r s .  The "hard  behavior"  of luminescent   dos imeters   can   be  
b a l a n c e d   w i t h   f i l t e r s  made of  heavy material .  A s  can  be  seen  f rom 
t h i s   F i g u r e ,  i t  i s  p o s s i b l e   t o   e l i m i n a t e   t h e   " h a r d   b e h a v i o r "   i n  
the  energy  zone  of  y-quanta  from 40 kev ( IKS)  or   f rom 120 kev ( I L C ) ,  
and  above. 

Luminescent   dosimeters  were used as i n d i v i d u a l   d o s i m e t e r s  
d u r i n g   s p a c e   f l i g h t s  on t h e   S o v i e t   s p a c e c r a f t - s a t e l l i t e s  and  the 
s p a c e c r a f t s s u c h  as ' 'Vostok''  (Ref. 9 ) .  D u r i n g   t h e   s p a c e   f l i g h t   o f  
Yu. A. G a g a r i n ,   t h e   t i s s u e   d o s e ,   w h i c h  was measured  by  an ILC 
d o s i m e t e r , e q u a l e d  2 ? 1 m r a d .   A l o n g   w i t h   c o m p e n s a t i n g   f i l t e r s  
made o f  1 .3  mm l e a d ,  aluminum f i l t e r s  were used  which were 3.2 mm 
th ick ,   which  was e q u i v a l e n t   t o  1 . 3  mm Pb i n  terms o f   s t o p p i n g  
power .   Dos ime te r s   w i thou t   f i l t e r s  were a lso   used .   Based   on   the  
d i f f e r e n c e   i n   d o s i m e t e r   r e a d i n g s ,  i t  was e s t a b l i s h e d   t h a t   e l e c t r o -  
m a g n e t i c   r a d i a t i o n   a p p e a r e d   i n   t h e   c a b i n   o f   t h e   s p a c e c r a f t  , i . e . ,  
t h e i r   o r b i t   j u s t   b o r d e r e d  on t h e   e d g e   o f   t h e   i n n e r   r a d i a t i o n  
f i e l d   o f   t h e   e a r t h .  

S e m i c o n d u c t i n g   r a d i a t i o n   d e t e c t o r s   h a v e   b e g u n   t o   a p p e a r   o n l y  
i n   r e c e n t   y e a r s   ( R e f .  2 3 ) .  The f i r s t  a t tempts  t o   u s e  them a s  
p a r t i c l e   c o u n t e r s  on a r t i f i c i a l   e a r t h  s a t e l l i t e s  are well-known 
(Ref. 38) .  S e m i c o n d u c t i n g   d e t e c t o r s   u s u a l l y   r e p r e s e n t   a n  
e l e c t r o n   s e m i c o n d u c t o r ,   w h o s e   r e s i s t a n c e   c h a n g e s   i n   a n   i r r e g u l a r  
manner   dur ing   the   passage   o f  a c h a r g e d   p a r t i c l e .  The e l e c t r i c  
impulse  which i s  for thcoming i s  p r o p o r t i o n a l ,   i n  terms of 
ampl i tude ,   t o   t he   ene rgy   o f   t he   pa r t i c l e s   wh ich   r ema in   i n   t he  
de t ec to r .   Semiconduc t ing   de t ec to r s  are d i s t ingu i shed   by   ye ry  
small   d imensions,   and  they  do  not   require   high  vol tage  power 
s u p p l i e s ,  as do i o n i z a t i o n   d e t e c t o r s   o r   s c i n t i l l a t i o n   d e t e c t o r s .  
They have s t i l l  n o t   b e e n   u s e d   e x t e n s i v e l y ,   d u e   t o   t h e   d i f f i c u l t y  
e n t a i l e d   i n   m a n u f a c t u r i n g   t h e m .  

I n   p h o t o g r a p h i c   d e t e c t o r s ,   s e m i c o n d u c t i n g   p r o c e s s e s   a l s o  
o c c u r   u n d e r   t h e   e f f e c t   o f   r a d i a t i o n .   H o w e v e r ,   t h e   f i n a l   r e s u l t  
i s  pho tochemica l   changes ,   wh ich   l ead   t o   t he   r educ t ion   o f   s i l ve r  
in   photoemuls ion   gra ins   (Ref .  2 ) .  The photo  method i s  q u i t e   e x -  
t e n s i v e l y   u t i l i z e d   i n   s t u d i e s  o n   c o s m i c   r a y s .   I n   p a r t i c u l a r l y  
sma l l -g ra ined ,   nuc lea r   emul s ions   o r   i n   emul s ion   cups   ( emul s ion  
chambers),  t races of i n d i v i d u a l   c h a r g e d   p a r t i c l e s  are o b t a i n e d .  
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The c h a r a c t e r i s t i c s   o f   t h e s e   c h a r g e d   p a r t i c l e s  are used   t o   de t e rmine  
t h e   e n e r g y ,   c h a r g e ,   a n d   p a r t i c l e  mass, as w e l l  as t h e i r   i n t e r a c t i o n  
wi th   t he   emul s ion .  An emulsion was successfu l ly   deve loped   on   board  
a s a t e l l i t e   ( R e f .  39 ) .  

The photoemuls ion   method  provides   bas ic   in format ion   regard ing  
the  spectrum  and  composi t ion o f  p r imary   cosmic   r ays ,   i n   t he   i nne r  
r a d i a t i o n   z o n e   o f   t h e   e a r t h .   T h e s e   d a t a  make i t  p o s s i b l e   t o   c a l c u -  
l a t e  t h e   t i s s u e   d o s e  rate.  One drawback  of   this   method is  t h e   l a r g e  
amount  of time which i s  consumed,  and  the  large  amount  of time - 
which i s  r e l a t e d   t o   t h i s  - r e q u i r e d   t o   o b t a i n   a n y   r e s u l t s .  In 
a d d i t i o n ,  by fu rn i sh ing   comprehens ive   i n fo rma t ion   r ega rd ing   t he  
r ad ia t ion   compos i t ion ,   nuc lea r   emul s ions  make i t  p o s s i b l e   t o  estimate 
t h e  RBE r a d i a t i o n   ( F i g u r e   1 . 1 1 )  , and   consequen t ly   t he   t i s sue   dose  
which i s  e x p r e s s e d   i n  r e m  . 

Based  on t h e   g e n e r a l   b l a c k e n i n g   o f   t h e   f i l m ,   o r d i n a r y   p h o t o -  
and roentpen f i l m s  make i t  p o s s i b l e   t o   m e a s u r e   t h e   t i s s u e   d o s e   i n  
r a d s ,  b u t  they  have a c e r t a i n   " h a r d   b e h a v i o r ' ' .   F o r   c h a r g e d   p a r t i c l e s ,  
the   "hard   behavior"  i s  determined by t h e   p r o d u c t i o n   o f  X p e r  K - 
t h e  number o f   emul s ion   g ra ins   wh ich   a r e   r e s to red   du r ing   t he   abso rp -  
t i o n   o f  1 Mev o f   ene rgy   i n   t he   emul s ion .   Bo th   quan t i t i e s   dec rease  
w i t h  a n   i n c r e a s e   i n  S , s o  t h a t   t h e   s e n s i t i v i t y   o f   t h e   p h o t o e m u l s i o n  
d e c r e a s e s   f o r   p a r t i c l e s   h a v i n g  a l a r g e   i o n i z a t i o n   d e n s i t y .   T h e r e  
a re   ve ry  few d a t a   w i t h   r e s p e c t   t o  K . I t  is known t h a t   f o r   t h e  
m a j o r i t y  o f  f i l m s  i.; d e c r e a s e s  by a f a c t o r   o f  two dur ing   the   change  
from e l e c t r o n s ,   h a v i n g  an  energy o f  1 M e V ,  t o   e l e c t r o n s   h a v i n g   a n  
energy o f  40 kev (a  change i n  S from 3 t o  13 .10-8   rad /cm2*elec t ron)  
(Ref. 4 0 ) .  

The "hard   behavior"  o f  y - r a d i a t i o n  i s  50- fo ld   for   quanta   energy   138  
o f  about 50 kev ,   bu t  - w i t h   t h e   a i d   o f   l e a d   f i l t e r s   w h i c h  are 0.75mm 
t h i c k   o r   f i l t e r s  made of  cadmium which   a re   1 .12  mm t h i c k  - i t  i s  
p o s s i b l e   t o   b a l a n c e  i t  i n   t h e   e n e r g y   r e g i o n   f r o m  60-100 kev,  and 
above   (F igure   1 .18) .  A f i l t e r  made o f  cadmium, i n  a c u r r e n t   o f  
t he rma l   neu t rons ,  emits y-rays  which  produce a t i s s u e   d o s e  r a t e  
wh ich   approx ima te ly   equa l s   t he   t i s sue   dose  ra te  o f   t h e r m a l   n e u t r o n s .  
Therefore ,   based  on t h e   b l a c k e n i n g   o f   t h e   p h o t o   f i l m   u n d e r   t h e  
cadmium f i l t e r ,  i t  is p o s s i b l e   t o   d e t e r m i n e   t h e   m i x e d   t i s s u e   d o s e  
o f  y - r a y s  and   t he rma l   neu t rons .  

The combinat ion  of  a p h o t o   f i l m   w i t h  a s c i n t i l l a t i n g   s c r e e n ,  
made of ZnS-AglB , is more s e n s i t i v e ;   t h i s  makes i t  p o s s i b l e   t o  
measure th,e d o s e   i n   f r a c t i o n s   o f  a m i l l r e m  o f   t he rma l   neu t rons  

t h e  PcN" method  (Ref.  41)] . P h o t o e m u l s i o n s   i n  ser ies  r e t a i n  
t h e   i n f o r m a t i o n   f o r  a l o n g   p e r i o d   o f  t i m e .  

One of   the   d rawbacks   o f   photodos imet ry  is the   compara t ive ly  
. 

* Note: IPCN d e s i g n a t e s   I n d i v i d u a l   P h o t o c o n t r o l  of Streams  of  
y- rad ia t ion   and   Thermal   Neut rons .  
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F i g u r e  1.18 

"Kard Behavior" o f  y-Radiat ion  of  a Photof i lm  Without  a F i l t e r  (l), 
a a d   W i t h   F i l t e r s  made of  Cadmium having  a Thickness   o f  1 . 1 2  mm + 0.Smm A1 
(Z), a n d   w i t h   F i l t e r s  made of   Lead  having  the  Thickness  0.75mm + 0.Smm A1 
( 3 )  - 

r e s t r i c t e d  measurement  zone,  whose  width  usually  does  not  exceed 1:SO. 
I n   o r d e r   t o   e l i m i n a t e   t h i s   d r a w b a c k , s e v e r a l   d i f f e r e n t   t y p e s   o f   f i l m  
c a n   b e   u s e d ,   w h i c h   d i f f e r   i n  terms o f   s e n s i t i v i t y .  A t  t h e   p r e s e n t  time, 
a two-layer PM-5-4, r o e n t g e n   f i l m  is b e i n g   i s s u e d ,  whose e x t e r n a l  
l a y e r  make i t  poss ib l e   t o   measu re   doses   f rom 20 m r a d .   T h i s  i s  t h e  
l a r g e s t   s e n s i t i v i t y   f o r   p h o t o   f i l m s .   I f   t h e   a b s o r b e d   d o s e  i s  l a r g e ,  
a n d   t h e   f i l m  i s  b l a c k ,   t h e n  - a f t e r   w i p i n g   o f f   t h e   u p p e r   e m u l s i o n  
l a y e r   w i t h  w a r m  water - one   can   de te rmine   the   absorbed   doses  up t o  
40   r ad   based   on   t he   b l acken ing   o f   t he   s econd   l aye r .   The re   a r e   pho to  
f i l m s   f o r   h i g h e r   a b s o r b e d   d o s e s  up t o  5.104 r a d .  

Along  wi th   o ther   methods ,   the   photo   method made i t  p o s s i b l e   t o   1 3 9  
measure   the   doses   o f   cosmic   rad ia t ion   dur ing   the   g roup   f l i .gh t   o f  
A. G. Nikolayev  and  P.  R .  Popovich ( R e f .  9 ) .   I n   p a r t i c u l a r ,   w i t h  
t h e   a i d   o f   t h e  IPCN i t  was p o s s i b l e   t o   e s t i m a t e   t h e   u p p e r  l i n i t  of  
t h e   n e u t r o n   t i s s u e   d o s e .  

Chemical  methods  of  dosimetry  (Ref.  2 ,  Ref.  7 ,  Ref.  4 2 ,  Ref.  43) 
are based   on   r eco rd ing   p roduc t s   f rom  r ad ia t ion -chemica l   r eac t ions ,  
w h i c h   t a k e   p l a c e   u n d e r   t h e   e f f e c t   o f   i o n i z i n g   r a d i a t i o n .   T y p i c a l  
examples are the   F r ike   dos ime te r   and   ch lo r ina t ed   hydroca rbons .  The 
F r i k e   d o s i m e t e r   r e p r e s e n t s  a v;?ak M) s o l u t i o n   o f  FeSO4 i n  
1 N  H2S04 . Under t h e   e f f e c t   o f   r a d i a t i o n ,   p a r t   o f   t h e   i o n s   o f  two- 
v a l e n t   i r o n   c h a n g e   t o  a th ree -va len t   fo rmula .   The   concen t r a t ion   o f  
t h r e e - v a l e n t  iron is  measured  by  any  method  which  represents   the 
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measurement o f  t h e  mean a b s o r b e d   d o s e   i n   s o l u t i o n .   T h e   d o s i m e t e r  
r e t a i n s   i n f o r m a t i o n   f o r  a l o n g   p e r i o d   o f  t i m e ,  and  makes i.t p o s s i b l e  
to   measure   f rom  severa l   hundredths  of a r a d  up t o  l o 6  r a d .  

The Frike  method i s  d i s t ingu i shed   by  good t i s s u e   e q u i v a l e n c e ;  
f o r   a l m o s t   a l l   t y p e s   o f   r a d i a t i o n ,  X = c o n s t   i n  a wide  energy  zone.  
However, t h e   y i e l d  of t h r e e - v a l e n t   i r o n  G - i . e . ,  t h e  number of 
i o n s  formed  dur ing   absorp t ion   of   100  ev o f   e n e r g y  - d e c r e a s e s   w i t h  
a n   i n c r e a s e   i n  S (F igu re   1 .19 )   wh ich   causes   t he   "ha rd   behav io r "  
o f   t h e   d o s i m e t e r .  

F igu re  1 . 1 9 .  

Chanu,e i n   t h e   Y i e l d  G of a F r ike   Dos ime te r   a s  a Funct ion  of  
the   Quan t i ty  S .  

I n   c h l o r i n a t e d   h y d r o c a r b o n s ,   u n d e r   t h e   e f f e c t   o f   i o n i z i n g  
r a d i a t i o n , a   c h l o r i n e  is l i b e r a t e d ,  w h o s e   c o n c e n t r a t i o n   c a n   b e  
measured by  any  method  by de te rmin ing   t he   abso rbed   dose .   Ce r t a in  
s imi l a r   chemica l   sys t ems  make i t  p o s s i b l e   t o   m e a s u r e  smaller ab- 
so rbed   doses   t han   t he   F r ike   dos ime te r ,   beg inn ing   w i th   t ens   o f   r ads .  
A long   w i th   t ha t ,   dos ime te r s   based   on   ch lo r ina t ed   hydroca rbons  are 
d i s t i n g u i s h e d  by less s t a b i l i t y  a n d   p o o r e r   t i s s u e   e q u i v a l e n t s .  

I n   t h i s   b r i e f  summary o f   t he   dos ime t ry   me thods ,  w e  have  
b a r e l y   d i s c u s s e d   t h e   p r o b l e m   o f   d o s i m e t r y  of neu t rons ,   wh ich  is 
of  less i m p o r t a n c e   f o r   c o s m i c   r a d i a t i o n .  By a n a l o g y   w i t h   t h e  
examples   which   have   been   cons idered ,   one   can   readi ly   de te rmine  
i n d e p e n d e n t l y   t h e   p o s s i b i l i t i e s   f o r   m e a s u r i n g   t h e   t i s s u e   d o s e  
o f   n e u t r o n s ,   a l o n g   w i t h   o t h e r  similar problems. 

A l l  o f  the   dos imet ry   methods   enumera ted   above  make it  p o s s i b l e ,  
a t  b e s t ,   t o   d e t e r m i n e   t h e   t i s s u e   d o s e   o f   c o s m i c   r a d i a t i o n ,   e x p r e s s e d  
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i n   r a d s .   ( N u c l e a r   e m u l s i o n s   r e p r e s e n t   t h e   o n l y   e x c e p t i o n   t o   t h i s  .) 
Along w i t h   t h a t ,  i t  m u s t   b e   e v i d e n t   t h a t ,   i n   o r d e r   t o  make a c o r r e c t  
estimate of t h e   a f t e r e f f e c t s   r e s u l t i n g   f r o m   i r r a d i a t i o n   b y   s u c h  a 
complex   r ad ia t ion  as c o s m i c   r a d i a t i o n ,  i t  i s  n e c e s s a r y   t o  know t h e  
d i s t r i b u t i o n  of  t i s s u e   d o s e s   i n   t h e  human body ( o r   i n   a n i m a l s ) ,   t o  
know t h e  re la t ive b i o l o g i c a l   s e n s i t i v i t y   o f   t h e  sum of  e x i s t i n g  
t y p e s  o f  r a d i a t i o n ,   a n d   t h e   d i s t r i b u t i o n  of  t h e   a b s o r b e d   d o s e   i n  time. 

The s o l u t i o n   o f   t h e s e   p r o b l e m s   d e p e n d s   t o  a s i g n i f i c a n t   e x t e n t  
on t h e   f u t u r e   d e v e l o p m e n t   o f   d o s i m e t r y   o f   c o s m i c   r a d i a t i o n ,   o n   f u t u r e  
e x p e r i m e n t a l   s t u d i e s  on p e n e t r a t i n g   d o s e s ,  on the   composi t ion  of  
r a d i a t i o n   u n d e r   t y p i c a l   c o n d i t i o n s   o f   c o s m i c   f l i g h t s ,   a n d   a l s o   o n  
the   deve lopment   o f   dos imet ry   methods   and   appara tus   which   takes   in to  
account  KBE r a d i a t i o n   a n d   t h e  time f a c t o r .  The f i r s t   s t e p s   i n   t h e s e  
d i r e c t i o n s   h a v e   a l r e a d y   b e e n   t a k e n   ( R e f .  4 4 )  
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CHAPTER 2 

PRIMARY (GALACTIC) COSMIC RADIATION (PCR) 

2 . 1  Zero  Magnet is-   Efrgcts  

Cosmic r a d i a t i o n   p a r t i c l e s ,   w h i c h   r e a c h   t h e   e a r t h   f r o m   c o s m i c  142 
s p a c e ,   e n t e r   t h e   m a g n e t i c   f i e l d  of  t h e   e a r t h ,   w h i c h   e x t e n d s   f o r  
s e v e r a l   t e n s   o f   k i l o m e t e r s   f r o m  i t s  s u r f a c e .  The   magne t i c   f i e ld  
o f  t h e   e a r t h   c a n   b e   r e p r e s e n t e d  as a d i p o l e   f i e l d ,   w h i c h   h a s   t h e  
moment 8 .1-1025  gauss .cm3.  The d i p o l e   c e n t e r  i s  d i s p l a c e d   w i t h  
r e s p e c t   t o   t h e   c e n t e r   o f   t h e   e a r t h  by 342 km. The geomagnetic 
po le s   have   t he   coord ina te s  78.5" N o r t h   l a t i t u d e ,  69" West l onp i -  
tude,   and 78.5" Sou th   l a t i t ude ,   111"  East m g i t u d e .   T h u s ,   t h e  
geomagnet ic   equa tor   forms   an   angle ,   which   equals  11.5", w i t h  t he  
geographic   equator .  

It i s  well-known  that a c h a r g e d   p a r t i c l e  i s  d e f l e c t e d   b y   t h e  
m a g n e t i c   f i e l d .   I f   t h e   p a r t i c l e   e n e r g y  i s  less than  a c e r t a i n  
amount, i t  g e n e r a l l y   c a n n o t   r e a c h   t h e   s u r f a c e  of t h e   e a r t h ' s  
a t m o s p h e r e .   F o r   p a r t i c l e s   w i t h  a g iven   energy ,   which   have   the  
charge Z , a t   e a c h   p o i n t  o n   t h e   e a r t h ' s   s u r f a c e   t h e   g e o m a g n e t i c  
f i e l d   i s o l a t e s  a r eg ion   o f   a l l owed   d i r ec t ions ,   wh ich   a r e   con ta ined  
i n  a cone   wi th   the   apex  a t  a g i v e n   p o i n t   ( t h e   s o - c a l l e d   a l l o w e d  
o r   m a i n   c o n e ) .   F o r   p a r t i c l e s   w i t h  a l a r g e   e n e r g y ,   t h e   a p e r t u r e  
of   the   main   cone   increases .   Along  wi th   tha t ,   there  i s  a r e g i o n  
o f   e x c l u d e d   d i r e c t i o n s   ( S t o r m e r   c o n e ) ,   i n t o   w h i c h   p a r t i c l e s  
cannot   en te r   which   have  a momentum which i s  smaller t h a n  a c e r -  
t a i n   c r i t i c a l   v a l u e ,   w h i c h  i s  de te rmined   by   the   express ion:  

where c i s  t h e   s p e e d   o f   l i g h t ;  h is  t h e   g e o m a g n e t i c   l a t i t u d e ;  
y i s  the  angle   formed by t h e   v e l o c i t y   v e c t o r   w i t h   t h e   l a t i t u d i n a l  

c i r c l e .  y = 0 f o r p l r t i c l e s   w h i c h  move t o   t h e  West, and y = - f o r  

p a r t i c l e s   w h i c h  move i n   t h e   m e r i d i a n   p l a n e .  The s i g n s  _+ correspond 
t o   t h e   s i g n   o f   t h e   p a r t i c l e   c h a r g e .   T h e r e  i s  a penumbra  region 
be tween  the   main   cone   and   the   S tormer   cone;   th i s   reg ion   cons is t s  
o f  a l t e r n a t e   e x c l u d e d   a n d   a l l o w e d   d i r e c t i o n s .  

Ti 

2 

Formula ( 2 . 1 )  shows t h a t   t h e   m a g n i t u d e   o f   t h e   c r i t i c a l  momentum 
PC, depends   on   t he   l a t i t ude .  Thus,  t h e  momentum o f   p ro tons  
f a l l i n g   i n   t h e v e r t i c a l   d i r e c t i o n  - which   can   reach   the   sur face  o f  I 4 3  
t h e   e a r t h ' s   a t m o s p h e r e  a t  t h e   e q u a t o r  - must  exceed 14.9 Bev/c. 
( F o r   p r o t o n s   f a l l i n g  a t  an   ang le  less than  g o " ,  t h e   v a l u e  o f  
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t h e   c r i t i c a l  momentum d e c r e a s e s ) .  

The a n g l e   b e t w e e n   t h e   t r a j e c t o r i e s   o f   t h e   p a r t i c l e s   a n d   t h e  
magne t i c   fo rce   l i nes   becomes   sma l l e r   a s   t he   po le s  are  approached,  
and   the   magni tude   o f   the  momentum a t  w h i c h   t h e   p a r t i c l e   c a n   r e a c h  
t h e   e a r t h   d e c r e a s e s .   I n   p r i n c i p l e ,  a t  t h e   p o l e  a l l  t h e   p a r t i c l e s  
with  any momentum can   r each   t he   su r f ace   o f   t he   ea r th ' s   a tmosphe re1 .  
T h e   d e p e n d e n c e   o f   t h e   i n t e n s i t y   o f   t h e   c o s m i c   r a d i a t i o n   o n   l a t i t u d e  
i s  c a l l e d   t h e   l a t i t u d i n a l   e f f e c t .  The e x i s t e n c e  of a l a t i t u d i n a l  
e f f e c t  was  shown e x p e r i m e n t a l l y   i n  1927-1929  by  Clay  (Ref.   1).  

The i m p o r t a n t   c o n c l u s i o n   t h a t   t h e   c o s m i c   r a d i a t i o n   c o n s i s t s   o f  
par t i -c les   which   have   an  e l e c t r i c  cha rge  w a s  b a s e d   o n   t h e   l a t i t u d i n a l  
e f f e c t .  The m a g n i t u d e   o f   t h e   c r i t i c a l  momentum f o r   p a r t i c l e s   h a v i n g  
a g iven   cha rge   s ign ,   wh ich   pas s   f rom  the  east  t o   t h e  w e s t ,  i s  n o t  
t h e  same - which i s  shown in   fo rmula   (2 .1 ) .   The   i n t e rva l   o f   a l l owed  
impu l ses   fo r   pos i t i ve ly -cha rged  par t ic les ,  coming  from  the west,  i s  
g r e a t e r   t h a n   f o r  p a r t i c l e s  coming  from  the east  ( i t  i s  correspon-  
d i n g l y   s m a l l e r   f o r   n e g a t i v e l y - c h a r g e d   p a r t i c l e s ) .   T h i s  phenomenon 
i s  c a l l e d   t h e   e a s t - w e s t   a s y m m e t r y .   C o n s e q u e n t l y ,   t h e   a x i s   o f   t h e  
m a i n   c o n e   f o r   p o s i t i v e l y - c h a r g e d   p a r t i c l e s  i s  d i r e c t e d   t o   t h e  w e s t ,  
w h i l e   f o r   n e g a t i v e l y - c h a r g e d   p a r t i c l e s  i t  i s  d i r e c t e d   t o   t h e   e a s t .  

Due t o   t h e   f a c t   t h a t  asymmetry was d i s c o v e r e d   i n  a number of 
p a r t i c l e s  coming  from t h e  west and east i n   s e v e r a l   e x p e r i m e n t s ,  
t h e  conc lus ion  was  drawn t h a t   a l m o s t   a l l  par t ic les  of  primary 
cosmic   r ad ia t ion   have  a p o s i t i v e   c h a r g e .   T h u s ,   t h e   e f f e c t   o f   t h e  
m a g n e t i c   f i e l d   o f   t h e   e a r t h   u p o n   c o s m i c   r a d i a t i o n   l e a d s   t o   t h e  
f a c t   t h a t ,   d u r i n g   m o t i o n   a l o n g   t h e   m e r i d i a n   f r o m   t h e   m a g n e t i c   p o l e  
t o   t h e   e q u a t o r ,   p a r t i c l e s  w i l l  f i r s t   b e   d i s l o d g e d   w h i c h  are  
coming i n  f rom  the   eas t   f rom a group  of   posi t ively-charged  cosmic 
p a r t i c l e s   h a v i n g   t h e  same e n e r g y ;   t h u s ,   t h e   v e r t i c a l   d i r e c t i o n  i s  
e x c l u d e d .   F i n a l l y ,   t h e   p a r t i c l e s   c a n   r e a c h   t h e   s u r f a c e   o f   t h e  
e a r t h ' s   a t m o s p h e r e   o n l y   i n   d i r e c t i o n s   w h i c h  l i e  w i t h i n   t h e  limits 
of  the  narrow  cone  which is open a t  t h e  w e s t .  With f u r t h e r   p r o -  
g r e s s   t o w a r d   t h e   e q u a t o r ,   t h e s e   d i r e c t i o n s   c a n   b e   e x c l u d e d  - i . e . ,  
p a r t i c l e s   h a v i n g  a g i v e n   e n e r g y   c a n n o t   g e n e r a l l y   r e a c h   t h e   e a r t h  

1 
It i s  well-known t h a t   d u r i n g  a p e r i o d   o f   n o r m a l   s o l a r   a c t i v i t y ,  

i o n i z a t i o n   w h i c h  i s  created by t h e  PCR r e m a i n s   a l m o s t   c o n s t a n t   f o r  
v a l u e s   o f   t h e   g e o m a g n e t i c   l a t i t u d e   w h i c h  are  l a r g e r   t h a n  58" - i . e . ,  
t h e r e   a r e   v e r y  few par t ic les  wi th   an   energy   be low 1 Bev/nucleon 
( t h e   t h r e s h o l d  of t h e   g e o m a g n e t i c   t r u n c a t i o n   b y   t h e   l a t i t u d e  is 
about  6 0 " ) .  The absence   o f   l ow-ene rgy   pa r t i c l e s  a t  t h e   h i g h  l a t i -  
t u d e s  i s  c a l l e d   h i g h - l a t i t u d i n a l   t r u n c a t i o n ,   w h i c h  is  caused  by 
t h e   p r e s e n c e   o f   m a g n e t i c   f i e l d s   i n   t h e   s o l a r   s y s t e m ;   t h e s e   f i e l d s  
are  c r e a t e d  by streams of   an   ion ized   gas   which  i s  g i v e n   o f f   b y   t h e  
sun .  

.. ___. 
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a t  low l a t i t u d e s .  

2.2.   Composition  of  Primary  Cosmic  Radiation 

The d e t e r m i n a t i o n   o f   t h e  PCR nuc leus   cha rge  i s  based  on measuring 
a s p e c i f i c   i o n i z a t i o n -   f o r   e x a m p l e ,   w i t h   t h e   a i d   o f   p h o t o e m u l s i o n   o r  
s c i n t i l l a t i o n  a n d   p r o p o r t i o n a l   c o u n t e r s   - b u t   u n f o r t u n a t e l y   t h i s  is  
accompanied  by a r a t h e r   l a r g e  amount of e r r o r .   I n   a d d i t i o n ,   i n  144 
o r d e r   t o   a c h i e v e s u f f i c i e n t   a c c u r a c y  i t  i s  n e c e s s a r y   t o   h a v e  a 
l a r g e   s e l e c t i o n  of r e c o r d e d   e v e n t s ,   b u t   t h i s  i s  p a r t i c u l a r l y  
d i f f i c u l t   f o r   n u c l e i   w h i c h   a r e   r a r e l y   e n c o u n t e r e d .   I n   o r d e r   t o  
i n c r e a s e t h e   s t a t i s t i c a l   a c c u r a c y ,   n u c l e i   h a v i n g   c l o s e  numbers  can 
be  combined i n t o  a g roup ,   exc lud ing   p ro tons   and   a -pa r t i c l e s ,   wh ich  
are c o n s i d e r e d   s e p a r a t e l y .  The n u c l e i   o f   l i t h i u m ,   b e r y l l i u m   a n d  
bo ron   r ep resen t  a g r o u p   o f   l i g h t   n u c l e i  (L) w i t h  Z = 3 - 5 ;  t h e  
n u c l e i   o f   c a r b o n ,   o x y g e n ,   n i t r o g e n ,   a n d   f l u o r i n e   r e p r e s e n t  a group 
of mean n u c l e i  (M) w i t h  Z = 6 - 9.  A l l  n u c l e i   w i t h  Z 3 1 0   a r e  
combined i n t o   t h e   g r o u p   o f   n e a v y   n u c l e i  ( H ) .  F i n a l l y ,   n u c l e i   w i t h  
Z >, 20 form a group  of   very   heavy   nuc le i   (vH) .  The p e r c e n t i l e  
con ten t   o f   each   e l emen t   w i th in  the group i s  n o t  known a c c u r a t e l y ;  
however ,   the  mean atomic  number A for   each   group  (Ref .  4 )  can  be 
e s t i m a t e d   o n   t h e   b a s i s   o f   c e r t a i n   d a t a   ( R e f .  2 ,  Ref. 3, Ref .   37) .  

The   compos i t ion   o f   cosmic   r ad ia t ion  i s  shown i n   T a b l e  2 . 1  
(Ref. 5 ) .  The r e l a t i v e   a b u n d a n c e  of the   e l emen t s   t h roughou t  
t he   wor ld  is  a l s o  shown i n   t h i s   t a b l e .  

TABLE 2 . 1  
COMPOSITION OF PRIMARY RADIATION AND RELATIVE ABUNDANCE OF 

ELEMENTS THROUGHOUT THE WORLD 

Nucle i  
Group 

P 

L 
M 

a 

n 
VH 
- 

Z 

1 
2 

3 t 5  
6 t 9  

>, 10 
2 20 

I 1 "_ 

- I  A 
C o n t e n t   i n  Abundance 

Throughout 
the  World,  % 
~" 

1 100 100 
4 15.5  7.7 

10 

0.003 0 . 1  5 1  
0.03 0.4  31 
0.20 1 .20   14  

0.24  

A s  can   be   seen   f rom  the   Table ,   cosmic   rays  are p r i m a r i l y  com- 
posed of p r o t o n s   a n d   a - p a r t i c l e s .  The n u c l e i   c o n t e n t   f r o m   o t h e r  
e lements   does  not   exceed  2%. The PCR composi t ion   approximate ly  
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c o r r e s p o n d s   t o   t h e   a b u n d a n c e   o f   t h e   e l e m e n t s   t h r o u g h o u t   t h e   w o r l d .  
However, a t t e n t i o n   s h o u l d   b e  drawn t o   t h e   f o l l o w i n g  two f a c t s :  

1) I n   c o s m i c   r a y s ,   t h e r e  are q u i t e  a few n u c l e i   o f   l i g h t  
e l e m e n t s ,   w h i c h   b a r e l y   e x i s t   t h r o u g h o u t   t h e   w o r l d .  It 
can b e   a s s u m e d   t h a t   t h e   n u c l e i   o f   l i g h t   e l e m e n t s ,   w h i c h  
a r e   o b s e r v e d   c l o s e  t o  t h e   e a r t h ,   h a v e  a secondary  
o r i g i n ,   b e i n g   t h e   p r o d u c t   o f   n u c l e a r   s p a l l a t i o n s   o f  
heavy  and mean n u c l e i   d u r i n g   t h e i r   i n t e r a c t i o n   w i t h   t h e  
i n t e r s t e l l a r  medium. 

heavy  and   very   heavy   e lements   than   there  are throughout  
the  world.   This   can  be  caused  (Ref .  4 )  by t h e   s p e c i f i c  
mechanism  of a c c e l e r a t i o n ,   b y   w h i c h   h e a v y   p a r t i c l e s   a r e  
pr imar i ly   speeded   up .  The d a t a   g i v e n   i n   T a b l e   2 . 1  re- 
g a r d i n g   t h e  PCR c o m p o s i t i o n   c o r r e s p o n d   t o   a n   e n e r g y  
r eg ion  up t o  101 ev /nuc leon .  

2 )  I n   c o s m i c   r a y s ,   t h e r e  are c o n s i d e r a b l y  more n u c l e i   o f  

The compos i t ion   o f   cosmic   r ad ia t ion   i n   t he   h igh -ene rgy  
r e g i o n   i n  unknown.  The p r e s e n c e   o f   n e u t r o n s ,   y - r a y s ,   e l e c t r o n s ,  
and p o s i t r o n s   i n   c o s m i c   r a y s   h a s  still n o t   b e e n   a c c u r a t e l y   e s t a b l i -  
shed .  

T h e r e   a r e   i n d i c a t i o n s   ( R e f .  6 )  tha t   y - rays   compr ise   0 .1%  of  
the   energy   s t ream  above   the   a tmosphere .  The  amount of e l e c t r o n s  
( o r   p o s i t r o n s )   a m o u n t s   t o   a b o u t  1% i n   c o s m i c   r a y s ,   a c c o r d i n g   t o  
d i f f e r e n t   d a t a   ( R e f .  7 ,  Ref. 8 ) .  

2 .3 .  ' Energy  Spectrum 

The d i f f e r e n t i a l   s p e c t r u m   f o r  a l l  n u c l e i  o f  primary  cosmic 
r a d i a t i o n   h a v i n g   e n e r g i e s   g r e a t e r   t h a n  1 Bev/nucleon   has   the  
form 

n ( E )  d E  = C'E-Y d E .  (2 .2)  

Here E i s  t h e   t o t a l  p a r t i c l e  ene rgy   pe r  1 nuc leon ,  i . e . :  

E = E,  + M,c2 a E K +  1, 

where Ek i s  t h e   k i n e t i c   p a r t i c l e   e n e r g y ,   a n d  M c2 = 0.938 Bev 
P 

i s  t h e  rest mass  of a pro ton .   Accord ing  t o  d a t a   g i v e n   i n   t h e  
l i t e r a t u r e ,   t h e   m a g n i t u d e   o f   t h e   c o e f f i c i e n t  y e q u a l s  2.0 - 2.5 
(Ref. 4 ,  Ref. 9-11). 

The i n t e g r a l   s p e c t r u m  - i . e . ,  t h e  number of  p a r t i c l e s   h a v i n g  
e n e r g i e s   l a r g e r   t h a n  E - can   be   found   f rom  the   r e l a t ionsh ip  

m 

145 
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The m a g n i t u d e   o f   t h e   i n t e g r a l  stream of   pr imary  cosmic 
r a d i a t i o n   d e p e n d s  on t h e  level  o f   s o l a r   a c t i v i t y .   F o r   y e a r s  
w h i c h   c o r r e s p o n d   t o   t h e  maximum s o l a r   a c t i v i t y ,   t h e   i n t e g r a l  
s t r e a m   e q u a l s  2 . 3  - 2.5  p a r t i c l e / c m 2 * s e c   ( R e f .   5 ,   R e f .  1 2  - 1 4 ) .  
I n   y e a r s   o f  minimum s o l a r   a c t i v i t y ,   t h e  stream i s  h i g h e r ,  
w h i l e   t h e   i o n i z a t i o n   c r e a t e d  by i t  i n c r e a s e s  by 1 .5  - 2 times 
(Ref.  13, Ref.   15,   Ref.  1 6 ) .  

W i t h i n   t h e  limits of  a time i n t e r v a l   w h i c h  is  much less 
t h a n   t h e   1 1 - y e a r   c y c l e   f o r   t h e   c h a n g e   i n   s o l a r   a c t i v i t y ,   t h e  
i n t e n s i t y   o f   c o s m i c   r a d i a t i o n  is  a l m o s t   c o n s t a n t .  The 
n e g a t i v e   g r a d i e n t   o f   i n t e n s i t y   i n   t h e   d i r e c t i o n   o f   t h e   s u n  
amounts t o  (15 2 2 0 ) %  p e r   a s t r o n o m i c a l   u n i t  (1 a . u .  = 1 4 9  500 000 km) 
(Ref .   17) .  

I n   t h e   r e g i o n   b e l o w  1 Bev/nucleon ,   the   in tegra l   spec . t rum  due  
t o   h i g h - l a t i t u d i n a l   t r u n c a t i o n   t e n d s   t o w a r d   " s a t u r a t i o n " ,  and 
t h e   d i f f e r e n t i a l   s p e c t r u m   r e a c h e s  a maximum f o r  a c e r t a i n   e n e r g y  
below 1 Bev/nucleon  (Ref .   4 ,   Ref .   37) .   Thus,   the  maximum of  
t h e   d i f f e r e n t i a l   s p e c t r u m   f o r   p r o t o n s  l i e s  i n   t h e   r e g i o n 0 . 8 - 1 . 2  Bev 
(Ref .   19) .  

The maximum o f   t h e   d i f f e r e n t i a l   s p e c t r u m   f o r   a - p a r t i c l e s  
c o r r e s p o n d s   t o  E = 300 Mev/nucleon  (Ref.  20 - 2 2 ) .  However, t h e  
magni tude   o f   the   energy   equals  500-600 Mev/nucleon  (Ref .   23) .  The 
s p e c t r u m   f o r   h e a v i e r   n u c l e i ,   a c c o r d i n g   t o   d a t a   g i v e n   i n   t h e  work 
(Ref.  2 3 ) ,  i s  s i m i l a r   t o   t h e   s p e c t r u m   f o r   a - p a r t i c l e s .  On t h e  
o t h e r   h a n d ,   a c c o r d i n g   t o   d a t a   g i v e n   i n   t h e  work  (Ref. 22), i t  was 
f o u n d   t h a t   t h e r e  i s  a t e n d e n c y   f o r   t h e  s p e c t r u m  maximum t o   b e  d i s -  
p l a c e d   i n   t h e   r e g i o n   o f   h i g h   e n e r g i e s ,   w i t h   a n   i n c r e a s e   i n   t h e  
p a r t i c l e  charge:   f rom 300 Mev /nuc leon   fo r   a -pa r t i c l e s   t o   500-  
600  Mev/nucleon f o r   n u c l e i  of t h e  M group.  

A s tudy   of   the   spec t rum  in   the   low-energy   reg ion  is d i f f i c u l t  
due t o   v a r i a t i o n s   i n   t h e  PCR, a n d   a l s o   d u e   t o   t h e   f a c t   t h a t   t h e  
sun emits s o f t   p r o t o n s   d u r i n g   s o l a r   f l a r e s .   T h e r e f o r e ,   i n   t h i s  
r eg ion   t he   spec t rum  o f   cosmic   r ad ia t ion   has   no t   been   de t e rmined  
s u f f i c i e n t l y  w e l l .  I t  i s  assumed t h a t ,   d u r i n g   t h e   y e a r s   o f   a n  
extreme minimum i n   s o l a r   a c t i v i t y ,   t h e r e  i s  no  apparent   high-  
l a t i t u d i n a l   t r u n c a t i o n   ( R e f .  4 ) .  However, da ta   which   have   been  
o b t a i n e d   d u r i n g   t h e   p e r i o d   o f   t h e  minimum i n  1954-1955 a r e   c o n t r a -  
d i c t o r y .   A c c o r d i n g   t o   r e s u l t s   o b t a i n e d   i n   1 9 5 4   ( R e f .   2 4 ) ,   h i g h -  
l a t i t u d i n a l   t r u n c a t i o n  was a b s e n t ,   a n d   a n   i n c r e a s e   i n   t h e   p r o t o n  
s t r e a m  was observed  up t o  100-150 MeV. 

/ 4 6  

Measurements  (Ref. 1 9 ) ,  which were a l s o  carried o u t   d u r i n g  
the   pe r iod   o f  minimum s o l a r   a c t i v i t y ,   s h o w e d . t h e   p r e s e n c e   o f  a 
maximum i n   t h e   d i f f e r e n t i a l   p r o t o n   s p e c t r u m   w h i c h  w a s  l o c a t e d  i n  
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t h e   r e g i o n   o f  0 .8  - 1.2  Bev - j u s t  as f o r   t h e  case o f  maximum 
s o l a r   a c t i v i t y .  I t  is p o s s i b l e   t h a t   t h e s e   d a t a  w i l l  b e   r e f i n e d  
d u r i n g   t h e   s o l a r  minimum i n  1964-1965. 

I n   t h e   r e g i o n   o f   h i g h   e n e r g i e s   ( g r e a t e r   t h a n  l o 1  ev /nuc leon)  , 
t h e r e  i s  a l s o   a n   e l e m e n t   o f   u n c e r t a i n t y   i n   t h e   e n e r g y   s p e c t r u m   o f  
t h e  PCR, which i s  due t o   t h e   d i f f i c u l t y   e n t a i l e d   i n   m e a s u r i n g  a 
p a r t i c l e   s t r e a m   o f  low i n t e n s i t y .  

2 . 4 .  I s o t r o p y  - o-f-Cosmic  Rays 

A s  i s  well-known,  the  motion  of a c h a r g e d   p a r t i c l e   i n  a magnet ic  
f i e l d   o c c u r s   i n  a s p i r a l - l i k e  manner   a long   t he   magne t i c   fo rce   l i ne .  
The t r a j e c t o r y   r a d i u s   o f   c u r v a t u r e   f o r  a p ro ton ,   wh ich   has  
ene rg ie s   o f  l o 9  - 1 0 l o e v  - w h i c h   a r e   c h a r a c t e r i s t i c   f o r   c o s m i c   r a y s  - 
i n  a f i e l d   w i t h   a n   i n t e n s i t y   o f  - 10-50e,  (Ref.  2 5 ,  Ref.  26) is 
n e g l i g i b l e   a s   c o m p a r e d ,   f o r   e x a m p l e ,   w i t h   t h e   d i s t a n c e   t o   t h e   c l o s e s t  
s t a r s ,   a n d ,   a s  compared  with  the  dimensions of the   ga laxy .   Thus ,  a 
c h a r g e d   p a r t i c l e   p e r f o r m s  many r o t a t i o n s   a l o n g  a s p i r a l   b e f o r e  i t  
r e a c h e s   t h e   e a r t h .   D u r i n g   t h i s  t i m e ,  i t  c a n   b e   r e f l e c t e d   s e v e r a l  
times from a magne t i c   c loud ,   go ing   f rom  one   fo rce   l i ne   t o   ano the r .  
I n   a d d i t i o n ,   t h e   f o r c e   l i n e s   t h e m s e l v e s   h a v e  a very   complex   na ture .  
Fo r   t hese   r easons ,   cosmic   r ad ia t ion  i s  i s o t r o p i c .  The degree  of  
a n i s o t r o p y   c a n   u s u a l l y   b e   c h a r a c t e r i z e d   b y   t h e   f o l l o w i n g   c o e f f i c i e n t :  

I max + Imin ' 
where I,,, and I , i n  r e p r e s e n t   t h e  maximum and minimum streams beyond 

t h e   i n f l u e n c e   o f   t h e   m a g n e t i c   f i e l d   i n   a n y   d i r e c t i o n .   W i t h i n   a n   a c -  
c u r a c y   o f   s t a t i s t i c a l   e r r o r ,   a n i s o t r o p y  - i f  i t  e x i s t s -   d o e s   n o t  
exceed 1% for   an   ene rgy   o f   abou t  - 1016ev,   and 3% f o r   e n e r g y  
which   approximate ly   equals   1017ev   (Ref .   27 ,   Ref .   28) .   Thus ,   wi th in  
t h e  limits o f   t h e   a c c u r a c y   a c h i e v e d ,   r a d i a t i o n   a n i s o t r o p y  w a s  n o t  
d e t e c t e d .  

2 . 5 .  T i m e  V a r i a t i o n s   - i n  . .  Cosmic   Rad ia t ion -   In t ens i ty  

Sys t ema t i c   measu remen t s   o f   cosmic   r ad ia t ion   i n t ens i ty   have   been  
c a r r i e d   o u t   f o r   t h e  l a s t  s e v e r a l   d e c a d e s .  On t h e   b a s i s  of t h e s e  
s t u d i e s ,   t h e   e x i s t e n c e  of t i m e  v a r i a t i o n s   i n   c o s m i c   r a d i a t i o n   h a s  I 4 7  
b e e n   d e f i n i t e l y   e s t a b l i s h e d .   U n f o r t u n a t e l y ,  a t  t h e   p r e s e n t  t i m e  
i t  i s  a l m o s t   i m p o s s i b l e   t o   o b s e r v e   v a r i a t i o n s   i n   p r i m a r y   c o s m i c  
r a d i a t i o n .   T h e r e f o r e ,  on t h e   b a s i s  of s e c o n d a r y   r a d i a t i o n  varia- 
t i o n s   w h i c h  are obse rved   on   t he   ea r th ,   one   mus t   de t e rmine   t he  
v a r i a t i o n s ,   w h i c h   c o r r e s p o n d   t o   t h e m ,   i n   t h e   p r i m a r y   c o m p o n e n t  
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a t  the   boundary   o f   the   a tmosphere .  

T h e r e   a r e  several well-known  methods  (Ref. 29 - 32) f o r   d e t e r -  
m i n i n g   t h i s   c o n n e c t i o n   b e t w e e n   c h a n g e s   i n   p r i m a r y   r a d i a t i o n   a n d  
the   co r re spond ing   changes   i n   s econda ry   r ad ia t ion .   However ,   one  
p r i n c i p a l   d i f f i c u l t y  i s  e n c o u n t e r e d   i n   c h a n g i n g   f r o m   v a r i a t i o n s   i n  
s e c o n d a r y   r a d i a t i o n   t o   v a r i a t i o n s   i n   p r i m a r y   c o s m i c   r a d i a t i o n .  
T h i s   c o n s i s t s   o f   t h e   f a c t   t h a t   t h e   c h a n g e   i n   c o s m i c   r a y s   a t  sea 
l e v e l   c o u l d   e i t h e r   b e  a r e s u l t   o f  a change i n   t h e   s p e c t r u m  of 
p r i m a r y   c o s m i c   r a d i a t i o n ,   h a v i n g  a l a r g e  number  of  low-energy 
p a r t i c l e s ,   o r   a s  a r e s u l t   o f  a s m a l l e r   c h a n g e   i n   t h e   p a r t i c l e s  
h a v i n g   l a r g e   e n e r g i e s .  

Usua l ly ,  a d i s t i n c t i o n  i s  made be tween  per iodic   and   non-per io-  
d i c   v a r i a t i o n s .   D a i l y ,   s e a s o n a l ,   2 7 - d a y ,   a n d   1 1 - y e a r   v a r i a t i o n s  
b e l o n g   t o   t h e   f i r s t   g r o u p .   T e m p e r a t u r e   a n d   b a r o m e t r i c   e f f e c t s ,  
wh ich   have   an   a tmosphe r i c   o r ig in ,   be long   t o   t he  same group.  The 
s e c o n d   g r o u p   i n c l u d e s   v a r i a t i o n s   w h i c h   a r e   r e l a t e d   t o   s o l a r   f l a r e s  
on t h e  sun and  magnet ic   s torms   (Forbush   decrease) .   S ince   the  
a m p l i t u d e   o f   t h e   v a r i a t i o n s   d o e s   n o t   e x c e e d   s e v e r a l   p e r c e n t s ,  i t  
c a n   b e   a s s u m e d   t h a t   t h e   i n t e n s i t y  of p r imary   cosmic   r ad ia t ion  is  
cons tan t .   These  PCR v a r i a t i o n s  are o b s e r v e d   i n   s p a c e   c l o s e   t o   t h e  
e a r t h .  PCR v a r i a t i o n s   i n   c o s m i c   s p a c e   h a v e   b e e n   s t u d i e d   v e r y   l i t t l e .  
I t  i s  only  known t h a t  a PCR v a r i a t i o n   e x i s t s  i n  cosmic  space  which 
i s  c o r r e l a t e d   w i t h   t h e   1 1 - y e a r   p e r i o d   o f   s o l a r   a c t i v i t y ,   w h i l e   t h e  
i o n i z a t i o n   c a u s e d   b y   t h e  PCR d u r i n g   t h e   y e a r s   o f  minimum and 
maximum s o l a r   a c t i v i t y   d i f f e r s  by a f a c t o r   o f   1 . 5  - 2. 

2.6.   Origin  of  Cosmic Rays 

A t  t h e   p r e s e n t  t i m e ,  t h e   p r o b l e m   a s   t o   t h e   o r i g i n   o f   c o s m i c  
r a d i a t i o n   h a s   n o t   b e e n   d e c i s i v e l y   s o l v e d .  The  problem  of   this  
o r i g i n   i n c l u d e s  two o the r   p rob lems :  1) the   sou rce   o f   cosmic   r ays ,  
and 2 )  the  mechanism  by  which  cosmic  par t ic les  are a c c e l e r a t e d  
up t o   e n e r g i e s   w h i c h   a r e   o b s e r v e d .  Even  when cosmic   rays .were  
f i r s t   s t u d i e d ,   a n   a t t e m p t  w a s  made t o   d e t e r m i n e   t h e i r   o r i g i n ,  by 
d e t e r m i n i n g   t h e   p r e d o m i n a n t   d i r e c t i o n   f o l l o w e d   b y   t h e s e   r a y s   i n  
r e a c h i n g   t h e   e a r t h .  However, t h i s   a t t e m p t  w a s  Unsuccess fu l ,  
s i n c e   c o s m i c   r a d i a t i o n  i s  found t o   b e   i s o t r o p i c .  

There are several hypotheses   regard ing   the   mechanism by  which 
c o s m i c   p a r t i c l e s  are a c c e l e r a t e d :   t h e   t h e o r y  of  e l e c t r o s t a t i c  
a c c e l e r a t i o n   i n   e x t e n d e d  e l ec t r i c  f i e l d s ,   a n d   d i f f e r e n t   t h e o r i e s  
f o r   a c c e l e r a t i o n   i n  e l ec t r i c  f i e l d s   w h i c h  are induced   by   the   ro-  
t a t i o n  of magnet ized ce les t ia l  b o d i e s   ( b i n a r y . s t a r s ,  stars w i t h  
v a r i a b l e   m a g n e t i c   f i e l d s ,   e t c . ) .  All o f   t h e s e   t h e o r i e s   h a v e  
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p r o v e d   t o   b e   u n t e n a b l e ,   s i n c e   t h e y   c a n n o t   e x p l a i n   t h e   c h a r a c t e r i s -  / 4 8  
t i c  fo rm  o f   t he   cosmic   r ay   spec t rum,   t he   p re sence   o f   pa r t i c l e s  
w i t h   u l t r a - h i g h   e n e r g i e s ,   a n d   t h e   a b s e n c e   o f   e l e c t r o n s .  

A t  t h e   p r e s e n t  t i m e ,  i t  i s  assumed t h a t   i n t e r s t e l l a r   s p a c e   i n  
t he   ga l axy  i s  f i l l e d   w i t h  a gas ,   p r imar i ly   hydrogen ,   w i th  a mean 
dens i ty   o f   g /cm3,  o r  1 atom  of   hydrogen  per  10 cm3.  The 
i n t e r s t e l l a r   g a s   d o e s   n o t   h a v e  a u n i f o r m   d i s t r i b u t i o n .   T h e r e  i s  
i n f o r m a t i o n   t o   t h e   e f f e c t   t h a t   b u n c h i n g   ( c l u s t e r s )   e x i s t s ,   i n   w h i c h  
t h e   d e n s i t y   c a n  amount t o  - g/cm3. When a m a s s  of  
i n t e r s t e l l a r   g a s   h a v i n g   d i f f e r i n g   d e n s i t y   m o v e s ,   m a g n e t i c   f i e l d s  
ari .se  which move a l o n g   w i t h   t h e   g a s   i n   w h i c h   t h e y  are formed. 
A c c o r d i n g   t o   t h e  s ta t i s t ica l  theory   o f   Fermi   (Ref .  3 3 ) ,  a charged 
p a r t i c l e  - which moves i n  a s p i r a l - l i k e   m a n n e r  among mig ra to ry  
m a g n e t i c   f i e l d s  - c a n   c o l l i d e   w i t h   t h e   m a g n e t i c   c l o u d   w h i c h  i s  moving 
w i t h  a compara t ive ly  low v e l o c i t y   ( o n   t h e   o r d e r   o f  10 km/sec) .  
The p a r t i c l e  i s  r e f l e c t e d ,   a n d   t h u s   e n e r g y   c a n   b e   b o t h   l o s t   a n d  
a c q u i r e d .   I f   t h e   p a r t i c l e  moves toward   t he   c loud ,   t hen  i t  a c q u i r e s  
a d d i t i o n a l   e n e r g y   d u r i n g   t h e   c o l l i s i o n ,   a n d   i f   t h e   p a r t i c l e   c o l l i d e s  
w i t h  a c loud   moving   in   the  same d i r e c t i o n ,   e n e r g y  i s  l o s t .  The 
p r o b a b i l i t y   f o r   o n e   o r   t h e   o t h e r   t y p e   o f   c o l l i s i o n  i s  p r o p o r t i o n a l  
t o   t h e   r e l a t i v e   v e l o c i t i e s   o f   t h e   p a r t i c l e   a n d   t h e   c l o u d .   T h e r e -  
f o r e ,   c o l l i s i o n s   o f   t h e   f i r s t   t y p e  are somewhat  more p r o b a b l e ,  
s i n c e   t h e   r e l a t i v e   v e l o c i t y   i n   t h i s  case i s  l a r g e r .   T h u s ,   a s  a 
r e s u l t  of  s t a t i s t i c a l   a v e r a g i n g ,   t h e   p a r t i c l e   e n e r g y   i n c r e a s e s .  

However, e x c e p t   f o r   t h i s   p r o c e s s ,   t h e r e  i s  a c o n s t a n t   l o s s   o f  
e n e r g y   b y   i o n i z a t i o n   o f   i n t e r s t e l l a r  matter. The i n c r e a s e   i n   t h e  
p a r t i c l e   e n e r g y  w i l l  exceed   t he  l o s s  by i o n i z a t i o n   o n l y   i f   t h e  
p a r t i c l e   h a s  a c e r t a i n   i n i t i a l   e n e r g y .   T h i s   e n e r g y   a m o u n t s   t o  
about  l o 9  e v   f o r   p r o t o n s ;   f o r   h e a v y   n u c l e i ,  i t  i s  somewhat l a r g e r .  
The mechanism f o r   i n i t i a l   a c c e l e r a t i o n   o f   p a r t i c l e s  i s  n o t  
c o n s i d e r e d   i n   t h e   s t a t i s t i c a l   t h e o r y   o f   F e r m i ,   w h i c h  makes t h i s  
theory   incomple te .  One t y p e   o f   e n e r g y   l o s s  i s  c h a r a c t e r i s t i c   f o r  
e l e c t r o n s   h a v i n g   h i g h   e n e r g i e s .   T h i s   r e p r e s e n t s   r a d i a t i o n   l o s s e s  
which   a re   caused  by t h e   a c c e l e r a t i o n   o f   e l e c t r o n s   i n   i n t e r s t e l l a r  
m a g n e t i c   f i e l d s   ( f o r   p r o t o n s   a n d   h e a v y   n u c l e i ,   t h e   r a d i a t i o n   l o s s e s  
a r e   n e g l i g i b l e ) .   C o n s e q u e n t l y ,   t h e   e l e c t r o n s  are n o t   a c c e l e r a t e d ,  
even i f  a n   e l e c t r o n   h a s   a n   e n e r g y   o n   t h e   o r d e r   o f  l o 9  ev. 

Thus ,   t he   Fe rmi   t heo ry   p rov ides  a good d e s c r i p t i o n   o f   t h e  ab- 
s e n c e   o f   e l e c t r o n s   i n   p r i m a r y   c o s m i c   r a d i a t i o n .  It a l s o   p r o v i d e s  
a n   e x c e l l e n t   e x p l a n a t i o n   f o r   t h e   p r e s e n c e   o f   c o s m i c   r a d i a t i o n  
p a r t i c l e s   h a v i n g   v e r y   l a r g e   e n e r g i e s .   I n   a d d i t i o n ,   t h e   e n e r g y  
spec t rum  fo r   p ro tons ,   wh ich  is  c a l c u l a t e d   t h e o r e t i c a l l y ,   c o i n c i d e s  
c l o s e l y   w i t h   t h e   o b s e r v e d   s p e c t r u m .   H o w e v e r ,   t h i s   t h e o r y   c a n n o t  
e x p l a i n   t h e  similar f o r m   f o r   t h e   s p e c t r u m  of  pro tons   and   heavy 
n u c l e i .   I n   o r d e r   t h a t   t h e   c o s m i c   r a d i a t i o n   i n t e n s i t y   b e   c o n t i n u o u s l y  
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l o c a t e d  a t  t h e   e x i s t i n g   l e v e l ,   i n j e c t i o n   o f   p r o t o n s   a n d   h e a v y  
nuc le i   mus t   occu r ,   wh ich   wou ld   compensa te   fo r   pa r t i c l e s   wh ich  are  
l o s t   d u r i n g   t h e   a b s o r p t i o n   p r o c e s s .  The s t a t i s t i c a l  theo ry   o f  /49 
F e r m i  does   no t   p rov ide  a s a t i s f a c t o r y   a n s w e r   t o   t h i s   q u e s t i o n .  

Accord ing   t o   ex i s t ing   obse rva t iona l   da t a ,   cosmic   r ays   a r e  
formed  on   the   sun   dur ing   e rupt ions   o f   supernova  stars. The 
obse rved   r ad io   emis s ion   o f   supe rnova   f r agmen t s   po in t s   t o   t he  
p r e s e n c e   i n  them  of e lec t ron   c louds   having   h igh   energ ies .   There-  
f o r e ,  i t  i s  n a t u r a l   t o   a s s u m e   t h a t   p r o t o n s   a n d   h e a v y   n u c l e i   c a n  
a l s o   b e   a c c e l e r a t e d   i n   t h e i r   s h e l l s .  

Ca lcu la t ions ,   wh ich  were c a r r i e d   o u t  by I .  S .  Shklovskiy  (Ref .  
3 4 ) ,  showed t h a t   t h e   i n t e n s i t y  of   pr imary  cosmic  radiat ion,   which 
i s  observed a t  t h e   p r e s e n t  time, can   be   exp la ined  by t h e   e m i s s i o n  
of  high-energy par t ic les  d u r i n g   s u p e r n o v a   f l a r e s .  V .  L. Ginzburg 
(Ref.  4 ,  Ref.  35-37) c a r r i e d   o u t  a similar examinat ion   of   the  
p o s s i b l e   m e c h a n i s m   f o r   a c c e l e r a t i o n   i n   s u p e r n o v a .  The t h e o r y  
which   he   deve loped   for   the   o r ig in   o f   cosmic   rays  i s  a l so   based   on  
the  mechanism  of s t a t i s t i c a l  a c c e l e r a t i o n .  However, i t  i s  assumed 
t h a t  t h e   p a r t i c l e   a c q u i r e s   a d d i t i o n a l   e n e r g y   i n   t h e   m a g n e t i c  
f i e l d s   w h i c h  are formed i n   t h e   s h e l l  o f   t he   supe rnova ,   due   t o   t he  
random motion  of   the matter e j e c t e d   d u r i n g   t h e   f l a r e .   S t a t i s t i c a l  
a c c e l e r a t i o n   i n   m a g n e t i c   f i e l d s   o f   s u p e r n o v a  i s  m o r e   e f f e c t i v e  
t h a n   i n   i n t e r s t e l l a r  space. 

D u r i n g   t h e   f l a r e s   o f   s u p e r n o v a  stars, t h e  maximum e n e r g y   t o  
wh ich   p ro tons   can   be   acce le ra t ed   can   r each   10 l7ev ,   wh ich   co r re s -  
ponds t o   1 0 1 9 e v 2   f o r   h e a v y   n u c l e i  - i. e.  , t h e   a c c e l e r a t i o n   o f  
p a r t i c l e s   i n   s u p e r n o v a   s h e l l s   c a n   i n   i t s e l f   c r e a t e  par t ic les  
h a v i n g   v e r y   l a r g e   e n e r g i e s .  The n e c e s s i t y   o f  a l a r g e   i n i t i a l  
a c c e l e r a t i o n ,   w h i c h   t h e   F e r m i   t h e o r y   r e q u i r e s ,  i s  e l i m i n a t e d   h e r e ,  
s i n c e   t h e   a c c e l e r a t i o n   p r o c e s s   c a n   b e   i n i t i a t e d   w i t h  small e n e r g i e s .  

Thus ,   based   on   cu r ren t   da t a ,   t he   o r ig in   o f   cosmic   r ays   can   be  
r e p r e s e n t e d  as fo l lows .   P r imary   cosmic   r ad ia t ion  arises p r i m a r i l y  
w i t h i n   t h e  limits of   our   ga laxy  as a r e s u l t   o f   e r u p t i o n s   o f   s u p e r n o v a  

Supernova stars,  or   s imply   supernova ,  are p a r t i c u l a r   a s t r o n o m i c a l  
o b j e c t s ,   w h o s e   o p t i c a l   l u m i n o s i t y   s u d d e n l y   i n c r e a s e s  by hundreds  of 
m i l l i o n s   o f  times. Then ,   t he   supe rnova   she l l   beg ins   t o   expand ,  
and t h e   b r i g h t n e s s   s l o w l y   d e c r e a s e s .   S u p e r n o v a   f l a r e s  are  observed 
v e r y   r a r e l y  - o n   t h e   a v e r a g e ,   t h e r e  i s  o n e   i n  200 - 300 y e a r s .  

The re fo re ,  i t  i s  ve ry   impor t an t   t o   de t e rmine   whe the r   t he   obse rved  
par t ic les  wi th   ene rg ie s   o f   lOI9ev  are p r o t o n s  o r  h e a v y   n u c l e i .  
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stars .  D u r i n g   t h e   e r u p t i o n ,  a l a r g e  amount o f   i o n i z e d   g a s  i s  
e j e c t e d ,   p r i m a r i l y   h y d r o g e n  - o f   w h i c h   t h e   s h e l l   f o r  
t h e  stqr i s  composed - a n d   n u c l e i  of heavy   e l emen t s .   In t e rac t ing  
w i t h   i n t e r s t e l l a r   m a t t e r ,   t h e   h e a v y   n u c l e i   d i s i n t e g r a t e ,   f o r m i n g  
a spec t rum  of   charges .  The a c c e l e r a t i o n   o f   t h e   n u c l e i   t a k e s  
place p r i m a r i l y  by t h e   m a g n e t i c   f i e l d s   w h i c h  are c r e a t e d   d u r i n g  
the   e rup t ion   o f   t he   supe rnova .   Fu r the r   acce l e ra t ion   o f   cosmic  
r a d i a t i o n   p a r t i c l e s   c a n   o c c u r   i n   t h e   i n t e r s t e l l a r   m a g n e t i c   f i e l d s .  /50 
The e l e c t r i c   s p e c t r a   o f   a c c e l e r a t e d   p a r t i c l e s   t h u s   h a v e  a similar 
form. A s  they   wander   for  a long   pe r iod   o f  t i m e  ( o n   t h e   o r d e r   o f  
l o 8  y e a r s )  among t h e   i n t e r s t e l l a r   m a g n e t i c   f i e l d s ,   t h e   p a r t i c l e s  
c h a n g e   t h e   d i r e c t i o n  o f  t h e i r   m o t i o n   s e v e r a l  times, due   to   which  
a l m o s t   t o t a l   i s o t r o p y   o f   c o s m i c   r a y s   c l o s e   t o   t h e   e a r t h  is 
produced .   E lec t rons  are a l s o  fo rmed   du r ing   t he   e rup t ion  of 
supe rnova .   However ,   t he   acce le ra t ion   o f   t he   e l ec t rons   does   no t  
o c c u r   d u e   t o   l a r g e   r a d i a t i o n   l o s s e s .  

Low-energy  cosmic  rays are a l s o   g e n e r a t e d   o n   t h e   s u n  
du r ing   so l a r   f l a r e s .   However ,   t he   p ropor t ion   o f   t hem  in   t he  
t o t a l   s t r e a m   o f   c o s m i c   r a d i a t i o n  i s  small .  

2 . 7 .  Doses 

-. I n i t i a l  - Data 

The absorbed  dose,   which i s  c r e a t e d  by p r imary   cosmic   r ad ia t ion ,  
i s  c a l c u l a t e d   a c c o r d i n g   t o  a method  which w i l l  b e   d e s c r i b e d   i n  
S e c t i o n  7 . 5 .  The i n i t i a l   d a t a   f o r   t h e   c a l c u l a t i o n  are as f o l l o w s :  

1) The d i f f e r e n t i a l   e n e r g y   s p e c t r u m  is of  t h e   t y p e   d e s c r i b e d  
i n   f o r m u l a  ( 2 . 2 )  

11 ( E )  dt:  cI:-?f4 d E .  

f o r  a l l  n u c l e i .  The spec t rum  co r re sponds   t o   t he   pe r iod  of  h i g h  
s o l a r   a c t i v i t y   ( F i g u r e  2 . 1 ) ;  

2 )  The i n t e g r a l   c u r r e n t  stream of c o s m i c   r a d i a t i o n   e q u a l s  
2 . 3  p a r t i c l e s / c m 2 - s e c ;  

3) The composi t ion o f  c o s m i c   r a d i a t i o n  i s  s e l e c t e d   a c c o r d i n g  
t o   d a t a   g i v e n   i n   S e c t i o n  2 . 2 .  

P a r t i c l e s   h a v i n g   e n e r g i e s   a b o v e  1 O 1 I  ev /nuc leon  were d i s r e g a r d e d  
i n   t h e   c a l c u l a t i o n .   T h e  estimate showed t h a t   t h e   e r r o r   t h u s   a r i s i n g  
does  not   exceed 1%. 

The absorbed  dose w a s  c a l c u l a t e d   f o r   e a c h  component  of  cosmic 
r a d i a t i o n .  
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Figure  2 . 1  

D i f f e r e n t i a l   S p e c t r a   o f   D i f f e r e n t  PCR Components 

C a l c u l a t i o n   R e s u l t s  

Doses i n   I n t e r p l a n e t a r y   S p a c e .   I n   t h e   m a j o r i t y  o f  works  devoted 
t o   t h e   p r o b l e m   o f   c o s m i c   f l i g h t s ,   c o n c l u s i o n s   a r e  drawn a s   t o   t h e  
r a d i a t i o n   d a n g e r   c a u s e d  by PCR which are based  on  the  magni tude o f  
t he   l oca l   dose .   Th i s   concep t ion ,   wh ich  i s  i n c o r r e c t   i n   p r i n c i p l e ,  
c a n   b e   v a l i d  when a p p l i e d   t o  PCE, whose   composi t ion   inc ludes  
p a r t i c l e s   h a v i n g   v e r y   l a r g e   e n e r g i e s .   N e v e r t h e l e s s ,  i t  i s  i n t e r e s -  
t i n g   t o  know t h e   d i s t r i b u t i o n   o f   t h e   a b s o r b e d   d o s e   i n   t h e   b o d y .  
It  i s  known t h a t   t h e r e  are h e a v y   n u c l e i   i n   t h e  PCR, which  have a 
v e r y   h i g h   i o n i z a t i o n   c a p a c i t y .   T h e r e f o r e ,  i t  i s  n o t   i m n e d i a t e l y  
a p p a r e n t   t h a t  a change i n   t h e   d o s e   a b s o r b e d   i n   t h e  body w i l l  be  
small, a n d   c o n s e q u e n t l y   t h a t   t h e   l o c a l   d o s e   c o n c e p t i o n   c a n   b e  
u t i l i z e d .  

A c a l c u l a t i o n  w a s  made o f   t h e   d e p t h   d i s t r i b u t i o n  of t h e  
dose   abso rbed   i n   t he   body ,   and   o f   t he  mean t i s s u e   d o s e   c r e a t e d  by 
t h e  PCR, b o t h   i n   t h e   a b s e n c e   o f   s h i e l d i n g   a n d   b e h i n d   s h i e l d i n g  made 
o f   l i g h t   m a t e r i a l   o f   d i f f e r i n g   w i d t h s .  The d i s t r i b u t i o n  by  depth o f  
t h e   d o s e   a b s o r b e d   i n   t h e  body i s  shown i n   F i g u r e   2 . 2 .  Due t o   t h e  
g r e a t   h a r d n e s s   o f   t h e  PCR, t h e   d o s e   d i f f e r e n t i a l   w i t h   r e s p e c t   t o  
body  depth is i n s i g n i f i c a n t .  When t h e   s h i e l d i n g  i s  up t o   1 0  g/cm2 
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t h i c k ,   t h e   d o s e   a b s o r b e d   i n   t h e  body i n c r e a s e s   f r o m   t h e   s u r f a c e   t o  
t h e   c e n t e r ,   w h i c h  is r e l a t e d   t o   t h e   r e t a r d a t i o n   o f   h i g h - e n e r g y  
p a r t i c l e s  i n  t h e   b o d y ,   a n d   c o n s e q u e n t l y   t o   a n   i n c r e a s e   i n   t h e i r  
i o n i z a t i o n   l o s s e s .   I f   s h i e l d i n g   t h i c k n e s s  i s  i n c r e a s e d   f u r t h e r ,  
t h e   p a r t i c l e s   b e g i n   t o   b e   a b s o r b e d   i n   t h e   b o d y .   T h u s ,   t h e   d o s e  
i n   t h e   d i r e c t i o n   t o w a r d   t h e   c e n t e r   f i r s t   s t o p s   i n c r e a s i n g ,   a n d  
t h e n   d e c r e a s e s   w i t h  a c e r t a i n   s h i e l d i n g   t h i c k n e s s .  

F igu re  2 . 2  

T l i s t r i b u t i o n  b y  DeFth  of  the  Absorbed  Dose Created by t h e  PCR 
i n   t h e  Body,  Behind a S h i e l d i n g  Nade  of a L i g h t   M a t e r i a l  

Having   Di f fe r ing   Thickness .  

D u r i n g   l o n g   s p a c ?   f l i g h t s ,   t h e   l a r g e  PCR i s  a c h r o n i c   i r r a d i a t i o n  
f a c t o r .   T h e r e f o r e ,   t h e  maximum d o s e   a b s o r b e d   i n   t h e  body  must  be 
u s e d   a s  a c r i t e r i o n   f o r   r a d i a t i o n   s a f e t y .  However, a s   c a n   b e   s e e n  
from  Figure 2 . 2 ,  t h e   d o s e   d i f f e r e n t i a l   i n   t h e  body  does  not  exceed 
a p p r o x i m a t e l y   1 0 %   a n d   c o n s e q u e n t l y   t h e   r a d i a t i o n   d a n g e r   c a u s e d   b y   t h e  
PCR c a n   b e   e s t i m a t e d   a c c o r d i n g   t o   t h e  mean t i s s u e   d o s e .  

Table  2 . 2  l i s t s  t h e   r e s u l t s   d e r i v e d   f r o m  a c a l c u l a t i o n  of t h e  
mean t i s s u e   d o s e s   c r e a t e d  by d i f f e r e n t  PCR components i n   t h e  
absence   o f   sh i e ld ing .  

A c c o r d i n g   t o   t h e   p r e l i m i n a r y   c a l c u l a t i o n s ,   t h e   c o n t r i b u t i o n  
made  by n u c l e i  of   the L g r o u p   t o   t h e   d o s e   a m o u n t s   t o   s e v e r a l  
t e n t h s   o f  a pe rcen t ,   and  is  n o t   i n d i c a t e d   i n   T a b l e  2 . 2 .  It can 
be   seen   f rom  the  t a b l e  t h a t   h e a v y   n u c l e i   a n d   v e r y   h e a v y   n u c l e i  
form a s i g n i f i c a n t   p a r t   o f   t h e   d o s e .   I n   t h e   p r e s e n c e   o f   s h i e l d i n g ,  
t h e   c o n t r i b u t i o n   o f   h e a v y   e l e m e n t s   t o   t h e   d o s e   i n c r e a s e s   w i t h   a n  
i n c r e a s e   i n   t h e   s h i e l d i n g   t h i c k n e s s .  

The t o t a l   r a d i a t i o n   e f f e c t  of t h e  PCR when t h e r e  is n o   s h i e l d i n g  - /52 
e q u a l s  22.4 m r a d / d a y s   o r  127 .6  mrem/days .   Wi th   an   increase   in  
t h e   s h i e l d i n g   t h i c k n e s s ,   t h e  PCR dose   ba re ly   changes  up t o  a 
s h i e l d i n g   t h i c k n e s s   o f   1 0  - 1 5  g/cm2  (Figure 2 .3 ) .  F o r   v e r y   l a r g e  
s h i e l d i n g   t h i c k n e s s   ( o n   t h e   o r d e r   o f  70 - 100 g/cm2) , t h e   d o s e  
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TABLE 2.2 

MEAN TISSUE DOSE RATE FOR  DIFFERENT PCR COMPONENTS  (NO SHIELDING). 

Dose C h a r a c t e r i s t i c s  b- 
Absorbed 
Dose 

C o n t r i b u t i o n  
t o   t h e  Dose % 

mrad 
days i 6 . 2  

s ' 2 ; : ;  

p h y s i c a l  

b i o l o g i c a l  1 4 .9  

RB E 1 

Nucleus  Group 

a l M  vH H 

3.7  4 . 1   5 . 0  -3 .4  

3.7 72 .6   34 .0  11.1 

1 6 . 5  

56 .9   26 .6  8.7 2 .9  

1 8 . 3   2 2 . 3  15 .2  
"_ 

d e c r e a s e s  by a f a c t o r  o f  1 . 5  - 2 .  

Table  2 . 3  p r e s e n t s  a comparison 

PCR 
" 

22.4  

127 .6  

100 

100 

5.7  

o f   t h e  PCR d o s e   c a l c u l a t e d   i n  
t h i s  work   w i th   d i f f e ren t   va lues   wh ich  are g i v e n   i n   o t h e r  works. 

A s  can   be   s een   f rom  the   Tab le ,   t he   magn i tudes   o f   t he   dose  
which are c a l c u l a t e d   h e r e   d o   n o t   c o n t r a d i c t   t h e   d a t a   g i v e n   i n   t h e  
l i t e r a t u r e .  

Estimate of  Secondary   Radia t ion .  Due t o   t h e   a b s e n c e  of  d a t a  
r e g a r d i n g   t h e   i n t e r a c t i o n   o f   h i g h - e n e r g y   m u l t i - c h a r g e d   p a r t i c l e s  
w i t h  matter, a t  t h e   p r e s e n t  t i m e  i t  i s  a l m o s t   i m p o s s i b l e   t o   c a l c u l a t e  
t he   doses   c r ea t ed   by   s econda ry   r ad ia t ion ,   wh ich  i s  formed i n   t h e  
s h i e l d i n g   a n d   i n   t h e  body  of  the  cosmonaut.  A rough estimate of  
t h e   i n c r e a s e   i n   t h e   a b s o r b e d   d o s e   d u e   t o   t h e   a c c u m u l a t i o n  o f  secondary 
p a r t i c l e s   c a n   b e  made by   ana lyz ing   t he   dependence   o f   t he   t o t a l  
i o n i z a t i o n ,   w h i c h  i s  c r e a t e d  by   p r imary   cosmic   r ad ia t ion   i n   t he  a t -  
mosphe re ,   upon   a l t i t ude .  

When g a l a c t i c   r a d i a t i o n   i n t e r a c t s   w i t h   t h e   a t m o s p h e r e ,   s e c o n d a r y  
p a r t i c l e s  are fo rmed :   nuc leons ,   e l ec t rons ,   mesons ,   pho tons .   The re -  
f o r e ,   b e g i n n i n g  a t  30 - 40 km, i o n i z a t i o n   i n c r e a s e s  as t h e   s u r f a c e  
o f   t h e   e a r t h  i s  approached,   and  reaches a maximum a t  a n   a l t i t u d e   o f  
20 km from i t s  s u r f a c e .  The t h i c k n e s s   o f   t h e  a i r  l a y e r ,   i n   w h i c h  
s e c o n d a r y   r a d i a t i o n  i s  accumula ted ,   amounts   to  55  - 6 0  g/cm2 - i . e . ,  
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Figure 2.3 

Dependence  of  the  PCR  Dose  on  the  Thickness  of  Shielding 
made  from  a  Light  Naterial. 

it is comparable to the maximum  mean  free  path of particles  in  the 
body of the  cosmonaut  (2R = 50  g/cm2),  who  is  equipped  with  shielding 
(2 - 10 g/cm2). Thus,  taking  the  fact  into  account  that  the  com- 
position  of the air  and  the  composition  of  the  tissue  are  approximately 
the same,  one  can  identify  the  processes by which  secondary  reaction 
is formed  in  the  body  of  the  cosmonaut  and  in  the  layer  of  air.  How- 
ever,  measurements of the  altitude  effect  of  ionization,  which  is 
caused by primary  cosmic  radiation  (Ref. 38, Ref. 39), can  be  carried 
out  with  free-air  ionization  chambers  or  Geiger-Muller  counters. 
Due  to  the  fact  that  these  counters  do  not have  a  tissue-equivalent 
nature, they cannot  measure  the  absorbed  dose in tissue. 

TABLE 2.3 

PCR  DOSES  NORMALIZED  TOWARD A PARTICLE  STREAM  WHICH 

EQUALS 2.3 ~~ 

1 
cm- sec 

Data 

Calculated 
_ _  

c 381 
[47] * 
~ 5 1  

Ab s orbed 
"" ~~ 

Days 

22.4 
17.5 

19-27 
27.4 

Dose 
. ~ ~~ 

mr am 
Days 

127.6 
- .~ ~ 

- 
96-137 
192 

* The physical  dose is given,  taking  the RBE value of 
Q=7 into  account,  which is recommended  by  the 
authors (Ref. 47). 

59 



In a d d i t i o n ,   t h e   t r a n s i t i o n a l   p r o c e s s e s   i n   d e n s e   s u b s t a n c e s  
and i n   t h e   a t m o s p h e r e  are n o t   i d e n t i c a l .  In a dense  medium, t h e  
absorp t ion   of   mesons  is caused   on ly  by e n e r g y   l o s s e s   d u r i n g   t h e i r  
i n t e r a c t i o n   w i t h   e l e c t r o n   s h e l l s   o f   a t o m s   ( i o n i z a t i o n   l o s s e s ) .  
In a gas - l ike  medium, d u e   t h e i r   i n s t a b i l i t y ,   p a r t   o f   t h e  mesons 
decompose,  and  consequently a stream of  mesons w i l l  b e   a t t e n u a t e d  154  
t o  a g r e a t e r   e x t e n t   i n  a i r .  I t  is t r u e   t h a t  a stream of u-mesons, a t  
themaximum ion iza t ion ,   amoun t s   t o   10%  (Ref .  38) o f   t h e   t o t a l  number 
o f   p a r t i c l e s ,   w h i l e   t h e   s p e c i f i c   i o n i z a t i o n   o f  p-mesons i n  li h t  
s u b s t a n c e s  i s  a lmost   cons tan t   and   amounts   to   about  2 Mev/g*cm 5 . 
In a d d i t i o n ,  i f  t h e   f a c t  is t a k e n   i n t o   c o n s i d e r a t i o n   t h a t   t h e  
s p e c i f i c   i o n i z a t i o n   o f   c e r t a i n   o t h e r   c o m p o n e n t s   c a n   b e   s i g n i f i c a n t l y  
g r e a t e r ,   t h e n   t h e   c o n t r i b u t i o n   o f  mesons t o   t h e   t o t a l   i o n i z a t i o n  
can   be   expec ted   t o   be   un impor t an t .  The c o n t r i b u t i o n   o f   s e c o n d a r y  
r a d i a t i o n   t o   t h e   a b s o r b e d   d o s e ,   w h i c h  i s  e s t i m a t e d   w i t h i n   a n  
accu racy   o f   t hese   approx ima t ions ,   amoun t s   t o  50 - 100%. 

Thus, i n   i n t e r p l a n e t a r y   s p a c e ,   t h e   d o s e   w h i c h  i s  formed  by 
p r imary   cosmic   r ad ia t ion ,   amoun t s   t o  34 - 45 mradldays   o r  190  - 
250 mremldays. 

Doses i n   S p a c e   N e a r   t h e  Earth. A s  t h e   s u r f a c e   o f   t h e   e a r t h .  is  
approached ,   i on iza t ion   dec reases   by   approx ima te ly  a f a c t o r  of  
two,  due t o   a n   i n c r e a s e   i n   t h e   s c r e e n i n g   a c t i o n   o f   t h e   e a r t h   ( t h e  
s o l i d   a n g l e  a t  w h i c h   t h e   e a r t h  i sv iewed i n c r e a s e s ) ,   a n d  by s e v e r a l  
f a c t o r s   ( d e p e n d i n g   o n   t h e   g e o m a g n e t i c   l a t i t u d e )   d u e   t o   a n   i n c r e a s e  
i n   i n t e n s i t y   o f   t h e   g e o m a g n e t i c   f i e l d   w h i c h   d e f l e c t s   c o s m i c   p a r t i c l e s .  
I n   o r d e r   t o   c a l c u l a t e   t h e   d o s e   f o r m e d   b y   t h e  PCR i n   s p a c e   n e a r   t h e  
e a r t h ,   g r a p h s  were cons t ruc t ed   (Ref .  15) showing  the  dependence  of  
t h e   d o s e   m a g n i t u d e   o n   t h e   g e o m a g n e t i c   l a t i t u d e   f o r   d i f f e r e n t   d i s -  
t a n c e s   f r o m   t h e   s u r f a c e   o f   t h e   e a r t h   ( F i g u r e  2 . 4 ) .  

The mean dose,   which i s  a b s o r b e d   i n   t h e  body  of  the  cosmonaut 
d u r i n g   a n   o r b i t   w h i c h   l a s t s   f o r  a l o n g   p e r i o d   o f  t i m e ,  can   be  
ca l cu la t ed   by   t he   fo l lowing   fo rmula :  

where t i s  t h e   f l i g h t  t i m e ;  T i s  the   per iod   of   one   comple te  155  
r e v o l u t i o n   o f   t h e   s a t e l l i t e ;   h ( t )  is  t h e   d i s t a n c e   f r o m   t h e   s u r f a c e  
o f   t h e   e a r t h  as a func t ion   of  time; i i s  t h e   a n g l e   o f   i n c l i n a t i o n  
f o r   t h e  s a t e l l i t e  o r b i t   p l a n e   t o   t h e   e q u a t o r i a l   p l a n e   o f   t h e   e a r t h ;  
A . ( t )  i s  t h e  mean g e o m a g n e t i c   l a t i t u d e   f o r   g i v e n  i as a f u n c t i o n  
of  t ime; P [ A . ( t ) ,   h ( t ) ]  i s  t h e   d o s e  ra te  formed  by  cosmic  radiat ion 
a t  a g i v e n   l a t i t u d e  A .  ( t )  and a l t i t u d e   h ( t ) ,   m r a d l d a y s ;  Q i s  
t h e   c o e f f i c i e n t   o f  re la t ive b i o l o g i c a l   s e n s i t i v i t y .  The q u a n t i t y  Q 
i s  a l s o  a f u n c t i o n   o f   A i ( t )   a n d   h ( t ) .  The maximum v a l u e  Q = 5 . 7  
c a n   b e   s e l e c t e d  as the   uppe r  estimate. 

1 

1 

1 
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30 
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Geomagnet ic   La t i tude ,   Degrees  

F igu re  2 . 4  

Dependence  of t h e  PCR Dose  on t h e   G e o m a g n e t i c   L a t i t u d e   f o r  
D i f f e r e n t   A l t i t u d e s  Above t h e   S u r f a c e   o f   t h e   E a r t h .  

The q u a n t i t i e s   w h i c h   a r e   c a l c u l a t e d   f o r   f l i g h t s   a l o n g   v a r i o u s  
o r b i t s  are shown i n   T a b l e  2 . 4 .  

A s  can   be   s een   f rom  the   Tab le ,   t he  maximum a b s o r b e d   d o s e   f o r  
a t r a j e c t o r y   h a v i n g   t h e   p a r a m e t e r s  i = 65",  h = 200 - 600 km, 
amounts t o  5.6 mradfday   or  - i f   t h e   s e c o n d a r y   r a d i a t i o n  i s  t aken  
i n t o   c o n s i d e r a t i o n  - 8 - 11 m r a d f d a y .   D u r i n g   t h e   f l i g h t   o f   t h e  
s e c o n d   s p a c e c r a f t   a l o n g  a s i m i l a r   o r b i t  on  August  19 - 20, 1960, 
doses   o f   p r imary   cosmic   rad ia t ion  were m e a s u r e d   d i r e c t l y ,   w h i c h  
amounted t o  6 - 10 mradjday .   This   p rovides   good  conf i rmat ion  of 
t h e   c a l c u l a t e d   d a t a .  

The estimates which are t h u s   o b t a i n e d   f o r   t h e   d o s e ,   f o r m e d  
by   p r imary   cosmic   r ad ia t ion ,   showed   t ha t   t hese   doses   exceed   by  
several f a c t o r s   t h e  maximum p e r m i s s i b l e   v a l u e s   w h i c h  are used a t  
t h e   p r e s e n t  t i m e  f o r   o c c u p a t i o n a l   i r r a d i a t i o n .  This means t h a t ,  
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d u r i n g   f l i g h t s   w h i c h  l as t  more t h a n   s e v e r a l   y e a r s ,   t h e   p o s s i b i l i t y  
of c h r o n i c   f o r m s   o f   r a d i a t i o n   d e f e c t s  w i l l  h a v e   t o   b e   t a k e n   i n t o  
c o n s i d e r a t i o n ,   i f   p r o t e c t i v e   m e a s u r e s   a g a i n s t   r a d i a t i o n   a r e   n o t  
taken  . 

TABLE 2 .4  

MEAN TISSUE DOSE VALUES OF PCR I N  SPACE NEAR THE  EARTH, WITH 
A SHIELDING THICKNESS OF 0 - 5gm/cm2,  mrem/days* 

__"_.__"I__ . 
Angle  of 
I n c l i c a -  A l t i t u d e  Above t h e   S u r f a c e   o f   t h e   E a r t h  km 

1000"1500 I 2500-3500 7000-8000 

- - % 
0 

78,7  (19.3) 54.1 (42.6) 37,4 2 7 3  (6,7) 90 

73,7  (18.0) 38,5  (30.3) 2 0 3  (5,l)  12.7 (3.1) 45 
59.6 (14.5) 15.2 (12,O) 5-5 (1.4) 5,O (1,2) 

65 77.9 (19.0) 51 .O (40,l) 33,3  (8.1) 22,8  (5.6) 

- 

* The  dose i n   m r a d f d a y  i s  shown i n   t h e   p a r e n t h e s e s .  

It  s h o u l d   b e   k e p t   i n  mind t h a t   t h e   b i o l o g i c a l   e f f e c t   o f   m u l t i -  
cha rged   i ons   hav ing   h igh   ene rg ie s   has   no t   been   s tud ied   a s   ye t ,  and 
can  have i t s  own c h a r a c t e r i s t i c s .   P r i m a r y   c o s m i c   r a d i a t i o n   d o e s  
n o t   c r e a t e  any   dange r   du r ing   sho r t   cosmic   f l i gh t s   (Re f .   40 ) .  

2 .8 .  Measu remen to f   t he   Rad ia t ion  Dose Dur ing   the  
F i r s t  Cosmic F l i g h t s   ( C h a p t e r s  1,). 

The o r b i t s  o f  t h e   f i r s t ,   f o u r t h  and f i f t h   s p a c e c r a f t s  were 
l o c a t e d   a t  a d i s t a n c e   o f  180-340km f r o m   t h e   s u r f a c e   o f   t h e   e a r t h .  
Th i s   r eg ion  i s  l o c a t e d   b e l o w   t h e   r a d i a t i o n   z o n e s   o f   t h e   e a r t h .  
P r i m a r y   c o s m i c   r a d i a t i o n   a n d   r a d i a t i o n   f r o m   s o l a r   f l a r e s   r e p r e s e n t  
t h e   s o u r c e s   o f   p e n e t r a t i n g   r a d i a t i o n   h e r e .   B a s e d  on the  .well-known 
d a t a   r e g a r d i n g   t h e   p o s s i b l e   c o m p o s i t i o n   o f   r a d i a t i o n  and the   doses  
d u r i n g   f l i g h t s   a l o n g   c o s m i c   o r b i t s ,  se ts  of   autonomous,   dosimetr ic  
r e c o r d e r s  (SDP) were u s e d   t o   m e a s u r e   t h e   i n t e g r a l   d o s e s   o f   r a d i a t i o n .  
These   recorders   inc luded   luminescent  I L C  dos imeters   (Ref .  4 0 ,  Ref.  41) 
w i t h  a r a n g e   o f   2 0 l O - ~  -1*103 r ad ,   and   f i lm   pho todos ime te r s   w i th  a 
range  of   2*10-3 - 1-10- l  r e m  f o r   d e t e c t i n g   s l o w e d   n e u t r o n s   c l o s e   t o  
the   exper imenta l   an imals   (Ref .  4 2 ) .  

The dos ime te r s  were s u p p l i e d   w i t h   d i f f e r e n t   f i l t e r s   i n   o r d e r  
t o   a n a l y z e   t h e   r a d i a t i o n   c o m p o s i t i o n .  A f i l t e r  made of  0 .75  mm 
l ead ,  wh ich   c losed   one   ha l f   o f   t he   pho todos ime te r s ,   s e rved   t o  com- 
p e n s a t e   f o r   t h e i r   " h a r d   b e h a v i o r ' '   f o r   e l e c t r o m a g n e t i c   r a d i a t i o n   i n  
the  energy  range  f rom 50 k e v   t o  3 MeV. F i l t e r s  made of  1 . 3  mm'lead, 
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which were p l aced   op ' f ce r t a in  ILC dos ime te r s ,   had   t he  same purpose .  
Other  I L C  d o s i m e t e r . ;   d i d   n o t   h a v e   a d d i t i o n a l   f i l t e r s ,   b e c a u s e   t h e y  
were c losed   w i th  a l a y e r   o f   3 . 2  mm aluminum,  which w a s  e q u i v a l e n t  - 
i n   s t o p p i n g  power - t o  a l a y e r   o f   1 . 3  mm l e a d   f o r   p r o t o n s   h a v i n g  
an  energy  of  5 - 300 Mev a n d   e l e c t r o n s   h a v i n g   a n   e n e r g y  of 0.025 - 
1 M e V .  

Table   2 .5  l i s ts  t h e   r e s u l t s   d e r i v e d   f r o m   m e a s u r e m e n t s   o f   t h e  
r a d i a t i o n   d o s e   u s i n g   t h e  ILC method. Data on  photodosimeters  are 
n o t   g i v e n ,   s i n c e   t h e   i n t e g r a l   r a d i a t i o n   d o s e s  w e r e  i n   a l l  cases 
l o w e r   t h a n   t h e   s e n s i t i v i t y   t h r e s h o l d   o f   t h e   m e t h o d :   0 . 2   r a d   f o r  
photodosimeters   and 2*10-3 r e m  f o r   t h e  IPCN.  A s  can   be   s een   f rom  the  
T a b l e ,   r e l i a b l e   d a t a  were o n l y   o b t a i n e d  on t h e   s e c o n d   s p a c e c r a f t .  
D a t a   f r o m   t h e   f i r s t   a n d   f i f t h   s p a c e c r a f t s   a t   l e a s t   d i d   n o t   c o n t r a -  
d i c t   d a t a  f r o m   t h e   f i r s t .  The v a l u e s  make i t  p o s s i b l e   t o   c o n c l u d e  
t h a t ,   d u r i n g   t h e   f l i g h t s   o f   t h e   s e c o n d ,   f o u r t h ,   a n d   f i f t h   s p a c e c r a f t s ,  
r a d i a t i o n  from s o l a r   f l a r e s   h a d   n o   e f f e c t  on t h e   r a d i a t i o n   c o n d i t i o n s  
w i t h i n   t h e   c a b i n .  

On the   s econd   spacec ra f t ,   r ead ings   g iven   by   dos ime te r s   hav ing  
f i l t e r s  made of  aluminum were l a r g e r   t h a n   f r o m   d o s i m e t e r s   h a v i n g  
c o m p e n s a t i n g   l e a d   f i l t e r s .  I t  can   t hus   be   conc luded   t ha t   e l ec t ro -  
m a g n e t i c   r a d i a t i o n  was i n c l u d e d   i n   t h e   r e c o r d e d   r a d i a t i o n ,   a p a r t  
from  the PCR.  T h i s   e l e c t r o m a g n e t i c   r a d i a t i o n  w a s  p robably   caused  
by t h e   f a c t   t h a t   t h i s   s p a c e c r a f t   p a s s e d   t h r o u g h   t h e   o u t e r   r a d i a t i o n  
z o n e   o f   t h e   e a r t h   a t   h i g h   a l t i t u d e s .  The e f f e c t i v e   q u a n t a   e n e r g y  
o f   t h i s   r a d i a t i o n   o c c u r r e d   i n   t h e   r e g i o n   o f   1 0 0   k e v ,   w h i c h  i s  
ind ica t ed  by t h e   s m a l l   d i f f e r e n c e   b e t w e e n   t h e   r e a d i n g   g i v e n   b y   d o s i -  
m e t e r s   w i t h   f i l t e r s  made of   a luminum,   and   wi thout   f i l t e rs .   This  
i s  a l s o   i n d i c a t e d  by t h e   c o n f o r m i t y   b e t w e e n   t h e   r e s u l t s   d e r i v e d  
from  measurements   of   the   calculated PCk d o s e s ,   u s i n g   d o s i m e t e r s  
h a v i n g   c o m p e n s a t i n g   l e a d   f i l t e r s .   I f   t h e   e l e c t r o m a g n e t i c   r a d i a t i o n  
w e r e   h a r d e r ,   t h e n   t h e   r e a d i n g s   f r o m   d o s i m e t e r s   w i t h   f i l t e r s  made 
o f   a luminum  and   l ead   wou ld   be   s imi l a r   t o   each   o the r ,   s ince   t he  
"hard  behavior ' '   of  I L C  dos ime te r s  is  small i n   t h e   e n e r g y   r e g i o n  15 7 
above  300 - 400 kev. On t h e   o t h e r   h a n d ,   i f   t h e   e l e c t r o m a g n e t i c  
r a d i a t i o n  were s o f t ,   t h e n   t h e   d i f f e r e n c e   b e t w e e n   t h e   r e a d i n g s   o f  
d o s i m e t e r s   w i t h o u t   f i l t e r s   a n d   w i t h   f i l t e r s  made of  aluminum 
would  be  large.  The d o s e s   o f   e l e c t r o m a g n e t i c   r a d i a t i o n   d i d   n o t  
l e a d ,   h o w e v e r ,   t o  a s i g n i f i c a n t   c h a n g e   i n   t h e   r a d i a t i o n  con- 
d i t   i o n s .  

Thus ,   the  SDP sets,  which w e r e  u s e d   o n   t h e   s p a c e c r a f t ,  made 
i t  p o s s i b l e   t o   m e a s u r e   t h e   r a d i a t i o n   d o s e s   d i r e c t l y ,   w h i c h  w e r e  
a c c u m u l a t e d   d u r i n g   f l i g h t s   a l o n g   o r b i t s  a t  a n   a l t i t u d e   o f  
180 - 340 km a b o v e   t h e   s u r f a c e   o f   t h e   e a r t h .  The   measured   rad ia t ion  
doses   o f  6 - 1 0   m r a d / d a y   c o i n c i d e   w i t h   t h e   r e s u l t s   d e r i v e d   f r o m  
c a l c u l a t i n g   t h e  PCR d o s e ,   a n d   p o i n t   t o   t h e   f a c t   t h a t   t h e   r a d i a t i o n  
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c o n d i t i o n s  were s a f e ,  and were no t   compl i ca t ed   by   r ad ia t ion   f rom 
s o l a r   f l a r e s   d u r i n g   t h e   f l i g h t s   o f   t h e s e   s p a c e c r a f t s .  

TABLE 2.5 

RADIATION DOSES WITHIN THE SPACECRAFT, mrad  

Experiment 

Second   Spacec ra f t ,   F l igh t  
Dura t ion   of  25 Hours 

- - ". . 

Mean 

F o u r t h   S p a c e c r a f t ,   F l i g h t  
Dura t ion   of  1 .5  Hours 

Mean 

F i f t h   S p a c e c r a f t ,   F l i g h t  
Durat ion  of   1 .5   Hours  

" ___ ~ ~ . 

Mean 

5.5 
7,4 

-2, I 
"2-2 
-4,6 

0 8  

4.3 
0.4 

-5,5 
-0.9 - "0;1 - 
" 

-0,6 

3.9 
3,9 

1,9 

"1,5 
7.9 
089 

-3,3 
-2,6 
-0.3 

3,2 
2.5 

"0.5 
-1.8 
-0, I 
-2,2 
"0.2 

* Thickness   of  3mm f i l t e r  
** Thickness   of  lmm f i l t e r  

D u r i n g   t h e   f l i g h t s   a l o n g   t h e   o r b i t s   o f   t h e   s p a c e c r a f t s  
"Vostok"  and  "Vostok-2", t h e   r a d i a t i o n   d o s e  was a l so   p r imar i ly   fo rmed  
by p r i m a r y   c o s m i c   r a d i a t i o n .   D u r i n g   t h e   f l i g h t s ,   t h e   f i r s t  cosmo- 
n a u t s  were equipped   wi th  a set  of i n d i v i d u a l   d o s i m e t e r s   h a v i n g  a 
wide  measurement  range.  Apart   from  the ILc dos ime te r s   and   t he   f i lm   158  
d o s i m e t e r s ,   d u r i n g   t h e   f l i g h t   o f  G.  S .  T i tov ,   t he rmoluminescen t  
g l a s s  was used,  which made it  p o s s i b l e   t o   r e c o r d   t h e   d o s e   o f   y - r a y s  
a n d   p r o t o n s   h a v i n g   h i g h   e n e r g i e s   i n   t h e   r e g i o n   f r o m  0.1 t o  lo6 r a d ,  
and t o   r e t a i n   i n f o r m a t i o n   f o r  a l o n g   p e r i o d   o f  time wi thout   any  
r e s t r i c t i o a s   ( R e f .  4 3 ) .  

Table  2 .6  l i s ts  t h e   d a t a   o b t a i n e d   f r o m   r e a d i n g s   o f   t h e  I L C  d o s i -  
meters. Thermoluminescent   and  photodosimeters   had  readings  which 
d i d   n o t   d i f f e r   f r o m   z e r o .  

The r e s u l t s ,   w h i c h  were o b t a i n e d   i n   t h e   f l i g h t   o f  G.  S .  Tit 'ov,  
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p r a c t i c a l l y   c o i n c i d e d   w i t h   t h e   d a t a   w h i c h   h a v e   b e e n   d e s c r i b e d   f o r  
t h e   f l i g h t   o f   t h e   s e c o n d   s p a c e c r a f t .  The d i f f e r e n c e   b e t w e e n   t h e  
r ead ings   g iven  by d o s i m e t e r s   w i t h   d i f f e r e n t   f i l t e r s   p o i n t s   t o   t h e  
p r e s e n c e   o f   e l e c t r o m a g n e t i c   r a d i a t i o n ,   h a v i n g   e n e r g i e s   o f  l o 5  ev. 
I t  c a n   b e   a s s u m e d   t h a t   t h i s   r a d i a t i o n  was c a u s e d   b y   t h e   s p a c e c r a f t  
p a s s i n g   t h o u g h   t h e   o u t e r   r a d i a t i o n   z o n e ,   i n   t h e   r e g i o n   o f   t h e   s o u t h -  
A t l a n t i c  anomaly  and a t  h igh   a l t i t udes   (Re f .   44 ,   Re f .   45 ) .  The energy  
o f   t h e   e l e c t r o n s '   w h i c h   p r o d u c e d   t h e   e l e c t r o m a g n e t i c   r a d i a t i o n   i n   t h e  
c o v e r i n g   o f   t h e   s p a c e c r a f t  was n o t  less than   0 .5  - 1 Mev (Ref.   18) 

TABLE 2.6 

DOSES OF COSMIC RADIATION (ILC DOSIMETER READINGS) 

Cosmonaut 
. I  . . "  " 

Yu. A. Ga rga r in  

G .  S .  T i t o v  

-. ". . - 

Without 
I a F i l t e r  
I. ". I 1 . 6  

I 1 2 . 0  

Doses  of  Cosmic  Radiation,  mrad 
..." . - - _ ~ ~ _ _ _ _  " 

3 . 2  mm AR I. 1 . 3  mm Pb 
_- . - - - .~ 

2.9 

8 . 0   1 5 . 0  12 .4  1 2 . 0  

0 . 8  1 . 3   2 . 4  

The r e c u r r e n c e   o f   t h e   r e s u l t s   i n   t h e  two expe r imen t s  makes 
i t  p o s s i b l e   t o   a s s u m e   t h a t   r a d i a t i o n   f r o m   s o l a r   f l a r e s   d i d   n o t  
make any s i g n i f i c a n t   c o n t r i b u t i o n   t o   t h e   a b s o r b e d   d o s e ,   a n d   t h a t  
i t  was caused   pr imar i ly   by   p r imary   cosmic   rad ia t ion .  
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3. 

CHAPTER 3 

SOLAR COSMIC RADIATION 

1. Or-igin, 02. Qrp-usc -u la r  S_o  

(SCR) 

l a r  .Radia t ion  

Sudden  changes,  which  amount  to 5 - 6  % on t h e   s u r f a c e   o f   t h e   / 6 0  
e a r t h ,   a r e   s o m e t i m e s   o b s e r v e d   a l o n g   w i t h   p e r i o d i c   c h a n g e s   i n   t h e  
i n t e n s i t y   o f   c o s m i c   r a d i a t i o n ,   w h i c h  w a s  d i s c u s s e d   i n   t h e   p r e c e d i n g  
chapter.  Between  1936 - 1 9 5 6 ,   s u c h   b u r s t s   o f   c o s m i c   r a d i a t i o n ,  
which   could   be   observed   th roughout   the   ear th ,   appeared   four  times 
i n   a l l ,  a n d   t h e r e f o r e   t h i s  i s  r e g a r d e d   a s  a ve ry  rare phenomenon. 

Forbush ( R e f .  1) and  Ehmert  (Ref.  2) f irst  e s t a b l i s h e d  on 
Februa ry   28 ,   1942 ,   t ha t   t h i s  phenomenon  was d i r e c t l y  re la ted t o  
ch romosphere   f l a r e s  on the   sun .   Wi th   the   deve lopment   o f   neut ron  
mon i to r s   o f   cosmic   r ad ia t ion   (Ref .  3 )  i n   1950 ,   wh ich  made i t  
p o s s i b l e  t o  i n c r e a s e   t h e   s e n s i t i v i t y   o f   t h e   m e a s u r e m e n t s   c a r r i e d  
o u t   o n   t h e   e a r t h ,   i n t e n s e   s t r e a m s   o f   r a d i a t i o n   h a v i n g  a s o l a r  
or ig in   were   repea ted ly   observed ,   and   sounding   ba l loons ,   ionosphere  
o b s e r v a t i o n s ,  and other   methods were used  more  and  more  extensively 
t o   s t u d y  them. 

I n t e n s e  SCR was o b s e r v e d   a f t e r   c h r o m o s p h e r e   f l a r e s  on  March 7 ,  
1942; J u l y  25,   1946;  November 19 ,   1949;   February   23 ,   1956;   Ju ly  7 ,  
1958; May 11 - 15 ,   and   Ju ly  10 - 17, 1959; May 4 ,  and  November  12 - 
20,  1960  and a t   o t h e r  times. La rge   co rpuscu la r   s t r eams  were ob- 
served  one - f o u r  times f o r  4 - 5 y e a r s   d u r i n g   t h e   p e r i o d   o f   a n  
i n c r e a s e   o r  (more   f requent ly)  a d e c r e a s e   i n   s o l a r   a c t i v i t y   ( R e f .   4 ) .  
E ight   very   powerfu l   s t reams  (Ref .   5 )  were observed   f rom  1936  to   1960.  
The weakes t   s t reams - w h i c h   c o u l d   n o t   r e a c h   t h e   l o w e r   l a y e r s  of t h e  
atmosphere,   but  which  could  be  measured  very w e l l  w i th   sound ing  
b a l l o o n s ,   h i g h - a l t i t u d e   r o c k e t s ,   a n d  s a t e l l i t e s  - appeared  much more 
f r e q u e n t l y ,  5 - 1 3  times p e r   y e a r   ( R e f .  4 ,  R e f .   6 ,   R e f .  7) ,  o r   a p p r o x i -  
mately  once a month d u r i n g   t h e   p e r i o d s   o f   a n   a c t i v e   s u n  - sometimes 
in   g roups   one   beh ind   t he   o the r   (Re f .  8 ) .  

B e f o r e   d i s c u s s i n g   t h e   o r i g i n  of t h e   i o n i z i n g   r a d i a t i o n   f r o m  
s o l a r   f l a r e s ,  i t  is  r e l e v a n t   f o r   u s   t o  recal l  c e r t a i n   i n f o r m a t i o n  
abou t   t he   sun   (Ref .  9 ,  R e f .   1 0 ) .  I t  r e p r e s e n t s   a n   i n c a n d e s c e n t  
s p h e r e  made of   plasma,   with a s u r f a c e   t e m p e r a t u r e   o f   a b o u t  5800' K 
and a  mean d e n s i t y   o f  1 .41  g ~ c m - ~ .  It i s  assumed t h a t   t o w a r d   t h e  
c e n t e r   o f   t h e  sun t h e   t e m p e r a t u r e   i n c r e a s e s  up t o  1 5  - 20 m i l l i o n  
d e g r e e s ,   t h e   d e n s i t y   r e a c h e s  130 g - c ~ n - ~ ,   a n d   t h e   p r e s s u r e   r e a c h e s  
150 - 200 m i l l i o n   t e c h .  atm. Under   these   condic ions ,   thermonuclear  
r e a c t i o n s   t a k e   p l a c e   w i t h i n   t h e  sun, w h i c h   r e p r e s e n t   t h e   s o u r c e  of  
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s o l a r   e n e r g y .  

Above t h e   s u r f a c e  of t h e  sun - i t s  pho tosphe re  - t h e r e  i s  
a ve ry   r a re f i ed   a tmosphe re :  i t s  i n n e r   p o r t i o n  - w h i c h   e x t e n d s   f o r  
1 2  - 1 4  thousand km above   t he   pho tosphe re  - is  c a l l e d   t h e  
chromosphere.   The  gas   pressure  (plasma)  in   the  chromosphere 
amounts t o   a b o u t  80 mm tig a t  t h e   s u r f a c e  o f  t h e   p h o t o s p h e r e ;   t h e  
temperature   amounts   to   f rom 6 - 7 t o  20 thousand  degrees .  The 
s l i g h t l y - l u m i n e s c e n t   s o l a r   c o r o n a ,   w h i c h  i s  even more r a r e f i e d ,  
extends  behind  the  chromosphere.  The t e m p e r a t u r e   o f   t h e   s o l a r  
corona   reaches  1 m i l l i o n   d e g r e e s ,   a n d   t h e   d e n s i t y   i n   t h e   i n n e r  
p a r t  r eaches  g - ~ m - ~  . B r i g h t e r ,   s t r a i g h t  and  curved  coronal 
r a y s  - which are sometimes  closed  by arcs on   t he   su r f ace   o f   t he  
sun ,   and   which   somet imes   ex tend   c lear  down t o   t h e   e a r t h   o r b i t  - 
a r e   v i s i b l e   i n   t h e   s o l a r   c o r o n a ,   w h i c h   h a s   a n   i r r e g u l a r , " f r a y e d "  
form. 

A c c o r d i n g   t o   t h e   r a d i a t i o n   s p e c t r u m ,   a l m o s t  a l l  t h e  known 
e l emen t s   have   been   d i scove red   i n   t he   so l a r   compcs i t i on .   These  
e l e m e n t s   i n c l u d e   t e c h n e t i u m ,   w h i c h   p o i n t s   d i r e c t l y   t o   n u c l e a r  
p r o c e s s e s   o c c u r r i n g   i n   t h e   d e p t h s   o f   t h e  sun, because i t  h a s  a 
comparat ively small  l i f e t i m e  and   mus t   be   cons t an t ly   c r ea t ed  anew 
i n   n u c l e a r   r e a c t i o n s .   E y d r o g e n   c o m p r i s e s   6 2 . 3 %   o f   t h e   s o l a r   a t -  
mosphere mass; he l ium - 36%;  and  oxygen - 1%. The remaining 
elements  must  comprise less t h a n  1% o f   t h e  mass. 

A c c o r d i n g   t o   t h e   a t o m i c   c o m p o s i t i o n ,   t h e   f o l l o w i n g   c o n s t i t u t e  
t he   so l a r   a tmosphe re :   hydrogen  - 81.76%;  helium - 1 8 . 1 7 % ;  oxygen - 
0.03%;  magnesium - 0 .02%;  n i t r o g e n  - 0.01%; s i l i c o n  - 0.006%: 
ca rbon   and   su l fu r  - 0 .003%;   i ron  - 0.0008%; e tc .  Lines  of ca l c ium,  
hydrogen ,   he l ium,   and   magnes ium  appear   in   the   chromosphere   rad ia t ion  
spectrum. They impar t  a r ed   co lo r   t o   t he   ch romosphere .  

The s u r f a c e  o f  t he   sun   does   no t  seem to   be   un i form,   and  
seems t o   c o n s i s t   o f   l i g h t   k e r n e l s  - granules .   These  are r e g i o n s  
having a dimension  of  200 - 1000 km, which are e x t r e m e l y   u n s t a b l e .  
The g r a n u l e s   c o n s t a n t l y   s h i f t   a l o n g   t h e   s u r f a c e   o f   t h e   s u n  a t  a 
v e l o c i t y  of 2 - 4 km/sec ,   appear ing   and   d i sappear ing  i n  s e v e r a l  
minutes .  It i s  assumed t h a t   t h e   g r a n u l e s  are t h e   e f f e c t   o f  con- 
v e c t i o n   c u r r e n t s  of s o l a r  matter, wh ich   ca r ry   ho t  streams from 
t h e   d e p t h s   o f   t h e  sun t o   t h e   o u t s i d e ,   a n d   t h e   c o l d e r  streams - 
f rom  the   su r f ace   deep  down t o   t h e   i n t e r i o r .   I n   a d d i t i o n ,   t h e s e  
c u r r e n t s   m a i n t a i n   t h e   t e m p e r a t u r e   o f   t h e   p h o t o s p h e r e .  

Much l a r g e r ,   b r i g h t   f i l a m e n t s  - f a c u l a e  - which ar ise  above 
t h e  level o f   t h e   p h o t o s p h e r e  - are a l s o   o b s e r v e d   o n   t h e   s u r f a c e  
o f   t h e  sun. The f a c u l a e   u s u a l l y   f o r m   e n t i r e   a c t i v e   r e g i o n s  - 
f a c u l a r   f i e l d s   o r   f a c u l a r   p l a g e s .  The b r i g h t e r   f a c u l a r   p l a g e s  
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a r e   s m a l l e r   t h a n   t h e   p l a g e s   w h i c h  are less b r i g h t .  A t  t he   edges  
o f   t h e   s o l a r   d i s c ,  i t  c a n   b e   s e e n   t h a t   l u m i n e s c e n t   r e e d s ,   i n   t h e  
fo rm  o f   b l ades   o f   g ra s s ,  rise a b o v e   t h e   g r a n u l e s   i n   t h e  act ive 
r eg ions .   These   r eeds   have  a t h i c k n e s s   o n   t h e   o r d e r  of 102km  and 
a he ight   o f   about   104km;   they   cons t i tu te   the   chromosphere .   These  
a r e   t h e   s o - c a l l e d   s p i c u l e s .   I n   t h e   c o u r s e   o f   s e v e r a l   m i n u t e s ,  
t h e   s p i c u l e s  rise f rom  the   pho tosphe re ,   and   t hen  s e e m  t o  m e l t ,  
t r a n s m i t t i n g   t h e i r  matter t o   t h e   s o l a r   a t m o s p h e r e .  Above t h e  
f a c u l a r   f i e l d s   i n   t h e   c h r o m o s p h e r e ,   b r i g h t   r e g i o n s   a r e   o b s e r v e d ,  
i n   t h e   r a d i a t i o n   o f   w h i c h   t h e   l i n e s  of i on ized   ca l c ium are par -  
t i c u l a r l y   i n t e n s e .   T h e s e   r e g i o n s   a r e   c a l l e d   c a l c i u m   f l o c c u l a .  

Photograph  of   the 

F igu re   3 .1  

Sun  on A p r i l  7 ,  1947 (R.ef. 9 )  

The most   no tewor thy   e lements   on   the   so la r   sur face ,   which  are 
f r e q u e n t l y   v i s i b l e   t o   t h e   n a k e d   e y e ,  are t h e  sun s p o t s  - i . e . ,  com- 
p a r a t i v e l y   d a r k   r e g i o n s   h a v i n g   a n   i r r e g u l a r   f o r m  are l o c a t e d  among t h e  
f a c u l a r   f i e l d s   ( F i g u r e   3 . 1 ) .  The t empera tu re   o f   t he   pho tosphe re  
w i t h i n   t h e  limits o f   t h e   s p o t s  i s  s i g n i f i c a n t l y   l o w e r ,   a n d   a m o u n t s   t o  
3700 - 4800" K. A l i gh te r ,   f i b rous   penumbra ,   wh ich   has   sha rp   edges   o f  
an   i r r egu la r   fo rm  and   wh ich   su r rounds   t he   cen t r a l   nuc leus ,  i s  p a r t i c u -  
l a r l y   n o t i c e a b l e   i n   t h e   l a r g e r   s p o t s  - which  sometimes  amount  to  more 
than  1% of t h e   v i s i b l e   a r e a  of  t h e   s o l a r   d i s c .   S o m e t i m e s   t h e   s p o t s  
i n t e r s e c t   t h e   l i g h t   f i l a m e n t s  

The assumpt ion   has   been  
t h e  level  o f   t he   pho tosphe re ,  

( F i g u r e  3 .2 )  . 
made t h a t   t h e  spots are l o c a t e d   b e l o w  
a n d   t h e   p e n u m b r a   r e p r e s e n t s   t h e   s i d e s ;  
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t h e   f i l a m e n t s   r e p r e s e n t   c o n v e c t i o n  streams o f   s o l a r  matter of  a 
type   o f   g ranu le ,   wh ich   can   be   s een   i n  a c r o s s - s e c t i o n  view and i n  
a s i d e   v i e w ,   t o  a c e r t a i n   e x t e n t .   A c t u a l l y ,   t h e  movement o f   s o l a r  
matter f r o m   t h e   s h a d e   t o   t h e   e x t e r i o r   p a r t s   o f   s e m i - s h a d e ,   a n d  
v i c e   v e r s a ,   h a s   b e e n   r e c o r d e d .  

Due t o   t h e   r o t a t i o n   o f   t h e   s u n ,   t h e   s p o t s  move a l o n g   t h e  
v i s i b l e   s o l a r   d i s c   f r o m   t h e  east  t o   t h e  west o v e r  a p e r i o d  of 27-35 
days ; they move more r a p i d l y  a t  the   equa to r ,   and  more s l o w l y   a t   t h e  
h i g h   l a t i t u d e s .   I n   a d d i t i o n ,   t h e   s p o t s  are displaced  somewhat  
th rough  the   photosphere .   Gradual ly   deve loping   f rom  bare ly-not iceable  
p o r e s ,   h a v i n g  a d i a m e t e r  011 t h e   o r d e r   o f  lO’krn, t h e   s p o t s  ex i s t  from 
a per iod   of  several  days up to   s eve ra l   mon ths ,   some t imes   pas s ing  two /63 
o r   t h r e e  times a l o n g   t h e   v i s i b l e   s o l a r   d i s c .   P a i r s   a n d   g r o u p s   o f  
s p o t s  are f requent ly   formed.  As groups   o f   spots   deve lop ,   enormous  
s p o t s   a p p e a r   w i t h  a p e n u m b r a ,   a n d   t h e   e n t i r e   a c t i v e   r e g i o n  - t h e  
f a c u l a r   f i e l d  - expands .   Af te r  a c e r t a i n   p e r i o d   o f   t i m e ,   t h e   s p o t s  
b e g i n   t o   d e c r e a s e   a n d   d i s a p p e a r ,   a n d   t h e   f a c u l a r   f i e l d  i s  reduced.  
H o w e v e r ,   t h e   s o l a r   s p o t s   f r e q u e n t l y  l a s t  f o r  a long   pe r iod   o f  time, 
and  they  can  be  reformed  again  and  again.   Sometimes  grey  regions 
a p p e a r   i n   t h e   f a c u l a r   f i e l d :   p e n u m b r a s   w i t h o u t  a d a r k   n u c l e u s .  

F i g u r e  3.2 

Photograph  of  a Group o f   So la r   Spo t s   (Re f .   11 )  
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The f requency   of   appearance ,   the   number   o f   the   spots ,   and   the  
a r e a   o f   t h e   s o l a r   d i s c   w h i c h  i s  occup ied   by   t he   ac t ive   r eg ions   cha rac -  
t e r i z e   t h e   s o l a r   a c t i v i t y .  It  u n d e r g o e s   p e r i o d   f l u c t u a t i o n s ,   r e a c h i n g  
a maximum of  50 - 200 s p o t s   p e r   y e a r   a f t e r   7 . 3  - 1 7   y e a r s  - on   t he  
average  of   each 11.13 yea r s   (F igu re   3 .3 ) .  The p e r i o d s  of maximum 
s o l a r   a c t i v i t y   a f t e r   6 . 0   y e a r s ,   o n   t h e   a v e r a g e ,  are rep laced   by  
per iods   o f  a q u i e t   s u n ,  when t h e  number   o f   spots   decreases ,  so t h a t  
sometimes  not   one  spot  i s  v i s i b l e  on i t s  s u r f a c e   o v e r  a p e r i o d   o f  
s eve ra l   weeks .  

The l a s t  maximum a c t i v i t y ,   w h i c h  w a s  t h e   l a r g e s t   f o r  200 y e a r s ,   / 6 4  
was obse rved   i n   1957  - 1958.  The F i r s t   I n t e r n a t i o n a l   G e o p h y s i c a l  
Year  was coord ina ted   w i th  i t .  The n e x t   a c t i v i t y  minimum o c c u r s   i n  
1964 - 1966. I n   a d d i t i o n   t o   1 1 - y e a r   p e r i o d i c i t y   o f   s o l a r   a c t i v i t y ,  
a s e c u l a r   c y c l e  i s  n o t e d ,   w i t h  a pe r iod   o f   abou t  80 y e a r s .  The  maxi- 
mum o f  t h e   s e c u l a r   c y c l e   a l s o   o c c u r s   i n   o u r   e p o c h .  

o 140- 

1750 770 7770 1780 7730 7800 78ID 1820 1830 7840 7850 
Years 

F i g u r e   3 . 3  

Number o f  So la r   Spo t s   (Re f .   9 )  

L o c a l   m a g n e t i c   f i e l d s   a r e   r e l a t e d   t o   t h e   s o l a r   s p o t s .  The in -  
t e n s i t y   o f   t h e s e   f i e l d s  i s  d i r e c t e d   v e r t i c a l l y   t o   t h e   s u r f a c e  o f  t h e  
sun, and  amounts t o  3000 oe.  At t h e   b o u n d a r y   o f   t h e   s p o t s ,   t h e  
f o r c e   l i n e s   o f   t h e   m a g n e t i c   f i e l d   b e n d ,   a n d   r e t u r n   t o   t h e   s u r f a c e   o f  
t h e   s u n .   O u t s i d e   o f   t h e   a c t i v e   r e g i o n s ,   t h e   m a g n e t i c   f i e l d  i s  small. 
A t  h i g h   l a t i t u d e s  and a t   t h e   s o l a r   p o l e s ,   t h e   m a g n e t i c   f i e l d  i s  
approx ima te ly   t he  same as  on t h e   s u r f a c e   o f   t h e   e a r t h ,   a n d   a m o u n t s   t o  
less t h a n  1 oe.  

It  s h o u l d   b e   n o t e d   t h a t   t h e   s p o t s   f r e q u e n t l y   a p p e a r  as p a i r s  
w i t h  a d i f f e r e n t   m a g n e t i s m   l a w .   I f   s p o t s   w i t h  a nor thern   magnet i sm 
a r e   l o c a t e d   i n   f r o n t   i n   t h e   n o r t h e r n   h e m i s p h e r e   o f   t h e   s u n ,   t h e n   s p o t s  
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w i t h  a southern  magnet ism move i n   f r o n t  j.n t he   sou the rn   hemisphe re .  
The t endency   fo r   spo t s   hav ing   oppos i t e   magne t i sm  to   be   r epu l sed   can  
be  observed.  The f i n e   s t r u c t u r e   o f   g r a n u l e s   a n d   f a c u l a e   b e t w e e n   s u c h  
s p o t s  i s  sometimes  remarkably similar t o   t h e   d i s t r i b u t i o n   o f   i r o n   f i l i n g s  
between  poles   of  a magnet. 

D u r i n g   t h e   i n i t i a l   p e r i o d   o f   s o l a r   a c t i v i t y ,   t h e   s p o t s   a p p e a r  
p r i m a r i l y   a t   t h e   h i g h e r   l a t i t u d e s  - about  35". They then   appear  
c l o s e   t o   t h e   e q u a t o r ,   w h i l e   d u r i n g   t h e   p e r i o d   o f   t h e  minimum they 
d i s a p p e a r   a t   a b o u t  6" o f   s o l a r   l a t i t u d e .  The  magnet ism  of   the  solar  
hemisphere  changes i t s  s i g n   w i t h  a new c y c l e  o f  s o l a r   a c t i v i t y .  A t  
t i m e s ,   b o t h   s o l a r   p o l e s   h a v e   t h e  same magnetism. When t h e   s p o t s  I 6 5  
appear  anew, they   a r e   aga in   obse rved   a t  f i r s t  a t   l a r g e   l a t i t u d e s ,  
b u t   t h i s  time s p o t s   w i t h  a s o u t h e r n   m a g n e t i s m   a r e   l o c a t e d   i n   f r o n t  
i n   t he   no r the rn   hemisphe re ,   and   spo t s   w i th  a northern  magnet ism 
a r e   l o c a t e d   i n   f r o n t   i n   t h e   s o u t h e r n   h e m i s p h e r e .  

In o r d e r   t o   e x p l a i n   t h e s e  phenomena,  Babcock  (Ref. 80) assumed 
t h a t   t h e   f o r c e   l i n e s   o f   t h e  weak m a g n e t i c   f i e l d   o f   t h e   s u n   p a s s   o n l y  
s l i g h t l y   u n d e r  i t s  s u r f a c e .  Due t o   t h e   f a c t   t h a t   t h e   e q u a t o r i a l  
r e g i o n s   r o t a t e  more r a p i d l y   t h a n   t h e   p o l a r   r e g i o n s ,   t h e   p l a s m a  
subs tance   o f   the   sun   absorbs   the   magnet ic   tubes  o f  f o r c e   i n   t h e  
e q u a t o r i a l   z o n e ,   s t r e t c h i n g  them ou t   i n   t he   fo rm  o f   l oops   a long  
t h e   e q u a t o r ,   w h i c h   t h e y   c a n   e n c i r c l e   s e v e r a l   t i m e s .   U l t i m a t e l y ,  
t hese   l oops  are b r o k e n   a p a r t ,   a n d   t h e i r   e n d s   r e a c h   t h e   s o l a r   s u r f a c e  
i n   t h e   f o r m   o f   p a i r s  of  oppos i t e   r eg ions   o f   i nc reased   magne t i sm.  
D u r i n g   t h i s   p e r i o d ,   t h e   e n t i r e   m a g n e t i c   f i e l d   o f   t h e   s u n   u n d e r g o e s  
g r e a t   d i s t u r b a n c e s ,   a n d   t h e n  i s  a g a i n   r e s t o r e d  - b u t   w i t h   t h e   o p p o s i t e  
f i e l d   d i r e c t i o n .  

On t h e   b a s i s  o f  t h e s e   i d e a s ,   t h e   s o l a r   s p o t s   c a n   b e   r e g a r d e d   a s  
t h o s e   l o c a t i o n s  on t h e   s o l a r   s u r f a c e   w h e r e   l o c a l   m a g n e t i c   f i e l d s   a r e  
s o  l a r g e   t h a t   t h e y   f r e e z e   t h e   m o t i o n   o f   c o n v e c t i o n  streams and  thus 
c a u s e   c o o l i n g   o f   t h e   c o r r e s p o n d i n g   s e c t i o n   o f   t h e   p h o t o s p h e r e .  The 
w e a k e r   m a g n e t i c   f i e l d   i n   t h e   r e g i o n  o f  the   penumbra   l eads   to   the  
r e v e r s e   e f f e c t ,   c h a n g i n g   t h e   t u r b u l e n t ,   v o r t e x   m o t i o n   o f   t h e   c o n v e c t i o n  
s t r e a m s   i n t o   l a m i n a r ,   o r d e r e d   m o t i o n .  It  t h u s   i n t e n s i f i e s  and a c c e l e r a t e s  
convec t ion ,   and   l eads   t o   t he   appea rance   o f   b r igh te r   f acu la r   f i e lds  
a r o u n d   t h e   s p o t s ,   a n d   t o   t h e   i n t e n s i f i c a t i o n   o f   s o l a r   a c t i v i t y   i n   t h e s e  
r eg ions .  

C lea r ly -v i s ib l e ,   emi t t ed   c louds   o f   l uminescen t   p l a sma  - pro tube ran -  
ces  which l i e s  above  the  chromosphere - are l o c a t e d   a t   t h e   e d g e   o f   t h e  
s o l a r   d i s c ,   o v e r   t h e   a c t i v e   r e g i o n s .  The p r o t u b e r a n c e s   a r e   p r o j e c t e d  
on t h e   s o l a r   d i s c   i n   t h e   f o r m   o f   d a r k   f i l a m e n t s ,   w h i c h   r e a c h   g i g a n t i c  
dimensions a t  times. S i n g l e   p r o t u b e r a n c e s   e x i s t   f o r   s e v e r a l   m o n t h s ,  
and   o thers   rap id ly   d i sappear .   Somet imes   the   p ro tuberances   decrease  
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i n v e r s e l y   w i t h   t h e   f i l a m e n t s ,   w h i c h   a r e  similar ( i n  terms o f   s t r u c t u r e )  
t o   t h e   l i n e s   o f   t h e   m a g n e t i c   f i e l d ;   s o m e t i m e s   t h e y  are broken   of f   f rom 
the   sun ,   which  i s  m o s t   f r e q u e n t l y   o b s e r v e d   a t   t h e   l o c a t i o n s   o f   t h e  
s o l a r   s p o t s .   S i n c e   t h e   s e c o n d   c o s m i c   v e l o c i t y   o n   t h e   s u r f a c e   o f   t h e  
sun   equa l s  619 k m / s e c ,   t h e   v e l o c i t i e s   o f   s u c h   e r u p t i v e   p r o t u b e r a n -  
ces   reach  hundreds  and  thousands  of   ki lometers   per  1 s e c .  The 
appearance   f requency   and   the   s t rength   o f   the   p ro tuberances  i s  a l s o  
r e l a t e d   t o   t h e   p e r i o d s   o f   s o l a r   a c t i v i t y .  

The s u r g e   o f   e r u p t i v e   p r o t u b e r a n c e s   f r e q u e n t l y   f o l l o w s  chromo- 
s p h e r e   f l a r e s   ( R e f .  10 ,  Ref.  1 2 )  - i . e . ,  a s u d d e n ,   l o c a l   i n c r e a s e   i n  
the   b r ightness   o f   the   chromosphere ,   which  i s  p a r t i c u l a r l y   s t r o n g   i n  
the   Ha-emiss ion   l ine   o f   hydrogen .   The   chromosphere   f la res  are ob- 
s e r v e d   o v e r   t h e   r e g i o n   o f   s o l a r   s p o t s   w h i c h  are u s u a l l y   l a r g e ,   w i t h  
an   ex tended   penumbra ,   f requent ly   appear ing   be tween  spots   wi th   oppos i te  
magnetism.  Sometimes  the f la re  passes - a s   i f  i t  were p u l s a t i n g  - 
a l o n g   t h e   f a c u l a r   f i l a m e n t .  

The chromosphere f la res  d i f f e r   i n  terms o f   s t r e n g t h   o r   i n  
t e rms   o f   c l a s s .  A f l a r e   o f  class 1 encompasses L ~ O - ~  o f  t h e  
v i s i b l e   s u r f a c e   o f   t h e   s o l a r   d i s c  (1 + - g r e a t e r   t h a n  l.10-4, 
b u t  l e s s   t h a n  2.1OW4, e t c . ) .  The   mos t   powerfu l   f la res   be long   to  
c l a s s  3 ;  3 + , o r  4 +. Apart  from a b r i g h t n e s s   i n c r e a s e   i n   t h e  
v i s i b l e  l i g h t ,  d u r i n g  a c h r o m o s p h e r e   f l a r e   t h e   i n t e n s i t y  of  t h e  
u l t r a v i o l e t  and   t he   so f t   x - r ay   r ad ia t ion   i nc reases ,   and   co rpus -  
cular r a d i a t i o n  is  p r o d u c e d .   B u r s t s   a p p e a r   i n   t h e   r a d i a l  enis- 
s i o n   o f   t h e   s o l a r   a t m o s p h e r e .   S o m e t i m e s ,   b r i e f   i m p u l s e s   o f  
e l e c t r o m a g n e t i c   r a d i a t i o n  are observed.  

The b r i g h t n e s s   o f   t h e  f l a r e  i n c r e a s e s   f o r   s e v e r a l   m i n u t e s  - 
no t  more than   ten  - and  then  s lowly  fades   away,   sometimes  remaining 
above   the   genera l   l eve l   o f   the   chromosphere   luminescence   for   t ens  
o f  hour s .  The p h o t o s p h e r e   t e m p e r a t u r e   d u r i n g   t h e   f l a r e   i n c r e a s e s  
t o  6 . 5  thousand  degrees   (Ref .  13) .  The appearance   o f   an   emiss ion  
l i n e   f o r   h e l i u m ,   w h i c h  i s  sometimes  observed  during a f l a r e ,   p o i n t s  
t o   t h e   f a c t   t h a t   t h e   c h r o m o s p h e r e   t e m p e r a t u r e   c a n   r e a c h  25 thousand 
degrees .  

Chromosphere f l a r e s  on the   sun   and   the   p rocesses   accompanying  
them f r e q u e n t l y   p r o d u c e   g e o p h y s i c a l   d i s t u r b a n c e s  - r a d i o   n o i s e s ,  
i o n o s p h e r e   d i s t u r b a n c e s   w h i c h   l e a d   t o   d i s r u p t i o n s   i n   r a d i o  communica- 
t i o n s ,   m a g n e t i c   d i s t u r b a n c e s   a n d   s t o r m s ,   a u r o r a   P o l a r i s ,   a n d   f i n a l l y  
a n   i n c r e a s e   i n   c o s m i c   r a d i a t i o n  - m o r e   p r e c i s e l y ,   t h e   a p p e a r a n c e   o f  
power fu l   co rpuscu la r  streams coming  from  the  sun,  which are o f   t he  
g r e a t e s t   i n t e r e s t   f o r   t h i s   b o o k .  

Thus ,   the   sun  i s  a c o n s t a n t   s o u r c e   o f   c o r p u s c l e s ,  of s o l a r  
"wind" ( R e f .   1 4 )   o r i g i n a t i n g   f r o m   f l o c c u l i   ( R e f .   1 5 ) ,   p r o t u b e r a n c e s ,  
and   chromosphere   f la res .  It ls assumed t h a t  - 1 0 I 5 g / s e c  of 
p r o t o n s  move f rom  the  sun t o   t h e   e a r t h   w i t h   v e l o c i t i e s   o f  300-4000km/sec 
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( ene rg ie s   o f  1 - 100  kev) ,  so  t h a t   t h e  stream o f   p r o t o n s  a t  t h e  
e a r t h   a m o u n t s   t o   a b o u t   5 0 1 0 ~  cm-2*sec-1 (Ref.  2 , Ref.  16 - 1 8 ) .  The 
h y p o t h e s i s   h a s   e v e n   b e e n   f o r m u l a t e d   ( R e f .   1 6 )   t h a t   t h e   o c e a n s  on t h e  
e a r t h  were formed as a r e s u l t   o f   s o l a r   p r o t o n s   b e i n g   c a p t u r e d ,   w i t h  
the   subsequen t   ox id i za t ion   o f   hydrogen .   The   d i f fus ive   l uminescence  
o f   t h e   n i g h t   s k y  i s  e x p l a i n e d   b y   t h e   c o n s t a n t   i n t r o d u c t i o n   o f   n e u t r a l i z e d  
hydrogen   a toms   i n to   t he   ea r th ' s   a tmosphe re   (Ref .   19 ) .  

On t h e   o t h e r   h a n d ,  on t h e   b a s i s   o f   m e a s u r e m e n t s  carried ou t   w i th  
i o n  t raps  which were p l a c e d   o n   t h e   s o v i e t   c o s m i c   r o c k e t s ,  K .  I .  Grin- 
gauz   assumes   tha t   there  i s  no   cons tan t   so la r   ' lwind ' l ,   and   tha t   on ly  
streams o f   p o s i t i v e l y - c h a r g e d   p a r t i c l e s   o n   t h e   o r d e r   o f  
l o 8  - l o 9  cm-2*sec-1 are e m i t t e d  a t  times (Ref .  11, Ref. 2 0 ) .  Thus,  
a l t h o u g h   t h e r e  is s t i l l  n o   g e n e r a l l y - a c c e p t e d   i d e a   r e g a r d i n g   t h e  
s o l a r  "wind",   slow  protons  and  ions  of  helium  coming  from  the  sun 
c o n s t a n t l y   a r r i v e   i n   t h e   v i c i n i t y  o f  t h e   e a r t h .  

T h e r e   a r e   a l s o   d i f f e r e n t   h y p o t h e s e s   r e g a r d i n g   t h e   o r i g i n   o f  
streams o f   ha rd   co rpuscu la r   r ad ia t ion   f rom  the   sun .  Some i n d i v i d u a l s  
assume t h a t ,  due to   t he   non- s t a t iona ry   magne todynamic   p rocesses  
i n   t h e   r e g i o n   o f   s o l a r   s p o t s ,   t h e   m a g n e t i c   f i e l d   c o m p e l s   t h e   p l a s m a  
to  be  compressed..  A s  t h e   r e s u l t   o f   t h i s ,   t h e   p l a s m a   r a p i d l y  warms I6 7 
up,  and   the   p lasma  subs tance  i s  e j e c t e d   f r o m   t h i s   r e g i o n   ( R e f .  2 1 ) .  
The p lasma  ions  are a c c e l e r a t e d  up t o   l a r g e   e n e r g i e s   i n   t h e   l o c a l  
m a g n e t i c   f i e l d s   o f   t h e   a c t i v e   s o l a r   r e g i o n s .  

V.  P.  Shabanskiy  (Ref .  2 2 )  a s sumes   t ha t   t he   p l a sma  warms up 
t o   4 - 1 0 7  O K ,  under   the   in f luence   o f   shock   waves   which   a re   p ropagated  
th roughou t   t he   co lde r   p l a sma   wh ich   f l ows   ou t   t o   t he   r eg ion  of  s o l a r  
s p o t s .  A t he rmonuc lea r   r eac t ion   deve lops ,   du r ing   wh ich   p ro tons  - 
having  an  energy of 3 - 1 4  Mev - a n d   a - p a r t i c l e s  - having  an  energy 
of  4 Mev - are formed. From t h e   e a r t h ,   t h e   r e g i o n   i n   w h i c h   t h e  
the rmonuc lea r   r eac t ion   deve lops  is  obse rved   a s  a c h r o m o s p h e r e   f l a r e .  

Plasma streams a r e   e m i t t e d   f r o m   t h e   r e g i o n  of  the   t he rmonuc lea r  
r e a c t i o n  a t  a v e l o c i t y  on the   o rder   o f   1000  km/sec .  The r a p i d  
par t ic les  w h i c h   a r e   f o r m e d   d u r i n g   t h e   r e a c t i o n   a r e   c a p t u r e d  by t h e  
magnet ic  t raps  i n   t h e   u p p e r   l a y e r s  of the   chromosphere,   and  are   gra-  
d u a l l y   s t o r e d  up t h e r e .   D u r i n g   e n o r m o u s   f l a r e s ,   t h e   t r a p   o v e r f l o w s ,  
and   the   corpusc les   which  are t h u s   f r e e d   r e c e i v e   a n   a d d i t i o n a l   a c c e l e r a -  
t i o n .  I t  i s  assumed t h a t   t h i s   p r o c e s s   c a n   e x p l a i n   t h e   a p p e a r a n c e   o f  
p ro tons ,   hav ing   an   ene rgy  on t h e   o r d e r   o f  l o 4  M e V ,  i n   t h e  SCR spec t rum.  
Apparent ly ,   the   appearance  of p r o t o n s   h a v i n g   l a r g e   e n e r g i e s  i s  always 
accompanied by s u r g e s   o f  matter w i t h  a v e l o c i t y  on t h e   o r d e r   o f  
1000   km/sec   t o   an   a l t i t ude   o f   0 .5   mi l l i on  km (Ref .   12 ) .  

Helium  ions are a l s o   p r e s e n t   w i t h   p r o t o n s   i n   s o l a r   c o r p u s c u l a r  
streams. There are f e w e r   h e l i u m   i o n s   t h a n   t h e r e  are p r o t o n s ,   j u s t  as 
i n   t h e   s o l a r   c o m p o s i t i o n   ( R e f .   1 7 ,   R e f .  2 3 ,  Ref.  2 4 ) .  Mult i -charged 
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ions   (Ref .  2 3 ,  Ref .   25)   have   a l so   been   de tec ted ,   and  tritium n u c l e i  
have  been  observed  (Ref .  2 6 ) .  When t h e   m a g n i t u d e   o f   t h e i r   s t r e a m s  
was  compared w i t h   p r o t o n  streams, i t  w a s  f o u n d   t h a t   t h e  SCR composi t ion 
i s  s i m i l a r   t o   t h e   c o m p o s i t i o n   o f   t h e   s o l a r   a t m o s p h e r e .   T h e r e  are 
fewer   heavy   nuc le i   by   one   o rde r   o f   magn i tude   t han   t he re  are i n   t h e  
PCR. Thus ,   the   composi t ion   o f   rad ia t ion   which  is  e m i t t e d   d u r i n g  a 
f l a r e   i n d i c a t e s   t h a t  i t  o r i g i n a t e s   i n   t h e  sun. S o l a r   f l a r e s   a r e  
t h e   s o u r c e   o f   e l e c t r o n s .  When t h e s e   e l e c t r o n s   i n t e r a c t   w i t h   t h e  
m a g n e t i c   f i e l d s  of t h e  sun, r a d i o   e m i s s i o n  arises, and   x - r ay   r ad ia t ion  
a r i s e s   a s  a r e s u l t   o f   b r a k i n g   i n   t h e   s o l a r   a t m o s p h e r e   ( R e f .  11, Ref.   27) .  

By way of  a summation, i t  c a n   b e   s t a t e d   t h a t   p r o c e s s e s  are always 
o c c u r r i n g  on t h e   s u n ,   a s  a r e s u l t   o f   w h i c h   p r o t o n s  are emi t ted   which  
h a v e   e n e r g i e s   o f   t e n s   o f   k i l o e l e c t r o n   v o l t s ;   t h e   d e n s i t y   o f   t h e i r  
s t r e a m   i n   t h e   v i c i n i t y   o f   t h e   e a r t h   a m o u n t s   t o  l o 8  - l o 9  cm-2*sec-1. 
Dur ing   chromosphere   f la res ,   the   condi t ions   a re   formed  for   the   genera-  
t i o n  o f   power fu l   s t r eams   o f   ha rd   p ro tons   and   heav ie r   i ons   o f   so l a r  
m a t t e r .  The f l a r e s   a r e   a c c o m p a n i e d   b y   a n   i n c r e a s e   i n   t h e   u l t r a v i o l e t  
a n d   x - r a y   r a d i a t i o n ,   e l e c t r o m a g n e t i c   r a d i a t i o n   o f   e l e c t r o n s ,   a n d   r a d i o  
emiss ion .  

D u r i n g   t h e   p e r i o d s   o f   s o l a r   a c t i v i t y ,   t h e   S C R s t r e a m s  are ob- 
s e r v e d  more f requent ly ,   appear?-ng   about   once  a month.  The much 
g r e a t e r  SCR i n t e n s i t y ,   w h i c h  i s  o b s e r v e d   a t   s e a   l e v e l ,   a p p e a r s  much 
less  f r e q u e n t l y  - n o t  more  than 1 - 2 times p e r   y e a r   d u r i n g   a n   a c t i v e  
SUn.  

3 .2 .  Propagat ionqf_-Solar  Corpus_c_u_lar R-adistJgn i n   I n t e r -  
p_lanet:ary Space 
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The n a t u r e   o f   t h e   m a g n e t i c   f i e l d   i n   t h e   s o l a r   s y s t e m  i s  of  
g rea t   impor t ance   i n   unde r s t and ing   t he   l aws   unde r ly ing   t he   p ropaga t ion  
o f   c o r p u s c u l a r   s o l a r   r a d i a t i o n .   A c c o r d i n g   t o   t h e  Zeeman e f f e c t ,  i t  
has   been   e s t ab l i shed   f rom  obse rva t ions   o f   r ad io   emis s ion   t ha t   t he  
mean i n t e n s i t y   o f   t h e   m a g n e t i c   f i e l d   i n   t h e   g a l a x y  i s  less t h a n ,   o r  
e q u a l   t o ,  Z*10-5 oe ( & 2 y )  ( R e f .   2 8 ) .   I f  i t  i s  assumed t h a t   i s o t r o p y  
o f   g a l a c t i c   c o s m i c   r a d i a t i o n ,   h a v i n g   e n e r g i e s   o n   t h e   o r d e r   o f   1 0 1 o e v / n u c -  
l e o n ,  i s  e s t a b l i s h e d   w i t h i n   t h e   s o l a r   s y s t e m   u n d e r   t h e   e f f e c t   o f   t h e  
m a g n e t i c   f i e l d ,   t h e  same amount   can  be  obtained.  

Measurements  which were c a r r i e d   o u t  on t h e   c o s m i c   r o c k e t  
"Pioneer  V I '  showed t h a t   t h e  mean v a l u e   o f   t h e   m a g n e t i c   f i e l d   p r o j e c -  
t i o n   i n   t h e   r e g i o n  of t h e   e a r t h ' s   o r b i t  amounts t o  2 . 7 ~  (Ref .  2 9 ) .  
I n d i v i d u a l   c h a r g e d   p a r t i c l e s ,   h a v i n g  a small ene rgy ,   canno t   r each  
t h e   e a r t h   f r o m   t h e  sun, d u e   t o   t h e   c u r v a t u r e   o f   t h e i r   t r a j e c t o r y   b y  
t h e   m a g n e t i c   f i e l d .   I n   a d d i t i o n ,   t h e  weak   magnet ic   f ie lds   mus t   be  
r e a d i l y   d e s t r o y e d   e v e n   b y   v e r y   r a r e f i e d   c l o u d s   o f   p l a s m a   s u b s t a n c e  
wh ich   su r round   t he  sun. 
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There i s  n o   d o u b t   t h a t   t h e   m a g n e t i c   f i e l d   w i t h i n   t h e  l i m i t  o f  
t h e   e a r t h ' s   o r b i t  i s  c r e a t e d  by s o l a r   a c t i o n ,   i f   o n l y   t o  a p a r t i a l  
e x t e n t .  The c h a n g e s   i n   t h e   i n t e n s i t y   o f   g a l a c t i c   c o s m i c   r a d i a t i o n ,  
which a r e   r e l a t e d   t o   t h e   p e r i o d s   o f   s o l a r   a c t i v i t y ,   a l s o   p o i n t   t o  
t h i s .  Simpson (Ref. 30 - 3 2 )  a s s u m e s   t h a t   t h e   f o r c e   l i n e s   o f   t h e  
i n n e r   p l a n e t a r y   f i e l d   r a d i a t e   o u t   f r o m   t h e   s u n   i n   r a d i a l   d i r e c t i o n s ,  
and a c q u i r e  a random n a t u r e   b e h i n d   t h e   o r b i t   o f   t h e   e a r t h .   T h i s  is 
conf i rmed  in   the   works   o f   Vi tkevich ,   which  are d e v o t e d   t o  a s t u d y   o f  
non-un i fo rmi t i e s   o f   t he   supe rco rona   o f   t he   sun   u s ing   r ad io -as t ronomi -  
c a l   m e t h o d s .   T h i s   c h a r a c t e r i s t i c   o f   t h e   m a g n e t i c   f i e l d   m u s t   b e  
caused by t h e   s o l a r  "wind", i . e . ,  by r a d i a l   m o t i o n   o f   t h e   p l a s m a .  
The s t r e n g t h   o f   t h e   m a g n e t i c   f i e l d   m u s t   d e c r e a s e   b y   t h e   s q u a r e   o f  
t h e   d i s t a n c e   f r o m   t h e   s u n .  

T h e   m a g n e t i c   f o r c e   l i n e s   i n   t h e   e c l i p t i c   p l a n e   a r e   s l i g h t l y   c u r v e d  
t o w a r d   t h e   d i r e c t i o n   o f   m o t i o n   o f   t h e   e a r t h   ( R e f .  33) .  The d a t a  shown i n  
F i g u r e  3.4 can serve t o   s u b s t a n t i a t e   t h i s .  A s  can   be   seen   f rom  the  
f igure ,   the   c louds   o f   magnet ized   p lasma  f rom  the   wes te rn   ha l f   o f   the  
s o l a r   d i s c   r e a c h   t h e   e a r t h  much sooner  - f r e q u e n t l y   a f t e r  1 - 2 
hours  -, w h i l e   f r o m   t h e   e a s t e r n   h a l f   t h e y   a p p e a r   a f t e r  4 - 6 h o u r s ,  
a n d   f r e q u e n t l y   a f t e r  20 -40 hours  (18 hours ,   on   t he   ave rage )   (Re f .  3 4 ) .  
The d i f f e r e n t   f r e q u e n c y   w i t h   w h i c h   t h e  SCR a p p e a r s  a l s o  p o i n t s   t o   t h i s :  o f  
a l l   t h e   f l a r e s   o n   t h e   w e s t e r n   h a l f   o f   t h e   s o l a r   d i s c ,   t e n   c a s e s   o f   l a r g e  
SCR i n t e n s i t y  were obse rved   ove r  20 y e a r s ;   t h i s   i n t e n s i t y   r a p i d l y   i n -  
c r e a s e d   a n d ,   i n   i n d i v i d u a l  cases, a p p e a r e d   i n   t h e   a b s e n c e   o f  a v i s i b l e  
ch romosphere   f l a r e   ( co rpuscu la r   r ad ia t ion   f rom  the   edge   o f   t he   sun ) .  
C o r p u s c u l a r   r a d i a t i o n  comes f r o m   t h e   c e n t e r   a n d   e a s t e r n   p a r t   o f   t h e  
s u n   v e r y   r a r e l y ,   a n d   i n c r e a s e s   s l o w l y   ( R e f .  8 ,  Ref.  3 4 ) .  

I n   t h e   o p i n i o n   o f  Gold  (Ref. 35, Ref.  36), powerful   magnet ic  
f i e l d s ,  wh ich   occu r   above   t he   ac t ive   so l a r   r eg ion ,   have   t he   fo rm  o f  
e longa ted   l oops ,   wh ich   l eave   t h i s   r eg ion   and   somet imes   ex tend   beh ind  /69  
t h e   o r b i t   o f   t h e   e a r t h .  I t  i s  e v i d e n t   t h a t   t h i s   p o i n t   o f  view does 
n o t   c o n t r a d i c t   t h e   o p i n i o n  s e t  fo r th   by   S impson .   Cha rged   pa r t i c l e s  
having  a l a r g e   e n e r g y  - fo r   example ,   p ro tons   w i th   an   ene rgy   o f   10  Bev 
(Ref.  35) - move i n   s u c h   f i e l d s   t o w a r d   t h e   e a r t h ,   r o l l i n g   i n  a s p i r a l -  
l i k e  m a n n e r   o n   t h e   m a g n e t i c   f o r c e   l i n e s .   P a r t i c l e s ,   w h i c h ' a r e  e m i t t e d  
a t  small a n g l e s   t o   t h e   f o r c e   l i n e s ,   r e a c h   t h e   e a r t h   a f t e r  10 - 40 minutes ,  
a f t e r   t h e y  are e m i t t e d  b y   t h e   s u n .   I n   t h e   r e g i o n   o f   t h e   d i s o r d e r e d  
m a g n e t i c   f i e l d   b e h i n d   t h e   o r b i t   o f   t h e   e a r t h   a n d   i n   t h e   m a g n e t i z e d   p l a s -  
ma c l o u d s ,   d i f f u s i o n   o f   t h e   c h a r g e d   p a r t i c l e s   w h i c h   e s c a p e   s l o w l y  
must 0 c c u r  . 

When t h e   p a r t i c l e s  move a l o n g   t h e   l i n e s   o f   t h e   i n t e r p l a n e t a r y  
m a g n e t i c   f i e l d ,   t h e y   c a n   e n t e r   t h e   r e g i o n   o f   t h e   e a r t h   o n l y   f r o m  
p o i n t s   o n   t h e   s u n   w h i c h  are connec ted   w i th   t hem  by   t he   magne t i c   fo rce  
l i n e s .   S e v e r a l   o b s e r v a t i o n s   c o n f i r m   t h i s   v i e w p o i n t .   T h u s ,   d u r i n g  a 
f l a r e   o n   F e b r u a r y  2 3 ,  1956, a p a r t i a l  stream o f   c o r p u s c u l a r   r a d i a t i o n  



was d e t e c t e d  on t h e   e a r t h  by   neut ron   moni tors  10 - 30 minutes  
a f t e r   t h e   c h r o m o s p h e r e   f l a r e   ( R e f .  3 2 ,  Ref. 3 7 ) .  The f l a r e   b e g a n   a t  
03.31 world t i m e ,  i t  reached  a maximum a t  0 3 . 4 2 ,  and  ended a t  0 4 . 1 5 .  
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T i m e  Requ i red   t o  Reach t h e   E a r t h  by E m i t t e d  Plasma  Clouds  of 
Solar F l a r e s ,   a s  a Funct ion   of   Geographica l   Longi tude   o f   the  
F la re   (Re f .  3 4 ) .  

V e r t i c a l   l i n e s   i n d i c a t e   t h e  time during  which  geomagnet ic  
d i s t u r b a n c e s  were observed;   the   marks  on t h e   l i n e s   i n d i c a t e  
t h e   m a g n i t u d e   o f   t h e   d i s t u r b a n c e s   i n   u n i t s   o f  y: @ - 400 y ;  
0 -  (400  - 2 0 0 )  y ,  0 - (200 - 100) y , @  - 100 y .  

L s h a r p   i n c r e a s e   i n   t h e   i n t e n s i t y   o f   n e u t r o n s   a b o v e   d i f f e r e n t   p o i n t s  
I n   t h e   e a r t h ' s   s u r f a c e   b e g a n   a t  0 3 . 4 1  - 0 3 . 5 1 ,  t h e   i n t e n s i t y   r e a c h e d  
a maximum a t   a b o u t  0 3 . 5 4  - 0 4 . 3 0 ,  and   t hen   s lowly   dec reased   du r ing   t he  
course  of  20 h o u r s .   D u r i n g   t h e   f i r s t   m i n u t e s ,   t h e   c o r p u s c u l a r  streams 
p r o c e e d e d   i n   t h e   d i r e c t i o n   o f   t h e   s u n ,   a n d   v e r y   r a p i d   p r o t o n s   f i r s t  
s p p e a r e d ,   w i t h   e n e r g i e s  on t h e   o r d e r  of 10 Bev; a f t e r  10 - 15 minu tes ,  
s lower   p ro tons   appea red .  The d i r e c t i o n s  a t  w h i c h   t h e   p a r t i c l e s   a r r i v e d  
g r a d u a l l y   i n c l u d e d   t h e   e n t i r e   s k y ,   b e c a u s e   t h e   m o t i o n   o f   t h e   p a r t i c l e s  
a c q u i r e d  a d i f f u s i v e   n a t u r e ,   a n d   f r o m  0 3 . 5 8  on t h e y  were observed  I 7 0  
t h r o u g h o u t   t h e   e n t i r e  terrestrial s p h e r e ,   i n c l u d i n g   t h e   n o c t u r n a l  
s i d e .  
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A c c o r d i n g   t o   t h e   i d e a s   p r e s e n t e d   a b o v e ,   t h e  SCR s c a t t e r i n g  
o c c u r s   i n   r e g i o n s   o f   d i s o r d e r e d   m a g n e t i c   f i e l d s   b e h i n d   t h e   o r b i t  
o f   t h e   e a r t h .   T h u s ,   t h e   r a d i a t i o n   g r a d u a l l y   d i f f u s e s   t o w a r d   t h e  
e a r t h ,   b e c o m i n g   w e a k e r   d u e   t o   t h e   l o s s   o f   p a r t i c l e s   i n   t h e   g a l a x y .  
Ac tua l ly ,   t he   ene rgy   spec t rum of t h e  SCR on  February  23,   1956,  changed 
s lowly ,   and   t he   dependence   o f   t he  stream dens i ty   on  time c l o s e l y  
c o i n c i d e d   w i t h   t h e   s o l u t i o n   f o r  a d i f fus ion- type   o f   equa t ion   (Ref .   32)  

where D i s  t h e   d i f f u s i o n   c o e f f i c i e n t ,  R i s  t h e   d i s t a n c e  from 
t h e   s o u r c e   o f   t h e   p a r t i c l e s ,   a n d  t o  is t h e   i n i t i a l  moment of  t ime, 
The d i m e n s i o n s   f o r   t h e   r e g i o n  of d i f f u s i o n   d i s t r i b u t i o n   o f   c o r p u s -  
c u l a r   s t r e a m s  were e s t i m a t e d  as 750 m i l l i o n  km from a comparison 
o f   t h e   c a l c u l a t e d   d a t a   w i t h   t h e   e x p e r i m e n t a l   o b s e r v a t i o n s .  

The  phenomena,  which were o b s e r v e d   a f t e r   t h e   c h r o m o s p h e r e   f l a r e  
on February  23,   1956, were c h a r a c t e r i s t i c   f o r   s o l a r   c o s m i c   r a d i a -  
t i o n   o f   r e l a t i v i s t i c   e n e r g i e s ,   w h i c h   r e a c h e s   t h e   e a r t h   a f t e r   1 0  - 
30 minu tes   fo l lowing   t he   appea rance   o f  a f l a r e  on t h e   s u n .  The 
r a d i a t i o n  i s  propagated  by a wide  cone,  and  encompasses a l a r g e  
p a r t   o f   t h e   s o l a r   s y s t e m ,   b e i n g   d i f f u s e d   w i t h i n  i t  a f t e r   s e v e r a l  
days.  The i n t e n s i t y   o f   t h e   r a d i a t i o n   i n   i n t e r p l a n e t a r y   s p a c e  i s  
ve ry   l a rge   some t imes .   Accord ing   t o   da t a   g iven   by   Winck le r   (Re f .   38 ) ,  
on   Februa ry   23 ,   1956 ,   t he   dens i ty   o f   t he   p ro ton  streams reached 
l o 5  cm-z-sec-l. It i s  i m p o r t a n t   t o   p o i n t   o u t   t h a t   f o r   r e l a t i v i s t i c  
streams d i r e c t i o n a l ,   a n g u l a r   d i s t r i b u t i o n   f r o m   t h e  s i d e  o f  t h e   s u n  
i s  a f i rs t  c h a r a c t e r i s t i c .  The d i f f u s i o n  streams are  d i s t r i b u t e d   i n  
a n   i s o t r o p i c  manner   w i th   r e spec t   t o   ang le s .  

The  phenomena,  such a s  were observed  on  February  23,   1956, 
W i n c k l e r   c a l l s   r e l a t i v i s t i c  phenomena  (Ref.  38),  and  Waddington 
(Ref.   5) relates them t o  Class B.  S o l a r   c o s m i c   r a d i a t i o n   o f   t h i s  
c l a s s  was observed  on  February  28,   1942, March 7 ,  1 9 4 2 ,  Ju ly   25 ,  
1946, November 19,   1949,   August ,   1950  (weak) ,   July  16,   1959,  
May 4,  1960,  and November 1 2 ,  15,   and  20,   1960  ( the l a t t e r ,  which 
was from f l a r e s ,  was weak)  (Ref.  25). Due t o   t h e   l a r g e   e n e r g y ,  
which  exceeds 1 B e v ,   w h i c h   t h e   p r o t o n s   a t t a i n   f o r   s u c h   f l a r e s ,  i t  
is  p o s s i b l e   t o   r e c o r d   t h e m   b y   s e c o n d a r y   n e u t r o n s   a t  sea l e v e l ,  
s o m e t i m e s   t h r o u g h o u t   t h e   e n t i r e   e a r t h   ( p r o t o n   e n e r g i e s   g r e a t e r  
than  15  Bev).   The l a t t e r  c a s e s  are i s o l a t e d .   I n   a d d i t i o n   t o   t h e  
s t a t emen t s   g iven   above ,  i t  c a n   b e   n o t e d   t h a t  a l l  c a s e s   o f   r e l a t i v i s -  
t i c  S C X ,  except   one ,  are produced   by   f la res   which  are o b s e r v e d   i n  
t h e   w e s t e r n   p a r t  o f  t h e   s o l a r  d i s c  (Ref .   25) ,   and  even  behind i t s  
wes te rn   edge ,  as was t h e  case on  November 20,  1960  (Ref. 8, Ref.   39,  
Ref.  40). 

I n   t h e   m a j o r i t y   o f  cases, c o r p u s c u l a r   r a d i a t i o n  - which is un- 
d o u b t e d l y   r e l a t e d   t o   s o l a r   f l a r e s  - a p p e a r s   i n   t h e   r e g i o n   o f   t h e  
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e a r t h   a f t e r   s e v e r a l   h o u r s ,  a n d   e v e n   d a y s   a f t e r   t h e   f l a r e   ( R e f .  3 4 ,  
Ref.   41,   Ref .   42)   (see  Figure 3 . 4 ) .  T h i s   d e l a y   d o e s   n o t   c o i n c i d e  
w i t h   t h e   v e l o c i t y   o f   p r o t o n s   f o r  an energy   of  10 - l o 3  MeV. A t  t h e  
p r e s e n t  time, i t  is  assumed t h a t   d u r i n g   c h r o m o s p h e r e   f l a r e s   t h e   1 7 1  
sun emits c louds   o f   p lasma  wi th  a magne t i c   f i e ld   wh ich  i s  f r o z e n  
i n  them.   This   magnet ic   f ie ld  creates a m a g n e t i c   t r a p   f o r   c h a r g e d  
p a r t i c l e s .   A c t u a l l y ,   d u r i n g   t h e   f l i g h t   o f   t h e   c o s m i c   r o c k e t  
"Pioneer  V" i t  w a s  p o s s i b l e   t o   o b s e r v e   s u c h  a cloud  by an i n c r e a s e  
i n   t h e   i n t e r p l a n e t a r y   m a g n e t i c   f i e l d  up t o  5 - 60  y , s imul t aneous ly  
wi th  a magne t i c   s to rm  on   t he   ea r th   (Re f .  29).  

Bunches  of  magnetized  plasma are p ropaga ted   w i th  a v e l o c i t y   o n  
t h e   o r d e r  o f  1000 km/sec i n  a cone   w i th   an   ape r tu re   ang le   o f  
60 - 90" ( R e f .   3 3 ) .   C h a r g e d   p a r t i c l e s   g r a d u a l l y   d i f f u s e   f r o m   t h e  
p l a sma   c loud   i n   acco rdance   w i th   equa t ion  ( 3 . 1 )  as   can   be   seen   f rom 
F i  ure   3 .5   (Ref .   43) .  The th i ckness   o f   t he   p l a sma   bunch   r eaches  
10 km, and i t  p a s s e s   a r o u n d   t h e   e a r t h   s o m e t i m e s   f o r  1 - 2 days 
(Ref .  3 3 ) .  A f t e r   t h i s ,   t h e   c o r p u s c u l a r   r a d i a t i o n   c a n   r e a c h   t h e  
e a r t h ,   d i f f u s i n g   f r o m   t h e   r e g i o n   o f   t h e   d i s o r d e r e d ,   i n t e r p l a n e t a r y  
m a g n e t i c   f i e l d   o v e r  a p e r i o d   o f   s e v e r a l   d a y s .  

% 

'/ 

i 1 0,z 
t. h r s  . 

Figure   3 .5 .  

Dependence  of  Proton S t r e a m  Dens i ty   o f  SCR on T ime  (Ref .   42) .  

The S o l i d   L i n e s   I n d i c a t e   S o l u t i o n   o f   t h e   D i f f u s i o n   E q u a t i o n  
(3 .1 ) .  

The f e a t u r e s   d e s c r i b e d   a b o v e  are c h a r a c t e r i s t i c   f o r  SCR, which 
Winckler  (Ref.  38) c a l l s   n o n - r e l a t i v i s t i c ,  and  which  Waddington 
r e f e r s   t o  SCK o f  Class A (Ref.  5 ) .  N o n - r e l a t i v i s t i c   c o r p u s c u l a r  
streams a p p e a r   r a t h e r   f r e q u e n t l y   a f t e r   f l a r e s   o f  Class 2 - 3 -I-, 
somet imes   one   behind   the   o ther  - as ,  f o r   e x a m p l e ,   i n   J u l y ,  1959.  
The p a r t i c l e   s t r e a m s  are s o m e t i m e s   v e r y   l a r g e ,   a n d   t h e i r   d e n s i t y  
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r eaches  l o 7  cm-2*sec-1  (Ref. 3 8 ) .  

The i n t e r e s t i n g   c a s e   o f   s e v e r a l   c h r o m o s p h e r e   f l a r e s ,   f o l l o w i n g  
one  behind  the  other   and  accompanied  by SCR, was observed i n  Sep- 
tember,  1960  (Ref. 4 2 ) .  On September 2 ,  1960, a t  07.06, a chromo- 
s p h e r e   f l a r e   o f  Class 3 occur red  on the   sun ,   which  was t h e   s o u r c e  
of a plasma  c loud  having a magne t i c   f i e ld   wh ich  was f r o z e n   i n  i t .  
Only 8 h o u r s   a f t e r   t h i s ,   t h e   n e u t r o n   m o n i t o r s   o n   t h e   e a r t h   n o t e d  I72 
a s l i g h t   i n c r e a s e   i n   t h e   s t r e a m   o f   c o s m i c   r a y s ,   w h i c h   r e a c h e d  a 
maximum a t  19  hours .  A t  2 2 . 3 4 ,  a new f l a r e   o f   C l a s s  3 l e d   t o   t h e  
e r u p t i o n   o f  a non-magnetic  gas  cluster  and  on  September 3 ,  1960, 
a t  0 0 . 4 0 ,  a t h i r d   f l a r e   o f  Class 3 was formed,   which  served as t h e  
sou rce  o f  c o r p u s c u l a r   r a d i a t i o n .  It was accompanied  by  solar 
r a d i o   n o i s e s ,   w h i c h   p o i n t e d   t o   t h e   i n t r o d u c t i o n   o f   e l e c t r o n   s t r e a m s  
i n t o   t h e   s o l a r   a t m o s p h e r e   s i m u l t a n e o u s l y   w i t h   t h e   e m i s s i o n   o f  
protons  beyonds i t s  boundar i e s .  A new Class 3 f l a r e ,   a t  01.12, 
was accompanied  by a b r i e f   b u r s t   o f   x - r a y   r a d i a t i o n ,   w h i c h  was 
observed a t  the   uppe r   a tmosphe r i c   l aye r s   on   t he   d iu rna l   s ide  o f  
t he   ea r th   and   wh ich  was caused by t h e   b r a k i n g   o f   e l e c t r o n s ,   w h i c h  
were e m i t t e d   d u r i n g   t h e   f l a r e ,   i n   t h e   s o l a r   a t m o s p h e r e .  The 
r ead ings   o f   t he   neu t ron   mon i to r s   began   t o   i nc rease ,   and  somewhat 
l a t e r  a n   i n c r e a s e  was a l s o   n o t e d   i n   t h e   i n t e n s i t y   o f   c o s m i c   r a y s  
i n   t h e   u p p e r   a t m o s p h e r i c   l a y e r s .  The r ead ings   o f   t he   neu t ron  
m o n i t o r s ,   w h i c h   c h a r a c t e r i z e d   t h e   d e n s i t y   o f   p r o t o n   s t r e a m s  
having   an   energy   grea te r   than  500 M e V ,  reached a maximum a f t e r  
9 h o u r s ;  a t  t he   uppe r   a tmosphe r i c   l aye r s ,   t he   dens i ty  o f  t h e  
p r o t o n  streams, h a v i n g   e n e r g i e s  of about 250 M e V ,  reached a 
maximum a f t e r  10 - 11 hours ,   and   t he   dens i ty   o f   p ro ton  streams 
w i t h   e n e r g i e s   o f   a b o u t  100 Mev - a f t e r  14 hours  on  September 3 ,  
1960. 

Measurements  which were made on h i g h - a l t i t u d e   r o c k e t s ,   w h i c h  
o p e r a t e d   a t  mean l a t i t u d e s ,  showed t h a t   t h e   c o m p o s i t i o n   o f   p r o t o n  
streams g o i n g   t o w a r d   t h e   e a r t h   i n c l u d e d   p a r t i c l e s   h a v i n g   e n e r g i e s  
on t h e   o r d e r   o f  10 M e V ,  wh ich   t r ave r sed  a t r a j e c t o r y   f r o m   t h e  
sun f o r   s e v e r a l   h o u r s .   S o l a r   c o s m i c   r a d i a t i o n   c o n t i n u e d  up t o  
September  6,   1960. 

The f r o n t   o f   t h e   m a g n e t i c   p l a s m a   f r o m   t h e   f i r s t   f l a r e ,   m o v i n g  
w i t h  a ve loc i ty   o f   abou t  1000 km/sec ,   reached   the   reg ion  o f  t h e  
e a r t h   a f t e r  4 3  hours  - a t  02.30  world  t ime on  Sepkember 4 ,  1960, 
caus ing  a m a g n e t i c   s t o r m .   A f t e r   t h a t ,  a Forbush  decrease  began 
i n   t h e  PCR, which was r eco rded  by n e u t r o n   m o n i t o r s .   S i n c e   t h e  
F o r b u s h   d e c r e a s e   p o i n t e d   t o  a change i n   t h e   m a g n e t i c   f i e l d   i n   t h e  
v i c i n i t y   o f   t h e   e a r t h ,   t h e   c o n c l u s i o n  was drawn t h a t   t h e   f i r s t  
p lasma  bunch   brought   magnet ic   f ie lds   wi th  i t .  

I73 

The plasma  bunch  f rom  the  second  chromosphere  f lare   did  not  
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cause a Forbush   dec rease ,   and   appa ren t ly   d id   no t   ca r ry  a n o t i c e a b l e  
m a g n e t i c   f i e l d   w i t h  i t .  However, i t  caused   magne t i c   d i s tu rbances  
on t h e   e a r t h   a t   1 8 . 3 0 ,   1 6   h o u r s   a f t e r   t h e   f i r s t   d i s t u r b a n c e  - i . e . ,  
a f t e r   t h e  same  amount of  time a s   t h e   i n t e r v a l   b e t w e e n   t h e  f i r s t  two 
f l a r e s .  

F l a r e  s un 

01.00 at 9 /3 /60  -a 
cloud  from 
f l a r e   a t  
22.00  on 
9 /2 /60  

f l a r e   a t  
07.00 on 9 / 2 / 6 3  

0 e a r t h  

F igu re  3 -6 
Propagat ion   of   Solar   Corpuscular   S t reams  on   September  2 
and 3 ,  1960 ( R e f .  42 ) .  

A s c h e m a t i c   p i c t u r e  o f  t h e  SCR sequence i s  shown i n   F i g u r e   3 . 6  
(Ref.  4 2 ) .  The f a c t   t h a t   t h e  SCR p r o p a g a t i o n   r e q u i r e d   s e v e r a l   h o u r s  
can  be  explained by t h e   d i f f u s i o n   o f   c o r p u s c u l a r   r a d i a t i o n   i n   t h e  
p lasma  c louds ,   and   the   appearance   o f   p ro tons ,   having   energ ies   on   the  
o rde r   o f  10 M e V ,  a t   t h e   b o u n d a r y   o f   t h e   a t m o s p h e r e   a t  mean l a t i t u d e s  
can  be  explained by a d i s t u r b a n c e   o f   t h e   m a g n e t i c   f i e l d   o f   t h e   e a r t h ,  
caused by plasma  bunches.   However ,   th is  phenomenon w i l l  be  examined 
i n   t h e   f o l l o w i n g   s e c t i o n .  

Ano the r   ca se   o f   success ive   f l a r e s   on   Apr i l  27  - 30, 1960, i s  
shown i n   F i g u r e  3 .7  (Ref .   25,   Ref .   34) .  The s o l a r   f l a r e   o n   t h e  
e a s t e r n   e d g e   o f   t h e   s o l a r   d i s c  formed a magnet ic   plasma  bunch  with 
p ro tons ,   hav ing  a low energy  less t h a n  10 kev  (1). This  bunch 
caused a magne t i c   s to rm upon r e a c h i n g   t h e   e a r t h  ( 2 ) .  On t h e   n e x t  
day,  a new f l a r e  of Class 3 i n   t h e  samq a c t i v e   s o l a r   r e g i o n  was 
accompanied  by  the  emission of r a p i d   c d r p u s c l e s  3,  which were i n j e c t e d  
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i n t o   t h e   r e g i o n  o f  space  occupied  by  the  plasma  c loud  f rom  the 
f i r s t   f l a r e .   T h e r e f o r e ,   a f t e r   1 . 5   h o u r s  - i . e . ,  which  was  unusually 
r a p i d   f o r   f l a r e s   o n   t h e   e a s t e r n   h a l f  of t h e   s u n  - t h e  SCp r e a c h e d   t h e  
e a r t h  4 .  A f t e r   r e a c h i n g   t h e  maximum c o r p u s c u l a r   r a d i a t i o n   o n   t h e  
e a r t h ,  i t s  i n t e n s i t y   d e c r e a s e d ,   d u e   t o   t h e   d e p a r t u r e   o f   c o r p u s c l e s  / 7 4  
f rom  the   p lasma  c loud  as t h e   r e s u l t   o f   d i f f u s i o n  5 .  A t  t h i s   t i m e ,  
the   sun   emi t ted   one   p lasma  c loud ,   and  a new Clas s  3 f l a r e  was 
formed  on t h e  west s i d e  of t h e   s o l a r   d i s c ,   w h i c h  was  accompanied 
by SKI 6 .  The i n t e r a c t i o n   o f   t h i s   c o r p u s c u l a r   s t r e a m   w i t h   t h e  
foregoing   c loud   caused  i t s  p a r t i a l   d i s p e r s a l ,   d i f f u s i o n ,  and a 
s l o w   i n c r e a s e   o f   t h e  SCK on  the   ear th ,   as   compared   wi th   the   normal  
p a t t e r n   o f   r a d i a t i o n   f r o m   f l a r e s  on t h e   w e s t e r n   h a l f   o f   t h e   s o l a r  
d i s c   ( d a s h e d   l i n e ) .  When t h e   p l a s m a   c l o u d s   f r o m   f l a r e s  on A p r i l  
2 8  and 29 r e a c h e d   t h e   e a r t h ,   m a g n e t i c   d i s t u r b a n c e s  7 and 8 were  ob- 
s e rved .  

Densi ty   of  
SCR stream 

s un 

e a r t h  

I 14 /28 /60  ' 4 / 2 9 / 6 0 '  4 / 3 0 / 6 0  

F igure   3 .7  

M u l t i p l e  SCR on A p r i l  27 - 3 0 ,  1960 (Ref .   25,   Ref .  3 4 ) .  

The Rec tang le s  on t h e  T i m e  Axis   are   Chromosphere  Flares;  
the   Tr iangles   Represent   the   Beginning   of   Geomagnet ic  Dis- 
tu rbances .  

It  fo l lows   f rom  the   s equence   o f   t hese   even t s   t ha t   bo th   r ap id  
c o r p u s c u l a r  streams and  plasma  bunches  which  have  been e m i t t e d  w i t h  
s low  pa r t i c l e s   can   be   fo rmed   du r ing  a ch romosphere   f l a r e .  The r a p i d  
c o r p u s c l e s   a r e   n o t   c a p t u r e d  by the   c loud   of   magnet ized   p lasma  which  
i s  e m i t t e d   d u r i n g   t h e   f l a r e ,   b e c a u s e  i t  h a s  s t i l l  not  been  formed 
(Ref.  25 ) .  

Thus ,   the  SCR i s  p r o p a g a t e d   f r o m   t h e   s u n   t o   t h e   e a r t h   a l o n g  a 
t r a j e c t o r y   w h i c h  i s  s l i g h t l y   c u r v e d   t o w a r d   t h e   m o t i o n   o f   t h e   e a r t h  
a long  i t s  o r b i t ,  so  t h a t   r a d i a t i o n   f r o m   f l a r e s   o n   t h e   w e s t e r n   h a l f  
o f   t he   sun  i s  observed  more f r e q u e n t l y   t h a n  i s  r a d i a t i o n   o n   t h e  
e a s t e r n   h a l f .   R e l a t i v i s t i c  SCR (C las s  B ) ,  f o r   w h i c h   p r o t o n   e n e r g i e s  
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up t o  15 - 50 Bev are c h a r a c t e r i s t i c ,   r e a c h e s   t h e   e a r t h   w i t h  a 
v e l o c i t y   w h i c h  is c l o s e   t o   t h e   s p e e d   o f   l i g h t ,   a n d   a p p e a r s   1 0  - 40 
m i n u t e s   a f t e r   t h e   c h r o m o s p h e r e   f l a r e .  A d i r e c t i o n a l ,   a n g u l a r   d i s t r i -  
b u t i o n  is c h a r a c t e r i s t i c   f o r   t h i s   r a d i a t i o n .  

E o n - r e l a t i v i s t i c  SCR ( C l a s s  A ) ,  which i s  f r e q u e n t l y   o b s e r v e d  
a f t e r   r e l a t i v i s t i c  SCR, i s  c h a r a c t e r i z e d  by p r o t o n   e n e r g i e s   o f  
1 0  - 500 MeV. I t  c a n   a p p e a r   i n   t h e   v i c i n i t y   o f   t h e   e a r t h ,   t o g e t h e r  
w i t h  a c loud  of   magnet ized  plasma  which  has   captured i t ,  o r  i t  can 
b e   s c a t t e r e d   i n   t h e   c l o u d s   w h i c h  move t o w a r d   t h e   e a r t h   a t   v e l o c i t i e s  
on   t he   o rde r   o f  1000 km/sec.   There i s  a n   i n t e r v a l   o f   s e v e r a l   h o u r s  
up t o   s e v e r a l   t e n s   o f   h o u r s   b e t w e e n  a f l a r e  on t h e   s u n   a n d   t h e  
d e t e c t i o n   o f  SCR on t h e   e a r t h ;  a t  f i r s t ,   t h e   h a r d e r   p a r t i c l e s  
a p p e a r ,   a n d   t h e n   t h e   s o f t e r   p a r t i c l e s .  

Due t o   d i f f u s i o n   i n   t h e   m a g n e t i c   p l a s m a   b u n c h e s   a n d   i n   t h e  
i n t e r p l a n e t a r y  f i e l d ,  t h e  SCR can   con t inue   fo r  a l o n g   p e r i o d   o f  
time - s e v e r a l   d a y s ,  i . e . ,  much l o n g e r   t h a n   t h e   f l a r e   g i v i n g  rise 
t o  i t .  In   acco rdance   w i th   t he   l aws   o f   d i f fus ion ,   t he   damping   o f  
t h e  SCF o c c u r s   a p p r o x i m a t e l y   p r o p o r t i o n a l l y   t o  t-3/2. T h i s   r a d i a t i o n  
h a s   a n   i s o t r o p i c ,   a n g u l a r   d i s t r i b u t i o n   ( R e f .  2 5 ) .  

The m a g n e t i c   f i e l d   o f   t h e   e a r t h   s c r e e n s   t h e   c h a r g e d   p a r t i c l e s  
c o m i n g   f r o m   t h e   s u n ,   i n   t h e  same manner as t h e   g a l a c t i c   c o s m i c  
r a d i a t i o n ;  i t  does   no t  p e r m i t  p a r t i c l e s   t o   r e a c h   t h e   e a r t h   w h i c h  
have a hardness   which  i s  less t h a n  a maximum h a r d n e s s   f o r  a g iven  
g e o m a g n e t i c   l a t t i t u d e .   T h e r e f o r e ,   f o r   e x a m p l e ,  i t  i s  f r e q u e n t l y  
i m p o s s i b l e   t o   d e t e c t   n o n - r e l a t i v i s t i c  SCR a t   l a t i t u d e s   b e l o w  60" / 75 
(Ref .  38) , f o r   w h i c h   t h e  maximum pro ton   ene rgy  i s  g r e a t e r   t h a n  
300 M e V .  The c l o s e r   t h e   p o i n t   o f   o b s e r v a t i o n  i s  t o   t h e   p o l e s ,  
t h e   s o f t e r  i s  t h e  SCR spec t rum,   and   the  SCR m u s t   r e a c h   t h e  
geomagne t i c   l a t i t udes   above  70" more f r equen t ly   and   be  more i n t e n s e .  

However, it c a n   b e   s e e n   i n   t h e   e x a m p l e s   g i v e n   a b o v e   t h a t   i n  
many c a s e s   t h e   e a r t h   e n c o u n t e r s  a cloud  of   magnet ic   plasma,   which 
c a n   t e m p o r a r i l y   d i s t o r t   a n d   c o m p r e s s   t h e   e a r t h ' s   m a g n e t i c   f i e l d ,  
o r  c a n   p a r t i a l l y   n e u t r a l i z e  i t  beyond  the limits o f   t he   a tmosphe re  
(Ref .  4 3 ) .  The d i s t o r t i o n   o f   t h e   m a g n e t i c   f i e l d   c a u s e s  magnetic 
d i s t u r b a n c e s   a n d   s t o r m s ,   a n d   d i s t u r b s   t h e   c o n f i g u r a t i o n   o f   t h e  
e a r t h ' s   r a d i a t i o n   z o n e s ,   c o n t r i b u t i n g   t o   t h e i r   i n t r o d u c t i o n   i n t o  
t h e   a t m o s p h e r e   a n d   t o   t h e   f o r m a t i o n   o f   a u r o r a   p o l a r i s   ( R e f .   1 9 ) .  

With a s t r o n g   d i s t u r b a n c e   o f   t h e   g e o m a g n e t i c   f i e l d ,   s o f t  
c o r p u s c l e s   o f   t h e  SCR p e n e t r a t e   t o   t h e   a t m o s p h e r e  of  t h e   e a r t h ;  



t h e s e   c o r p u s c l e s  are u s u a l l y   d e f l e c t e d   b y   t h e   m a g n e t i c   f i e l d  
(Ref.  4 4 ) .  P r o t o n s   h a v i n g  small e n e r g i e s  are observed a t  eve ry  
l a t i t u d e ,   j u s t  as d u r i n g   t h e  case examined  above in September,  1 9 6 0 .  
P r o t o n s   h a v i n g   e n e r g i e s  less t h a n  40Mev ( o r   e l e c t r o n s   w h i c h   a r e  
s o f t e r   t h a n  3 MeV) were o b s e r v e d   w i t h   t h e   a i d   o f   s o u n d i n g   b a l l o o n s  
a t  a l a t i t u d e   o f   a b o u t  60" (Ref.  4 1 ,  R e f .   4 5 ) .   S o f t   r a d i a t i o n  was 
observed a t  e v e r y   l a t i t u d e  and a t  l a t e  s t a g e s  of t h e  SCR a f t e r  a 
f l a r e   o n   F e b r u a r y  2 3 ,   1 9 5 6  (Ref.  3 2 )  . 

Since  a plasma  cloud  encompasses a l a r g e   p a r t   o f   i n n e r   p l a n e t a r y  
s p a c e ,  a F o r b u s h   d e c r e a s e   i n   t h e  PCB b e g i n s   s i m u l t a n e o u s l y   w i t h  
magnet ic   s torms .  It i s  s i g n i f i c a n t   t h a t   d u r i n g   t h e   F o r b u s h   d e c r e a s e  
t h e   s o f t   p a r t   o f  i t s  spectrum i s  a t t e n u a t e d   t o  a g r e a t e r   e x t e n t .  
In   add i t ion ,   t he   spec t rum  fo r   p ro tons   coming   f rom  the   sun   becomes  
s o f t e r   ( R e f .  4 1 ,  Ref.  4 5 ) ,  s i n c e   t h e y   c a n  more r e a d i l y   p e n e t r a t e  
t o   t h e  mean l a t i t u d e s ,  a t  w h i c h   o b s e r v a t i o n s   a r e   u s u a l l y   c a r r i e d  
o u t .  

R e l a t i v i s t i c  SCR p r e c e d e s   m a g n e t i c   d i s t u r b a n c e s ;   i n   t h e   c a s e  
o f   n o n - r e l a t i v i s t i c  SCE., t h e   b e g i n n i n g   o f  a magnet ic   s torm  can 
sometimes  serve  as  a s i g n a l   f o r   a n   i n c r e a s e   i n   t h e   c o r p u s c u l a r  
s t r eam.  

Apar t   f rom  magne t i c   d i s tu rbances ,   i onosphe re   d i s tu rbances   a r e  
observed when p la sma  b u n c h e s   p e n e t r a t e   t o   a l t i t u d e s   f r o m  100 t o  300 km; 
t h e s e   i o n o s p h e r e   d i s t u r b a n c e s  are a p p a r e n t ,   i n   p a r t i c u l a r ,   i n   t h e  
abso rp t ion   o f   cosmic   r ad io   no i se s  a t  f r e q u e n c i e s   i n   t h e  28 and  50 
Megacycle  bands.   The  most  powerful  plasma  streams , which  accompany 
t h e  SCI?, a t t e n u a t e   t h e   r a d i o   e m i s s i o n  a t  a f requency  of  28 Mega- 
c y c l e s  by a f a c t o r   o f  30 o r  more (Ref.  9 ,  Ref.  4 6 ) .  

3 . 4 .  Energy  Spectrum  and  Composition  of  Corpuscular 
R a d i a t i o n   o f   S o l a r   F l a r e ?  

C o r p u s c u l a r   r a d i a t i o n   f r o m   s o l a r   f l a r e s   p e n e t r a t e s   t h e  atmo- 
s p h e r e   t o  a depth   o f  300 g/cm2 (Ref.  4 1 ) .  T h e r e f o r e ,   a l o n g   w i t h  
t h e   u t i l i z a t i o n  o f  t h e   e a r t h ' s   m a g n e t i c   f i e l d  as a s p e c t r o m e t e r ,  i t  
i s  p o s s i b l e   t o   d e t e r m i n e   t h e   e n e r g y   s p e c t r u m   o f   t h e  SCR by i t s  a t t e n u a -  
t i o n   i n   t h e   a t m o s p h e r e ,   b y   c o m p a r i n g   d a t a   o b t a i n e d  a t  d i f f e r e n t  
l a t i t u d e s   ( R e f .  4 1 ,  Ref.  4 7 ,  Ref.  4 8 ) .  

Dur ing   t he  S C R ,  a f t e r  a f l a r e  on May 10, 1 9 5 9 ,  t he   a tomic  
compos i t ion   and   r ad ia t ion   spec t rum were d e t e r m i n e d   d i r e c t l y   w i t h  
the   a id   o f   s t acks   o f   nuc lea r   emul s ions   p l aced   on   sound ing   ba l loons  
(Ref.  4 9 ) .  An analogous  experiment  was repea ted   on   rocke ts   which  
were l a u n c h e d   a f t e r   s o l a r   f l a r e s  a t  14 .08  on  September 3 (Ref .   50,  
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R e f .  51)  and a t  16.04  on November 13, 1960  (Ref. 2 3 ) .  

It h a s   b e e n   e s t a b l i s h e d   t h a t   c o r p u s c u l a r   r a d i a t i o n   f r o m   s o l a r  
f l a r e s   c o n s i s t s   p r i m a r i l y   o f   p r o t o n s .  However, i t  has   been  observed 
t h a t  i t s  composi t ion   inc ludes   f rom 3 t o   1 5 %   h e l i u m   i o n s ,   a n d   a l s o  
h e a v i e r   i o n s   w i t h  a charge  f rom +6 t o  -t-l8(Ref. 1 7 ,  23, 2 4 ,  48  - 50 ,  
52 ,   53) .   Ions   wi th   charges   o f  3 6' 2 ,< 5 have   no t   been   de t ec t ed .  

b s t r eam  o f   i ons   w i th   t he   cha rge  6 ,< Z < 8 comprises   about  
0 . 1  - 0 . 2 %  o f   t h e   t o t a l   c o r p u s c u l a r   s t r e a m   ( R e f .   2 3 ,   4 9 ,   5 0 ) ,   a n d  
i n   t h e  10 < Z ,< 18 r e g i o n  i t  i s  on t h e   o r d e r  of 0.05% (Ref.   50) . 
Thus,   the  SCK composi t ion   inc ludes   one   o rder   o f   magni tude   fewer  
heavy  ions   than   does   the  PCR c o m p o s i t i o n ;   i n   a d d i t i o n ,  i t  i s  similar 
to   the   composi t ion   o f   the   so la r   a tmosphere ,   which   po in ts   to   the  
s o l a r   o r i g i n   o f   t h e  SCR. 

I t  i s  d i f f i c u l t   t o   d e t e r m i n e   w h e t h e r   t h e   a t o m i c   c o m p o s i t i o n  
o f  c o r p u s c u l a r   r a d i a t i o n   r e m a i n s   u n c h a n g e d   d u r i n g   d i f f e r e n t   f l a r e s  
a n d   d u r i n g   o n e   f l a r e ,   s i n c e   v e r y  l i t t l e  expe r imen ta l   da t a   have   been  
o b t a i n e d  up  t o   t h e   p r e s e n t .   T h e r e   a r e   i s o l a t e d   i n d i c a t i o n s   t h a t   t h e  
r a d i a t i o n   c o m p o s i t i o n   v a r i e s .   T h u s ,   a t   1 6 . 0 4 ,  on  November 13, 1960, 
60 p r o t o n s ,  75 a - p a r t i c l e s ,  and  one  ion  with a charge  of  7 \rere 
r eco rded   i n   t he  S C R  w i th   t he   a id   o f   geophys ica l   rocke t s   (Re f .  2 3 ) .  
T h u s ,  i n  t h i s  c a s e   t h e   a - p a r t i c l e s   c o m p r i s e d  more t h a n   h a l f   o f   t h e  
p a r t i c l e   s t r e a m .  T r i t i u m  nuc le i   were   d i scove red   i n   t he   ca s ing   o f  
t h e   e a r t h   s a t e l l i t e   " D i s c o v e r e r  X V I I " ;  t h e s e   n u c l e i  were 100  t imes 
g r e a t e r   t h a n   c o u l d  be e x p l a i n e d  as t h e   r e s u l t   o f   n u c l e a r   r e a c t i o n s  
unde r   t he   i n f luence   o f   t he  PCR (Ref .   26) .  

E l e c t r o n s   a r e   u n d o u b t e d l y   p r e s e n t   i n   t h e  sCK compos i t ion ,  
a l o n g  w i t h   p o s i t i v e   i o n s .   T h i s  i s  confirmed by t h e   f a c t   t h a t   d u r i n g  
f l a r e s ,   e l e c t r o m a g n e t i c   r a d i a t i o n  and r a d i o   e m i s s i o n  are gene ra t ed  
i n   t h e   s o l a r   a t m o s p h e r e ,   t h e   r a d i a t i o n   z o n e s   o f   t h e   e a r t h   c h a n g e  
c o n s i d e r a b l y   a f t e r   l a r g e   f l a r e s   ( R e f .   5 4 ,   R e f .   5 5 ) ,   a n d   t h e  p lasma 
c louds   a s  a w h o l e   a r e   e l e c t r o n e u t r a l .  However,  very l i t t l e  i s  
known abou t   t he   s t r eam  and   ene rgy   spec t rum  o f   e l ec t rons .   The re  
a r e   a p p a r e n t l y  no mesons in   cosmic   r ays   f rom  the   sun   (Ref .  8 ) .  

S i n c e   t h e  SCR c o n s i s t s   p r i m a r i l y   o f   p r o t o n s ,   a n d   s i n c e   t h e r e  
are very few da ta   about   the   remain ing   components ,  i t  i s  advantageous 
to   examine   t he   ene rgy   r ad ia t ion   spec t rum  fo r   p ro tons .  The s p e c t r a  
o f   h e a v i e r   i o n s  are p robab ly  s imilar .  We s h o u l d   n o t e   t h a t   i n  
i n d i v i d u a l   c a s e s ,  when e l e c t r o m a g n e t i c   r a d i a t i o n  was observed  (Ref .  27, 
56 ,   57 ) ,  i t s  s p e c t r u m   l a y   w i t h i n   t h e  20 - 80  kev  region  (Ref .  27)  and 
t h e  200 - 500  kev   reg ion   (Ref .   56) .  The dose ra te  a t  the   boundary   o f  
the  a tmosphere i s  on t h e   o r d e r   o f   a n d   r o e n t g e n - s e c - l ,  
r e s p e c t i v e l y  - i . e . ,  i t  was t o o  small t o   r e p r e s e n t   a n y   r a d i a t i o n  
dange r .  
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Foelsche   (Ref .  4) c o l l e c t e d   d e t a i l e d   i n f o r m a t i o n   a b o u t   t h e  
p r o t o n   s p e c t r u m   i n  SCR occur rences   wh ich   have   been   s tud ied  more 
e x t e n s i v e l y .  On t h e   b a s i s   o f   s e v e r a l   p r i m a r y   s o u r c e s ,   h e  
a t t e m p t e d   t o   r e c o n s t r u c t   p r o t o n   s p e c t r a   f r o m   f l a r e s   o n  November 1 7 7  
1 2 ,  1960, a t  d i f f e r e n t   s t a g e s   o f   t h e  SCR. The d i f f e r e n t i a l  
p r o t o n   s p e c t r a ,   w h i c h   w e r e   c o n s t r u c t e d   o n   t h e   b a s i s  of d a t a  
given by Foe l sche ,  are shown i n   F i g u r e   3 . 8 ,   t o g e t h e r   w i t h   d a t a  
given by A .  N .  Charakhch'yan  (Ref.  4 5 ) ,  which are c h a r a c t e r i s t i c  
f o r  weak SCR streams. It c a n   b e   s e e n   f r o m   t h i s   f i g u r e   t h a t   t h e  
p r o t o n   s p e c t r a   d i f f e r   d u r i n g   d i f f e r e n t   f l a r e s ,   a n d   c a n n o t   b e  
expres sed  by  one  power  function. An approximat ion   of   the   curves  
i n   F i g u r e  3 .8  l e a d s   t o   t h e   e x p r e s s i o n s   f o r   t h e   d i f f e r e n t i a l  
ene rgy   spec t r a   o f   t he   p ro tons ,   wh ich  are compi led   in   Table   3 .1  

F igu re   3 .8  

D i f f e r e n t i a l   P r o t o n   S p e c t r a   o f  SCR (Ref .  4 ,  Ref.  45). The 
Numbers on the   Curves   Correspond  to   the  Numbers of   the  Spec-  
t r a  i n   T a b l e  3.1. The  Lower Curve   Represents   the  PCE. 

It fo l lows   f rom  F igu re   3 .8   and   Tab le   3 .1   t ha t   fo r   l a rge   ene rg ie s ,  
t h e   p r o t o n   s p e c t r a   s h a r p l y   d e c r e a s e   w i t h   t h e   e x p o n e n t   f r o m  3 t o  7 .  
The lower l i m i t  o f   t h i s   s p e c t r a   r e g i o n  l i es  w i t h i n   t h e  50 - 150 Mev 
reg ion ,   and   du r ing   t he   f l a r e   on   Februa ry   23 ,   1956 ,  i t  comprised 
1.5 - 2 Bev. Accord ing   t o   da t a   g iven   by   Charakhch 'yan   and   o the r s ,  
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t h e   l a r g e   v a l u e s   o f   t h e   e x p o n e n t  6 - 7.5 are c h a r a c t e r i s t i c   f o r   c a s e s  
when t h e   m a g n e t i c   f i e l d   a r o u n d   t h e   e a r t h  i s  d i s t u r b e d :   m a g n e t i c  
storms  and a Forbush   decrease  are observed .   Thus ,   as  was i n d i c a t e d  
above ,   the   p ro tons   can   be   observed  a t  e v e r y   l a t i t u d e .  It i s  p o s s i b l e  
t h a t   t h e   s p e c t r a   o u t s i d e   o f   t h e  limits o f   t h e   e a r t h ' s   m a g n e t i c   f i e l d  
have a similar form. 

Smaller va lues   for   the   exponent   f rom 3 t o  5 are observed when 
the   geomagne t i c   f i e ld  i s  n o t   d i s t u r b e d  - when i t  i n f l u e n c e s   t h e  
p r o t o n s   l i k e  a spec t romete r ,   de f l ec t ing   t he   p ro tons   f rom  the   equa -  178 
t o r i a l   r e g i o n s   t o  a g r e a t e r   e x t e n t ,   t h e  smaller t h e y  are,  and 
when the   non- re l a t iv i s t i c   SCRreaches   t he   a tmosphe re   on ly  a t  h i g h  
geomagnet ic   l a t i tudes ,   on   the   o rder   o f   60"   o r   more .  

In   t he   l ower   ene rgy   r eg ion ,   wh ich   Foe l sche   ex t r apo la t e s  up t o  
s e v e r a l   m e g a e l e c t r o n v o l t s ,   t h e   e x p o n e n t   h a s  a va lue   f rom  1 .2   to   2 .5 .  
T h i s  s p e c t r a l   r e g i o n   e x t e n d s   t o   t h e   s i d e   o f   l a r g e   e n e r g i e s  up t o  
30 - 100 M e V ,  and   du r ing   t he  SCR a f t e r  a f la re   on   February   23 ,   1956,  
t h e   f l a t   p a r t   o f   t h e   s p e c t r u m  amounted t o  2 Bev. A s  can   be   seen  
f rom  the   da t a   ob ta ined  on February 23 ,  1956,  and November 1 2 ,  1960 
( see   F igu re   3 .8 ) ,   t he   spec t r a l   s lope   changes   ve ry  l i t t l e  w i t h   t i m e ,  
b u t  t h e   s p e c t r a  become  somewhat s o f t e r   a s   t h e   i n t e n s i t y   d e c r e a s e s .  

The proton  spectrum  from a f l a r e  on  November 12 ,   1960,   has  a 
complex  form. The s t r e a m   d e n s i t y   o f   p r o t o n s   h a v i n g  a l a rge   ene rgy  
d e c r e a s e s   w i t h   t i m e ,   a n d   t h e   i n t e n s i t y   i n   t h e   s o f t   p a r t  o f  t h e  
s p e c t r u m   c o n t i n u e s   t o   i n c r e a s e   c o n s t a n t l y  up u n t i l   t h e   o b s e r v a t i o n  
was t e rmina ted  - i . e . ,   f o r  32 hour s .  It  i s  n o t   i m p o s s i b l e   t h a t   t h e  
exper imenta l   spec t rum o f  t h e   p r o t o n s  i s  t h e   r e s u l t   o f  SCR o v e r l a p p i n g  179 
from two f la res ,   which   fo l low  one   behind   the   o ther   and   which   produce  
two maxima i n   t h e   r e a d i n g s   o f   t h e   n e u t r o n   m o n i t o r s  - 3 and 7 hours  
a f t e r   t h e   f l a r e   o f   C l a s s  3+, a t  13.22  world t ime,  on November 1 2 ,  
1960  (Ref.  58, R e f .  5 9 ) .  I t  i s  a l s o   p o s s i b l e   t h a t   F o e l s c h e   c o u l d  
n o t   a c c u r a t e l y   c o o r d i n a t e   t h e   e x p e r i m e n t a l   d a t a   o b t a i n e d  by s e v e r a l  
a u t h o r s   a t   d i f f e r e n t   l o c a t i o n s  and  by d i f f e ren t   me thods   (Ref .   50 ,   52 ,  
58 - 6 0 ) ,  and   t he   spec t r a   wh ich   he   ob ta ined   d i f f e red   f rom  the   ac tua l  
ones.  

The u n u s u a l   f e a t u r e   o f   s p e c t r a   f o r  r e l a t i v i s t i c  SCR on  February 
2 3 ,  1956,  and November 1 2 ,   1 9 6 0 , c o n s i s t s   o f   t h e   f a c t   t h a t   t h e   f l a t  
p a r t  o f  t h e   p r o t o n   s p e c t r u m   e x t e n d s   f a r   i n t o   t h e   r e g i o n   o f   l a r g e  
ene rgy ,  up t o   1 . 5  - 2 Bev. T h e r e f o r e ,   s u c h   r a d i a t i o n  i s  d i s t i n -  
guished by a g r e a t   p e n e t r a t i n g   p o w e r ,   a n d  i t  i s  d i f f i c u l t   t o   p r o v i d e  
a p r o t e c t i o n   f r o m  i t .  

The r a d i a t i o n   s p e c t r u m   f r o m   t h e   f l a r e  on May 10, 1959, i s  
c h a r a c t e r i s t i c   f o r   n o n - r e l a t i v i s t i c  SCR. T h i s  i s  t h e   l a r g e s t  



TABLE 3.1 

DIFFERENTIAL ENERGY PROTON SPECTRA OF SOLAR COSMIC RADIATION 1 7 %  
[APPROXIMATION FROM DATA (REF. 4, REF. 45)] 

1 

2 

3 

4 

5 

6 

7 

8 

_I 

Date 

2/23/1956 

2/23/1956 

5/10/1959 

11/12/1960 

11/12/1960 

11/12/1960 

Averaged  Data 
(Ref.  45) 

Averaged  Data 
During  the  For-  
bush  Decrease 

(Ref.  45) 

I Time from 1 
B e g i n n i n g   D i f f e r e n t i a l   p r o t o n  

Q cm'.secl*Mev 
__""l_lc_ - 

0 

19 

33 

0 - 10 

10 - 14 

14 - 32 

1.3*105E-1.2 1 . 7 * 1 0 2 2 E - 6 - 5  
(3 Mev - 1 Bev) ; (2 - 20 Bev) 

3.5*10qE-1*5 8.109E-4 
(3-150 MeV) (150 ?lev - 2 Bev) 
1.106~-1.5 7.2*1011E-4.9 
(3 - 30 MeV) (50-500 Elev) 

1 . 1 0 6 ~ - 2 * 4  5.1010~-3.7 
(3-40 MeV) (150 Elev - 2 Bev) 
2 . 1 0 6 ~ - 2 . 4   4 . 1 0 9 ~ - 3 . 7  
(3-70 MeV) (100 Mev - 1.5 Bev) 

1.5.108~-2.6 9 . 1 0 1 1 ~ " + . 5  
(5-100 MeV) (100-500 Elev) 

11 .9.106E-3 ( 7 0  - 600 Mev) I 
l-1015E-7 (100-250 MeV) 

- Note.  The e n e r g y   i n t e r v a l s   f o r   p r o t o n s ,   i n   w h i c h   t h e   g i v e n   a n a l y t i -  
tal e x p r e s s i o n s   f o r   t h e   f o r m   o f   t h e   s p e c t r u m   a r e   v a l i d ,   a r e  shown 
i n   t h e   p a r e n t h e s e s .  

o f   t he   p ro ton  streams hav ing  mean e n e r g y   ( i n   t e n s   o f   m e g a e l e c t r o n v o l t s )  
which   have   been   encountered   to   the   p resent   t ime,   and  - a long   wi th   the  
SCR on  February 23, 1956 and  November 12, 1960 - i t  can  provide  an 
idea   o f   t he   mos t   dange rous   ca ses   o f   co rpuscu la r   so l a r   r ad ia t ion .  

A s  can  be  seen  f rom  Figure 3.8, t h e   d i f f e r e n t i a l   d e n s i t y  of t he  
p ro ton   s t r eam,   hav ing   ene rg ie s   o f   abou t  10 MeV, amounted t o  
l o 3  - 5*104 cm-2.sec-1.?fev-1 i n   t h e s e   c a s e s   ( R e f .  38) , and  poss ib ly  
lo8 cm-2-sec-1-l?ev-1, i f  t h e   c o n t r i b u t i o n   o f   t h e   s o f t e r   p r o t o n s  i s  
t aken   i n to   accoun t   (Re f .  47, Ref.  53). A s  was a l . ready   no ted ,   such  /80 
c o r p u s c u l a r  streams are observed o n l y  a f t e r   v e r y   p o w e r f u l  chromo- 
s p h e r e   f l a r e s  o f  Class 3 - 4, which   occur   no t  more f r e q u e n t l y   t h a n  
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1 a~ 'r World  Time 

Figure   3 .9  

Increase   and  Damping  of So la r   Corpuscu la r  Streams A f t e r   t h e  
F l a r e  on  February  23,  1956.  Data  Obtained  by  Neutron Moni- 
t o r s   ( R e f .   3 2 ) .  

1 - 2 times p e r  y e a r   d u r i n g   t h e   p e r i o d   o f   s o l a r   a c t i v i t y ,  and  do 
n o t   o c c u r   d u r i n g   t h e   y e a r s   o f  low s o l a r   a c t i v i t y .  

The  weak SCK, which   appear   compara t ive ly   f requent ly ,  are 
c h a r a c t e r i z e d  by s p e c t r a  7 and 8 ( T a b l e   3 . 1 ) ,   b y   t h e   d i f f e r e n t i a l  
d e n s i t y   o f  a p ro ton   s t r eam  hav ing   an   ene rgy   o f   abou t  10 MeV, which 
amounts to  10  cm-'*sec-l*Mev-l,  and  by a t o t a l   d e n s i t y   s t r e a m  
10 - 102cm-2-sec-1  (Ref.   45,   Ref.   61).   This i s  usua l ly   non- re l a -  
t i v i s t i c   r a d i a t i o n ,   w h i c h   i n c r e a s e s   c o m p a r a t i v e l y   s l o w l y  - as   can  
be  seen  f rom  Figure  3 .5   and 3.7 - sometimes  over  a p e r i o d  of t e n s  
of  hours,   and  which i s  t h e n  damped a c c o r d i n g   t o   t h e  l a w  % tn w i t h  
an  exponent n on t h e   o r d e r   o f  1.5 - 3 (Ref .  38, Ref .   45 ,   Ref .   62) .  

The d e n s i t y   c h a n g e   w i t h  t i m e  o f  a s t r e a m  of r e l a t i v i s t i c  
p r o t o n s   c a n   b e   s e e n   i n   t h e   e x a m p l e   o f   r a d i a t i o n   f r o m  a f l a r e  on 
February  23,   1956 . It i s  p o s s i b l e   t o   t r a c e   t h e  arr ival  o n   t h e  
e a r t h   o f   p r o t o n s   h a v i n g   s u c h   e n e r g i e s   b y   r e a d i n g s   o n   n e u t r o n  
moni tors   (F igure   3 .9)   (Ref .  3 2 ) .  I n   c o n t r a s t   t o   n o n - r e l a t i v i s t i c  
r a d i a t i o n ,   t h e   s t r e a m   d e n s i t y   i n c r e a s e s   i n  a v e r y   s h o r t  time, 
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20 - 40 m i n u t e s ,   a n d   t h e n   d e c r e a s e s   a c c o r d i n g   t o   t h e  l a w  t-n w i t h  
n o n   t h e   o r d e r   o f  1 - 2 (Ref.  32, 38,  6 3 ) .  It fo l lows   f rom  the  
s t a t e m e n t s  made i n   t h e   p r e c e d i n g   s e c t i o n   t h a t  - a p a r t   f r o m   t h e  
o r i g i n a l   c o n d i t i o n s  a t  t h e  t i m e  o f   t h e   f l a r e  - b o t h   t h e   s p e c t r u m  
and t h e  time dependence   of   the  SCR depend t o  a s i g n i f i c a n t   d e g r e e  
upon t h e   i n t e r a c t i o n   o f   c o r p u s c u l a r  streams w i t h   c l o u d s   o f   p l a s m a  
which i s  emi t t ed   by   t he   sun .   The re fo re ,   t hey   canno t   be   r ep resen ted  
by s i n g l e  laws, n o r   c a n   t h e y   b e   p r e d i c t e d   f o r   a n   e x p l i c i t   c a s e .  

3 . 5 .  Tissue   Doses   o f   Corpuscu la r   Rad ia t ion   f rom  So l~a r   F l a re s  

The ma te r i a l   p re sen ted   above  makes i t  p o s s i b l e   t o   f o r m u l a t e  
q u a n t i t a t i v e   e s t i m a t e s   o f   t h e   t i s s u e   d o s e   f r o m  SCR. However, 
w e  must f i r s t   c l a r i f y   w h a t   d o s e  must  be  determined.  Cosmic 
r a d i a t i o n   f r o m   s o l a r   f l a r e s   c o n t i n u e s   f r o m   s e v e r a l   h o u r s  up t o  
s e v e r a l   d a y s .  It can   be   regarded   as  a shor t - te rm  process   f rom 
t h e   p o i n t   o f   v i e w   o f   i n f l u e n c i n g   t h e  human o rgan i sm,   because   t he  
p r o c e s s e s   f o r   d e v e l o p m e n t   o f   r a d i a t i o n  damage d u r i n g   t h e   a c t i o n  
o f   t he  SCR c a n n o t   d e v e l o p   t o  a s u f f i c i e n t   e x t e n t .  A s  was po in ted  
o u t   i n   C h a p t e r  1, t h e   i m m e d i a t e   a f t e r e f f e c t s   o f   t h i s   t y p e   o f  
i r r a d i a t i o n   c a n   b e   c h a r a c t e r i z e d  by  the mean t i s s u e   d o s e .  Conse- 
q u e n t l y ,  i t  i s  n e c e s s a r y   t o   a p p r o x i m a t e   t h e  mean t i s s u e   d o s e   f r o m  
t h e  SCR i n   t h e  human organism as t h e   c r i t e r i o n   f o r   t h e  damaging 
e f f e c t   o f   t h e  SCR.  

S m a l l  RBE c o e f f i c i e n t s ,   w h i c h  are similar t o   t h o s e   e x p r e s s e d  
by t h e   d a s h e d   c u r v e   i n   F i g u r e  1.11, are c h a r a c t e r i s t i c   f o r  
t h e   i m m e d i a t e   a f t e r e f f e c t s   p r o d u c e d   b y   s h o r t - t e r m   i r r a d i a t i o n .  
When t h e  mean t i s s u e   d o s e s   a r e   c a l c u l a t e d   i n  rems, i t  i s  
n e c e s s a r y   t o   u s e   t h e   v a l u e s   o f   t h i s   c u r v e   o r   s i m i l a r   d a t a  
r e g a r d i n g   t h e  RBE c o e f f i c i e n t s .  

I n  many cases, t h e   s p e c t r u m   f o r   t h e  SCX p r o t o n s  i s  s t e e p   a t  
t h e   s i d e   o f   l a r g e   e n e r g i e s .   F o r   s u c h   r a d i a t i o n ,  a s h a r p   d r o p   i n  
t h e   t i s s u e   d o s e   f r o m   t h e   s u r f a c e   o f   t h e  body t o   t h e   i n t e r i o r  i s  
c h a r a c t e r i s t i c .   T h e r e f o r e ,  i t  can  be shown t h a t   t h e  mean t i s s u e  
dose  i s  n o t   d a n g e r o u s ,   a n d   t h e   m a g n i t u d e   o f   t h e   s u r f a c e   d o s e  on 
t h e   s k i n   o r  on t h e   c r y s t a l l i n e   l e n s   o f   t h e   e y e   c a n   c a u s e   b u r n s  
o r  more s e r i o u s   a f t e r e f f e c t s .   I n   t h e s e   c a s e s ,  i t  i s  n e c e s s a r y   t o  
d e t e r m i n e   t h e   m a g n i t u d e   o f   t h e   s u r f a c e   d o s e   a n d   t h e   t i s s u e   d o s e  
on t h e   c r y s t a l l i n e   l e n s   o f   t h e   e y e ,   b e c a u s e   f o r   s o f t   r a d i a t i o n  
t h e   c r i t i c a l   o r g a n s   o f   t h e  human body a r e   t h e   s k i n ,   t h e   h y p o d e r m i c  
m u s c l e   t i s s u e ,   a n d   t h e   c r y s t a l l i n e   l e n s   o f   t h e   e y e   ( R e f .  6 4 ) .  It  
m u s t   t h u s   b e   t a k e n   i n t o   c o n s i d e r a t i o n   t h a t  a t i s s u e  d o s e   o f   g r e a t e r  
t h a n  600 - 1000 rem f o r  a b r i e f   p e r i o d   o f  time c a u s e s   s k i n   b u r n s ,  

92 



and a t i s s u e   d o s e   o f  more t h a n  6000 rem c a u s e s   t h e i r   n e c r o s i s .  

Schaefer   (Ref .  65 - 67) c a l l s   a t t e n t i o n   t o   t h e   i r r e g u l a r i t y  
i n   t h e   d i s t r i b u t i o n   o f   t i s s u e   d o s e s   f r o m   t h e  SCR when c a l c u l a t i n g  
t h e i r   d i s t r i b u t i o n   i n  a  human model, i n   t h e   f o r m   o f  a t i s s u e   e q u i -  
v a l e n t   s p h e r e   h a v i n g  a diameter of 52  c m  and a mass o f  75 kg.  A s  
he w t e d ,   i f   t h e  c o s m o n a u t   s h u t s   h i s   e y e s   t i g h t l y   d u r i n g   t h e  SCR,  
t h e n   t h e - i s s u e   d o s e   i n   t h e   c r y s t a l l i n e   l e n s   d e c r e a s e s  by 30%. 
Schae fe r  proprosed c h a r a c t e r i z i n g   t h e   i r r a d i a t i o n   b y   t i s s u e   d o s e s  
a t  a depth   o f  lmm, 1 and 10 cm,  b u t   h i s   p r o p o s a l   c a n n o t   b e   r e g a r d e d  
a s   hav ing  a s e r i o u s   b a s i s .  

A t  t h e   p r e s e n t  t i m e ,  t h e   f a c t   c a n n o t   b e   o v e r l o o k e d   t h a t   d u r i n g  
a l o n g   i n t e r p l a n e t a r y   f l i g h t   i n d i v i d u a l s  w i l l  b e   r e p e a t e d l y   s u b j e c t e d  
t o   t h e   i n f l u e n c e  of SCR i n   s m a l l   d o s e s .   F o r   s u c h   c h r o n i c   i r r a d i a t i o n ,  
i t  is  i m p o r t a n t   t o   a p p r o x i m a t e   t h e   p r o b a b i l i t y   w i t h   w h i c h   i n d i v i d u a l  
a f t e r e f f e c t s  w i l l  a p p e a r ,   w h i c h   a r e   d e t e r m i n e d   n o t   b y   t h e  mean t i s s u e  
dose  (Chapter  l ) ,  b u t  by t h e   t i s s u e   d o s e   i n   t h e   c r i t i c a l   o r g a n s ,  and 
t h e  RBE c o e f f i c i e n t s   f o r   s u c h   i n f l u e n c e  w i l l  b e   l a r g e   ( t h e   s o l i d  
c u r v e   i n   F i g u r e  1.11). 

I n   o r d e r   t o   p r o v i d e  a s u f f i c i e n t l y   c o m p r e h e n s i v e  estimate of 
t h e   r a d i a t i o n   d a n g e r   o f  S C R ,  i t  i s  t h u s   n e c e s s a r y   t o   d e t e r m i n e   t h e  
mean t i s s u e   d o s e   a n d   t h e   s u r f a c e   d o s e   ( o r   t h e   d o s e  on t h e   c r y s t a l l i n e  
l e n s )   w i t h   t h e  RdE C o e f f i c i e n t s ,   w h i c h   a r e   c h a r a c t e r i s t i c   f o r   a c u t e  
i r r a d i a t i o n s ,  a n d   t h e   t i s s u e   d o s e   i n   t h e  c r i t i c a l  o rgan  (maximum 
t i s s u e   d o s e )   w i t h  RBE c o e f f i c i e n t s   w h i c h   a r e   c h a r a c t e r i s t i c   f o r  
c h r o n i c   i r r a d i a t i o n .   F u r t h e r   a n a l y s i s  and the   accumula t ion   of   ex-  
p e r i e n c e  w i l l  p robably  make i t  p o s s i b l e  t o  c o n t r a c t   t h e   n e c e s s a r y  
amount  of i n f o r m a t i o n   a b o u t   t h e   t i s s u e   d o s e s   o f   t h e  SCR a t  a l a t e r  
t i m e  . 

A c c o r d i n g   t o   t h e   d a t a   g i v e n  by S c h a e f e r ,   t h e   t i s s u e   d o s e  ra te  
from  the SCR from a n o n - r e l a t i v i s t i c   f l a r e  on May 10 ,  1959,   behind 
a s h i e l d i n g  of  2 g/cm2  amounted t o  20 r ad lhour   on   t he   su r f ace   o f  
a s p h e r i c a l  human model ;   15  rad/hour  - a t  a depth  of  0.3  g/cm;  and 
a b o u t   0 . 1   r a d / h o u r -   i n   t h e   c e n t e r  of t h e   s p h e r e .  The mean t i s s u e  
dose   r a t e   equa led   approx ima te ly  4 r a d / h o u r   ( S c h a e f e r   c a r r i e d   o u t  
c a l c u l a t i o n s   f o r   t h e   t i s s u e   d o s e ,   a n d   t h e   a b s o r b e d   d o s e   i n   a n   a i r -  
e q u i v a l e n t  medium, b u t   i n   s i m i l a r   p r o v i s i o n a l   c a l c u l a t i o n s   s u c h   a n  
inaccuracy  i s  a d m i s s i b l e ) .  

I f  i t  i s  c o n d i t i o n a l l y  assumed t h a t   t h e   t o t a l   t i s s u e   d o s e   f r o m  
t h e  SCR o f   t h e   n o n - r e l a t i v i s t i c   f l a r e   o n  May 10, 1959,  was 15 times 
g r e a t e r   t h a n   t h e   c a l c u l a t e d   a m o u n t s   o f   t h e   d o s e  ra te ,  t h e n   t h e  
mean t i s s u e   d o s e   a f t e r   t h e   f l a r e   w o u l d  amount t o  60 r a d   o r ,  w i t h  
a RBE c o e f f i c i e n t  on t h e   o r d e r   o f  2 ,  i t  would  amount t o   a b o u t  
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120 rem - i . e .  , i t  would  be a l a rge r   amoun t ,   bu t   an   endurab le   one .  
A t  t h e  same time, the   sk in   dose   wou ld  amount t o  300 r a d ,   o r   a b o u t  
600 rem, a n d   t h e   t i s s u e   d o s e   o n   t h e   c r y s t a l l i n e   l e n s  - 225 r a d   o r  
about 450 rem. Such   doses   could   l ead   to  a l o s s   i n   t h e  human 
c a p a c i t y   f o r   w o r k ,   a l t h o u g h   t h e  mean t i s sue   dose   wou ld   no t   be  
e x c e s s i v e l y   l a r g e .  It m u s t   b e   p o i n t e d   o u t   t h a t   t h i s   e x a m p l e  
r e f e r s   t o   c o m p a r a t i v e l y   s o f t   r a d i a t i o n   f r o m   n o n r e l a t i v i s t i c   f l a r e s  
R e l a t i v i s t i c  SCR causes  more u n i f o r m   i r r a d i a t i o n   o f   t h e   o r g a n i s m .  

O t h e r   a u t h o r s ,   i n   c a l c u l a t i n g   t h e   t i s s u e   d o s e s   o f   S C R , d i d   n o t  
t a k e   i n t o   a c c o u n t   t h e   r a d i a t i o n   d i s t r i b u t i o n   i n   t h e  human body 
and t h e   e f f e c t   o f   s e l f - s c r e e n i n g   d u r i n g   i r r a d i a t i o n   f r o m   a l l  
s ides ,   wh ich  i s  t y p i c a l   f o r   c o s m i c   f l i g h t   c o n d i t i o n s .   U s u a l l y ,  
the  magni tude of  t h e   t i s s u e   d o s e   i n   t h e   c e n t e r   o f   t h e   c a v i t y  
w i t h i n  a s p h e r i c a l   c a s i n g   h a v i n g  a g i v e n   t h i c k n e s s  i s  g i v e n ,  
b e c a u s e   t h i s   d o s e   c a n   b e   c a l c u l a t e d   c o m p a r a t i v e l y   s i m p l y .  I t  i s  
a lways   g rea t e r   t han   t he   su r f ace   dose   and   t he  mean t i s s u e   d o s e ,  
and t h e r e f o r e   p r o v i d e s   a n   e x a g g e r a t e d   c o n c e p t   o f   t h e   r a d i a t i o n  
danger  from SCR . 

The abso rbed   dose   i n  a i r  behind a sh ie ld ing   o f   abou t  1 g/cm2 
h a s   b e e n   c a l c u l a t e d   f o r   s e v e r a l   c a s e s   o f  SCR (Ref .  2 5 ) .  These   da ta  
are compi led   in   Table  3 . 2  - 3.3,  a l o n g   w i t h   d a t a   g i v e n  by o t h e r  
a u t h o r s .  It can   be   s een   f rom  these   da t a  p r i m a r i l y  t h a t   t h e   e s t i -  
ma tes   o f   t he   t i s sue   doses   f rom  the  SCR, which  were made by v a r i o u s  
a u t h o r s ,   b a s i c a l l y   c o n c u r   w i t h   e a c h   o t h e r   i n   o r d e r  o f  magni tude,  
a l t h o u g h   t h e y   d i f f e r  by s e v e r a l   f a c t o r s ,  as a r u l e .  Such a I 84 
disagreement  i s  u n d e r s t a n d a b l e ,   i f   o n e   t a k e s   i n t o   a c c o u n t   t h e  
i n a c c u r a c y   o f   t h e   i n i t i a l   d a t a   r e g a r d i n g   t h e   s p e c t r u m ,   t h e   p r o t o n  
stream, i t s  dependence  on t i m e ,  a n d   a l s o   t h e   d i v e r s e   a p p r o a c h   i n  
c a l c u l a t i n g   t h e   t i s s u e   d o s e .  The c o n t r i b u t i o n ,   w h i c h  i s  n o t   t a k e n  
i n t o   a c c o u n t   i n  a l l  t h e   c a l c u l a t i o n s ,   t o   t h e   t i s s u e   d o s e   f r o m   t h e  
secondary   rad ia t ion   f rom  the   cosmic   appara tus   cas ing   (pr imar i ly  
n e u t r o n s )   c a n   i n c r e a s e   t h e   t i s s u e   d o s e   b y  10 - 50% i n   r a d s   f o r  a 
s o f t   s p e c t r u m   o f  SCR p r o t o n s  - i . e . ,  t h e   f a c t   t h a t  i t  i s  d i s r e g a r d e d  
d o e s   n o t   e s s e n t i a l l y   c h a n g e   t h e   g i v e n  estimates of t h e  d.ose (Ref .  4 ,  
Ref.  68 ) .  

I t  can  be  seen  from  Table 3.3 t h a t   t h e   t i s s u e   d o s e s   f r o m  SCR 
i n  many cases f a r   e x c e e d   t h e   q u a n t i t i e s   c r e a t e d  by t h e  PCR o r  by 
t h e   r a d i a t i o n   z o n e s   o f   t h e   e a r t h  when t h e y  are crossed,   even  be-  
h i n d   p r o t e c t i v e   l a y e r s  on t h e   o r d e r   o f  25 - 400 g/cm*.  Thus, 
a c c o r d i n g   t o   t h e s e   e s t i m a t e s   t h e  SCR r e p r e s e n t s   t h e   p r i m a r y  
r a d i a t i o n   d a n g e r   d u r i n g   c o s m i c   f l i g h t s .  
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TABLE 3.2 
AbSdRBED DOSES  FROMSCR. 

" .  . 

Date 

Feb.  23,1956 

~~ 

Aug. 22,195E 

. . - ~~. .. 

May 10,1959 

. ". ~ 

May 12,1959 

" . - 

July  14,1951 

' l a r e  
:lass 

" 

3+ 

2 

- -  - 

3+ 

3+ 

3+ 

" 

Pro ton   Ene rgy- .  
Xegion 

M e V  
~ . .  

00-5 E ,<20 000 
E = 370 
(Ref.  25) 

" - 
E = 100 

. " _  
-00 < E  <500 

Abs;orbed 
Dose, r a d  

. .  ~ . 

to ( i n   a i r )  

!5 r e m  

,laximum < 50 - 
30 r a d l h o u r  
- ~ - - 

4 

"" "- .. 

14 (rem) 
naximum 20 r a d l h  
!lean t i s s u e  
4 r a d f h r  
1 5   0 0 0 ( i n   t i s s u e  

25 ( i n   t i s s u e )  
~ ~ 

700 ( i n   a i r )  

2500 ( i n   t i s s u e )  

6 ( i n   t i s s u e )  
- .. .. - ~ 

30000 ( i n  a i r )  

1 5 0 0 0 ( i n   t i s s u e ]  

2 5 ( i n   t i s s u e :  

Maximum 
10000- rad/hour__ 

Comments 

. ~ -~ 

iehind 1 g/cm2. I n  
:he f i r s t  1 9  h r s .  , 
10 d a t a  on t h e  
)E>1  Bev (Ref.  25) 
lehind 2 c m  

lehind 25cm 

3ehind 260 c m  
:arbon  (Ref.  5) 
3ehind 2-5 g/cm2 
Ear f r o m   t h e   e a r t h  
(Ref .- 38,  69) 

3ehind   severa l  
:entimeters  of 
da t e r   (Re f .   5 )  

3ehind 22 c m  car -  
Ion (Ref.  70)  /83 
3ehind 2 g/cm2 
(Ref.  65) 
Behind 2 c m  

Behind 25cm 

water (Ref. 4 

w a t e r  Ref .68) 

- ~ r~~ 

water (Ref. 4 

water-"" Ref .68) 
Behind 1 g/cm2 

Behind 2 c m  

Behind  25 cm 

(Ref.  25) 

water (Ref.  4 

w a t e r  Ref .68) 

Behind 1 g/cm2 
from 3 SCR f o r  6 
consecut ive  days 

(Ref. 25) 
Behind 2 cm 

water (Ref.  4 
Behind 25 cm 

water Ref .68) 
Behind 2-5 g/cm2 

(Ref. 38) 
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TABLE 3.2 
( con t inued)  

I83  

Date 

Ju ly   15 ,1959  
- 

Apr. 1, 1960 

October  12- 
20,  1960 

Ju ly   18 ,1961  

3+ 

3+ 

" 

3+ 

Proton  Energy 
Re  g i  on 

"ex. " ~_ 

- 
~" 

E = 40 (Ref.   25) 

- lO,<E,<8000, 
E = 50  (Ref.   25) 

_______ 
- 
E = 50  (Ref.  25) 

. - 
Absorbed 
Dose r a d  

Maximum 
9 radlhour"  

7 0 1 0 - ~ ( i n   a i r )  

Maximum 
26 mrad/hour 
2000 ( i n   a i r )  

6 0 0 - 8 0 0 ( i n   t i s s u e  

6 - 9 ( i n   t i s s u e )  

_____ 
80 ( i n   a i r )  

Comments 

. _____. - -_ 

Behind 2-5 g/cm2 
". -(Ref.. ?_s)". = 

Behind 1 g/cm2 
(Ref.  25) 

Behind  2-5g/cm2 
(Ref .  38) 

___I_ ___ 

Behind 1 g/cm 2 

Behind 2 cm 

Behind  25cm(4, 

(Ref.  25) 

wa te r  (Ref .  

wa te r  (Ref .  
." (6 8") 

Behind 1 g/cm2 
(Ref.   25) 

The o b t a i n e d   v a l u e s   f o r   t h e  t i s s u e  dose must  be  compared  with 
t h e   s c a l e  of r a d i a t i o n  damage s e t  f o r t h   i n   C h a p t e r  1. It must  thus 
b e   k e p t   i n  mind t h a t   f o r   s o f t   r a d i a t i o n ,   s i m i l a r   t o   t h e  SCR a f t e r  
t h e   f l a r e  on May 10,  1959 ,   t he  mean t i s s u e   d o s e  i s  5 times less than  185 
t h e   s u r f a c e   d o s e ,   a n d  10 times less t h a n   t h e   t i s s u e   d o s e   i n   t h e  
c e n t e r   o f   t h e   c a v i t y   w i t h i n   t h e   c o s m i c   a p p a r a t u s   c a s i n g   ( R e f .   6 5 ) .  
F o r   h a r d e r   r a d i a t i o n ,   t h e   d i f f e r e n c e  i s  less.  

- 

The compar ison   shows  tha t   in   cosmic   appara tuses   having   cas ings  
of a normal   th ickness   o f  2 - 5 g/crn2, i n  many c a s e s   t h e   c o n t a c t   w i t h  
powerful  SCR w o u l d   l e a d   t o   s e r i o u s   a f t e r e f f e c t s   f o r   t h e c r e w .  
I n   o r d e r   t o   r e d u c e   t h e   m a g n i t u d e   o f   t h e   t i s s u e   d o s e   t o   a n   e n d u r a b l e  
one, a s t r o n g   s h i e l d i n g  on t h e   o r d e r  of 25  g/cm2 i s  necessa ry   acco r -  
d i n g   t o  some estimates, and  250 - 400 g/cm2 a c c o r d i n g   t o   o t h e r  e s t i -  
m a t e s .   D e t a i l e d   c a l c u l a t i o n s   o f   t h e   s h i e l d i n g  are set  f o r t h   b e l o w  
i n   C h a p t e r  7.  U s i n g   t h e   d a t a   o n   t h e   p r o t o n  stream a s  a b a s i s ,  we 
s h a l l   c a l c u l a t e   t h e   t i s s u e   d o s e   h e r e .  

If t h e   d i f f e r e n t i a l   e n e r g y   s p e c t r u m   f o r   p r o t o n s   i n   t h e   f o r m  

" - n o r n  , 
QE (3 .2)  

i s  known, t h e n   t h e   d i f f e r e n t i a l   t i s s u e   d o s e  i s  
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TABLE 3 .3  
"~ ~- ~ ~- 

Type of  cos- 
mic r a d i a t i o n  
. -~ __ " . 

Powerful non- 
r e l a t i v i s t i c  

S CR 

Powerful SCR , 
Class  A 

Powerful S C X ,  
"" 

Class  B 

_ _ _ _  
PCR 

~ _ _  
R a d i a t i o n  zone 
o f   t h e   e a r t h  

Absorbed 
Dose,   rad 

.50 - 750 
: i n   t i s s u e )  

: i n   t i s s u e )  

: i n   t i s s u e )  

12 - 30 

2 - 5  

3000 

100 

... ~. . ~.. 

45000 

100 

.~ - .  

5 ( i n   a i r )  
- ~~ 

6 ( i n   a i r )  

. .- - - - 
Coment  

- _ _  
3ehind 2 g/cm2 

3ehind 5 g/cm2 (Ref.  71) 

3ehind  10g/cm2 
Q\< 2 

For a stream 
2f 108cm-2 
For a s t ream  (Ref .   5 )  
2f 10 cm-2 
Jehind 5 g/cm2 
carbon  or  
B g/cm2 mallo- 
ri_up? - ~ .- " ~- - I =_ 

For a s t r eam  o f  
3.6*1011cm-2 
For a stream of  
3.6*1011cm-2  be-  (Ref  .5) 
nind 400 g/cm2 
ca rbon   o r  700 

~ ___ * ~ 

PLc_m.2"m!!L!Jis!L- - .  

l u r i n g  1 year   (Ref .   25)  
" " . - -___- 

1 h o u r   a f t e r   i n t e r -  
s e c t i o n ,   f o r  a s h i e l d i n g  
th i ckness   o f  
1 g/cm2(Ref.  25) 

. -- -~ - ~~ ~ 

D' ( E )  d E  = I"I,,8 ( E )  .I?"€, ( 3 . 3 )  
where &(E)  i s  t h e   s p e c i f i c   t i s s u e   d o s e   f o r   p r o t o n s   h a v i n g   e n e r g i e s  
from E t o  E + dE (see   Chapter  1 ) .  The t o t a l   t i s s u e   d o s e   i n  a small 
v o l u m e   o f   t i s s u e ,   p l a c e d   i n  a p r o t o n  stream w i t h  a g iven   spec t rum,   o r  
t h e   s u r f a c e   t i s s u e   d o s e   i n   t h e  case of  a stream f a l l i n g   i n  a normal 
d i r e c t i o n  i s  de te rmined   by   t he   i n t eg ra l  
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( s e e   e q u a t i o n  1 . 1 4 ) .  Here M i s  t h e  mass  of a p r o t o n   a t  r e s t ,  
which  equals 1836  me, and E i s  t h e   k i n e t i c   e n e r g y  of t h e   p r o t o n ,  
MeV. For a m u s c l e   t i s s u e  NZ = 3 . 3 6 0 1 0 ~  g- l ,  I ( Z )  = lOOev = 10-4Mev 
(Ref.  7 2 ) .  

The f i n a l   f o r m u l a  i s  v a l i d   i n   t h e   e n e r g y   r e g i o n s   f r o m   a p p r o x i m a t e l y  
0 . 1  t o  1000 MeV.  The t i s s u e  d o s e ,  c r e a t e d  by   p ro tons   hav ing   ene rg ie s  
o u t s i d e   o f   t h e s e  l imi t s ,  f o r  SCR can   be   d i s r ega rded   ou t s ide   o f   t he  
sh i e ld ing ,   and   beh ind  a s h i e l d i n g   o f   m o d e r a t e   t h i c k n e s s  - j u d g i n g  
f rom  the  known spec t rum.  The terms 3 . 1  + I n  E a s  a f u n c t i o n   o f   t h e  
p ro ton   ene rgy   a s sume   t he   va lues   wh ich   a r e  shown i n   T a b l e  3 . 4 .  

The r e s u l t s   d e r i v e d   f r o m   m e a s u r i n g   t h e  SCR a r e   f r e q u e n t l y  
r e p r e s e n t e d   i n   t h e   f o r m   o f   i n t e g r a l   s p e c t r a  

n (> E )  = n, ( E r f L -  &&). 
( 3 . 5 )  

S i n c e   t h e   i n t e g r a l  and d i f f e r e n t i a l  forms of t h e   e x p r e s s i o n   f o r  
t h e   e n e r g y   s p e c t r u m   a r e   c o n n e c t e d   b y   t h e   r e l a t i o n s h i p  

f o r   t h e   i n t e g r a l   s p e c t r u m ,   t h e   t i s s u e   d o s e   c a n   b e   w r i t t e n   i n   t h e  
form 

98 



c 

It i s  a p p a r e n t   t h a t   t h e   f o r m u l a s  are v a l i d   f o r   t h e   t i s s u e   d o s e  
r a t e  P , s i m i l a r l y   t o   t h e   d e p e n d e n c e s  ( 3 . 4 )  and ( 3 . 7 ) ,  i n  which D 
i s  r ep laced  by P ,  and I T 0  and IT1 - by Qpg and ( i f   t h e   d e n s i t y  
of t h e   p r o t o n  stream i s  r e p r e s e n t e d   i n   t h e   f o r m   d Q / d E  = QoE-n o r  
Q( > E )  = Q1E-m . The r e s u l t s   d e r i v e d   f r o m   t h e   c a l c u l a t i o n s   f o r   t h e  
s p e c t r a  shown i n   T a b l e  3.1 are g i v e n   i n   T a b l e  3.5. When t h e   c a l c u l a -  
t i o n s  were p e r f o r m e d ,   t h e   s p e c t r a l   s e c t i o n s  were d is regarded   which  
were n o t   c o n t a i n e d   i n   t h e   a p p r o x i m a t i n g   p o w e r   f u n c t i o n s   o f   T a b l e  
3.1. However, as   can   be   seen   f rom  Table  3 . 5 ,  t h i s   d o e s   n o t   i n t r o -  
duce  any s i g n i f i c a n t   e r r o r   i n   t h e   c a l c u l a t e d   v a l u e s .   I n   a d d i t i o n ,  
o n l y   t h e   f i r s t  term i s  e s s e n t i a l   i n   e q u a t i o n s  ( 3 . 4 )  and ( 3 . 7 ) .  
T h e r e f o r e ,   t h e   s i m p l e   e x p r e s s i o n s  

c a n   b e   u s e d   t o   c a l c u l a t e   t h e   t i s s u e   d o s e .  

It  i s  a p p a r e n t   t h a t   t h e   s u r f a c e   t i s s u e   d o s e   r a t e  i s  less 
t h a n   t h e   v a l u e s   c a l c u l a t e d   a b o v e ,   d u e   t o   t h e   s e l f - s c r e e n i n g   b y  
the   body,   bu t  i t  i s  n o t  more than  two times smaller, i f   t h e  
s t ream  of  SCR i s  i s o t r o p i c a l l y   d i s t r i b u t e d  by a n g l e s .  The v a l u e s  
o b t a i n e d   f r o m   t h e   c a l c u l a t i o n   f o r   t h e   t i s s u e   d o s e   r a t e   a r e  much 
g r e a t e r   t h a n   t h e   e s t i m a t e d   v a l u e s   g i v e n   b y   o t h e r   a u t h o r s   ( T a b l e  
3 . 2 ) ,  s i n c e   t h e   c a l c u l a t i o n  was made f o r   p r o t o n s   h a v i n g   e n e r g i e s  
which s t a r t e d   a t   a p p r o x i m a t e l y  3 Mev - i - e . ,  a lmost   under   condi-  
t i o n s   o f  no p r o t e c t i o n .  It can  be  seen  from  Table 3.5 t h a t   t h e  
t i s sue   doses   t hus   a s sume   ve ry   l a rge   va lues ,   wh ich   r each   approx ima te ly  187 
lo4 r a d   a f t e r   t h e   f l a r e .  

The t i s s u e   d o s e  i s  c a l c u l a t e d   w i t h o u t   t a k i n g   t h e   s c r e e n i n g  
e f f e c t  o f  t h e  human body i n t o   a c c o u n t .  A s  was noted  above,   one  of  
t h e   c r i t e r i a   f o r   t h e   r a d i a t i o n   d a n g e r   o f  SCR must   be  the mean 
t i s s u e   d o s e .   I n   c a l c u l a t i n g   t h i s  mean t i s s u e   d o s e ,  i t  i s  necessa ry  
t o   d e t e r m i n e   t h e   d o s e s   i n  terms of   depth   and   to   average   them  over  
t h e  body  volume; i t  m u s t   t h u s   b e   t a k e n   i n t o   c o n s i d e r a t i o n   t h a t   t h e  
pas sage  o f  p r o t o n s   t h r o u g h   t h e   t i s s u e   l a y e r   c h a n g e s   t h e i r   s p e c t r u m .  
I n   o r d e r   t o   c a l c u l a t e   t h e   m a g n i t u d e  of t h e   t i s s u e   d o s e   a t   t h e  
dep th  x , t he   app rox ima te   empi r i ca l   dependence   be tween   t he   p ro ton  
energy  E and t h e i r   r a n g e  x can   be   used   (Ref .  7 1 )  

h E = E o % ,  
from  which i t  f o l l o w s   t h a t  

( 3 . 9 )  

d E  = kE ,Xh"dx, 
(3.10) 

( 3  -11)  
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TABLE 3.5 

CALCULATION OF THE TISSUE DOSE U T E  OF SCR ACCORDING TO 
FORMULA (3.4) 

. .  - ____ _" 

Date 

2.23.1956 

2.23.1956 
5 . l o .  1959 

11.12.1960 

11.12.1960 

11.12.1960 
Averaged  Dats 

(Ref.  45) 
Averaged  Dats 
during  Forbus 
dec rease  

(Ref.  45) 

rime 
Erom 
s t a r 1  
L Q X  

0 

19 

33 

0- 10 

10-14 

14-32 

- 

- 

Tissue  Dose Rate  

r a d / s e c  
". - - . . " 

____- " - .. " __ 

0,14 (1,3-0,003)  $3.4- 1 O I 5  (3,6. 
"1.6. =0.18 

0,03 

0,87 

0,5J 

(0,9J-O,UOj) i 2 . 6 .  103.(l,6. 

(0.92--0.01) -!- I .9. I O5 (3.5.1 0-8- 
- 7 . 1 0 4 3 )  =0.028 

\ ,  
-2. IO-") =0.77 . 

.. ~, I 

(0,33-0.001)~-1.8~ IO'(7,l-  IO-*- "8. IO- '?)  ~ 0 . 1 8  
I , r  (0,33-3.10-4) +'I A .  io3 (3.2.10-7- 

-8 * IO-") ~ 0 . 3 6  
7,5 (0,078-5. -1-2.4. l G 5  (1.3- 

-2.10-14) ~ 0 . 5 8  

0.82 (2.8. 10-5-5* IO-*) ~ 2 3 .  IO-' 

- 
r a d / h r s  . 

~ 

650 

1 0 0  

2800 

650 

I300 

2100 

0,08 

0.05 

From Formula  (3.2) , w e  thus  have 

d n  
d x  (3.12) - = kll ,€o x I--n k-kn-I 

B e h i n d   t h e   t i s s u e   l a y e r   h a v i n g   t h e   t h i c k n e s s  R ,  which i s  measured j 8 8  
i n   t h e   d i r e c t i o n   o f   m o t i o n   o f  a f l a t   p r o t o n   s t r e a m ,  w e  have 

(3 .13)  

It i s  now p o s s i b l e   t o  write t h e   e x p r e s s i o n   f o r   t h e   m a g n i t u d e   o f  
t h e   t i s s u e   d o s e  a t  t h e   d e p t h  R 

mi n 

Here Xmin = (Emin/Eo)'lk  and Xmax - - (Emax/Eo) i s  t h e  
r a n g e   o f p r o t o n s   h a v i n g   t h e   e n e r g i e s  Emin and Emax. If Xmin.G R ,  
i n t e g r a t i o n  i s  c a r r i e d   o u t   f r o m   z e r o .   I f  xmax < R , t h e   i n t e g r a l  
becomes ze ro .  
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2L 
Wadding ton   (Ref .   5 )   i n t roduces   t he   mu l t ip l i e r  e R ,  i n  ex- 

- 
press ions   (3 .13)  - ( 3 . 1 4 ) ,   t a k i n g   i n t o   a c c o u n t   t h e   a t t e n u a t i o n  
o f   t he   p ro ton  stream due t o   t h e i r   a b s o r p t i o n   i n   t h e   n u c l e a r  
i n t e r a c t i o n s .   S i n c e   t h e  mean a b s o r p t i o n   p a t h   o f   p r o t o n s  X has  
a magni tude   on   the   o rder  of 100  g/cm2  carbon,  the similar term 
i n   t h e   t h i c k n e s s   r e g i o n   u n d e r   c o n s i d e r a t i o n   b a r e l y   d i f f e r s   f r o m  
u n i t y ,  and i t  can   be   omi t ted .  

F o r   t i s s u e ,  E O  = 32 Mev ( f o r  a r ange   o f  1 g/cm2) k = 0.56. 
[For  aluminum, E O  = 28 MeV, k = 0 .57 ,   fo r   ca rbon  - a c c o r d i n g   t o  
d a t a   g i v e n  by  Waddington  (Ref.  5) - EO = 29.7 MeV, k = 0.581. Subs t i -  
t u r i n g   t h e s e   q u a n t i t i e s   i n   f o r m u l a   ( 3 . 1 4 ) ,  w e  o b t a i n :  

D _ _  320n032-'1 X ?  .( (x - ~ ) - - 0 . 8 ' ; ~ 1 - ' J . 1 4  -0.14 

where x1 = (Emin /32)1 '7 s5   o r   ze ro ,  x2 = (Emax/32)1-785  or   zero .  
Analogous  expressions are v a l i d   f o r   c a l c u l a t i n g   t h e   t i s s u e   d o s e  
behind a s h i e l d i n g  made of  t i s s u e - l i k e   m a t e r i a l s :  water, o r g a n i c  
l i q u i d s ,   a n d   p l a s t i c s .  

s dx,  (3 .15)  
X I  

The t i s s u e   d o s e   a t   a n y   p o i n t   o f   t h e  body  can  be  obtained  by 
i n t e g r a t i o n   o f   e x p r e s s i o n   ( 3 . 1 5 )   w i t h   r e s p e c t   t o   a l l   d i r e c t i o n s ,  
t a k i n g   i n t o   a c c o u n t   t h e   l a y e r   t h i c k n e s s   f r o m   t h e   p o i n t  up t o   t h e  
s u r f a c e  and t h e   p r o t o n   s t r e a m   i n   t h e   g i v e n   d i r e c t i o n .   I n   t h e  
general   form,   such a problem i s  f a i r l y   c o m p l e x ,   a n d   t h e r e f o r e   t h e  
problem i s  r e s t r i c t e d   t o   s i m p l i f i c a t i o n s   ( R e f .  65 - 6 7 ) .  D e t a i l e d  
c a l c u l a t i o n s   a r e   g i v e n   i n   C h a p t e r  7 .  

For  rough estimates below  the  magni tude o f  t h e   t i s s u e   d o s e ,  
behind a l a y e r   o f  matter h a v i n g   t h e   t h i c k n e s s  R , i t  i s  p o s s i b l e  
t o   u t i l i z e   e x p r e s s i o n   ( 3 . 8 ) ,   s u b s t i t u t i n g   t h e   q u a n t i t y  Emin + E 0 R k ,  
i n s t e a d  of Emin. F o r   t i s s u e ,  w e  have 

The s m a l l e r  are R and n , t h e  more c o r r e c t  i s  t h e   f o r m u l a .  

(3.16) 

With t h e   a i d   o f   t h i s   f o r m u l a ,  l e t  u s   a p p r o x i m a t e   t h e   t i s s u e  
dose  from SCR p r o t o n s   i n   t h e   c e n t e r  o f  a s p h e r i c a l   v o l u m e .   I n  ' 

t h i s   s i m p l e  case, i n t e g r a t i o n   o v e r   a n g l e s  is unnecessa ry .  L e t  US 

c a r r y   o u t   t h e   c a l c u l a t i o n   f o r  R , which   equal  10 and  25 c m  
t i s s u e ,  which   approximate ly   cor responds   to   the . .   d imens ions   o f   the  
head   and   to rso   o f   the  human b e i n g .  The ene rgy   o f   p ro tons   w i th  
such   range   equal  116 and  244 MeV, r e s p e c t i v e l y .   F o r  
t h e  SCX s p e c t r a   w h i c h  are shown Tab le  3.1, v a l u e s  are o b t a i n e d  
which are g i v e n   i n   T a b l e  3.6. The q u a n t i t y   f o r  R = 0 cor re sponds  
t o   t h e   t i s s u e   d o s e   i n   t h e   a b s e n c e   o f   s e l f - a t t e n u a t i o n   i n   t h e  
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body,   and  half   of  i t  (column 3 )  a p p r o x i m a t e l y   e q u a l s   t h e   s u r f a c e  
t i s s u e   d o s e .  

TABLE 3 . 6  

TISSUE DOSE RATE PR r a d / s e c  I N  THE CENTER OF A SPHERE 

WITH THE RADIUS R ,  cm.  - 

It c a n   b e   s e e n   f r o m   t h e   T a b l e   t h a t   i r r a d i a t i o n   o f   t h e  body 
i s  p r i m a r i l y   s u r f a c e   i r r a d i a t i o n ,  and t h e   t i s s u e   d o s e   i n   t h e   c e n t e r  
of   the   vo lume  amounts   to   percents   and   por t ions   o f  a p e r c e n t  of t h e  
s u r f a c e   d o s e ,   b u t  - d u r i n g   t h e   p a s s a g e   o f   h a r d  SCR - i t  amounts t o  
t e n s   a n d ,   i n   i n i d v i d u a l   c a s e s ,   h u n d r e d s   o f   r a d s .  A s  w i l l  be   s een  
i n   C h a p t e r  7 ,  the   non-uniform  manner   in   which  the  body i s  i r r a d i a t e d  
by   ha rd   r ad ia t ion   f rom SCR dec reases   beh ind  a s h i e l d i n g .   T h i s  i s  
i n d i c a t e d   b y   t h e   d i s t r i b u t i o n  o f  t h e   t i s s u e   d o s e   f o r  SCR s p e c t r a  
(Nos. 7 and 8 ,  Table  3 . 6 ) ,  which were de termined  by beg inn ing   w i th  
a pro ton   energy  of 70 - 100 Mev - i . e . ,  behind  a l a y e r   o f   m a t t e r  
of 5 - 10 g/cm2. 

A c o r r e c t   e s t i m a t e  of t h e   r a d i a t i o n   d a n g e r   f r o m   t h e   o b t a i n e d  
v a l u e s   f o r   t h e   t i s s u e   d o s e   c a n   b e  made o n l y   b y   t a k i n g   i n t o   a c c o u n t  
t h e   c o e f f i c i e n t s   o f   r e l a t i v e   b i o l o g i c a l   e f f e c t i v e n e s s  Q ( 6 ) .  These 
c o e f f i c i e n t s   m u s t   b e   t a k e n   f r o m   t h e   c u r v e s   i n   F i g u r e  1.11 and  must 
be  i n c l u d e d   u n d e r   t h e   i n t e g r a l   s i g n   i n   e q u a t i o n s  ( 3 . 4 ) ,  ( 3 . 1 4 ) ,  
and (3.15) : 

E 
D = no y"'t;, [8  ( E ) ]  8 ( E )  E-"dE r e m  

E rnin 
( 3 . 1 7 )  

or  

It  i s  a l s o   p o s s i b l e   t o   a p p r o x i m a t e   t h e  RBE c o e f f i c i e n t   , f o r  / g o  
t h e   e f f e c t i v e   r a d i a t i o n   s p e c t r u m   a t  a g i v e n   p o i n t ,   c a l c u l a t i n g   t h e  
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mean va lue  6 a n d   f i n d i n g   t h e   v a l u e  Q wh ich   co r re sponds   t o  i t  
from  Figure 1.11. M u l t i p l y i n g   t h e   c a l c u l a t e d   m a g n i t u d e  of t h e  
t i s s u e   d o s e ,   g i v e n   i n   r a d s ,   b y  Q , w e  o b t a i n   t h e   t i s s u e   d o s e   e x -  
p r e s s e d   i n  rems. Because  the  dependence Q ( 6 )  i s  not: l i n e a r ,  
and i s  s lower ,   such   an   approximat ion   provides  a somewhat exagge ra t ed  
va lue   o f   the  RBE c o e f f i c i e n t  and t h e   d o s e   i n  rems. 

The fo l lowing   fo rmulas  may b e   u s e d   t o   c a l c u l a t e  6 : 
- 

o r  

(3 .19)  

rnax 

( 3 . 2 0 )  

A s  would  be  expected,   the   magni tude  of  6 does  not  depend  on 
t h e   s t r e a m   d e n s i t y  I T 0  , and i s  de te rmined  by t h e   s p e c t r a l   s l o p e  
and i t s  p o s i t i o n   i n   t h e   e n e r g y   s c a l e .  The  more s t e e p l y   t h e   s p e c t r u m  
d r o p s   ( l a r g e r   t h a n   n )   a n d   t h e   s o f t e r  i t  i s  ( l e s s   t h a n   E m i n ) ,   t h e  
l a r g e r  i s  6 - and ,   consequen t ly ,   t he  RBE c o e f f i c i e n t .  

- 

A c c o r d i n g   t o   o u r   p r e l i m i n a r y   e s t i m a t e s   ( R e f .   7 1 ) ,   b e h i n d  a 
l a y e r  of mat te r   which  i s  g r e a t e r   t h a n  2 g/cm2 t h e  6 l i e s  w i t h i n  
t h e  limits o f  15 - 37  Mev*cm2/g,  even f o r   n o n - r e l a t i v i s t i c   f l a r e s  
w i th  a s o f t   s p e c t r u m  - i . e . ,  t h e  RBE c o e f f i c i e n t s  do   no t   exceed  2 .  
I f   t h e   s o f t   p a r t  of t h e   p r o t o n   s p e c t r u m  i s  t a k e n   i n t o   a c c o u n t ,  6 

- 
191 

- 
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i s  l a r g e r  for t h e   s u r f a c e   d o s e   ( T a b l e  3 . 7 ) .  More a c c u r a t e   v a l u e s  
a r e   c a l c u l a t e d   i n   C h a p t e r  7. 

TABLE 3 . 7  

MEAN VALUE 6 ON THE BODY SURFACE AND I N  THE CENTER OF A 
TISSUE-EQUIVALENT SPHERE HAVING RADIUS R [ESTIMATES 
ACCORDING TO FORMULAS (3.19) AND (3 .21 ) ]  

Spectrum 
Mev*cm2/g f o r  No. from  Mev-cm2/g f o r  No. from 
Mean Value 6 , Spectrum Mean Value 6 , 

Table 3.1 1 R , cm 

1 I 30 

2 I 70 

10 

2 1  

2 

4 

4 

1 ITable   3 .1)  R , ,  cm 
- "  

25 I I  ' 
- 

25 

2 

2 

2 

2 

It  fo l lows   f rom  the   Tab le   t ha t  on t h e   b o d y   s u r f a c e  6 assumes 
- 

v a l u e s ,   f o r   w h i c h   t h e  RBE c o e f f i c i e n t  i s  l a r g e r   t h a n   u n i t y   b o t h   f o r  
c h r o n i c ,   a n d   f o r   s h o r t - t e r m ,   c o n c e n t r a t e d   i r r a d i a t i o n .   T h u s ,  i t  
m u s t   n o t   b e   f o r g o t t e n   t h a t   t h e  RBE c o e f f i c i e n t   o f  SCR protons  can  be 
g r e a t e r   t h a n   u n i t y ,   a n d   t h e   d o s e  - e x p r e s s e d   i n  rems - can  be  two  or  
more times g r e a t e r   t h a n   t h e   t i s s u e   d o s e   d e t e r m i n e d   i n   r a d s .  

The va lues   o f  6 i n   t h e   i n t e r i o r   o f   t h e  body a r e   g r e a t l y   d e c r e a s e d  
- 

because   o f   the   rough  assumpt ions  - which were u s e d   t o   o b t a i n   f o r m u l a  
(3 .21) .  The sma l l   va lues   o f  6 f o r   r a d i a t i o n   f r o m  weak f l a r e s ,   w i t h  
s p e c t r a  No. 7 and No. 8 ,  a r e   c a u s e d   b y   t h e   f a c t   t h a t   t h e s e   s p e c t r a   a r e  
o n l y   d e t e r m i n e d   i n   t h e   r e g i o n   o f   r e l a t i v e l y   l a r g e   p r o t o n   e n e r g i e s .  

A l l  o f   t h e   c a l c u l a t i o n s   p r e s e n t e d   a b o v e  make i t  p o s s i b l e  t o  ob- 
t a i n   t h e   t i s s u e   d o s e ,   f o r m e d   b y   p r o t o n s   d u e   t o   t h e i r   i n t e r a c t i o n   w i t h  
e l e c t r o n s   i n   t h e  medium ( i o n i z a t i o n   l o s s e s ) ,   b u t   t h e y  do n o t   t a k e  
i n t o   a c c o u n t   t h e   c o n t r i b u t i o n  made b y   n u c l e a r   i n t e r r e a c t i o n s   t o   t h e  
dose.  However, f o r   p r o t o n s   h a v i n g   s p e c t r a   w h i c h  are s i m i l a r   t o   t h e  
SCR spectrum (see Tab le   3 .1 ) ,   no t   more   t han  several p e r c e n t s   o f   t h e  
t i s s u e   d o s e   i n   r a d s   b e l o n g   t o   t h e   s h a r e   o f   n u c l e a r   i n t e r a c t i o n s   w i t h  
t h e   t i s s u e ,   w h i c h  i s  u s e l e s s   t o   i n c l u d e   i n   t h e   c a l c u l a t i o n ,   f o r   t h e  
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a c c u r a c y   w i t h   w h i c h   t h e   i n i t i a l   d a t a  were obta ined   (Ref .   71) .  
The accumulat ion of s e c o n d a r y   p a r t i c l e s   i n   t h e   c o s m i c   a p p a r a t u s  . 

c a s i n g  and i n   t h e  human b o d y   c a n   c o n s i d e r a b l y   i n c r e a s e   t h e  amount 
of   t i s sue   dose   (Ref .   72) ,   which   can   be   seen   f rom  F igure   1 .10 .  
Some e s t i m a t e s   o f   t h e   c o n t r i b u t i o n  made b y   s e c o n d a r y   p a r t i c l e s   a r e  
p r e s e n t e d   i n   C h a p t e r  7. 

It  was po in ted   ou t   above   t ha t   a -pa r t i c l e s   compr i se  a s i g n i f i -  
c a n t   p a r t   o f   t h e  SCR. The t i s s u e   d o s e  of a - p a r t i c l e s   c a n   b e  
c a l c u l a t e d   s i m i l a r l y   t o   t h e   c a l c u l a t i o n s   f o r   p r o t o n s ,   i f   t h e   f a c t  
i s  t a k e n   i n t o   a c c o u n t   t h a t   t h e   c h a r g e   o f   a n   a - p a r t i c l e  i s  two I92 
t imes   l a rger   than   the   p ro ton   charge ,   and   the   mass  i s  f o u r  times 
la rger .   Formulas   (3 .4)   and   (3 .8)   assume  the   fo l lowing   form  for  
a - p a r t i c l e s :  

T h u s ,   t h e   s u r f a c e   t i s s u e   d o s e   o f   a - p a r t i c l e s  i s  one   o rder   o f  
m a g n i t u d e   l a r g e r   t h a n   t h a t   f o r  a p r o t o n   s t r e a m   h a v i n g   t h e  same 
ene rgy   spec t rum.   I f  i t  i s  t r u e   t h a t  a stream o f   a - p a r t i c l e s  com- 
prises about  10% of t h e   p r o t o n   s t r e a m ,   t h e n   t h e y   i n c r e a s e   t h e  
s u r f a c e   t i s s u e   d o s e  by a f a c t o r  of two,  as  compared  with  the  dose 
c r e a t e d  by s i n g l e   p r o t o n s .  

S ince  E = 4EoRk f o r   a - p a r t i c l e s ,   w h e r e  E O  i s  t h e  same as  
fo r   p ro tons   i n   acco rdance   w i th   fo rmula   (3 .9 ) ,   equa t ion   (3 .16 )  
assumes  the  form 

(3.23)  

T h u s ,   f o r   t i s s u e   l a y e r s  a t  a depth  which i s  l a r g e r   t h a n   t h e  
r a n g e   o f   a - p a r t i c l e s   h a v i n g   e n e r g i e s  Emin, t h e   t i s s u e   d o s e  
o f   a - p a r t i c l e s   d e c r e a s e s  more r a p i d l y   t h a n   t h e   t i s s u e   d o s e   f o r  
pro tons ,   and   consequent ly  i t s  c o n t r i b u t i o n  i s  less. 

The s p e c i f i c   a b s o r b e d   d o s e   o f   a - p a r t i c l e s  i s  l a r g e r   t h a n   f o r  
p r o t o n s ,   a n d   t h i s  means t h e  RBE c o e f f i c i e n t  i s  l a r g e r .   F o r   t h e  
mean va lue  6 o f   a - p a r t i c l e s ,   t h e   f o l l o w i n g   a p p r o x i m a t e   f o r m u l a s  
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are v a l i d :  

- 
6,(0) 8000 n-l Emin Mev-cm2/g ( 3 . 2 4 )  

6, (0) * 136, (0), ( 3 . 2 5 )  

( 3 . 2 6 )  

T h u s ,   t h e   c o n t r i b u t i o n  made  by a - p a r t i c l e s   t o   t h e   t i s s u e   d o s e ,  
e x p r e s s e d   i n  rems, i s  e v e n   m o r e   s i g n i f i c a n t   t h a n   f o r   c a l c u l a t i o n s  
made i n   r a d s ,   a n d   i n  several cases i t  a p p a r e n t l y   p r e v a i l s .   T h e r e -  
f o r e ,  i t  i s  ex te rme ly   impor t an t   t o   compi l e   da t a   on  streams of 
a -par t ic les  i n   t h e  SCR. 

3.6  F o r e c a s t i n g  Cosmic Rad ia t ion   f rom  So la r   F l a re s  

It  can   be   s een   f rom  the  material  p r e s e n t e d   i n   t h i s   c h a p t e r  
t ha t   ou r   i n fo rma t ion   r ega rd ing   t he   fo rma t ion   mechan i sm  o f   so l a r  
c o r p u s c u l a r  streams, t h e i r   i n t e n s i t y ,   c o m p o s i t i o n ,  and  propagation 
i n   s p a c e  i s  s t i l l  r a the r   app rox ima t ive   and   has  many gaps .  I t  i s  
t h e r e f o r e   n a t u r a l   t h a t   t h e   p r e d i c t i o n   o f   t h e   p r o b a b i l i t y   f o r  
e n c o u n t e r i n g  SCR as we l l  as t h e   p o s s i b l e   d o s e s   o f   r a d i a t i o n  is 
s t i l l  i n   a n   e l e m e n t a r y  s t a t e .  I n  a d d i t i o n ,  i t  i s  i m p o s s i b l e   t o  
p l a n   f o r   t h e   w o r s t  case, b e c a u s e   t h i s   p r e s e n t s   i n s u r m o u n t a b l e  
d i f f i c u l t i e s   f o r   t h e   a c c o m p l i s h m e n t   o f   s p a c e   f l i g h t s ,   i n  many 
cases. Consequent ly ,  a c e r t a i n  small p r o b a b i l i t y   f o r   e n c o u n t e r i n g  
SCk must   be  used as a c r i t e r i o n .  

A d i s t i n c t i o n   m u s t   b e  made between a l o n g - t e r m   f o r e c a s t   f o r  
s e v e r a l   y e a r s   a h e a d ,  a s t r a t e g i c   p r o g n o s i s  so t o   s p e a k ,   a n   o p e r a -  
t i v e   p r o g n o s i s  - f o r   s e v e r a l   d a y s  - weeks -, and a t a c t i c a l  prog- 
n o s i s  - f o r   t e n s   o f   m i n u t e s  - h o u r s .  A long- te rm  prognos is  i s  
n e c e s s a r y   f o r   p l a n n i n g   i n t e r p l a n e t a r y   e x p e d i t i o n s ,   c o n q u . e s t  of t h e  
moon and   o the r   cosmic   bod ie s   hav ing   no   a tmosphe re ,   and   o the r  similar 
p r o b l e m s .   T h e   c y c l i c   n a t u r e   o f   s o l a r   a c t i v i t y   m u s t  l i e  a t  t h e   b a s i s  
o f   such   p rognos i s .  It c a n   b e   s e e n   p a r t i c u l a r l y   c l e a r l y   i n   F i g u r e  
3.10 t h a t   d u r i n g   p e r i o d s   o f  a q u i e t   s u n   t h e   p r o b a b i l i t y   f o r   t h e  
o c c u r r e n c e  of powerful  SCR i s  small (Ref .  4 ) .  

I f   t h e   p r o b a b i l i t y   f o r   t h e   o c c u r r e n c e   o f  SCR i s  based   on   the  
number  of  sun  spots,  i t  can   then   be   concluded   f rom  F igures  3 . 3  
and 3.10  t h a t   d u r i n g  two - s i x   y e a r s   o f  minimum s o l a r   a c t i v i t y  
( 4  y e a r s ,   o n   t h e   a v e r a g e ) ,   t h i s   p r o b a b i l i t y   d e c r e a s e s  by  not  less 
t h a n  a f a c t o r   o f  4, as compared w i t h   t h e   y e a r s  of a maximum s o l a r  
a c t i v i t y .  A s  compared w i t h   t h e  maximum, t h e  number of s o l a r   s p o t s  
decreases   by  a f a c t o r   o f  9 - 1 0 ,  o n   t h e   a v e r a g e ,   a n d   t h e   p r o b a b i l i t y  
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f o r   t h e   e j e c t i o n   o f  SCR d e c r e a s e s ,   p r o b a b l y   t o   a n   e v e n   g r e a t e r  
e x t e n t ,  and  amounts t o   a b o u t  0 - 3 c a s e s   p e r   y e a r .   I n  a y e a r  
of maximum s o l a r   a c t i v i t y ,  and i n  1 - 2 s u b s e q u e n t   y e a r s ,  10 - 15 
cases   of  SCR h a v i n g   s i g n i f i c a n t   i n t e n s i t y   a r e   o b s e r v e d   p e r   y e a r ,  
out   of   which 1 - 2 are   very   powerfu l   (Ref .   25) .  

The yea r s   o f  a q u i e t  sun   a r e   obse rved  3 - 8 y e a r s   a f t e r  a 
maximum y e a r   ( a f t e r  6 y e a r s ,  on t h e   a v e r a g e ) .   T h e r e f o r e ,  i t  
can b e  assumed t h a t  1964 - 66 w i l l  b e  more f a v o r a b l e   f o r   c o s m i c  
f l i g h t s ,   w i t h   r e s p e c t   t o   t h e   d a n g e r   o f   e n c o u n t e r i n g  SCR,  and  1967 
(Ref .  7)  o r  1969 - 1970  (Ref.  5) w i l l  aga in   be   un favorab le .  A s  
was ind ica t ed   above ,   ou r   epoch   occu r s   a t   t he  maximum s e c u l a r  
c y c l e   o f   s o l a r   a c t i v i t y .   I n  a p e r i o d  of about   2000  years ,   the  
f requency   wi th   which   the  SCR occurs  w i l l  a p p a r e n t l y   b e   a t   t h e  
lowes t   po in t .  

An o p e r a t i v e   p r o g n o s i s  i s  n e c e s s a r y   f o r   f l i g h t s   c l o s e   t o   t h e  
e a r t h ,   f l i g h t s   a r o u n d   t h e  moon, p l ac ing   cosmic   appa ra tus   i n to  
o r b i t ,  a n d   o t h e r   s i m i l a r   o p e r a t i o n s .  A t  t h e   p r e s e n t  t ime, such 
a p rognos i s  i s  most   necessary ,   bu t  i t  i s  s t i l l  f a r  from 
r e l i a b l e .   S i n c e   c o r p u s c u l a r   r a d i a t i o n   f r o m   c h r o m o s p h e r e   f l a r e s  
i s  a l m o s t   a l w a y s   o b s e r v e d   d u r i n g   g r e a t   s o l a r   a c t i v i t y ,  i t  i s  
i m p o r t a n t   t o   e s t a b l i s h   t h e   m a i n   s i g n s   w h i c h   i n d i c a t e   t h e   p r o b a -  
b i l i t y  of ScK fo rma t ion .   Such   s igns   i nc lude   (Ref .   7 ) :   1 )   l a rge  
g r o u p s   o f   s o l a r   s p o t s   w i t h  a complex ,   mul t ipo lar   magnet ic   f ie ld  
and  f requent  weak f l a r e s ;   2 )   u n u s u a l l y   c l e a r   f a c u l a r   f i e l d s ;  
3) t he   f r equen t   appea rance  of  s o l a r   r a d i o   n o i s e s  and a h i g h   l e v e l  
o f  s o l a r   r a d i o   e m i s s i o n ;   4 )   h o t   r e g i o n s   i n   t h e   s o l a r   c o r o n a ,  
w h i c h   a r e   c h a r a c t e r i z e d  by the   appea rance   o f   ye l low  l i nes   o f  CaXV. 

I f   t h e r e   a r e   n o   s u c h   s i g n s ,  i t  i s  a p e r i o d   o f   r e l a t i v e   r a d i a -  
t i o n   s a f e t y ,   i f   t h e   p o s s i b i l i t y  of  the  sudden  appearance  of  SCK 
f rom  the   wes t e rn   edge   o f   t he   sun  i s  n o t   t a k e n   i n t o   c o n s i d e r a t i o n .  

The p e r i o d s ,   i n   w h i c h   t h e   s i g n s   i n d i c a t e d   a b o v e   a r e   a b s e n t ,  
can l a s t   f o r  a r a t h e r   l o n g   p e r i o d   o f  time d u r i n g   t h e   y e a r s  of 
minimum s o l a r   a c t i v i t y .  However, t h i s   c r i t e r i o n  i s  t o o   r i g i d   f o r  
maximum s o l a r   a c t i v i t y ,  when i t s  a p p l i c a t i o n   c a n   i m p o s e   r e s t r i c -  
t i o n s   f o r   l o n g   p e r i o d s   o f  t ime. The re fo re ,   a t t empt s   mus t   be  made 
t o   d i s c o v e r  more a c c u r a t e   s i g n s   f o r   t h e   o c c u r r e n c e   o f  SCR. 

In   the  works  by  Anderson  (Ref .   73,   Ref .   74) ,   an  a t tempt  i s  
made t o   c o n n e c t   t h e   o b s e r v a t i o n   o f  SCR w i t h   t h e   p e n u m b r a l   s e c t i o n  
o f   s o l a r   s p o t s .  A s  was i n d i c a t e d  a t  t h e   b e g i n n i n g  of t h e   C h a p t e r ,  
t h e  penumbra a r e   r e g i o n s  of g r e a t e s t   a c t i v i t y ,   o v e r   w h i c h  chromo- 
s p h e r e   f l a r e s   o c c u r   m o s t   f r e q u e n t l y .   C o n s e q u e n t l y ,   t h e   c r i t e r i o n  
s e l e c t e d  by  Anderson i s  n o t   a c c i d e n t a l .   I n   a d d i t i o n ,  i t  i s  known 
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Connection  Between Number of Solar   Spots ,   Chromosphere   F la res  
on the  Sun,   and SCR (Ref .  4 )  : 

1 - S o l a r   S p o t s ;  2 - Class 1 F l a r e s ;  3 - Class  2 F l a r e s ;  4 - 
Class  2 F l a r e s ;  5 - Class  3 F l a r e s ;   V e r t i c a l   L i n e s   I n d i c a t e  
most  Powerful SCR. 

t h a t   t h e  penumbra i s  formed i n   v e r y   l a r g e   s u n   s p o t s   a n d   g r o u p s   o f  
s p o t s ,   w h i c h   a r e   c h a r a c t e r i s t i c   f o r   v e r y   a c t i v e   r e g i o n s  on t h e  
s o l a r   s u r f a c e ,  and t h e   c r i t e r i o n   g i v e n  by  Anderson  can  character ize  
s o l a r   a c t i v i t y   v e r y   s i m p l y .  

I n  1957 - 1959,   ou t   o f  55 c a s e s ,  a c o r r e l a t i o n   b e t w e e n   t h e  SCR 
and  the  penumbral   area was o b s e r v e d   i n  53 cases. Corpuscular  
r a d i a t i o n   a p p e a r e d   n o   e a r l i e r   t h a n  two  days a f t e r   t h e   f o r m a t i o n   o f  
the  penumbra.   Thus,   there is  a n   a d d i t i o n a l   p o s s i b i l i t y  of b e i n g  
warned   s eve ra l   days   i n   advance  o f  t h e  SCR o c c u r r e n c e .   I n   t h e   o p i n i o n  
of  Anderson  (Ref. 73) , i n  mak ing   fo recas t s  on t h e   b a s i s   o f   t h i s  
c r i t e r i o n ,   a f t e r  7 days i t  i s  p o s s i b l e   t o  make a n   e r r o r   i n  6% o f  t h e  
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c a s e s .   I n   a n o t h e r  work (Ref.  7 ) ,  t h e   d a t a   o b t a i n e d   d u r i n g   1 9 4 9  - 
1 9 6 1   w e r e   a n a l y z e d   i n   d e t a i l   o n   t h e   b a s i s  of A n d e r s o n ’ s   c r i t e r i o n .  
A per iod   of  time two d a y s   a f t e r   t h e r e   h a d   n o t   b e e n   o n e   s p o t   w i t h   a n  
ex tended   penumbra   on   t he   so l a r   su r f ace  - whose  dimensions a t  any 
time d u r i n g   t h e   e x i s t e n c e   o f   t h e   s p o t   e x c e e d e d   1 - 1 0 - 3   o f   t h e  
su r face   d imens ions   o f   t he   so l a r   hemisphe re  - were chosen as t h e  
p e r i o d   s a f e   f o r   s p a c e   f l i g h t s .  

The r e s u l t s   d e r i v e d   f r o m   t h e   a n a l y s i s  are shown i n   T a b l e  3.8, 
where  the number o f   ca ses   i n   wh ich  SCR i s  o b s e r v e d ,   t h e  number 
of   four -day   f l igh ts   dur ing   the   year   which   would   be   a l lowed 
a c c o r d i n g   t o   A n d e r s o n ’ s   c r i t e r i o n ,   t h e  number  of f l i g h t s   w h i c h  
w o u l d ,   i n   f a c t ,   c o i n c i d e   w i t h   t h e   a p p e a r a n c e   o f  SCR, and  the 
number   o f   days   dur ing   the   year   which   would   be   a l lowed  for   f l igh ts  
a c c o r d i n g   t o   A n d e r s o n ’ s   c r i t e r i o n   a r e   i n d i c a t e d .  The same d a t a  
a r e   t h e n   g i v e n   f o r   f l i g h t s   l a s t i n g  7 days.  The d a t a ,   f o r   w h i c h  
t h e  smallest  d iameters   o f   the   penumbra   o f   5010-~   and   3-10-4  , 
r e s p e c t i v e l y ,   a r e   u s e d  as a c r i t e r i o n ,  are shown i n   t h e   p a r e n -  
t h e s e s   a n d   i n   t h e   b r a c k e t s .  I t  can   be   s een   f rom  the   Tab le   t ha t  
t h e   l a t t e r   c r i t e r i o n  i s  adequa te   i n   t he   ove rwhe lming   ma jo r i ty   o f  
ca ses   (68   ou t  o f  70,  i . e . ,  9 7 % ) .   I n   a d d i t i o n ,  i t s  a p p l i c a t i o n  
l e a d s   t o   t h e   f a c t   t h a t  from 112 t o  41.5 o f   t h e   y e a r  are p r o h i b i t e d  
f o r  s p a c e   f l i g h t s ,   w h e r e a s   t h e  SCR i s  obse rved   fo r  a comparat ively 
s m a l l e r   p e r i o d   o f  t i m e  - so  t h a t   t h i s   c r i t e r i o n  i s  t o o   r i g o r o u s .  

The da ta   conce rn ing   p rognos i s   r e su l t s   fo r   t he   mos t   power fu l  
S C R ,  which  leads t o  l a r g e   t i s s u e   d o s e s   o f   r a d i a t i o n ,  are s e t  f o r t h  
i n   T a b l e  3 .9 .  I t  i s  a p p a r e n t   t h a t   i n   t h e s e   c a s e s   t h e   i n i t i a l  
c r i t e r i o n   o f   A n d e r s o n   ( 1 - 1 0 - 3 )   f a i l s   i n   o n e  case o u t   o f   t e n  - i . e . ,  
i n  11% of   t he   ca ses  - and,   consequent ly ,  i t  i s  n e c e s s a r y   t o   a p p l y  
more r i g i d   c r i t e r i a .  

On the   who le ,   t he   p roposed   me thod   fo r   fo recas t ing   f avorab le  
p e r i o d s   e n t a i l s   g r e a t e r   e r r o r ,   t h e   l o n g e r   t h e   p e r i o d   o f  time 
i t  cove r s ,   because   t he   ac t ive   r eg ions   on   t he   sun   a r e   uns t ab le  
and   deve lop   r a the r   r ap id ly  a t  new l o c a t i o n s .   I n   a d d i t i o n ,   i n  
i n d i v i d u a l   c a s e s   t h e   c h r o m o s p h e r e   f l a r e s   a n d   t h e  SCR a p p e a r   i n   t h e  
absence  of  penumbra,  and  even i n   t h e   a b s e n c e   o f   s o l a r   s p o t s  - 
for   example,   September  30 ,  1961  (Ref.  7 3 ) .  Cases have   a l r eady  
been  ment ioned,   in   which SCR was recorded ,   which   had   been   e jec ted  
f r o m   t h e   r e g i o n   o f   t h e   f l a r e   b e h i n d   t h e   e d g e   o f   t h e   s o l a r   d i s c  
(Ref.  8,  Ref .   12,   Ref .  4 0 ) .  T h e r e f o r e ,   A n d e r s o n ’ s   c r i t e r i o n  
must  be  used as a s t a t i s t i c a l  one. 

I96 

/9 7 

Assuming t h a t  up t o   f o u r   l a r g e   f l a r e s  may be   obse rved   du r ing  
a y e a r   o f   a n  active sun ,   du r ing   wh ich   t he   doses   f rom  the  SCR 
approximate a dangerous level,  Anderson  (Ref. 73)  c a l c u l a t e d   t h e  
p r o b a b i l i t y   f o r   e n t e r i n g   t h e   f i e l d   o f   c o r p u s c u l a r   r a d i a t i o n   d u r i n g  
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TABLE 3.8 

APPLICATION  OF  ANDERSON'S CRITERION FOR DETERMINING THE 196 
POSSIBILITY OF SPACE  FLIGHTS  LASTING 4 AND 7 DAYS (REF. 7) 

Year 

19 49 

1950 

1951 

1956 
195 7 
1958 
1959 
1960 
1961 
1.11)  

r : 
" 

L 

4 Days 

cn 
ld 
h 

w a  
O N  

s 4 a , a ,  
a m  

a J 3 h  
- 2  L4 5 d  a, 
z m a  

" 

2 2 2 ;  61% 
(72; 20%) 
282; 77% 

(113; 31%) 
253; 69% 

(135; 37%) 
[ l o o ;  27%] 

140 ; 38% 
84;  23% 
76; 21% 
76; 21% 

136; 37% 
286; 86% 

(227; 68%) 
[127; 38%] 

7 Days 

m 
2 

b m  
O N  

h a 0  
T 3 m  

a J 3 h  
P O  
E d  
Z G Q  
3 1  a, 

236; 65% 
(91;  25%) 
282; 7 7 %  

(128; 35%) 
278; 76% 

(166;  45%) 
[ 119; 33%] 
" 

175; 48% 
112 ;  31% 

98; 27% 
84;  23% 

161; 44% 
295; 88% 

(179; 54% 
[130; 39%] 

I 

a t e n - d a y   f l i g h t  as b e i n g  less than  4.101365 % 10%. The p r o b a b i l i t y  
t h a t   t h e   f l i g h t  time might   co inc ide   wi th  two l a r g e  strea.ms of  SCR 
amounted t o  a small q u a n t i t y  on the   o rder   o f   0 .6%.   However ,   s ince   the  
f l a r e s   f r e q u e n t l y   f o l l o w   i n   g r o u p s ,   t h e   p r o b a b i l i t y   f o r   s u c h   c o i n c i d e n c e  
i s  doubled  (Ref.   4,   Ref.   75).   Typical  examples  of a ser ies  of  S C K  a r e  
shown in   F igu re   3 .11   (Ref .  25 ) .  

Shor t - te rm  prognos is  i s  n e c e s s a r y ,   i n   o r d e r   t h a t   t h e   s p a c e c r a f t  
crew  can take s a f e t y   m e a s u r e s  - t o   l a n d  on t h e   e a r t h ,   t o  employ 
addi t iona l   methods  of p r o t e c t i o n ,   t o   s w i t c h  on p r o t e c t i v e   f o r c e   f i e l d s ,  
and t o   t a k e   p r o p h y l a c t i c ,   m e d i c i n a l   m e a s u r e s .   T h e r e  i s  no   doub t   t ha t  
one  of   the  main  methods  of   short- term  prognosis  i s  the   obse rva t ion   o f  
so la r   spots   and   chromosphere   f la res .   The   appearance   o f  a Class 2+ 
f l a r e   o r  m o r e ,   p a r t i c u l a r l y   i n   t h e   c e n t e r  and a t  t h e   w e s t e r n   p a r t   o f  
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TABLE 3.9 

PROGNOSIS OF TIME ALLOWED FOR SPACE FLIGHTS, AND THE MOST 
POWERFUL SCR (REF. 7) 

. .. . . - 

Year 

1942 1 1946 
1949 1 1956 

I 1959 
1 1960 I 1961 
"" ~. 

1 9  y e a r s  
" -~ . " - . I. 

Number of 
s CR 

occur rences  

9 

Comparison  of  them  with 
al lowed - - time ~- 

f o r  4 days I f o r  7 days 1 

t h e   s o l a r   d i s c ,  i s  a s i g n a l   t h a t   t h e   r a d i a t i o n  level must   be 
t r a c e d  - e s p e c i a l l y   i f   t h e   f l a r e  i s  accompanied  by  radiat ion  or  
r a d i o   b u r s t s .   A f t e r   t h e   a c t i v e   r e g i o n   h a s   p a s s e d   b e y o n d   t h e  
edge of  t he   sun ,   i n   t he   Course   o f  1 - 2 d a y s   t h e   f l a r e  becomes 
dangerous . 

E l e c t r o m a g n e t i c   r a d i a t i o n   f r o m   t h e   s o l a r   a t m o s p h e r e   a r i s e s ,  
as  was i n d i c a t e d   a b o v e ,   d u r i n g   t h e   p a s s a g e   o f   e l e c t r o n s   w h i c h  were 
fo rmed   s imul t aneous ly   w i th   t he  SCR a t   t he   t ime   o f   t he   ch romosphere  
f l a r e .   T h e r e f o r e ,  i t  i s  a s i g n a l   t h a t   r a p i d   c o r p u s c l e s   h a v e   b e e n   I 9 8  
e j e c t e d .  The e l e c t r o m a g n e t i c   r a d i a t i o n  i s  p r o p a g a t e d   i n  a recti-  
l i n e a r   m a n n e r ,   a n d   t h e   t r a j e c t o r i e s   f o l l o w e d   b y   t h e   c o r p u s c u l a r  
s t r e a m s   f r o m   t h e   s u n   t o   t h e   e a r t h   a r e   c u r v e d .   T h e r e f o r e ,   n o t  
e v e r y   c a s e   i n   w h i c h   e l e c t r o m a g n e t i c   r a d i a t i o n  i s  r eco rded  w i l l  
c o i n c i d e   w i t h   t h e   a p p e a r a n c e   o f  SCR. O n  t he   o the r   hand ,   co rpus -  
c u l a r   r a d i a t i o n   f r o m   t h e   e d g e   o f   t h e   s u n  w i l l  n o t   b e   i n d i c a t e d  
i n  a d v a n c e   b y   t h e   e l e c t r o m a g n e t i c   r a d i a t i o n .   I n   c e r t a i n   c a s e s  of 
e l e c t r o m a g n e t i c   r a d i a t i o n ,  i t  was s o f t   ( R e f .  11, Ref.  2 7 ,  Ref.  56 ) ,  
due t o   w h i c h   f a c t  i t  mus t   be   obse rved   f rom  sound ing   ba l loons   o r  
f rom  on   boa rd   spacec ra f t s .  

R a d i o   b u r s t s   i n  solar r a d i a t i o n . o c c u r   d u r i n g   i n t e r a c t i o n  of 
e l e c t r o n s ,   w h i c h  are e m i t t e d   d u r i n g   t h e   c h r o m o s p h e r e   f l a r e ,   w i t h  
t h e  m a g n e t i c   f i e l d s   o f   t h e   f a c u l a r   s o l a r   f i e l d s  a t  a n   a l t i t u d e   o f  
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40 - 100 thousand km. T h i s   r a d i o   e m i s s i o n  i s  o b s e r v e d   i n   t h e  
30 - 60 cm wave r e g i o n ,   a n d   i n   t h e  meter r e g i o n .   I n   i n d i v i d u a l  
c a s e s ,   t h e   r a d i o   e m i s s i o n   i n c r e a s e s   b y  a m i l l i o n  times, a s  com- 
p a r e d   w i t h   t h e   b a c k g r o u n d ,   a f t e r  several seconds .   There   a re  
p r e c i s e   m e t h o d s   f o r   d e t e r m i n i n g   t h e   l o c a t i o n   o f   r a d i o   e m i s s i o n  
sources  on t h e   s o l a r   s u r f a c e .  I t  i s  assumed t h a t   r a d i o   n o i s e s  
f rom  the   sun ,  of  t y p e  111, a r e   r e l a t e d   t o   t h e   e m i s s i o n  of  
c o r p u s c l e s ;   t h e s e   r a d i o   n o i s e s   l a s t   s e v e r a l   s e c o n d s ,   a n d   a r e  
cha rac t e r i zed   by  a g r a d u a l l y - i n c r e a s i n g   w a v e l e n g t h   i n   t h e  meter 
r eg ion .  The r a d i o   n o i s e s   w h i c h   l a s t   f o r  a longe r   pe r iod   o f  
t i m e  have a c l o s e r   r e l a t i o n s h i p   t o   t h e  SCF (Ref .  7 ,  8 ,  1 2 ,  39,  
4 0 ,  4 6 ) .  The same s ta tements   which  were made r ega rd ing   t he   cour se  

11.12. 

Hours  Figure  3.11 

Cases o f  Success ive   Appearance   o f   Cer ta in  SCR. The I n c r e a s e  
and  Damping of  Rad ia t ion   has  a D i f f e r e n t  Form (Ref.  25)  

The s q u a r e s   d e s i g n a t e   c h r o m o s p h e r e   f l a r e s .  

f o l l o w e d   b y   e l e c t r o m a g n e t i c   r a d i a t i o n   p r o p a g a t i o n   c a n   b e   n a t u r a l l y  
a p p l i e d   t o   r a d i o   b u r s t s .  It i s  i m p o r t a n t   t h a t   r a d i o   b u r s t s  and 
e l e c t r o m a g n e t i c   r a d i a t i o n   c a r r y ,  a t  t h e   s p e e d   o f   l i g h t ,   a d v a n c e  
warning   about   the   emiss ion   of   rap id   corpusc les   f rom  the   sun  - 
i .e . ,  t h a t  a chromosphere   f la re   has   p roduced  SCR - and  whether 
co rpusc le s  w i l l  b e   a c t u a l l y   o b s e r v e d   b e h i n d  i t  depends  on  the 
p r o p a g a t i o n   t r a j e c t o r y .  

I 9 9  

Dodson (Ref.  76 - 78)  examined a c r i t e r i o n ,   a c c o r d i n g   t o  
which i t  i s  p o s s i b l e   t o   d i s t i n g u i s h   b e t w e e n  a chromosphere   f la re  
which i s  accompanied  by SCR. H i s  c r i t e r i o n  se t  f o r t h   l a r g e  
d i m e n s i o n s   ( f l a r e   c l a s s )   b r i g h t n e s s ,   a n d   t h e   v e l o c i t y   a t   w h i c h  i t  
i n c r e a s e s   a s   n o n - s p e c i f i c   s i g n s .   F l a r e s ,   w h i c h   a p p e a r   i n   t h e  
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c e n t r a l   p a r t   o f   t h e   s o l a r   d i s c   i n   t h e   r e g i o n   o f   l a r g e   s p o t s  
h a v i n g   s t r o n g   m a g n e t i c   f i e l d s ,  are c o r r e l a t e d   w i t h   t h e   a p p e a r a n c e  
of  SCR t o  a g r e a t e r   o r  lesser degree .   For  a f l a r e   wh ich   p roduces  
SCF, i t  i s  c h a r a c t e r i s t i c   t h a t  i t s  b r i g h t n e s s   i n   t h e   r a d i o   e m i s s i o n  
r eaches  a maximum a f t e r   t h e   v i s i b l e   r a d i a t i o n   p a s s e s   t h r o u g h  a 
maximum. The r e g i o n   o f   t h e   f l a r e   o v e r l a p s ,   e i t h e r   c o m p l e t e l y   o r   t o  
a s i g n i f i c a n t   e x t e n t ,   t h e   p e n u m b r a l   r e g i o n   o f   t h e  m a i n   s p o t   i n  a 
group  of   spots ,   and   rad io   no ises   o f   IV- type   a re   observed   dur ing  
the   ove r l app ing .  The appearance  of a p r o t u b e r a n c e   s y s t e m   i n   t h e  
fo rm  o f   l oops ,   du r ing   t he   damping   s t age ,  i s  a l s o   c h a r a c t e r i s t i c  
f o r   s u c h   f l a r e s .  

The f l a r e s   p r o d u c i n g   t h e  SCR a p p e a r   a t   t h e   l o c a t i o n   o f   d a r k  
f i l a m e n t s ,   w h i c h   d i s a p p e a r   s e v e r a l   h o u r s   o r   m i n u t e s   b e f o r e   t h e  
f l a r e ,  and   appea r   aga in   a f t e r  i t  is  t e rmina ted .   Such   f l a r e s  
occur  most f r e q u e n t l y   i n   v e r y   a c t i v e   r e g i o n s  on t h e   s o l a r   s u r f a c e .  
T h u s ,   d u r i n g   t h e   I n t e r n a t i o n a l   G e o p h y s i c a l   Y e a r ,   i n  213 of a l l   t h e  
c a s e s ,   t h e   c o r p u s c u l a r   e m i s s i o n   o c c u r r e d   i n   f a c u l a r   f i e l d s ,   i n  
which 60 o r  more s p o t s  were c o u n t e d   a l o n g   t h e   s o l a r   d i s c   d u r i n g  
i t s  passage .  A l l  t h e   f l a r e s   w h i c h   p r o d u c e d   p r o t o n   r a d i a t i o n  
d u r i n g  1959 were   observed   in  two a c t i v e   r e g i o n s   i n  a l l .  

The d a n g e r o u s   f l a r e s   a r e  more f r e q u e n t l y   o b s e r v e d   i n   t h e  
f a c u l a r   p l a g e s ,   w h i c h   p a s s   a l o n g   t h e   s o l a r   d i s c  two o r  more t imes,  
a l though   t h i s   does   no t  mean t h a t   t h i s   a c t i v e   r e g i o n  i s  n o t  
d a n g e r o u s   d u r i n g   t h e   f i r s t   p a s s a g e   ( R e f .  76 - 7 8 ) .  

The l a t t e r   p o s s i b i l i t y  o f  sho r t - t e rm  p rognos i s  i s  based  on t h e  
f a c t   t h a t  a n   i n c r e a s e   i n   t h e  SCR i n t e n s i t y   l a s t s   t e n s   o f   m i n u t e s  - 
i n   t h e   c a s e   o f   r e l a t i v i s t i c  SCR from f l a r e s  on t h e   w e s t e r n   h a l f   o f  
t h e   s o l a r   d i s c  - and fo r   hour s   and   t ens  of hour s  - i f   t h e   r a d i a t i o n  
i s  formed  on t h e   e a s t e r n   h a l f .   S p e c i a l   d o s i m e t r i c   e q u i p m e n t  - 
w h i c h   r e s p o n d s   t o   t h e   f i r s t   a n d   s e c o n d  time d e r i v a t i v e  of t h e   t i s s u e  
dose  magni tude - can  produce a s i g n a l   i n   t h e   i n i t i a l   p h a s e  of t h e  
f l a r e  which  announces  the  danger,   and  can  provide  an estimate of  
t h e   p o s s i b l e   i r r a d i a t i o n  level.  I n   t h i s  way, i t  w i l l  b e   p o s s i b l e  
t o  p rov ide  a p r o t e c t i o n   f r o m   t h e   l a r g e s t   p a r t   o f   t h e  SCR dose.  

A t  t he   p re sen t   s t age   o f   knowledge ,  i t  can  be  assumed  that   cosmic 
r a d i a t i o n   f r o m   s o l a r   f l a r e s   r e p r e s e n t s   t h e   p r i m a r y   r a d i a t i o n   d a n g e r  
d u r i n g   c o s m i c   f l i g h t s ,   p a r t i c u l a r l y   s i n c e  i t  is  s t i l l  i m p o s s i b l e   t o  
p r e d i c t  i t  and t o   g u a r d   a g a i n s t  i t  t o  a s u f f i c i e n t l y   r e l i a b l e   e x t e n t .  
A s t u d y   o f   t h e   n a t u r e   o f   c h r o m o s p h e r e   f l a r e s  and SCR a s  w e l l  as t h e  
laws  underlying SCR propagat ion ,   and   the   deve lopment  of p rognos i s   / l o0  
methods   over   var ious   per iods   o f  time rep resen t   one  of t he   ma in  
t a s k s   i n   t h e   p r o b l e m  of m a s t e r i n g   i n t e r p l a n e t a r y   s p a c e   a n d   s p a c e  
n e a r   t h e   e a r t h .  
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The  role of  solar  cosmic  radiation  in  the  general  problem 
of  radiation  safety  during  space  flights  will  become  clearer,  after 
the  discussion  in  the  following  pages on the levels  of tissue 
doses  in  the  radiation  zones of the  earth. 

REFERENCES 

1.  Forbush, S. E.  Phys. Rev., 70,771, 1946. 

2. Ehmert, A .  Z. Naturforsch., a3, 264, 1948. 

3.  Adams, N. Philos. Mag., 41, 503.  1950. 

4. Foelsche, T. COSPAR ?leeting, 4/30--5/11, 1962.  Internat. 
Comm.  on  Space Res., 1962. 

5. Waddington, C. J. J. Brit.  Interplan. SOC., 277, 1962. 

6. Reid, G. C., Leinbach, H. J. Geophys.  Res., 64, 1801, 1959. 

7.  Flalitson, H. H. IAS 30th  Annual Meeting, New York, 1/22-24, 
1962, Paper No.  62-8. 

8. Carmichael, H. et  al. Phys.  Rev. Letters, 6, 49, 1961. 

9. Xenzel, D. G. Our  Sun  (Nashe  solntse).  Fizmatgiz, Moscow, 
19b3.  

10. Kulikovskiy.  P. G. Handbook  for  the  Astronomer  Lover 
(Spravochnik  lyubitelya  astronomii) . Sizmatgiz, '.!oscow. 1961. 

11. Gringauz, K. I. Some  Results of Experiments  Performed  in 
Interplanetary  Space  with  the Aid  of Traps of Charged  ?articles 
on  Soviet  Cosmic  Rockets  (Nekotoryye  rezul'taty opvtov, pro- 
vedennykh  v  mezhplanetnom  prostranstve s pomoshch'yu  lovushek 
zaryazhennykh  chastits na sovetskikh  kosmicheskikh raketakh). 
In the  Collection:  Iskusstvennyye  Sputniki Zemli, Yo. 12, 
Izd-vo  AN SSSR, !'IOSCOW, 1962. 

12. Hansen, R.  T. Phys. Rev.  Letters. 6, 260, 1961. 

13. Yefremov, A. I., et  al.  Study of Short-Wave  Solar  Radiation 
(Issledovaniye  korotkovolnovoy  radiatsii solntsa).  In  the 
Collection:  Iskusstvennyye  Sputniki Zemli, No. 10, Izd-vo 
AN SSSR, l.ioscow, 1961. 

114 



14. 

15. 

16. 

17. 

18. 

19.. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

Biermann, L .  Z. Astrophys., 29, 274, 1951; 2 .  Naturforsch., 
a7, 127, 1952:  Observatory, 77,  109, 1957. 

?lustel'. E. R.  Astron.  Zh., 38,  385, 1961. 

de  Turville, C. X. Nature, 190, 4771, 156, 1961. 

Shklovsky, I. S. Ann. Geophys., 1 4 ,  4 1 4 ,  1958. 

Sonett, C. P.  Phys. Rev. Letters, 5,  46, 1960. 

Krasovskiy, V. I. Uspekhi  Fiz.  Nauk, 75,  501, 1961. 

Gringauz,  K. I. Newspaper  Izvestiya of February 2 1 ,  1962. 

Parker, E. N. Astrophys. J . ,  7, 1958. 

Shabanskiy, V .  P. Astron. Z h . ,  38,  844, 1961. 

Biswas, S., Fichtel, C. E., Guss, D. E. Amer.  Geophys.  Union 
Western  National  Xeeting, 12/27, 1961.  (Cited  in  [Ref.  251.) 

Freier, P. S., Biswas, S., Stein, W. J .  Geophys, Res., 66, 8 ,  
1961. 

?lasley,  A. J., Goedeke, A .  D. Institute of  the  Aerospace 
Sciences,  Paper No. 10/62, 1962. 

Fireman, E. L., et al.  Phys.  Rev., 123,  1935, 1961. 

Vette, J. I., Casal, F. G. Phys.  Rev.  Letters, 6, 334:  1961. 

Scient.  Amer., 203, 5, 1961. 

Coleman, P. J., Jr., et al.  Phys.  Rev.  Letters, 5,  43, 1960. 

Xeyer, P., Parker, E. N., Simpson, J. A.  Phys.  Rev., 104, 
768.  1956. 

Simpson, J. Nuovo  cimento,  Suppl. X ,  8, 133, 1958. 

Simpson, J. H. Variations  in  Primary  Cosmic  Radiation of Solar 
Origin.  (Variatsii  pervichnogo  kosmicheskogo  izlucheniya 
solnechnogo proiskhozhdeniya). In  the  Collection: 
Solar  Activity  and  Cosmic Rays (Solnechnaya  aktivnost' i 
kosmicheskiye luchi). Izd-vo  Inostr.  Lit.,  MOSCOW, 1 9 6 2 .  

115 



33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47, 

48. 

49 .  

Dvoryashin, A, S. and others.  Astron.  Zh., 38,  419, 1961. I 1 0 1  

Obayashi, T., Hakuxa, J .  J .  Geophys.  Res., 65, 3 1 4 3 ,  1960. 

Gold, T. Streams of Particles  with  High  Energies  in the  Solar 
System  and  Close  to  the  Earth  (Potoki  chastits s vysokoy  energiyey 
v  solnechnoy  sisteme  i  vblizi zemli). In the  Collection: 
Solar  Activity  and  Cosmic  Rays  (Solnechnaya  aktivnost'  i 
kosmicheskiye luchi).  Izd-vo Inostr.  Lit., Yoscow, 1962. 

Cocconi, G . ,  et al. Nuovo cimento, Suppl. X, 8, 161, 1958. 

Rose, D. C., Katzmann, J. Canad. J .  Res., 34, 884, 1956. 

Winckler, J. X. Radiat.  Res., 14, 521, 1961. 

Coates,  R., et  al. Astron. J . ,  64, 326, 1959. 

Covington,  A. E., Harwey, G. A .  Phys. Rev. Letters, 6 ,  51, 1961. 

Charakhch'yan, A. N., Tulinov, V. F., Charakhch'yan, T.  N- Zh-  
Eksperim.  i  Teor. Fiz., 39, 2 4 9 ,  1960. 

Winckler, J .  R., et  al. Phys.  Rev.  Letters, 6, 488, 1961. 

Solar  Corpuscular  Streams  and  their  Interaction  with  the  ?:apetic 
Field  of  the  Earth  (Solnechnyye  korpuskulyarnyye  potoki  i  ikh 
vzaimodeystviye s magnitnym polem  zemli). Izd-vo  Inostr. Lit., 
?loscow, 1962. 

Gorchakov, Ye.V., Bazilevskaya, S. A. Measurement of Intensity 
of Charged Particles  after  a  Chromosphere  Flare on July 7, 1958 
(Izmereniye  intensivnosti  zaryazhennykh  chastits  posle  chromos- 
fernoy  vspyshki 7 iyulya 1958). In the  Collection:  Iskusstven- 
nyye  Sputniki Zemli, No. 8, Izd-vo AN SSSR, Noscow, 1961. 

Charakhch'yan, A. N., et al.  Zh.  Eksperim. i Teor.  Fiz., 40, 1961. 

Sdth,A.C.  Radioastronomy  (Radioastronomiya),  Izd-vo  Inostr. Lit., 
Noscow, 1962. 

Van Allen, J. A., Winckler, J. R. Phys.  Rev., 106, 5, 1072, 1957. 

Charakhch'yan, A .  N . ,  et al. Zh. Eksperim.  i  Teor.  Fiz., 38, 
1031, 1960. 

Yagoda, H., Filz, R., Fukui, K. Phys. Rev. Letters, 6, 626, 1961. 

116 



50. Fichtel, C.  E . ,  Guss, D. E. Phys.  Rev. Letters, 6,   495,   1961.  

51. Davis, L.  R.,  et al. Phys.  Rev. Letters, 6,   492,   1961.  

52. Ney, E. P., Stein, W. J. Geophys.  Res., 66, 2550A,  1961. 

53. Anderson, K. A.,  et  al. J. Geophys.  Res., 64, 1133, 1959. 

54. The  Collection  "Radiation  Zones of the  Earth"  (Radiatsionnyye 
poyasa  zemli). Izd-vo  Inostr.  Lit., MOSCOW, 1962. 

55. Vernov, S .  N.,  Chudakov, A.Ye. Uspekhi Fiz. Nauk, 70,   4 ,   585,  
1960. 

56. Peterson,  L. E . ,  Winckler, J .  R .  J .  Geophys.  Res., 64,   697 ,  
1959. 

5 7 .  Chubb, T. A . ,  Friedman, H., Kreplin, R. W. J .  Geophys.  Res., 
65,  1831,  1960. 

58. Steljes, J, F., Carmichael, H., McCracken, K. G .  J. Geophys. 
Res., 66,   5 ,   1363,   1961.  

59. Ogilvie, K .  LJ., Rryant, D. A . ,  Davis, L. R. J. Geophys. Res., 
67,   3 ,   929,   1962.  

60. Winckler, J. R. 32nd  Pleeting MIA. 4 /25 ,   1961.  

61. Van Allen, J. A .  Radiat.  Res., 14,   5 ,   540 ,   1961.  

62. Anderson, K .  A.,  Enemark, D.  C. J. Geophys. Res., 65,  2657,  1960. 

63. Dorman, A .  I. Variations in Cosmic  Rays  (Variatsii  kosmicheskikh 
luchey). Gostekhizdat, Noscow, 1957. 

64. Sanitary  Rules  for  Working  with  Radioactive  Substances  and 
Radiation  (Sanitarnyye  pravila  raboty s radioaktivnymi 
veshchestvami  i izlucheniyami). Gosatomizdat, Moscow, 1960. 

65. Schaefer, 9. J .  Aerospace ?.Zed., 31, 10, 807,  1960. 

66. Schaefer, H. J. Advances in Space  Sciences. V. I. Academic 
Press. Inc., New York, 1959. 

67. Schaefer, H. J. Further  Evaluations of Tissue  Depth Doses in 
Proton Radiation  Fields in Space. U.S. Naval  School of Aviat. 
Xedicine.  Report No. 17,   5/24,   1960.  

117 



68. Keller, J .  W., Schaeffer, W. M.  Shielding  of  Manned  Vehicles 
from  Space  Radiation.  31st  Annual  Meeting  of  Aerospace 
Medical  ASSOC., Pliami Beach, May, 1960. 

69. Mayer, P . ,  Parker,  N.,  Simpson, J. A. Phys.  Rev.,  104, 768, 1956. 

70.  Barbieri, L .  J.,  Lampert, S. Radiation  Shielding and  :fanned 
Satellite  Design  Considerations.  National  IAS + ARS  Joint 
Xeeting,  61-163-1857,  Los  Angeles,  6/13-16,  1961. 

71. Ivanov, V. I., et  al. Doses of  Cosmic  Radiation  (Dozy  kosmicheskoy 
radiatsii). In the  Collection:  Iskusstvennyye  Sputniki  Zemli, 
NO.  12,  Izd-vo AN SSSR, MOSCOW, 1962. 

72.  Yeger, R. Dosimetry  and  Protection  from  Radiation  (Dozimetriya 
i  zashchita ot izlucheniy). Gosatomizdat, !..!oscow, 1961. 

73. Anderson, K. A .  Preliminary  Study  of  Prediction  Aspects of Solar 
Cosmic  Ray  Events,  NASA  TN D-700, 1961. 

74.  Anderson, K .  A., Fichtel, C. E., NASA  TN D-671, 1961. /lo2 

75.  Adamson,  D.,  Davidson, R. E. Statistics of Solar  Cosmic  Rays 
as  Inferred  from  Correlation  with  Intense  Geomagnetic  Storms, 
NASA  TN  D-1010,  1962. 

76. Dodson, H .  W.,  Hedeman, E. R .  Astron. J . ,  65, 51,  1960. 

77.  Dodson, H. W., Hedeman, E. R.  Arkiv  Geofys., 3, 469,  1961. 

78.  Dodson, H. W.  Proc.  Nat.  Acad.  Sci.  USA, 47, 901, 1961. 

79.  Ney, E. P.,  Winckler, J. R.,  Freier, P. S. Phys.  Rev.  Letters, 
3, 183, 1959. 

80. Babcock, H. D., Babcock, H. W. Science,  117, 465, 1953; 
Babcock, H .  W.  Astrophys. J., 133,  572,  1961. 

118 



CHAPTER 4 

INNER RADIATION ZONE OF THE EARTH 

4.1 .  Locatio-n-.of- t h e  Zone 

As  the   resu l t   o f   exper iments   car r ied   ou t   by   Sovie t   and   Amer ican  -1103 
p h y s i c i s t s  on a r t i f i c i a l   e a r t h  s a t e l l i t e s  and   cosmic   rocke ts ,   the  
p re sence  o f  a z o n e   o f   c o r p u s c u l a r   r a d i a t i o n   n e a r   t h e   e a r t h   h a s  
been   r ecen t ly   d i scove red ,   wh ich   has   subsequen t ly   been   ca l l ed   t he  
i n n e r   r a d i a t i o n   z o n e .  

The f i r s t  d a t a   a b o u t   t h e   h i g h - i n t e n s i t y   z o n e   a t   a n   a l t i t u d e  
o f  about 1000 km were   ob ta ined  by t h e   A m e r i c a n   a r t i f i c i a l   e a r t h  
s a t e l l i t e s   " E x p l o r e r  I" and  "Explorer  111". The boundar i e s   o f   t he  
i n n e r   r a d i a t i o n   z o n e   w e r e   f i r s t   e s t a b l i s h e d   i n   s t u d i e s  made on t h e  
t h i r d   S o v i e t   s a t e l l i t e ,  whose t r a j e c t o r y   l a y   i n   t h e   l a t i t u d i n a l  
region  f rom + 65" t o  - 65" .  The inner   zone  of t h e   e a r t h ' s   c o r -  
p u s c u l a r   r a d i a t i o n  was l o c a l i z e d   w i t h i n  a region,   bounded  by  the 
m a g n e t i c   f o r c e   l i n e s   w h i c h   i n t e r s e c t   t h e   e a r t h ' s   s u r f a c e  a t  t h e  
geomagne t i c   l a t i t ude   o f  45" (Ref.  1) .  I t  beg ins  a t  an a l t i t u d e  
of 500 - 600 km i n  the  Western  Hemisphere,  and a t  a n   a l t i t u d e  of 
about 1500 km in   the   Eas te rn   Hemisphere .  I t  ex tends  up t o  a l t i -  
t udes  o f  5000 - 10 000 km. The non-symmetr ical   nature   of   the  
zone i s  caused by the   d i sp l acemen t  of t he   magne t i c   d ipo le   w i th  
r e s p e c t   t o   t h e   g e o g r a p h i c   c e n t e r   o f   t h e   e a r t h .  The presence   o f  
powerful   magnet ic   anomalies  on t h e   s u r f a c e  o f  t h e   e a r t h   a l s o  
deform  the   rad ia t ion   zone .  A d r o p   i n   t h e   i n n e r   r a d i a t i o n   z o n e ,  
i n   t h e   s o u t h e r n   p a r t  o f  t h e   A t l a n t i c   O c e a n ,   t o   a n   a l t i t u d e   o f  
320 km was d i s c o v e r e d   i n   a n   e x p e r i m e n t   c a r r i e d   o u t   o n   t h e   s e c o n d  
s p a c e c r a f t   ( R e f .  2 ) .  This   drop i s  caused by t h e   S o u t h - A t l a n t i c  
magnetic  anomaly.  The maximum r a d i a t i o n   i n t e n s i t y  i s  observed a t  
an a l t i t u d e   o f   a b o u t  3400 - 3600 km (Ref.  1, 3 - 6 ) .  

D u r i n g   t h e   f l i g h t  o f  "Explorer  V I " ,  t h e   s p a t i a l   d i s t r i b u t i o n  
o f   p r o t o n   i n t e n s i t y  a t  a l t i t u d e s   o f  1000-2000 km was measured - 
i . e . ,  a t   t he   l ower   boundary  of the zone. T h e  measurement   resu l t s  
a r e   g iven   i n   t he   works   (Ref .  7, Ref .  8). A t h e o r e t i c a l   c a l c u l a t i o n  
o f   t he  s p a t i a l  d i s t r i b u t i o n   o f   t h e   e q u a l   i n t e n s i t y   l i n e s   f o r   p r o t o n s ,  
hav ing   t he   ene rgy  E > 75 MeV, which w a s  based   on   t he   hypo thes i s   o f  

n e u t r o n   a l b e d o ,  was made i n   a n o t h e r  work  (Ref. 9 ) .  T h i s   s t u d y   a l s o  
determined a change i n  t h e   p r o t o n  stream w i t h   t h e   d i s t a n c e   f r o m   t h e  

P 
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c e n t e r   o f   t h e   e a r t h ,   i n   t h e   p l a n e  of t he   geomagne t i c   equa to r  
f o r   p r o t o n s   h a v i n g   e n e r g i e s   o f  Ep > 30 Mev and Ep > 75 Mev 1104 
(F igure   4 .1) .   However ,   the   upper   boundary   o f   the   h igh- in tens i ty  
zone  (on  the  order   of  l o 4  p ro tons / cm2*sec )  i s  l o c a t e d   a t   v e r y  
g r e a t   d i s t a n c e s   f r o m   t h e   e a r t h ,   a c c o r d i n g   t o   t h e   c a l c u l a t i o n s  
(up t o  7000 k m ) ,  w h i c h   c o n t r a d i c t s   t h e   e x p e r i m e n t a l   d a t a .  The 

I 

Figure   4 .1  

Omnid i r ec t iona l  Stream of   Protons 

Energy Ep > 30 Mev as  a Funct ion   of   the   Geomagnet ic   La t i -  

tude   and   Dis tance   f rom  the   Center   o f   the   Ear th .  

[c%-E] - davinq   the  

Da ta   be fo re   t he   dashed   l i ne   a r e   t aken   f rom work 
(Ref.  9 ) ;  da t a   above   t he   dashed   l i ne  - e x t r a p o l a -  
t i o n .  

s p a t i a l   d i s t r i b u t i o n  was fo rmula t ed   on   t he   bas i s   o f   t he   fo l lowing  
premises:  1) t h e   d i s t r i b u t i o n   o f  a s t r eam,   hav ing   t he   ene rgy  
Ep > 30 MeV , c lose   t o   t he   l ower   zone   boundary  was s e l e c t e d   i n  

a c c o r d a n c e   w i t h   t h e   e x p e r i m e n t a l   d a t a   ( R e f .  7 ,  Ref. 8) ; 2)  t h e  
s p a t i a l   d i s t r i b u t i o n   i n   t h e   f a r - r e m o v e d   r e g i o n s   o f   t h e   z o n e  was 
d e t e r m i n e d   b y   e x t r a p o l a t i o n   o f   t h e   e x p e r i m e n t a l   d a t a ,   t a k i n g   t h e  
da t a   de r ived   f rom a t h e o r e t i c a l   c a l c u l a t i o n   i n t o   a c c o u n t   ( R e f .  9 ) .  
However, a t t e n t i o n  was p a i d   t o   t h e   f a c t   t h a t   t h e   h i g h - i n t e n s i t y  
zone   te rmina tes  a t  a d i s t a n c e  of about  4500 k m  (Ref.  7 ) .  The 
upper   boundary  of   the  inner   zone i s  l o c a t e d  a t  a d i s t a n c e   o f  8000 - 
9000 km f r o m   t h e   s u r f a c e   o f   t h e   e a r t h ,   a c c o r d i n g   t o   e x p e r i m e n t a l  
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and t h e o r e t i c a l   d a t a ;  3) t he   non- symmet r i ca l   na tu re   o f   t he   zone ,  
caused  by  the  displacement  of t h e   m a g n e t i c   d i p o l e   w i t h   r e s p e c t   t o  
t h e   c e n t e r   o f   t h e   e a r t h   a n d   t h e   m a g n e t i c   a n o m a l i e s ,  was no t   t aken  
i n t o   a c c o u n t .  h a p p r o x i m a t e   p i c t u r e  was thus   formed  for   the  
s p a t i a l   d i s t r i b u t i o n  of t h e   i n n e r   r a d i a t i o n   z o n e   o f   t h e   e a r t h ,  
which i s  shown i n   F i g u r e s  4 . 1  and 4 . 2 .  

I t  i s  o b v i o u s   t h a t   t h e   p i c t u r e   f o r   t h e   s p a t i a l   d i s t r i b u t i o n  / 105 
of t h e   i n n e r  zone  must   be  corrected  as  new e x p e r i m e n t a l   d a t a   a r e  
o b t a i n e d .   T h u s ,   m e a s u r e m e n t s   o n   t h e   i n t e r p l a n e t a r y   s t a t i o n  
"Mars-I"  showed t h a t   t h e   h i g h - i n t e n s i t y   z o n e  w a s  f a r t h e r  removed 
f rom  the   su r f ace   o f   t he   ea r th   t han   had   been   p rev ious ly   a s sumed  
(Ref.  10).  It i s  p r o b a b l e   t h a t   t h e   s p a t i a l   d i s t r i b u t i o n  of  t h e  
inne r   r ad ia t ion   zone   can   be   de f ined  more a c c u r a t e l y ,   a f t e r   t h e  
expe r imen ta l   da t a   wh ich  were o b t a i n e d  on  "Mars-I"  have  been  pro- 
ces sed .  

N 

U 
E 

D i s t a n c e   f r o m   e a r t h ' s   s u r f a c e ,  km 

F igure  4 .2  

O m n i d i r e c t i o n a l   I n t e g r a l  S t r e a m  of   Pro tons  (EP > 30 MeV) of 
t h e   I n n e r   R a d i a t i o n  Zone as a Funct ion   of   the   Dis tance   f rom 
the   Ea r th ' s   Su r face   and   t he   Geomagne t i c   La t i t ude .  

Dashed l i n e s  - zones of umbra and  penumbra. 

4 .2 .  O r i p i n  

The e x i s t e n c e   o f   a n   i n n e r   r a d i a t i o n   z o n e  i s  r e l a t e d   t o   t h e  
m a g n e t i c   f i e l d   o f   t h e   e a r t h .  A c h a r g e d   p a r t i c l e  moves i n   t h i s  . 
f i e l d   a l o n g  a h e l i c a l   t r a j e c t o r y ,   w h i c h   s p i r a l s   a r o u n d   t h e   m a g n e t i c  
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f o r c e   l i n e .  Upon e n c o u n t e r i n g   t h e   h i g h   l a t i t u d e s   i n   t h e   r e g i o n  
w i t h   i n c r e a s e d   m a g n e t i c   f i e l d   ( t h e   s o - c a l l e d   m a g n e t i c   m i r r o r s ) ,  
t h e   p a r t i c l e  is  r e f l e c t e d   a n d   b e g i n s   t o  move t o   t h e   o t h e r   s i d e .  
T h u s ,   t h e   m a g n e t i c   f i e l d  of t h e   e a r t h   f o r m s  a c e r t a i n   " m a g n e t i c  
t r a p " ,   i n  which t h e   c h a r g e d  par t ic les  can   be   accumula ted .   There  
are d i f f e r i n g   h y p o t h e s e s   w i t h  respect t o   t h e   o r i g i n  of t he   cha rged  
p a r t i c l e s   w h i c h   e n t e r   t h e   i n n e r   r a d i a t i o n   z o n e .  

I t  was i n i t i a l l y  assumed t h a t   t h e   f o r m a t i o n  of   t rapped   rad ia-  1106 
t i o n  i s  r e l a t e d   t o   t h e   i n j e c t i o n  of s o l a r   p l a s m a   i n s i d e   t h e   g e o -  
m a g n e t i c   f i e l d ,   w i t h   s u b s e q u e n t   g e o m a g n e t i c   a c c e l e r a t i o n   o f   t h e  
p a r t i c l e s  up t o   o b s e r v a b l e   e n e r g i e s   ( R e f .  11, Ref .  1 2 ) .  However, 
t h e r e  must  be a symmet r i ca l   r e l a t ionsh ip   be tween   t he   cap tu re   and  
loss of p a r t i c l e s  - i . e . ,   i f  a p a r t i c l e   c a n n o t   l e a v e   t h e   t r a p ,  
t hen   one   canno t   en t e r  i t .  Th i s   hypo thes i s   has   no t   been   co r robo-  
r a t ed   expe r imen ta l ly   (Re f .  13 ) .  

I n   t h e  works   o f   o ther   au thors   (Ref .  5 ,  14 - I S ) ,  the   hypothe-  
s i s  i s  f o r m u l a t e d   t h a t   t h e   i n n e r   z o n e  i s  formed  due t o   t h e   d e c a y  
of   a lbedo   neut rons ,   which  are formed a s  a r e s u l t  of n u c l e a r  
s p a l l a t i o n s ,   c a u s e d  by p r i m a r y  c o s m i c   r a d i a t i o n   i n   t h e   a t m o s p h e r e .  
These   neu t rons   can   pene t r a t e   t he   geomagne t i c   f i e ld   w i thou t   any  
h inde rance ,  s o  l o n g   a s   t h e y  are n o t   s u b j e c t e d   t o   r a d i o a c t i v e   d e c a y  

During  the-   decay  of   neutrons  which  have  energies  of  lo6 - l o 9  
ev ,  a p r o t o n   p r a c t i c a l l y   r e t a i n s   t h e   d i r e c t i o n   o f   m o t i o n   ( a n d ,  
consequen t ly ,   t he   ene rgy)  of  t he   neu t ron   p roduc ing  i t .  The e l e c -  
t r o n s   s c a t t e r   i n   a n   i s o t r o p i c   m a n n e r ,  and  have  the  well-known 
spectrum o f  6-decay. The obse rved   compos i t ion   and   r ad ia t ion   spec -  
trum i n   t h e   i n n e r   z o n e   s a t i s f a c t o r i l y   c o i n c i d e s   w i t h   t h e   q u a n t i t i e s  
c a l c u l a t e d  on t h e   b a s i s  of t h i s   h y p o t h e s i s .  

The r e a l   l i f e t i m e  of a p r o t o n   i n   t h e   m a g n e t i c   t r a p   ( a b o u t  l o 7  
s e c )   a l s o   c l o s e l y   c o i n c i d e s   w i t h   t h e   c a l c u l a t e d   v a l u e .  

4 . 3  Composition 

The n a t u r e   o f   t h e  par t ic les  c o m p r i s i n g   t h e   i n n e r   r a d i a t i o n  
zone  has  s t i l l  n o t   b e e n   d e c i s i v e l y   e s t a b l i s h e d .  However, t h e  
expe r imen ta l   da t a   wh ich   have   been   ob ta ined   can   be   exp la ined   ve ry  
well ,  i f  i t  i s  assumed t h a t   p r o t o n s   w i t h  a h igh   ene rgy   ( t ens   and  
hundreds  of   megaelectronvol ts)  make up   t he   compos i t ion   o f   t he  
z o n e .   I n   a d d i t i o n ,   t h e r e   a r e   d i r e c t   a r g u m e n t s   i n   f a v o r  of t h e  
proton  component - f o r   e x a m p l e ,   t h e   d i r e c t e d ,   r a d i o a c t i v e   n a t u r e  
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o f  a PjaJ c r y s t a l ,   w h i c h  was o b s e r v e d   o n   t h e   t h i r d   a r t i f i c i a l   e a r t h  
s a t e l l i t e   ( R e f .   1 ) .   I n   a d d i t i o n   t o   h i g h - e n e r g y   p r o t o n s ,   t h e  
inner   zone   composi t ion   a l so   inc ludes   low-energy   par t ic les   (no t  
exceeding  1 MeV) , w h i c h   a r e   a p p a r e n t l y   e l e c t r o n s .  

The r e l a t i v e   r a d i a t i o n   c o m p o s i t i o n   i n   t h e   i n n e r   z o n e   d e p e n d s  
on t h e   l o c a t i o n   o f   t h e   o b s e r v a t i o n   p o i n t .   T h u s ,   f o r   e x a m p l e ,   t h e  
r a d i a t i o n   i n   t h e   u p p e r   p a r t   o f   t h e   z o n e   c o n t a i n s   f e w e r   e n e r g y  
p a r t i c l e s   t h a n   d o e s   t h e   r a d i a t i o n   i n   t h e   l o w e r   p a r t .  

I n   t h e   c e n t e r   o f   t h e   i n n e r   z o n e   ( a t   a n   a l t i t u d e  of about  
3500 km a t   t h e   m a g n e t i c   e q u a t o r ) ,   t h e   e x p e r i m e n t a l   v a l u e s   f o r  
t he   s t r eams   a r e   a s   fo l lows  (Ref.  11 ) :  

P r o t o n s :   o m n i d i r e c t i o n a l   i n t e n s i t y  / l o 7  

( w i t h i n   a n   a c c u r a c y   o f   t h e   m u l t i p l i e r  2 ) .  

E l ec t rons :  maximum o f   o m o n i d i r e c t i o n a l   i n t e n s i t y  

N(>20  kev) = 2-10'  T;-------- cnl s e c - s   t e r a d  
e l e c t r o n  

( w i t h i n   a n   a c c u r a c y   o f   t h e   m u l t i p l i e r  10) 

( w i t h i n  an a c c u r a c y   o f   t h e   m u l t i p l i e r   2 ) .  

4 . 4 . P~ar  t i C~l-e-SLe-c-tLa and  I n  t ens i t y  

EZer imen t3J   Spec t r a .  One o f   t h e   f i r s t   m e a s u r e m e n t s   o f   t h e  
p ro ton   spec t rum  in   t he   i nne r   r ad ia t ion   zone   o f   t he   ea r th  was c a r r i e d  
o u t   w i t h   t h e   a i d   o f   s t a c k s   o f   n u c l e a r   e m u l s i o n s   d u r i n g   t h e   f l i g h t  on 
A p r i l  7 ,  1959 (Ref.  1 9 ) .  The f l i g h t  was  made a t   l a t i t u d e s  o f  
3 " N  - 20"N a t  a maximum a l t i t u d e   o f  1200 km. The l a y e r   o f   m a t e r i a l  
over   the   emuls ions  was 6 g/cm2,  which made i t  p o s s i b l e   t o   i d e n t i f y  
p r o t o n s   h a v i n g   e n e r g i e s   o f  E > 75 MeV. The d i f f e r e n t i a l   s p e c t r u m  

which was o b t a i n e d   i n   t h e   e n e r g y   i n t e r v a l   f r o m  75  t o  700 Mev can   be  
w r i t t e n   i n   t h e  form: 

P 

N ( E )  d E  = NoE-"dE, 

where n =  1.84 f: 0 . 0 8 ;  No = (2.1 ? 1.0). 1 0 3   p r o t o n  
0 . 7  cmT=yec - s t e r a d  

I n   t h e   m e a s u r e d   e n e r g y   i n t e r v a l ,   t h e   d i f f e r e n t i a l   p r o t o n   s p e c t r u m  
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n 

Proton   Energy ,  Mev 

F i g u r e  4 . 3  

D i f f e r e n t i a l   P r o t o n   S p e c t r a   o f   t h e   I n n e r   R a d i a t i o n  Zone 
(Normalized  for   Energy  of   100 Mev). 

The Exper imen ta l   Po in t s   Cor re spond   t o  Data: x - (Ref.  1O);u- (Ref .  
2 4 )  ; A - (Ref.  27) ; o - (Ref .   17) ;  0 - (Ref.  2 8 ) ;  1 - C a l c u l a t e d  
Spectrum  (Ref. 13 ) ;  2 - Alterna t ive   Spec t rum  (Ref .   21 ,   Ref .   22) ;  
3 - Calculated  Spectrum  (Energy L i m i t s  o f   the   Spec t rum E = 650 MeV) 
(Ref. 9 ) ;  4 - Calculated  Spectrum  (Energy L i m i t  o f   the   Spec t rum 
E = 1000 MeV) (Ref. 9 ) ;  5 - Alterna t ive   Spec t rum  (Ref .  7) ; 6 - 
Averaged   Spec t rum  Ut i l i zed   i n  Our C a l c u l a t i o n s .  
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c a n   a l s o   b e   w r i t t e n   i n   e x p o n e n t i a l   f o r m  

N ( E )  d E  = N o  e-E/Eo d E ,  

where EO = 120 2 5 MeV; No = 0.84 2 0 .7  p r o t o n  
cm2 * - sec*Mev-s t e rad  . 

The o m n i d i r e c t i o n a l ,   i n t e g r a l  stream o f   p r o t o n s ,   o b t a i n e d  
by i n t e g r a t i o n   o f   f o r m u l a   ( 4 . 1 )   w i t h   r e s p e c t   t o   e n e r g y ,   w i t h i n  
t h e  limits 75 ,<E ,<m a t  a n   a l t i t u d e   o f   1 0 0 0  - 1230 km and a mean 
l a t i t u d e   o f   a b o u t   1 0 "  N ,  amounts t o  800 t 200 

In   subsequent   exper iments   on   October   13 ,   1959  (Ref .   13) ,   the  
pro ton   spec t rum w a s  d e t e r m i n e d   i n  a w i d e r   e n e r g y   i n t e r v a l  up t o  
18 MeV.  The r e s u l t s   d e r i v e d   f r o m   b o t h   e x p e r i m e n t s  are shown i n  
F igu re   4 .3 .  The t h e o r e t i c a l   c u r v e ,   w h i c h  was c a l c u l a t e d  on t h e  
b a s i s   o f   t h e   h y p o t h e s i s   f o r   a l b e d o   n e u t r o n   d e c a y ,  i s  shown h e r e  
(Ref .   13) .  The t h e o r e t i c a l   c u r v e  i s  n o r m a l i z e d   t o   t h e   e x p e r i m e n t a l  
da ta  f o r   p r o t o n s ,   h a v i n g   e n e r g i e s   o f   1 0 0  M e V .  

The p ro ton   spec t rum  in   t he   ene rgy   i n t e rva l   f rom 42 t o  570 Mev / l o 9  
was s t u d i e d  i n  another   work  (Ref .   22) .  The pro ton   spec t rum  which  
was o b t a i n e d   c l o s e l y   C o i n c i d e s   w i t h   t h e   h y p o t h e s i s   f o r   a l b e d o  
neut ron   decay  for protons   having   an   energy   of  E > 100 Mev and 
wi th   t he   expe r imen ta l   da t a   (Re f .  13) .  In  the   low-energy   par t   o f  
t he   spec t rum,  a maximum was d e t e r m i n e d   a t  80 Mev and a minimum 
a t  60 MeV. Since  these  measurements  were made a f t e r  a l a r g e   s o l a r  
f l a r e   ( J u l y  10 - 16 ,  1 9 5 9 ) ,   t h i s  t y p e  of   spectrum  can  be  caused 
by s o l a r   p r o t o n s .  

P 

D u r i n g   t h e   f l i g h t   o f   t h e   A m e r i c a n   a r t i f i c i a l   s a t e l l i t e  
"Exp lo re r  VI" (August 7 - O c t o b e r   2 ,   1 9 5 9 ) ,   t h e   d i f f e r e n t i a l  
spec t rum  of   p ro tons  was m e a s u r e d   i n   t h e   l a t i t u d i n a l  in te rva l  from 
- 2 5 . 3 "   t o  - 31.8"  (a  mean a l t i t u d e   o f  2225 km) (Ref .   23) .   For  
p r o t o n s   h a v i n g   e n e r g i e s   o f  E > 30 M e V ,  t he   spec t rum  has   t he   fo rm 

made i t  p o s s i b l e   f o r   t h e   a u t h o r s   t o   e x t e n d   t h i s   s p e c t r u m   t o   - 2 1 " .  
The s p e c t r u m   o b t a i n e d   c l o s e l y   c o i n c i d e s   w i t h   t h e   t h e o r e t i c a l  
s p e c t r u m   a n d   w i t h   o t h e r   e x p e r i m e n t a l   d a t a   f o r   p r o t o n s   h a v i n g  
energ ies   above  100 MeV. The s l i g h t   d i f f e r e n c e   c a n   b e   e x p l a i n e d  
by t h e   f a c t   t h a t   t h e   e x p o n e n t  n d e c r e a s e s   w i t h  a d e c r e a s e  i n  t h e  
p r o t o n   e n e r g y .   T h u s ,   f o r   e x a m p l e ,   f o r   t h e   t h e o r e t i c a l   s p e c t r u m  i t  
dec reases   t o   0 .72   i n   an   ene rgy   r eg ion   wh ich  i s  less t h a n  30 MeV. 
S i n c e   t h e   s p e c t r a ,   w h i c h  were o b t a i n e d   i n   t h e   e x p e r i m e n t   ( R e f .  13, 
R e f .   2 2 ) ,   p e r t a i n   t o   h i g h e r   e n e r g i e s ,   t h e i r   e x p o n e n t   m u s t   b e   g r e a t e r ,  
which was o b s e r v e d   i n   a c t u a l i t y .  

t h r o u g h o u t   t h e   e n t i r e   l a t i t u d i n a l   i n t e r v a l  (6 .5")  which 

Thus ,   t he   p ro ton   spec t rum a t  t h e   i n t e n s i t y  maximum of t h e  
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i n n e r   z o n e ,   a t  a l a t i t ude   o f   -29 .2" ,   has   t he   fo rm:  

The p r o t o n   s p e c t r a ,   w h i c h  were measu red   w i th   t he   a id   o f   coun te r s  
a t  an a l t i t u d e   o f  940 - 1100 km (Ref .   24) ,  a l s o  have  the  form  of  
the   power   func t ion   wi th   the   exponent  n = 1.42(Ep > 17 .5  MeV) and 
n = 1.68 (EP > 2 3  Mev). 

D u r i n g   t h e   f l i g h t   o f   t h e   r o c k e t  "Atlas" on  October  13,   1960 , 
t he   p ro ton   spec t rum was de te rmined   w i th   t he   a id   o f   nuc lea r  
emulsions  (Ref .   25) .  The f l i g h t   t r a j e c t o r y  was s i m i l a r   t o   t h e  
t r a j e c t o r y   w h i c h   t h e  same a u t h o r s   s t u d i e d   o n   J u l y  21, 1959.  For 
a p ro ton   spec t rum  in   t he   ene rgy   r eg ion  80 < E < 660 Mev , t h e  
power  law was ob ta ined   w i th   t he   exponen t  n > 1 . 7  , which 
co inc ides   wi th   p rev ious   measurements .   This   a l so   shows  tha t   there  
i s  no  change i n   t h e   s p e c t r u m   w i t h   t i m e .  

D u r i n g   t h e   f l i g h t   o f  "Atlas" on October  13,  1960 ,   o the r  
a u t h o r s   o b t a i n e d   p r o t o n   s p e c t r a   w i t h   e n e r g i e s   o f  Ep > 1 7  ?lev 
(Ref .   26) .  The e n e r g y   d i s t r i b u t i o n   o f   t h e   p r o t o n s   w h i c h  was 
d e t e r m i n e d   c l o s e l y   c o i n c i d e s   w i t h   t h e   d a t a   o b t a i n e d  by  them 
p r e v i o u s l y .  No maximum was observed a t  an  energy  of  about 75 M e V ,  
which was n o t e d   i n   t h e  work  (Ref.  22). J u s t  a s   i n   t h e   o t h e r  work 
(Ref.  25), t h e  maximum was o b t a i n e d   a t  35 Mev and  the minimum a t  
20 M e V ,  a n d   t h e   v a l u e   o f   t h e   t o t a l   p r o t o n   s t r e a m   w i t h   e n e r g i e s   o f  
Ep > 45 MeV c lose ly   co inc ided   w i th   t hem.  

Some da ta   de r ived   f rom  an   expe r imen ta l   s tudy   o f   t he   p ro ton  / 110 
s p e c t r a   f o r   t h e   i n n e r   r a d i a t i o n   z o n e   a r e  set f o r t h   i n   T a b l e  4 . 1 .  

T h e o r e t i c a l   P r o t o n   S p e c t r a .  A c a l c u l a t i o n  o f  t h e   s p e c t r a  i s  
based on t h e   h y p o t h e s i s   o f   a l b e d o   n e u t r o n   d e c a y .   I f   t h e   s t r e a m   a n d  
spec t rum  of   the   neut rons   l eav ing   the   a tmosphere  are known, i t  is  
p o s s i b l e   t o   c a l c u l a t e   t h e   e q u i l i b r i u m   p r o t o n   s p e c t r u m   i n  a mag- 
n e t i c  t r a p .  The spec t rum  fo r   p ro tons   hav ing   t he   ene rgy  Ep  >, 1 Mev 
was c a l c u l a t e d   ( R e f .   2 0 )   o n   t h e   b a s i s   o f   t h e   e x p e r i m e n t a l   s p e c t r a  
fo r   neu t rons   fo rmed  by  cosmic  rays i n   t h e   e a r t h ' s   a t m o s p h e r e .  

I t  was a s s u m e d   t h a t   t h e   p r o t o n s   l o s e   t h e i r   e n e r g y   o n l y  by 
i o n i z a t i o n   o f   t h e  medium. 

The pro ton   spec t rum was c a l c u l a t e d   ( R e f .  13) on t h e   b a s i s   o f  
t h e   a l b e d o   n e u t r o n  stream, which was de te rmined   i n   ano the r   work  
(Ref.   20).  It was assumed i n   t h e s e   c a l c u l a t i o n s   t h a t   t h e   p r o t o n s  
l o s e   e n e r g y   n o t   o n l y   d u e   t o   i o n i z a t i o n ,   b u t   a l s o   d u e   t o   n u c l e a r  
i n t e r a c t i o n s .   T h i s  i s  p a r t i c u l a r l y   i m p o r t a n t   f o r   p r o t o n s   h a v i n g  

1 2 6  



TABLE 4 . 1  

ENERGY PROTON SPECTRUM OF THE INNER RADIATION ZONE 
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energies   above 80 MeV.  The spec t rum was d e t e r m i n e d   i n   t h e   e n e r g y  
i n t e r v a l  10 < E < 700 Mev unde r   t he   fo l lowing   a s sumpt ions :  

1) The n e u t r o n   i n j e c t i o n   c o e f f i c i e n t   w i t h i n   t h e   r a d i a t i o n  
zone  does  not  depend  on  neutron  energy - i .e.  , i t  is 
assumed t h a t   t h e   p r o b a b i l i t y   f o r   n e u t r o n s   b e i n g   c a p t u r e d  by 
atoms  of   the  a tmosphere  on  their  way t o   t h e   m a g n e t i c  
t r a p  i s  t h e  same f o r   t h e   e n t i r e   n e u t r o n   s p e c t r u m ;  

2) The p r o t o n s   l e a v e   t h e   m a g n e t i c   t r a p   d u e   t o   i o n i z a t i o n  
a n d   n u c l e a r   i n t e r a c t i o n s .  

I n  a more d e t a i l e d   c a l c u l a t i o n   o f   t h e   s p e c t r a   ( R e f .   9 ) ,  i t  w a s  
assumed t h a t  1) t h e   a l b e d o   n e u t r o n s  do n o t   h a v e   a n   i s o t r o p i c  
d i s t r i b u t i o n   ( f o r  En > 50   Mev) .   Th i s   e f f ec t   dec reased   t he   i n j ec -  
t i o n   c o e f f i c i e n t   w i t h   a n   i n c r e a s e   i n   t h e   n e u t r o n   e n e r g y ;   2 )   t h e  
p r o t o n s   i n   t h e   z o n e   c o n t i n u o u s l y   l o s e   e n e r g y   d u e   t o   i o n i z a t i o n ;  
3 )   t hey   d i sappea r   du r ing   nuc lea r   i n t e rac t ions ,   and  4 )  p r o t o n s ,  
having  an  energy  above a c e r t a i n  c r i t i c a l  v a l u e ,   l e a v e   t h e   z o n e  
due t o   t h e  l o s s  o f   a d i a b a t i c   i n v a r i a n c e .  

The c o n s i d e r a t i o n   o f   t h e s e   f a c t o r s   l e a d s   t o   t h e   f a c t   t h a t   t h e  
p r o t o n   s p e c t r u m   i n   t h e   r e g i o n  Ep > 300 MeV becomes s t e e p e r   a n d  
c o r r e s p o n d s   t o   t h e   e x p e r i m e n t a l   d a t a .  The t h e o r e t i c a l   s p e c t r a  /111 
(Ref.  9 ,  13, 20) are shown i n   F i g u r e  4.3. The s p e c t r a  are nor-  
m a l i z e d   t o  a pro ton   energy   of  100 MeV. 
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A n a l y s i s   o f   t h e   T h e o r e t i c a l   a n i   E x p e r i m e n t a l  SpecJ-rs.  The 
t h e o r e t i c a l   s p e c t r a   ( R e f .  9 ,  13 ,  2 0 )  c l o s e l y   c o i n c i d e   w i t h   t h e  
e x p e r i m e n t a l   s p e c t r a   i n   t h e   e n e r g y   i n t e r v a l  80 < E < 300 MeV. I n  
t he   r eg ion  E > 300 Mev , t h e   e x p e r i m e n t a l   s p e c t r a  are s t e e p e r  
t h a n   t h e   t h e o r e t i c a l   s p e c t r a   ( R e f .  13, Ref .   20) .   This  i s  caused 
by t h e   f o l l o w i n g   r e a s o n s :  

a )   The re  is a n   a d d i t i o n a l  mechanism f o r   t h e   l o s s  of high-  
ene rgy   p ro tons   (non-ad iaba t i c   and   hydromagne t i c   e f f ec t s )  ; 

b)  The p r o b a b i l i t y   f o r   t h e   c a p t u r e   o f   n e u t r o n s  by t h e  atmos- 
p h e r e   d e c r e a s e s   w i t h   a n   i n c r e a s e   i n   t h e   n e u t r o n   e n e r g y ;  

c )  The e n e r g y   d i s t r i b u t i o n   f o r   a l b e d o   n e u t r o n s  is  s teeper  
than  was assumed i n   t h e  works  (Ref. 13,  Ref.  2 0 ) .  

The spectrum  which is  d e r i v e d  on t h e   b a s i s   o f   t h e s e   f a c t o r s  ( R e f .  9 )  
c o i n c i d e s   w i t h   t h e   e x p e r i m e n t a l   d a t a .   I n   t h e   r e g i o n  Ep < 80 M e V ,  
t h e   e x p e r i m e n t a l   s p e c t r a   d i f f e r   f r o m   t h e   t h e o r e t i c a l   s p e c t r a :   i n -  
s t e a d   o f  a mono ton ic   dec rease   o f   t he   spec t rum  wi th   an   i nc rease   i n  
energy ,  a maximum i s  observed a t  a p ro ton   ene rgy  o f  35 M e V ,  and a 
minimum a t  an  energy  of 20 MeV. The s p e c t r u m   d e c r e a s e   a t  a p ro ton  
energy of  20 Mev i s ,  a p p a r e n t l y ,   d u e   t o   t h e   p r e s e n c e  of a maximum 
i n   t h e   c r o s s - s e c t i o n   o f   n o n - e l a s t i c   i n t e r a c t i o n   o f   n e u t r o n s   w i t h  
n i t r o g e n   a n d   o x y g e n   n u c l e i ,   a t   t h i s   e n e r g y .   T h e r e  i s  a  minimum i n  
t h e   e n e r g y   d i s t r i b u t i o n   o f   n e u t r o n s  a t  an  energy  of  20 M e V ,  which 
was n o t   t a k e n   i n t o   c o n s i d e r a t i o n   i n   t h e   c a l c u l a t i o n s .   I f   t h i s  
e x p l a n a t i o n  i s  va l id ,   t hen   t he   expe r imen ta l   spec t rum  mus t   app rox i -  
mate t h e   t h e o r e t i c a l   s p e c t r u m   i n   t h e   r e g i o n  Ep < 10 M e V .  I t  
s h o u l d   b e   n o t e d   t h a t   t h e   c a l c u l a t i o n a l   d a t a   f o r   e n e r g i e s   b e l o w  
50 Mev are less r e l i a b l e ,   d u e   t o   t h e   i n d e t e r m i n a t e   f o r m   o f   t h e  
neut ron   spec t rum.  

The f o r m   o f   t h e   s p e c t r u m   i n   t h e   l o w - e n e r g y   r e g i o n  (EP < 30 MeV) 
depends   g rea t ly  on t h e   l a t i t u d e .  Measurements  which were c a r r i e d  
out  on September 1 9 ,  1960 - s i x   d a y s   a f t e r  a s o l a r   f l a r e   ( R e f .  7 )  - 
showed tha t   t he   p ro ton   spec t rum  in   t he   l ow-ene rgy   r eg ion   becomes  
s t e e p e r  ( % a t  h i g h   l a t i t u d e s ,   w h i l e   t h e   i n t e n s i t y   a l s o  
i n c r e a s e s .   T h e s e   c h a n g e s   i n   t h e   s p e c t r u m  are due t o   s o l a r   p r o t o n s .  
I t  is assumed t h a t   t h e   p r o t o n s ,  moving i n  a s p i r a l - l i k e  manner 
i n   t h e   p o l a r   r e g i o n ,   g e n e r a t e   n e u t r o n s  as t h e y   e n t e r   t h e   a t m o s p h e r e .  
Decomposing i n   t h e   z o n e ,   t h e   n e u t r o n s  form p r o t o n s ,   w h i c h   a r e  
cap tu red  by t h e   m a g n e t i c   t r a p .   T h i s   p r o c e s s  lasts f o r  a v e r y   s h o r t  
pe r iod   o f  t i m e  - about  1 day - which i s  c o m p a r a b l e   w i t h   t h e   l i f e t i m e  
o f   t he   p ro tons   wh ich  are thus   fo rmed .   Thus ,   impu l se   i n j ec t ion   o f  
t h e   p r o t o n s   e x i s t s   w i t h i n   t h e   z o n e   i n   t h e   p o l a r   r e g i o n ;   t h i s  
i n j e c t i o n   d e c r e a s e s   w i t h  time. S i n c e   t e n  - t w e l v e   f l a r e s   o c c u r   d u r i n g  
a year,  an  anomalous  component is  c o n s t a n t l y   p r e s e n t   i n   t h e   z o n e ,  
which  depends  upon a c e r t a i n   p r o t o n   s p e c t r u m   o f   c o s m i c   o r i g i n .  
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An anomalous  proton  spectrum is l o c a l i z e d   w i t h i n  a d e f i n i t e  
reg ion   of   the   zone .  The presence   o f   low-energy   pro tons   on   the  
f u l l - d e f i n e d   f o r c e   l i n e s   h a s  a t h e o r e t i c a l   b a s i s   ( R e f .   2 7 ) .  The 
p r o t o n s   o f   s o l a r   o r i g i n ,   w h i c h  are formed a t  h i g h   l a t i t u d e s ,  move 
a l o n g   t h e   m a g n e t i c   f o r c e   l i n e s   t o w a r d   t h e  low l a t i t u d e s ,   w h e r e  
t h e y   a r e   e x c l u d e d   d u e   t o   h a r d   t r u n c a t i o n   ( R e f .  9 ) .  

The s p a t i a l   d i s t r i b u t i o n   o f  low-energy  protons of s o l a r  
o r i g i n   ( R e f .  2 7 )  is shown i n   F i g u r e   4 . 4 .  

A s t u d y  was  made of   the   anomalous   p ro ton   spec t rum  (Ref .  28)  
i n   t h e  low-energy r e g i o n  up t o  1 MeV. T h e s e   r e s u l t s   c l o s e l y  
c o i n c i d e   w i t h   t h e  d a t a   d e r i v e d   i n   a n o t h e r  work  (Ref. 7 ) .  
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Figure  4 .4  

S p a t i a l   D i s t r i b u t i o n  of  Low-Energy P r o t o n s   o f   S o l a r   O r i g i n :  

The shade i s  t h e   r e g i o n   w h e r e   p r o t o n s   o f   s o l a r   o r i g i n  
a r e   e x c l u d e d ;   t h e   s e m i - s h a d e  - t h e   r e g i o n   i n   w h i c h  
t h e r e  may be  low-energy  protons,   but   they  cannot   have 
s t a b l e   o r b i t s .  

a-  Shade;  b-  Semi-shade 

4.5.  T ime  V a r i a t i o n s  

Data  which were o b t a i n e d   p r e v i o u s l y   p o i n t  t o  t h e   f a c t   t h a t   t h e  
i n t e n s i t y   a n d   c o m p o s i t i o n   o f   p a r t i c l e s   w i t h i n   t h e   z o n e  are r e l a t i v e l y  
c o n s t a n t .   I n t e n s i t y   f l u c t u a t i o n s ,   w h i c h  were n o t e d   i n   t h e  work  (Ref. l), 
do not   exceed   15%.  

In   exper iments   conducted   on   the   Amer ican  s a t e l l i t e  "Explorer  VII", 
p a r t i c l e   f l u c t u a t i o n  w a s  d i s c o v e r e d   i n   t h e   i n n e r   r a d i a t i o n   z o n e .   T h e s e  
d a t a  must   be   ver i f ied .   However ,  t i m e  v a r i a t i o n s   i n   t h e   i n n e r   z o n e   c a n  
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e x i s t ,   i f  i t  i s  assumed t h a t   t h e   c a p t u r e d   p a r t i c l e s  are formed as 
t h e   r e s u l t   o f   a l b e d o   n e u t r o n   d e c a y .   A c t u a l l y ,  a stream of   pr imary 
cosmic  rays  - a n d ,   c o n s e q u e n t l y ,   t h e   i n t e n s i t y   o f   t h e   n e u t r o n s  
formed  by  them - depends on t h e   d e g r e e   o f   s o l a r   a c t i v i t y .  I t  is  
known t h a t   d u r i n g   t h e   p e r i o d  o f  minimum s o l a r   a c t i v i t y   t h e   i n t e n s i t y  
o f   t h e   g e n e r a t e d   n e u t r o n s   i n c r e a s e s  by approximately a f a c t o r   o f  2 
(Ref. 2 9 ,  Ref. 30).  

The d i scove ry   o f  a time v a r i a t i o n   i n   t h e   r a d i a t i o n   i n t e n s i t y  
i n   t h e   i n n e r   z o n e ,   d u r i n g  minimum s o l a r   a c t i v i t y ,   c a n   p r o v e   t h e  
v a l i d i t y   o f   t h e   a s s u m p t i o n   r e g a r d i n g   t h e   n e u t r o n   o r i g i n   o f   t h e   i n n e r  
r a d i a t i o n   z o n e .  

4 . 6 .  Doses 

The absorbed  dose,   formed by p r o t o n s   o f   t h e   i n n e r   r a d i a t i o n  
zone, was c a l c u l a t e d   a c c o r d i n g   t o  a me thod   desc r ibed   i n   Sec t ion  7 . 5 .  
The spec t rum  obta ined  by an   ana lys i s   o f   t he   expe r imen ta l   and  
t h e o r e t i c a l   d a t a   s e r v e d  as t h e   b a s i s   f o r   t h e   c a l c u l a t i o n s .  

1. In  the  region  where  the  anomalous  component   does  not  
e x i s t ,   t h e   e x p e r i m e n t a l   p r o t o n   s p e c t r a ,   w h i c h   a r e   n o r m a l i z e d   t o  
100 MeV, have   a lmos t   i den t i ca l   fo rm.  The s p e c t r u m   f o r   t h e   c a l c u l a -  
t i o n s  was s e l e c t e d  on t h e   b a s i s   o f   r e s u l t s   d e r i v e d   f r o m   r e c e n t  
measurements  (Ref. 2 6 ,  Ref. 31).  Both   spec t ra   which   were   ob ta ined  
c o i n c i d e   i n   t h e   r e g i o n  Ep > 100 MeV.  They h a v e   a n   i d e n t i c a l   f o r m   i n  
t h e   r e g i o n  less t h a n  100 MeV, b u t   d i f f e r  somewhat i n  terms o f  
i n t e n s i t y .   T h e r e f o r e ,   t h e   r e f e r e n c e   s p e c t r u m  was found  by  averaging 
t h e s e  two s p e c t r a .  

I n   t h e   r e g i o n  E < 10 Mev , as was noted   above ,   the   exper imenta l  
and t h e o r e t i c a l   s p e c t r a  must   co inc ide .   Consequent ly ,   the   re fe rence  
s p e c t r u m   i n   t h e   r e g i o n  1 < Ep 10 Mev i s  ob ta ined   by   ex t r apo la -  
t i o n .  It s h o u l d   b e   n o t e d   t h a t   t h e   d a t a   o n   t h e   s p e c t r u m   i n   t h e  low- 
energy   reg ion  ( <  2 0  MeV) are less r e l i a b l e ,   d u e   t o   t h e   d i f f i c u l t y  
e n t a i l e d   i n   c a l c u l a t i n g   a d d i t i o n a l   f a c t o r s   ( r e s i d u a l   a t m o s p h e r e ,  
wal ls  o f   t he   rocke t   and   coun te r s , e t c . ) .   However ,   t h i s  is n o t  i m -  
p r j r tan t   f rom  the   po in t   o f   v iew o f  e s t i m a t i n g   t h e   d o s e   f o r m e d   i n   t h e  
body of   the   cosmonaut ,   s ince   p ro tons   having   such   energ ies  are 
a b s o r b e d   b y   r e l a t i v e l y  small p r o t e c t i o n   t h i c k n e s s e s .  

2 .  In   t he   r eg ion   o f   t he   anomaly ,   t he   spec t rum i s  found i n   t h e  
fo l lowing  way: i n   t h e   r e g i o n  E 2 100 MeV,  j u s t  as i n   S e c t i o n  1; 
i n   t h e   r e g i o n  10  ,< E ,< 50 Mev , a c c o r d i n g   t o   d a t a   g i v e n   i n   t h e  
work  (Ref. 7 ) .  The r e g i o n  50 < E I 100 Mev is  c o n s t r u c t e d  by 
i n t e r p o l a t i o n .   E x t r a p o l a t i o n   i n   t h e   r e g i o n  1 ,< E ,< 10 Mev was 
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c a r r i e d   o u t  on t h e   b a s i s   o f   d a t a   g i v e n   i n   t h e   w o r k   ( R e f .  3 2 ) .  

The s p e c t r u m   c o n s t r u c t e d   f o r   p r o t o n s   i n   t h e   i n n e r   r a d i a t i o n  
zone   of   the   ear th  is  shown i n   T a b l e  4.2 and i n   F i g u r e s  4.3 and 
4 .5 .  

TABLE 4.2 

PROTON SPECTRUM OF THE INNER RADIATION ZONE, USED I N  THE CAL- 
CULATIONS. 

E,. 
\lev 

-~ 

1 
2 
3 

5 
4 

6 
7 
8 
9 

I O  

680 
830 
so0 
540 
670 

350 
4 50 

290 
330 

265 

I2 
14 

20 
16 

25 
30 
35 
40 
50 
60 

220 
195 
1 80 

185 
I72 

210 
220 
214 
I90 
I68 

80 
70 

100 
90 

I20 
140 
I60 

200 
180 

223 

147 
I30 
I15 
I04 
80 

50 
62 

40 
33 
26 

230 
275 
300 
350 
400 
450 
500 
550 
600 
650 

- d N 
dE * 

p r o t o n  
cMz.sec-  
Xev 

___ 

21 
16.5 
13.7 
8.6 
5,36 
3,3 
2.0 
0.95 
0.4 
0 2  

I t  was assumed i n   t h e   c a l c u l a t i o n s   t h a t   t h e   s p e c t r a l   f o r m  o f  
p ro tons   hav ing   cosmic   o r ig in  is c o n s t a n t   f o r   a n y   p o i n t   i n   s p a c e .   I n  
a c t u a l i t y ,   a s  was i n d i c a t e d   a b o v e ,   t h e   p r o t o n   s p e c t r u m   s o f t e n s  
in   t he   uppe r   pa r t   o f   t he   r ad ia t ion   zone .   However ,  i t  i s  imposs ib l e  
t o  t a k e  t h i s   e f f e c t   i n t o   c o n s i d e r a t i o n   d u e   t o   t h e   l a c k   o f   e x p e r i -  
men ta l   da t a .  

/115 

Ca-lcul-ation  Results.  The v a l u e s   f o r   t h e   l o c a l   a n d  mean t i s s u e  
dose,   produced by p r o t o n s  o f  a normal   spectrum when n o   s h i e l d i n g  i s  
p r e s e n t ,  are shown in Table 4.3.  

TABLE 4 . 3  

DOSES  FORMED BY TROTONS OF A NORMAL SPECTRUM I N  THE INNER RADIATION 
ZONE OF THE EARTH 

~ ." "1 - . - "_ - "" ." 

Mean T i s s u e  35 

Local  60 
_ _ . -  ~- - " . . . . - . . . - . - . 

rem/hour I 
46 

19 3 
" ""I 
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,'114 
" 

pro ton   ene rgy ,  Mev 
F i g u r e  4.5 

Normal (1) and  Anomalous ( 2 )  
S p e c t r a   o f   P r o t o n s   i n   t h e  
Inner   Radia t ion   Zone ,  Used 
i n   t h e   C a l c u l a t i o n s .  

15 zn 
s h i e l d i n g   t h i c k n e s s  g/cm2 A 1  

F i g u r e  4 . 6  

D i s t r i b u t i o n  by  Depth of t h e  Dose Ab- 
s o r b e d   i n   t h e  Body, Formed by P ro tons  
o f   t h e   I n n e r   R a d i a t i o n  Zone of  t h e  
E a r t h  : 

1 - Normal p a r t  o f  the  Spectrum; 
2 - Anomalous; ____-- mremjse c ; 

- - - - - - - - - mradlsec.  

The c o u r s e   f o l l o w e d   b y   t h e   d e p t h   d i s t r i b u t i o n   o f   t h e   a b s o r b e d   d o s e  1115 
grea t ly   depends   on   the   p resence   o f   an   anomalous  p a r t  of   the   spec-  
trum a t  t h e   g i v e n   p o i n t   i n   t h e   z o n e .  The d i s t r i b u t i o n  by  'depth  of 
the   absorbed   dose ,   behind  a s h i e l d i n g   h a v i n g  a t h i c k n e s s   o f  1 g/cm2, 
a f t e r   wh ich   t he   anomalous   pa r t   o f   t he   spec t rum  ba re ly   i n f luences  
t h e   c o u r s e   o f   t h e   d e p t h   d i s t r i b u t i o n ,  i s  shown i n   F i g u r e  4 . 6 .  The 
c a l c u l a t e d   v a l u e s   f o r   t h e   p h y s i c a l   l o c a l   d o s e   c l o s e l y   c o i n c i d e   w i t h  
t h e   d a t a   g i v e n   i n   t h e  work  (Kef. 2 1 ) .  However ,   t he   b io log ica l   dose  
i s  g r e a t l y   o v e r e s t i m a t e d .   T h i s   c a n   b e   e x p l a i n e d   b y   t h e   f a c t   t h a t  
u n j u s t i f i a b l y   l a r g e  R B E  v a l u e s  were used i n   t h e   c a l c u l a t i o n s :   i n   t h e  
energy   reg ion  E < l o  Mev Q = 10;  10 < Ep < 100 Mev Q = 10 ~ 1; 

Ep > 100 MeV Q = 1. 
P 

The u t i l i z a t i o n  o f  exagge ra t ed  RBE va lues   (Re f .  2 1 )  l e a d s   t o  
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t h e   f a c t   t h a t   t h e   d i s t r i b u t i o n   b y   d e p t h  of t h e   a b s o r b e d   d o s e   g r e a t l y  
dec reases   f rom  the   su r f ace   o f   t he   body  t o  t h e   c e n t e r .  On t h e   o t h e r  
h a n d ,   t h e   d e p t h   d i s t r i b u t i o n s   ( R e f .  33) have a form  which i s  t o o  
f l a t ,   s i n c e   t h e   c a l c u l a t i o n  w a s  made f o r  a v e r y   h a r d  i n i t i a l  spectrum. 
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CHAPTER 5 

OUTER RADIATION ZONE OF THE EARTH 

5.1.. Exper-imental  Data 

A s  a resul t   of   measurements ,   which were c a r r i e d   o u t   i n   t h e  I117 
USSR and USA w i t h   t h e   a i d  o f  a r t i f i c i a l  s a t e l l i t e s  and   cosmic   rocke ts ,  
i t  w a s  d i s c o v e r e d   t h a t   c l o s e   t o   t h e   e a r t h   t h e r e  i s  a n   o u t e r   ( e l e c t r o n )  
rad ia t ion   zone ,   which  i s  c a p t u r e d   b y   t h e   m a g n e t i c   f i e l d  of t h e   e a r t h .  
This  zone i s  t h e   m o s t   e x t e n s i v e   ( i n  terms of   space  which  can  be 
occup ied   a round   t he   ea r th )   and   t he   mos t   f avorab le   fo r   f l i gh t s   f rom 
t h e   e a r t h  and f o r   o r b i t i n g   s p a c e c r a f t s   w i t h   l i v i n g   b e i n g s   a r o u n d   t h e  
e a r t h .  I t  occup ies  a l a r g e  p a r t  o f   t h e   s p a c e   a r o u n d   t h e   e a r t h ,  
l eav ing   on ly  two l a r g e   c o n e s ,   w i t h   a n   a p e r t u r e   h a l f - a n g l e  of about 
2 0 ° ,  f r e e   o f   r a d i a t i o n .  

I n   o r d e r   t o   e s t i m a t e   t h e   d e g r e e  o f  r a d i a t i o n   d a n g e r   d u r i n g  
f l i g h t s   i n   t h e   e l e c t r o n   z o n e ,  i t  i s  n e c e s s a r y   t o   h a v e   d a t a   a b o u t  
t h e   s p a t i a l   l o c a t i o n  o f  t h e   z o n e ,   t h e   s t r e a m s   o f   e l e c t r o n s   i n   d i f -  
f e r e n t   r e g i o n s  o f  the   zone ,   and   about   the   e lec t ron   spec t rum.   These  
da t a   wereob ta ined   i n  a s t u d y   o f   t h e   r a d i a t i o n   z o n e s   w i t h   t h e   a i d   o f  
S o v i e t   a n d   A m e r i c a n   a r t i f i c i a l   e a r t h  s a t e l l i t e s  and  cosmic  rockets .  

C o r p u s c u l a r   a n d   e l e c t r o m a g n e t i c   r a d i a t i o n   i n   s p a c e  i s  u s u a l l y  
determined by gas -d i scha rge   coun te r s ,   hav ing   d i f f e ren t   s c reens ,   and  
s c i n t i l l a t i o n   c o u n t e r s   h a v i n g   d i f f e r e n t   e n e r g y   d i s c r i m i n a t i o n  
t h r e s h o l d s ;   t h e s e   c o u n t e r s   a r e   p l a c e d  on s a t e l l i t e s  and   rocke ts  
(Ref.  I ,  2 ,  3 ) .  I t  i s  p o s s i b l e   t o   o b t a i n   i n f o r m a t i o n   a b o u t   t h e  
q u a n t i t a t i v e  and q u a l i t a t i v e   c o m p o s i t i o n   o f   r a d i a t i o n   b y   c o m p a r i n g  
t h e   s i m u l t a n e o u s   r e s u l t s   d e r i v e d   f r o m   r a d i a t i o n   m e a s u r e m e n t s   b y  
d i f f e r e n t   d e t e c t o r s .   I n f o r m a t i o n   a b o u t   t h e   s p e c t r a l   c o m p o s i t i o n   o f  
r a d i a t - i o n   i n   t h e   o u t e r   r a d i a t i o n   z o n e  was d e t e r m i n e d   t h i s  way a t  
d i f f e r e n t   l a t i t u d e s .   M e a s u r e m e n t s   w i t h   t h e   a i d  o f  i o n  t r aps  a l s o  
p l a y   a n   i m p o r t a n t   r o l e   i n   s t u d y i n g   c o r p u s c u l a r   r a d i a t i o n .  The 
o u t e r   r a d i a t i o n   z o n e   o f   t h e   e a r t h  was f i r s t   d i s c o v e r e d  as a r e s u l t  
o f   measurements   car r ied   ou t  on the   second  (1957)   and   th i rd   (1958)  
S o v i e t   a r t i f i c i a l   e a r t h  s a t e l l i t e s .  

The zone  boundaries  were e s t a b l i s h e d  on t h e   b a s i s  of t h e   p o i n t s  
a t  wh ich   t he   coun t ing   speed   o f   t he   coun te r   i nc reased  by a f a c t o r  o f  
two,   as   compared  with  the  count ing  speed  outs ide of t he   zone   (Ref .   1 ) .  
F igure   5 .1   shows samples o f   r eco rd ings  made by a s c i n t i l l a t i o n  
c o u n t e r   d u r i n g   t h e   f l i g h t s   o f   t h e   t h i r d   a r t i f i c i a l  s a t e l l i t e  a t  
n o r t h e r n   l a t i t u d e   r e g i o n s .  The l a t i t u d e  X and   t he   l ong i tude  9 /118 
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a r e   p l o t t e d   a l o n g   t h e   a b c i s s a   a x i s .  The a l t i t u d e   i n t e r v a l s   f o r  
t h e   f l i g h t   o f   t h e  s a t e l l i t e  a b o v e   t h e   e a r t h   a r e   a l s o  shown i n   t h e  
f i g u r e .  It c a n   b e   s e e n   f r o m   t h e   f i g u r e   t h a t   t h e   b o u n d a r i e s   o f   t h e  
second   zone   can   be   qu i t e   c l ea r ly   de f ined   on   t he   bas i s   o f  a s h a r p  
i n c r e a s e   i n   t h e   c o u n t i n g   s p e e d  of t h e   c o u n t e r .   T h e   r e s u l t s   d e r i v e d  
f r o m   t h e   t h i r d  s a t e l l i t e  r epea ted ly   en te r ing   t he   zone   and   l eav ing  
the   zone   in   the   Nor thern   Hemisphere   a re  shown i n   F i g u r e   5 . 2 .   L e t  us 
p r e s e n t   t h e   f o l l o w i n g   d a t a   i n   o r d e r   t o  c l a r i f y  t h e   r e s u l t s   w h i c h  
a re   ob ta ined :   i n   t he   Eas t e rn   Hemisphe re ,   t he  mean e n t r a n c e   p o i n t  
i n t o   t h e   e l e c t r o n   z o n e   c o r r e s p o n d s   t o   t h e   g e o g r a p h i c a l   l a t i t u d e  
A = 6 0 . 5 "   a n d   t h e   a l t i t u d e  H = 270 km. The mean e x i t   p o i n t   f r o m  
the   zone   co r re sponds   t o   t he   l ower   l a t i t ude  A = 55.5"   and   the   h igher  

I I I 1 1 1 1  I I  
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Sample  Recordings made b y   t h e   S c i n t i l l a t i o n   C o u n t e r   D u r i n g  
F l i g h t s   o f  a S a t e l l i t e   a t  H igh   La t i t udes   i n   t he   Xor the rn  
Hemisphere : 
-"" coun t ing   speed ;  0-0--0-0 i o n i z a t i o n   i n  a c r y s t a l  
accord ing   to   measurements   o f   the   dynode   cur ren t ;  - e - * - @ - @  
i o n i z a t i o n   i n  a c r y s t a l  accord ing   to   measurements   o f   the  
anode   cur ren t   (Ref .  1) . 

It  i s  i n t e r e s t i n g   t o   t r a c e   t h e   i n t e n s i t y   c h a n g e s   i n   r a d i a t i o n  
of  t h e   e l e c t r o n   z o n e   a l o n g   t h e   f o r c e   l i n e s   o f   t h e   m a g n e t i c   d i p o l e  
o f   t h e   e a r t h .  The f o r c e   l i n e ,   w h i c h  i s  drawn  through  the mean e x i t  
po in t   f rom  the   zone  (X = 55.5"  and H = 600 km) , passes   th rough  the  
p o i n t  A = 57" a t  a n   a l t i t u d e   o f  H = 270 km; a t   t h i s   p o i n t   t h e r e  
i s  p r a c t i c a l l y   n o   r a d i a t i o n   i n   t h e   z o n e .  On t h e   o t h e r   h a n d ,   t h e  
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fo rce   l i ne ,   wh ich  i s  drawn  through  the  point A = 60.5" and H = 270 km 
( e n t r a n c e   p o i n t   i n t o   t h e   z o n e ) ,   p a s s e s   t h r o u g h   t h e   p o i n t  A = 59' a t  an 
a l t i t u d e   o f  H = 600 km, w h e r e   t h e   r a d i a t i o n   i n t e n s i t y  i s  s e v e r a l  
times g r e a t e r   t h a n   t h e   i n t e n s i t y  a t  t h e   e n t r a n c e   p o i n t .  I t  can   be  
s e e n   f r o m   t h e s e   e x a m p l e s   t h a t   t h e   r a d i a t i o n   i n t e n s i t y   a l o n g   t h e  
m a g n e t i c   f o r c e   l i n e   s h a r p l y   i n c r e a s e s  as one leaves t h e   s u r f a c e   o f  1119 
t h e   e a r t h .  An ana logous   pa t t e rn  w a s  o b s e r v e d   d u r i n g   t h e   f l i g h t s  
o f  t h e   t h r i d   a r t i f i c i a l  s a t e l l i t e  in   t he   Sou the rn   Hemisphe re ,   bu t  
a t   h i g h e r   a l t i t u d e s .   F o r   e x a m p l e ,   t h e   s a t e l l i t e   p a s s e d   t h e  
A n t a r c t i c   r e g i o n   a t   a n   a l t i t u d e   o f   a b o u t  1800 km;  t h e r e f o r e ,  a 
s i g n i f i c a n t   i n c r e a s e  was o b s e r v e d   i n   t h e   c o u n t i n g  r a t e  h e r e   ( f o r  
example,  40 t i m e s   g r e a t e r ,  as compared  with  the  Northern  Hemisphere) .  

F igu re  5 . 2  

Loca t ion   o f   t he   Coord ina te s   fo r   t he   En t r ance   (Po in t s )   and   Ex i t  
( C i r c l e s )   o f   t h e   S a t e l l i t e   f r o m   t h e   E l e c t r o n  Zone i n   t h e   N o r t h e r n  
Hemisphere a t  Low L a t i t u d e s .  

The c r o s s   d e s i g n a t e s   t h e   p o s i t i o n   o f   t h e   g e o m a g n e t i c   p o l e  
(Ref.  1). 

The r e su l t s   de r ived   f rom  de t e rmin ing   t he   ou te r   boundary   o f   t he  
e l e c t r o n   z o n e ,  on t h e  bas i s  o f   measu remen t s   ca r r i ed   ou t  on t h e   t h i r d  
a r t i f i c i a l  s a t e l l i t e ,  are shown i n   F i g u r e  5.3,  fo r   t he   Nor the rn   and  
Southern   Hemispheres   respec t ive ly .   These   boundar ies  are c o n v e n i e n t l y  
c h a r a c t e r i z e d  by t h e   g e o m a g n e t i c   l a t i t u d e s  - i . e . ,  by t h e   g e o g r a p h i c  
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l a t i t u d e s   a t   w h i c h   t h e  t e r res t r ia l  s u r f a c e  i s  i n t e r s e c t e d  by t h e  
g iven   magne t i c   fo rce   l i nes .  I t  was found that  the   ou ter   boundary  
o f  t h e   e l e c t r o n   z o n e  i s  de t e rmined   by   t he   geomagne t i c   l a t i t ude  
69" 5 2" for   the  Northern  Hemisphere,   and by 65" 2 2"  f o r   t h e  
Southern  Hemisphere  (Ref. 4 ) .  

The loca t ion   o f   t he   Nor the rn   and   Sou the rn   r eg ions   o f   t he  
e l ec t ron   zone  was formulated  very  comprehensively on t h e   b a s i s  
of   rad ia t ion   measurements  on t h e   s e c o n d   a n d   t h i r d   S o v i e t   s p a c e c r a f t -  
s a t e l l i t e s   ( 1 9 6 0 ) .  A map of   the   measurements   car r ied   ou t  on t h e  
s p a c e c r a f t - s a t e l l i t e s  i s  shown i n   F i g u r e  5 . 4  (Ref .   5 ) .  I t  can  be 
s e e n   f r o m   t h e   F i g u r e   t h a t   t h e   z o n e s   o f   i n c r e a s e d   r a d i a t i o n   i n   t h e   I 1 2 2  
Xorthern  and  Southern  Hemispheres  have a r a t h e r   s y m n e t r i c a l  
d i s t r i b u t i o n   w i t h   r e s p e c t   t o   t h e   e q u a t o r ,  and  there  i s  a we l l -  
def ined   re la t ionship   be tween  them.  The r e g i o n   i n   t h e   S o u t h e r n  
A t l a n t i c   c o m p r i s e s   o n e   e x c e p t i o n   t o   t h i s .  

The b o u n d a r i e s   o f   t h e   e l e c t r o n   z o n e   a t   h i g h   a l t i t u d e s ,   i n   t h e  
r e g i o n   o f   t h e   g e o m a g n e t i c   e q u a t o r ,   w e r e   d e t e n n i n e d   d u r i n g   f l i g h t s  
o f   t h e   f i r s t  and   second  Sovie t   cosmic   rocke ts ,   and   a l so   dur ing  
f l i gh t s   o f   t he   Amer ican   rocke t s   "P ionee r  111" and  "Pioneer IV". The 
t r a j e c t o r y  o f  t h e  f i r s t  ( Janua ry  2 ,  1959)  and  of  the  second  (Sep- 
tember 1 2 ,  1959)   cosmic   rocke t s ,   t he   change   i n   t he   r ad ia t ion   i n t en -  
s i t y l  a l o n g   t h e   r o c k e t   t r a j e c t o r y ,   t h e   r e l a t i v e   p o s i t i o n  o f  t he  
f i r s t  and   s econd   r ad ia t ion   zones   i n   space   nea r   t he   ea r th ,   and   t he  
fo rce   l i nes   o f   t he   magne t i c   d ipo le   o f   t he   ea r th   ( t he   geomagne t i c  
l a t i t u d e  i s  i n d i c a t e d  o n   e a c h   l i n e )   a r e  shown i n   F i g u r e  5 .5 .  The 
d i s t a n c e   f r o m   t h e   c e n t e r  of  t he   ea r th   a long   t he   geomagne t i c   equa to r  
i s  p l o t t e d   a l o n g   t h e   a b s c i s s a   a x i s .   F i g u r e   5 . 6   i l l u s t r a t e s   t h e  
p o s i t i o n   o f   l i n e s   o f   e q u a l   r a d i a t i o n   i n t e n s i t y   i n   t h e  f i r s t  and 
second  rad ia t ion   zones   in   the   p lane   o f   the   geomagnet ic   mer id ian ,  
and a l so   the   ascending   and   descending   branches  o f  t h e   r o c k e t  "P io -  
n e e r  111" (Ref .   6 ) .  

I t  c a n   b e   s e e n   f r o m   t h e s e   d a t a   t h a t   t h e   c o n t o u r  o f  t h e   e l e c t r o n  
zone i s  f a i r l y   s y m m e t r i c a l   w i t h   r e s p e c t   t o   t h e   g e o m a g n e t i c   c o o r d i n a t e s ,  
and p r a c t i c a l l y   r e p e a t s   t h e   p a t h   f o l l o w e d   b y   t h e   f o r c e   l i n e s   o f   t h e  
magne t i c   d ipo le  o f  t h e   e a r t h . *   I n   a d d i t i o n ,   t h e   r a d i a t i o n   i n t e n s i t y  
a l o n g   t h e   f o r c e   l i n e s   o f   t h e   m a g n e t i c   f i e l d   s h a r p l y   d e c r e a s e s  as t h e  
s u r f a c e   o f   t h e   e a r t h  i s  l e f t   b e h i n d .   T h i s   f a c t   l e d   i n  i t s  t i m e   t o   t h e  1 1 2 3  
c o n c l u s i o n   t h a t   t h e   r a d i a t i o n   z o n e s  are r a d i a t i o n   r e g i o n s   w h i c h   a r e  

I o n i z a t i o n   i n  a c r y s t a l   o f   t h e   s c i n t i l l a t i o n   c o u n t e r  was used 
h e r e   t o   m e a s u r e   t h e   r a d i a t i o n   i n t e n s i t y .  

S t r i c t l y   s p e a k i n g ,   t h e   m a g n e t i c   f i e l d   o f   t h e   e a r t h  i s  d e f l e c t e d  
f r o m   t h e   d i p o l e   f i e l d  - f o r   e x a m p l e ,   i n   t h e   r e g i o n s   o f   B r a z i l ,   t h e  
South   At lan t ic ,   and   S iber ia .   However ,   in   these   reg ions   ex tens ions  
of  t h e   e l e c t r o n   z o n e  were obse rved ,   wh ich   r epea ted   t he   pa th   fo l lowed  
by t h e   m a g n e t i c   f i e l d .  
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c a p t u r e d   i n  a magne t i c   t r ap .  The f a c t   t h a t   c h a n g e s   i n   t h e   p o s i t i o n  
of   the  maximum r a d i a t i o n   i n t e n s i t y  of t h e   o u t e r   z o n e  are c o r r e l a t e d  
w i t h   m a g n e t i c   s t o r m s   a n d   a u r o r a e   p o l a r i s   s e r v e   t o   c o n f i r m   t h e   v a l i d i t y  
o f   t h i s   c o n c l u s i o n   ( R e f .  7 ) .  There are a l s o  two r eg ions   i n   wh ich   t he  
a u r o r a e   p o l a r i s   r e o c c u r s   w i t h   t h e  maximum f requency :   t he   r eg ion  of 
the   geomagne t i c   l a t i t udes   a round   80° ,   and   t he   r eg ion   wh ich   ex tends   f rom 
60 t o  70" i n   t h e   g e o m a g n e t i c   l a t i t u d i n a l   r e g i o n .  The n a t u r e   o f   t h e  
a u r o r a e   i n   t h e   l a t t e r   r e g i o n   c a n   b e   e x p l a i n e d  - even i f   o n l y   p a r t i a l l y  
- by t h e   i n t r u s i o n   o f   e l e c t r o n s   f r o m   t h e   o u t e r   r a d i a t i o n   z o n e   i n t o  
t h i s   r e g i o n .  

/120 

a k 
Figure  5 . 3  

Loca t ion   of   the   Outer   Boundary   for   the   E lec t ron  Zone i n   t h e   N o r t h   ( a )  
and in   t he   Sou th   (b )   Hemisphe res .  

S m a l l   c i r c l e   w i t h  a do t   des igna te s   geomagne t i c   po le   (Re f .  4 )  

The c o r r e l a t i o n   b e t w e e n   t h e   p o s i t i o n   o f  maximum r a d i a t i o n  
i n t e n s i t y   o f   t h e   e l e c t r o n   z o n e   w i t h   m a g n e t i c   s t o r m s   c a n   b e   i l l u s -  
t r a t e d  by t h e   f o l l o w i n g   d a t a .  I n  January ,   1959,   the   maximum(f i r s t  
Sovie t   cosmic   rocke t )  was observed a t  a d i s t a n c e   o f   a b o u t  2 7  000 km 
f rom  the   cen te r   o f   t he   ea r th ;   i n   December ,   1958 , ( the   rocke t   "P io -  
n e e r  111") - a t  a d i s t a n c e   o f   a b o u t  2 3  000 km; i n  March,  1959  ( the 
rocke t   "P ioneer  IV") - a t  a d i s t a n c e   o f   a b o u t  20 000 km; and i n  
September ,   1959  ( second  Sovie t   cosmic   rocke t )  - a t  a d i s t a n c e  of 
about  18 000 km. S i n c e   t h e   f l i g h t s   i n  March  and  September,  1959, 
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were made a s h o r t  time a f t e r   s t r o n g   m a g n e t i c   s t o r m s ,   t h e   c o n c l u s i o n  
can   be   d rawn  tha t   the   magnet ic  s torms s h i f t   t h e  maximum r a d i a t i o n  
i n t e n s i t y   c l o s e   t o   t h e   s u r f a c e   o f   t h e   e a r t h .  

1121 

F igu re   5 .4  

D i s t r i b u t i o n   o f   R a d i a t i o n   I n t e n s i t y   i n  Zones  of   Increased Ra- 
d ia t ion   in   the   Nor th   and   Southern   Hemispheres :  

S m a l l   c i r c l e s  - based on da ta   f rom  the   s econd   spacec ra f t -  
s a t e l l i t e ;  s q u a r e s  - based   on   da ta   f rom  the   th i rd   space-  
c r a f t  s a t e l l i t e ;  dashed   l i nes   connec t   t he   ma in   po in t s   w i th  
the   con juga te   po in t s ,   wh ich  are i n d i c a t e d  by a s t e r i s k s  
( R e f .   5 ) .  

The so-called  "Argus" (USA) exper iment   se rved  t o  p rov ide   expe r i -   1123  
m e n t a l   c o r r o b o r a t i o n   f o r   t h e   p o s s i b i l i t y   o f   e l e c t r o n s   b e i n g   c a p t u r e d  
by the   magnet ic   f ie ld   o f   the   ear th   (Ref .   8 ) .   In   Augus t  - September,  1124 
1958, a t  an a l t i t u d e   o f  480 km f r o m   t h e   s u r f a c e  of t h e   e a r t h ,   t h r e e  
s u c c e s s i v e   n u c l e a r   e x p l o s i o n s   w i t h  a s t r e n g t h   o f  1 - 2 km were s e t  
o f f   ( t h e   c o o r d i n a t e s  o f  t h e   e x p l o s i o n s  were 8 - 12"   wes t   l ong i tude ,  
and  38 - 5 0 "   s o u t h   l a t i t u d e ) .  I t  was found  tha t   each   t ime  the  
e l e c t r o n s   f r o m   t h e   e x p l o s i o n  were p ropaga ted   a long   t he   magne t i c   fo rce  
l i n e s ,   i n   t h e   s p a c e   b e t w e e n   t h e   p r o t o n   a n d   e l e c t r o n   z o n e s   i n   t h e  
form  of a c loud   having  a th i ckness   o f  90 - 150 km. The a n g u l a r  

4 
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9.12.1959 

1122 

. 1 9 5 9  

Figure  5.5 

T r a j e c t o r i e s   o f   t h e  F i r s t  and  Second  Cosmic  Rockets a t  t h e  
Geomagnet ic   Coordinates   and  Change  in   Radiat ion  Intensi ty  
A l o n g   t h e   T r a j e c t o r i e s .  

The s e p a r a t e   f o r c e   l i n e s   o f   t h e   m a g n e t i c   f i e l d   a n d   t h e  
l o c a t i o n   o f   t h e   p r o t o n   ( b l a c k   d o t s )   a n d   e l e c t r o n  
( c ruc i fo rm  shad ing)   zones   a r e  shown (Ref.  1). 

d i s t r i b u t i o n   f o r   t h e   i n t e n s i t y   o f   t h e   c a p t u r e d   e l e c t r o n s  was a t  a 1124 
maximum i n  t h e   d i r e c t i o n   p e r p e n d i c u l a r   t o   t h e   m a g n e t i c   f o r c e   l i n e s ,  
wi th   the   upper  l i m i t  o f   t h e   d i s t r i b u t i o n   h a l f - a n g l e   o f  15". The 
r a t e   a t   w h i c h   t h e   i n t e n s i t y   d e c r e a s e d   w i t h  t i m e  was  approximately 
i n v e r s e l y   p r o p o r t i o n a l   t o  t i m e .  The l i f e t i m e   o f   e l e c t r o n s   w i t h  
a t h r e s h o l d   e n e r g y  o f  1 Mev amounted t o   s e v e r a l   d a y s ,   a n d   t h e   l i f e -  
time o f  e l e c t r o n s   w i t h  a t h re sho ld   ene rgy  of  170  kev - about  20 days 
- i . e . ,  e l e c t r o n s   w i t h   l o w e r   e n e r g i e s   h a d   l o n g e r   l i f e t i m e s .  
Measuremen t s   o f   t he   e l ec t ron   spec t rum  showed   t ha t   t he re  was a 
shor tage   o f   h igh-energy   par t ic les   as   compared   wi th   the   B-spec t rum 
f o r   f i s s i o n   p r o d u c t s  (maximum energy  of about  7 Mev). It i s  
a p p a r e n t   t h a t  when e l e c t r o n s   h a v i n g   e n e r g i e s   w h i c h   r a n g e   f r o m  0 - 7 
Mev e n t e r   t h e   r e g i o n   o f   t h e   e l e c t r o n   z o n e ,   t h e y   c a n   a l s o   b e   c a p t u r e d  
i n   t h e   m a g n e t i c   t r a p ,   a n d   t h e i r   b a s i c   c h a r a c t e r i s t i c s   m u s t   f o l l o w  
t h e   p a t t e r n   n o t e d   a b o v e .  L e t  us now examine   t he   expe r imen ta l   da t a  
on t h e   e l e c t r o n   s p e c t r u m   i n   t h e   o u t e r   r a d i a t i o n   z o n e .  On t h e   b a s i s  

I 
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E a r t h ' s  m n  

f 123 

F i g u r e  5 . 6  

S t ruc tu re   o f   t he   Rad ia t ion   Zones   and   t he   Pos i t i on   o f   Equa l  
I n t e n s i t y   L i n e s  o f  t h e   C a p t u r e d   R a d i a t i o n   i n   t h e   P l a n e   o f  
the  Geomagnetic  Meridian: 

Ascending (1); Descending ( 2 )  T ra j ec toq?   Branches  o f  
the   Rocket   "P ioneer  111" (Ref.  6 ) .  

o f   e x p e r i m e n t a l   r e s u l t s ,   c e r t a i n   d e t e r m i n a t i o n s   o f   t h e   e l e c t r o n  1124 
spectrum  have  been made i n   s e v e r a l   w o r k s   ( R e f .  1, 6 ,  9 - 11) , b u t  
t h e   a u t h o r s   s t a r t e d   w i t h   e r r o n e o u s   c o n c e p t s   a b o u t   t h e   t o t a l   e l e c t r o n  
s t r eam,   wh ich   cou ld   e f f ec t  a d e t e r m i n a t i o n  of  t h e   e l e c t r o n   s p e c t r u m .  

Based on measurements   carr ied  out  on the   second  Sovie t   cosmic  
r o c k e t   w i t h   t h e   a i d  of i o n   t r a p s   ( R e f .  1 2 )  , e s t i m a t e s  of  t h e   t o t a l  
e l e c t r o n  stream g i v e  a va lue   which   approximate ly   equals  
4*107 cm-2-sec-1 f o r   e l e c t r o n s   h a v i n g   e n e r g i e s   g r e a t e r  th.an 0 . 2  kev.  
G e n e r a l i z a t i o n   o f   t h e   e x p e r i m e n t a l   d a t a   o b t a i n e d  on September 5 ,  1961,  
p rov ides  a v a l u e   f o r   t h e   t o t a l   n o n - d i r e c t i o n a l   e l e c t r o n   s t r e a m  of  
1 * 1 O 8  crn-2*sec-1 , f o r   e l e c t r o n s   h a v i n g   e n e r g i e s   g r e a t e r   t h a n  40 kev 
(Ref.  13) .  The l a t t e r   v a l u e   f o r   t h e   t o t a l   s t r e a m  w i l l  be   used   to  
e s t i m a t e   t h e   r a d i a t i o n   d a n g e r   i n   t h e   o u t e r   r a d i a t i o n   z o n e .  The 
r e s u l t s   d e r i v e d   f r o m  a s t u d y  o f  t h e   e l e c t r o n   s p e c t r u m  are  shown i n  
F i g u r e  5 . 7 .  It c a n   b e   s e e n   t h a t   t h e   e l e c t r o n   s p e c t r u m   d e c r e a s e s  /125 
r a t h e r   s h a r p l y   w i t h   a n   i n c r e a s e   i n   t h e   e l e c t r o n   e n e r g y ,  and p r a c t i -  
c a l l y   t e r m i n a t e s   i n   t h e   e n e r g y   r e g i o n   o f   a b o u t  5 M e V .  

L e t  u s   r e p r e s e n t   t h e   i n t e g r a l   e l e c t r o n   s p e c t r u m   ( i . e . ,   t h e  
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ca) ffl 

0 4  
b V  

Elec t ron   ene rgy ,   kev  

F igu re  5 . 7  

Exper imen ta l   P i c tu re   o f   t he   E lec t ron   Spec t rum  in   t he  O u t e r  Zone 
(Ref .  13) 

spec t rum  fo r  a number  of e l e c t r o n s   h a v i n g   e n e r g i e s   g r e a t e r   t h a n  a 
g iven   ene rgy) ,   a s  was already  done by S .  N.  Vernov  and  others 
(Ref .  9 ) ,  i n   t he   fo rm:  

N (<E,) - En”. (5 .1)  

!<e then   have   t he   d i f f e ren t i a l   spec t rum 

where A i s   t h e   n o r m a l i z a t i o n   f a c t o r .   F o r  E O  0 . 1  Mev , a 
s a t i s f a c t o r y   a p p r o x i m a t i o n   o f   t h e  law (5 .2 )  i s  o b t a i n e d   f o r   d a t a  
on the   spec t rum  (Ref .  13) f o r  y N, 2 ,  and   t he   no rma l i za t ion  con- 
s t a n t  i s  de te rmined   f rom  the   condi t ion  

5 

J N (E,) d E ,  = 1 * 10’. ( 5 . 3 )  
0.1 

A f t e r   t h e   f i r s t   a p p r o x i m a t i o n  i s  c o r r e c t e d ,   t h e   f o l l o w i n g  l a w  
i s  o b t a i n e d   f o r   t h e   d i f f e r e n t i a l   e l e c t r o n   s p e c t r u m  

N (E , ) .~E, ,  = 1,8. 1 0 6 ~ 3  d ~ ~ ,  ( 5  - 4 )  

where  the  energy Eo i s  t o   b e   s u b s t i t u t e d   i n   m e g a e l e c t r o n v o l t s .  

The r e s u l t s   d e r i v e d   f r o m   u t i l i z i n g   f o r m u l a  ( 5 . 4 )  t o   c a l c u l a t e  
t h e  number   o f   e l ec t rons   hav ing   t he   ene rg ie s  (Eo 5 0 . 0 0 5 )  Mev,which 
i n t e r s e c t  a s u r f a c e  a t  1 crn2 i n  a l l  d i r e c t i o n s   a f t e r  1 second,  are 
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shown i n   T a b l e   5 . 1 ,   f o r  a t o t a l   n o n - d i r e c t i o n a l   e l e c t r o n   c u r r e n t  
1 0 8  cm-2*sec-1 . 

TABLE 5 . 1  

TEE  DIFFERENTIAL ELECTRON SPECTRUM CALCULATED ACCOPJIING TO 
FORMULA ( 5 . 4 )  

0,05 
0.08 
0.10 
0,20 
0,30 

0.50 
0.40 

0.60 
0.80 
1 ,oo 

6.10' 
2.7.107 
1.8.107 

2.25.108 
0,67. IO8 
2.8.105 

0,83.106 
I ,44 * 10' 

3,5- 104 
I ,8.104 

. . "- 
I .20 

2.00 
1.50 

2.50 
3.00 
3.50 
4 .OO 
4 S O  
5,OO 

1,04.104 
0.54- 104 

0.225.104 

0.67.103 
0.42.103 

0.1m.103 
0.28.103 

0,115*104 

1,44. IO2 

F o r   t h e   f i r s t  two energ ies   (0 .05   and  0 .08  M e v ) ,   t h e   d i f f e r e n -  
t i a l  streams were ob ta ined   f rom  da t a   g iven   i n   t he   work   (Ref .   13 ) ,  
based  on a s l o w e r   s p e c t r u m   d e c r e a s e   w i t h   a n   i n c r e a s e   i n   e n e r g y .  
For a l l   t h e   o t h e r   e n e r g y   v a l u e s ,   t h e   c a l c u l a t i o n  was  based on 
formula ( 5 . 4 ) .  The r e s u l t s   d e r i v e d  from i n t e g r a t i n g   t h e   s e p a r a t e  / 1 2 6  
s ec t ions   o f   t he   spec t rum,   g iven   by   fo rmula  ( 5 . 4 ) ,  s a t i s f a c t o r i l y  
c o i n c i d e   w i t h   t h e   c o r r e s p o n d i n g   v a l u e s   g i v e n   i n   t h e  work  (Ref. 13 ) .  
The d i f f e r e n t i a l   e n e r g y   s p e c t r u m   w h i c h  i s  o b t a i n e d   f o r   t h e   e l e c t r o n s  
c a n   s e r v e   f o r   a n   e s t i m a t e   o f   t h e   r a d i a t i o n   d a n g e r   i n   t h e   o u t e r   z o n e .  

We s h o u l d   n o t e   t h a t   t h i s   s p e c t r u m   c a n   b e  a r a the r   rough  
a p p r o x i m a t i o n   o f   t h e   e l e c t r o n   s p e c t r u m   a t   t h e   i n t e n s i t y  maximum of  
the   second  zone ,   which   can   be   de tec ted  a t  any moment of  time a t  a 
g i v e n   p o i n t   i n   s p a c e   n e a r   t h e   e a r t h .   A p p a r e n t l y ,   t h i s   s p e c t r u m  
can  be  used as a mean, c h a r a c t e r i z i n g   t h e   c o m p o s i t i o n   o f   r a d i a t i o n  
i n   t h e   z o n e ,   a n d  i t  i s  a l w a y s   p o s s i b l e   t o   n o r m a l i z e   t h e   c h a n g e   i n  
t o t a l   r a d i a t i o n   i n t e n s i t y   w i t h   t h e   d i s t a n c e   f r o m   t h e   e a r t h ,  on t h e  
b a s i s   o f   t h e   e x i s t i n g   e x p e r i m e n t a l   d a t a   o b t a i n e d  on the   Sov ie t   ana  
American satel l i tes  and  rockets .   The  data  shown i n   F i g u r e  5 .8 ,  f o r  
example,  can  be  used t o   d e t e r m i n e   t h e   n a t u r e   o f   t h e   c h a n g e   i n   t h e  
r a d i a t i o n   i n t e n s i t y   o f   t h e   o u t e r   z o n e   w i t h   t h e   d i s t a n c e   f r o m   t h e  
e a r t h .   T h i s   f i g u r e  shows t h e   e x p e r i m e n t a l   r e s u l t s   o b t a i n e d   d u r i n g  
f l i gh t s   t h rough   t he   e l ec t ron   zone   o f   Sov ie t   and   Amer ican   cosmic  
r o c k e t s .  The o r d i n a t e   a x i s  i s  used t o  p l o t   t h e   i o n i z a t i o n   i n  a 
c r y s t a l   a n d   t h e   c o u n t i n g   s p e e d   o f   t h e   c o u n t e r s ,   w h i c h   r e c o r d e d   t h e  
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e l e c t r o m a g n e t i c   r a d i a t i o n   o f   e l e c t r o n s  - which w a s  formed as t h e  
e l e c t r o n s   p a s s e d   t h r o u g h   t h e   c a s i n g  - and p a r t l y   r e c o r d e d   t h e  
e l e c t r o n s   w h i c h  were a b l e   t o  p a s s  t h r o u g h   t h e   c a s i n g .   I f   t h e  con- 
d i t i o n a l   a s s u m p t i o n  i s  made t h a t   t h e   e l e c t r o n   s p e c t r u m  is c o n s t a n t  
t h r o u g h o u t   t h e   e n t i r e   o u t e r   z o n e ,   t h e n   t h e   p a t t e r n   f o l l o w e d   b y   j 1 2 7  
t h e   c u r v e   o f   t h e   c o u n t e r   r e c o r d i n g s   w i l P c h a r a c t e r i z e   t h e   c h a n g e  
i n   t h e   e l e c t r o n   d o s e   a n d   t h e   e l e c t r o m a g n e t i c   r a d i a t i o n   w i t h   t h e  
d i s t a n c e   f r o m   t h e   e a r t h .  

IO I 

Figure  5.8 

Dependence   o f   Rad ia t ion   In t ens i ty   i n   t he   E lec t ron  Zone  on t h e  
Di s t ance   f rom  the   Cen te r  of t h e   E a r t h :  

1 and 2 - Based  on  Measurements  on the   Rocket   "P ioneer  111" 
(Ascending  and  Descending  Branches);  3 - Accord ing   t o  
Measurements  on  the  Rocket  "Pioneer I V " ;  4 and 5 - Based  on 
Measurements o f  t h e   T o t a l   I o n i z a t i o n  on t h e   F i r s t   a n d   S e c o n d  
Cosmic  Rockets ,   Respect ively  (Ref .  7 ) .  

Thus, i t  c a n   b e   s e e n   f r o m   t h e   e x p e r i m e n t a l   r e s u l t s   t h a t  i t  i s  
p o s s i b l e   f o r   e l e c t r o n s   h a v i n g   e n e r g i e s  up t o  5 Mev t o   b e   c a p t u r e d  
by t h e   m a g n e t i c   f i e l d   o f   t h e   e a r t h .  The c a p t u r i n g   r e g i o n ,   w h i c h  
fo rms   t he   e l ec t ron   zone ,  i s  p r a c t i c a l l y   s y m m e t r i c a l   w i t h   r e s p e c t   t o  
the  geomagnet ic   coordinates ,   and i s  c o n t a i n e d   b e t w e e n   t h e   f o r c e  
l i n e s   w h i c h   a r e   c h a r a c t e r i z e d   b y   t h e   g e o m a g n e t i c   l a t i t u d e   f r o m  
55" t o  67". A t  h i g h   l a t i t u d e s ,   t h e   b o u n d a r i e s   o f  the e l e c t r o n   z o n e  
a r e   l o c a t e d   a t   a n   a l t i t u d e   o f  300 - 600 km,  and i n   t h e   r e g i o n  of t h e  
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e q u a t o r  - a t  a d i s t a n c e  up t o  50 thousand km f rom  the   su r f ace   o f  
t h e   e a r t h .  

It  s h o u l d   b e   n o t e d   t h a t ,  as a r e s u l t  of r a d i a t i o n   s t u d i e s  
w i t h   t h e   a i d   o f   i o n   t r a p s ,   S o v i e t   s c i e n t i s t s   d i s c o v e r e d   o n e   e l e c t r o n  
z o n e ,   c a l l e d   t h e   f a r t h e r m o s t   r a d i a t i o n   z o n e ,  a t  d i s t ances   f rom 50 t o  
70 thousand km f r o m   t h e   e a r t h   ( R e f .   1 2 ,   1 4 ,   1 5 ) ,   w h i c h   c o n s i s t s  
pr imar i ly   o f   low-energy   e lec t rons .  

5 .2 .  O r i g i n   o f   t h e   E l e c t r o n  Zone - 

M e a s u r e m e n t s   o f   t h e   m a g n e t i c   f i e l d   o f   t h e   e a r t h ,   a t  many p o i n t s  
and i n   s p a c e   c l o s e   t o   t h e   e a r t h ,   h a v e  shown t h a t   a t   l a r g e   d i s t a n c e s  
t h i s   f i e l d   c a n   b e   r e p r e s e n t e d   i n   t h e   f o r m   o f  a d i p o l e   f i e l d ,   w h i c h  
i s  i n c l i n e d   ( w i t h   r e s p e c t   t o   t h e   e a r t h ' s   a x i s )   t o w a r d   C a n a d a  by 
approximately  11.5" .  A t  s m a l l   d i s t a n c e s ,   t h e r e   a r e   s i g n i f i c a n t  
d e v i a t i o n s   f r o m   t h e   d i p o l e   f i e l d  a t  many p o i n t s .   I n   s p a c e   n e a r   t h e  
e a r t h ,   t h e   s t r e n g t h   o f   t h e   e a r t h ' s   m a g n e t i c   f i e l d  i s  r a t h e r   l a r g e ,  
s o  t h a t   c h a r g e d   p a r t i c l e s ,   h a v i n g   e n e r g i e s   e x c e e d i n g  10" ev,   can 
e n t e r  i t  w i t h o u t  a s i g n i f i c a n t   t r a j e c t o r y   d i s t o r t i o n .   P a r t i c l e s  
h a v i n g   s u f f i c i e n t l y   s m a l l   e n e r g i e s  w i l l  move i n   t h e   m a g n e t i c   f i e l d  
a l o n g   t r a j e c t o r i e s ,   w h o s e   r a d i u s   o f   c u r v a t u r e  i s  much l e s s   t h a n   t h e  
d i s t ance   f rom a g i v e n   p o i n t   t o   t h e   d i p o l e   c e n t e r .   I n   t h i s   c a s e ,  
t h e   p a r t i c l e  w i l l  move a l o n g   t h e   f o r c e   l i n e   o f   t h e   f i e l d  , r o l l i n g  
a long  i t  i n  a sp i r a l - l i ke   manner .  When t h e   p a r t i c l e   e n t e r s  a r e g i o n  
where   there  i s  a n   i n c r e a s e   i n   t h e   m a g n e t i c   f i e l d ,  a f i e l d  component 
can  appear  which i s  p e r p e n d i c u l a r   t o   t h e   s p i r a l   a x i s .  I f  t h e  
m a g n e t i c   f i e l d  i s  s u f f i c i e n t l y   l a r g e   a t  a g i v e n   p o i n t ,   t h e   p a r t i c l e  
i s  r e f l e c t e d .   T h u s ,   t h e   p a r t i c l e  w i l l  perform a complex,   f luctua-  
t ing   mot ion   be tween  the  two r e f l e c t i o n   p o i n t s .   D u r i n g   t h e   m o t i o n  
o f   t h e   p a r t i c l e ,  i t s  magnet ic  moment remains   a lmost   cons tan t   (Ref .   1 ) :  

where m and vl r e p r e s e n t   t h e  mass a n d   v e l o c i t y  componer! t of   the  
p a r t i c l e   w h i c h  i s  p e r p e n d i c u l a r   t o   t h e   f o r c e   l i n e ,   r e s p e c t i v e l y ;  
H r e p r e s e n t s   t h e   s t r e n g t h   o f   t h e   m a g n e t i c   f i e l d .  

I f   t h e   p a r t i c l e  moves a t  t h e   e q u a t o r  a t  an  angle   of  80 t o  
t h e   f o r c e   l i n e ,   t h e n   r e f l e c t i o n   o c c u r s  a t  t h e   l a t i t u d e  Xmax wh 
i s  de te rmined   f rom  the   equat ion:  

i 
I 1 2 8  

ch 

S ince   t he   magne t i c   f i e ld   changes  a t  t h e   g i v e n   f o r c e   l i n e ,   d u r i n g  
s p i r a l   m o t i o n   o f   t h e   p a r t i c l e   t h e   r a d i u s  o f  c u r v a t u r e   f o r  i t s  tra- 
j e c t o r y  p i s  changed ,   i nc reas ing  as t h e   d i p o l e   c e n t e r  i s  l e f t  

6 )  

t h e  
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behind.  Due t o   t h i s ,  a r o t a t i o n a l   m o t i o n   o f   t h e   s p i r a l   a x i s   a r o u n d  
t h e   m a g n e t i c   f i e l d   o c c u r s ,   i . e . ,   d r i f t   a p p e a r s ,   w h o s e   v e l o c i t y  i s  
de t e rmined 

The p e r i o d  
determined 

where En 

f r o m   t h e   r e l a t i o n s h i p :  

f o r   t h e   l o n g i t u d i n a l   \ d r i f t   o f   t h e   p a r t i c l e   c a n   b e  
f rom  the   fo l lowing   r e l a t ionsh ip   (Ref .  4 ,  R e f .  16 ) :  

30 Tdr = - 
EO 

min, 

i s  t h e   e l e c t r o n   e n e r g y ,  MeV. The l i f e t i m e   o f   t h e  
e l e c t r o n   i n   t h e   z o n e  i s  

where S i s  t h e   a i r   d e n s i t y ,   a t o m / c m 3 .  

I t  can be   s een   f rom  r e l a t ionsh ip  ( 5 . 9 )  t h a t   t h e   a i r   d e n s i t y  
i n f l u e n c e s   t h e   l i f e t i m e   o f   t h e   e l e c t r o n ;   t h i s   d e n s i t y   i n c r e a s e s  
s h a r p l y   w i t h  a d e c r e a s e   i n   a l t i t u d e .   F o r   e x a m p l e ,   a t   a n   a l t i t u d e  
of 1200 km, t h e   a i r   d e n s i t y  i s  8 - 1 0 5 ,  w h i l e  a t  an a l t i t u d e   o f  
300 km, i t  is 3.5010 '  a t ~ m / c m - ~  . T h e r e f o r e ,   d u r i n g  i t s  l i f e t i m e  
an e l e c t r o n  w i t h  an energy  of 0.1 MeV,  a t  an a l t i t u d e  of 300 km, 
i s  s h i f t e d   l o n g i t u d i n a l l y  by an  angle   of   0 .01".  

The r e f l e c t i o n   p o i n t s   a r e   p o v e d   a s  a r e s u l t  of the  a tmosphere 
i n f l u e n c i n g   t h e   p a r t i c l e   m o t i o n .   W i t h  a d e c r e a s e   i n   t h e   e l e v a t i o n  
of  t h e   r e f l e c t i o n   p o i n t s ,   t h e  l i f e t ime  o f  t h e   p a r t i c l e   s h a r p l y  de- 
c r e a s e s .   T h u s ,   t h e   p a r t i c l e  i s  e j e c t e d   ( e s c a p e s )   f r o m   t h e   m a g n e t i c  
t r a p .  However, i f  t h e   i n j e c t i o n   o f   p a r t i c l e s   i n t o   t h e  t r a p  p recedes  
t h e i r   e s c a p e   f r o m   t h e   t r a p ,   t h i s   c a n   l e a d   t o   t h e   a p p e a r a n c e   o f  
l a r g e   s t r e a m s   o f   c a p t u r e d   p a r t i c l e s   i n   t h e   z o n e .  One o f  t h e   p o s s i b l e  
mechanisms f o r   t h e   i n j e c t i o n   o f   e l e c t r o n s   i n t o   t h e   m a g n e t i c   t r a p  i s  
t h e   d i r e c t   i n t r o d u c t i o n  o f  s o l a r   c o r p u s c u l a r  streams i n t o   t h e  
e l ec t ron   zone .   Th i s   p rocess  i s  p a r t i c u l a r l y   p r o b a b l e   d u r i n g   t h e  
p e r i o d s  o f  magnet ic   s torms ,  when l a rge   de fo rma t ions   o f   t he   zone  are 
observed.  Large streams of  charged p a r t i c l e s ,  which  accompany  the 
m a g n e t i c   s t o r m s ,   c a n   p a r t i a l l y   i m p a i r   t h e   m a g n e t i c   t r a p   a n d   p r e s s  
t h e   z o n e   c l o s e   t o   t h e   s u r f a c e   o f   t h e   e a r t h .   T h e   r e s t o r a t i o n   o f   t h e  
zone t o  i t s  normal s t a t e  can   occur   under   the   in f luence   o f   the   non-  
u n i f o r m   m a g n e t i c   f i e l d   o f   t h e   e a r t h   i n   t h e   r e g i o n  of t h e  smaller 
m a g n e t i c   f i e l d   g r a d i e n t s  - i . e . ,  i n   t h e   r e g i o n  of  l a r g e   l a t i t u d e s .  
The p rocess   by   wh ich   so l a r   co rpuscu la r  streams are d i r e c t l y  
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i n t r o d u c e d   i n t o   t h e   m a g n e t i c   t r a p  seems the  most  probable  one  I129 
f o r   e x t r e m e l y   l a r g e   p a r t i c l e .   c l u s t e r s ,  whose  energy  exceeds  the 
e n e r g y   o f   t h e   e a r t h ' s   m a g n e t i c   f i e l d  ( H 2 ; 8 n ) .  

A n o t h e r   p r o b a b l e   p r o c e s s   f o r   t h e   i n j e c t i o n   o f   p a r t i c l e s  
i n t o   t h e   e l e c t r o n   z o n e  i s  t h e   i n t r o d u c t i o n   i n t o   t h e   c a p t u r i n g  
r e g i o n   o f   p a r t i c l e s   w h i c h  are formed as a r e s u l t  o f  a lbedo   neut ron  
decay of cosmic  rays .   These  neutrons are fo rmed   du r ing   t he   i n t e r -  
act ion  between  the  proton  component   of   cosmic  rays   and  a toms of  
a tmospheric  a i r ;  t h e y   c a n   p e n e t r a t e   t o   r a t h e r   l a r g e   a l t i t u d e s   i n  
t h e   r e g i o n   o f   d e n s e   a t m o s p h e r i c   l a y e r s .  

S i n c e   t h e   l i f e t i m e   o f  a n e u t r o n  i s  f i n i t e ,   a f t e r  a c e r t a i n  
t i m e   i n t e r v a l   t h e y   d e c a y   i n t o   p r o t o n s   a n d   e l e c t r o n s .  The f a c t  
t h a t   t h e   r a d i a t i o n   z o n e s   c o n t a i n   p r o t o n s   a n d   e l e c t r o n s   p o i n t s   t o  
t h e   v a l i d i t y   o f   t h i s   i n j e c t i o n   m e c h a n i s m .   I n   c o n t r a s t   t o   p r o t o n s ,  
e l e c t r o n s  - which are fo rmed   du r ing   t he   p rocess  by  which  albedo 
neutrons  decay - h a v e   a n   a l m o s t   i s o t r o p i c   d i s t r i b u t i o n ;   t h e r e f o r e ,  
a s p e c i f i c   p o r t i o n   o f  them w i l l  b e   c a p t u r e d   i n   t h e   m a g n e t i c   t r a p .  
I t  i s  n a t u r a l   t h a t   p a r t   o f   t h e   n e u t r o n s   d e c a y s   a t   c o m p a r a t i v e l y  
low a l t i t u d e s ,   w h e r e   t h e   a t m o s p h e r i c   d e n s i t y  i s  r a t h e r   l a r g e  - 
i . e . ,  p a r t   o f   t h e   e l e c t r o n s   c a n   b e   l o s t   b e f o r e   c a p t u r e  by t h e  
m a g n e t i c   f i e l d   o f   t h e   e a r t h   o r   t h e y   c a n   l o s e   p a r t  of t h e i r   e n e r g y .  
The spec t rum  o f   cap tu red   e l ec t rons  w i l l  d i f f e r   f r o m   t h e   e l e c t r o n  
spec t rum  of   neut ron   6-decay .   F i   u re   5 .9   shows  the   resu l t s   der ived  
f rom  ca l cu la t ing   t he   equ i l ib r ium?   spec t rum  o f   cap tu red   e l ec t rons  
(Ref.  1 7 ) ,  t a k i n g   i n t o   a c c o u n t   t h e   p o s s i b l e ,   m a i n   l o s s e s .  I t  i s  
assumed t h a t   s l o w   a l b e d o   n e u t r o n s  are r e s p o n s i b l e   f o r   t h e   f o r m a t i o n  
o f   e l e c t r o n s .  I t  c a n   b e   s e e n   f r o m   t h e   f i g u r e   t h a t   t h e   e l e c t r o n s  
which are thus  produced  can  form  only a d e f i n i t e   p a r t   o f   t h e  
e l e c t r o n   s p e c t r u m   i n   t h e   c a p t u r i n g   r e g i o n   o f   t h e   o u t e r   z o n e ,   a n d  
t h a t   o t h e r   p r o c e s s e s   p a r t i c i p a t e   i n   t h e   f o r m a t i o n  o f  t h e   e x i s t i n g  
spectrum - f o r   e x a m p l e ,   e l e c t r o n   a c c e l e r a t i o n   i n   t h e   m a g n e t i c  
f i e l d   o f   t h e   e a r t h .  The p resence   o f   h igh -ene rgy   e l ec t ron  com- 
p o n e n t s   i n   t h e   e l e c t r o n   z o n e   c a n   a l s o   b e   e x p l a i n e d   b y   t h e   d e c a y  o f  
r ap id   a lbedo   neu t rons  of  cosmic   r ays .   Ca lcu la t ions   have  shown 
(Ref. 18) t h a t   e l e c t r o n s ,   w h i c h  are formed  during  the  @-decay o f  
r a p i d   a l b e d o   n e u t r o n s ,   c a n   a l s o   b e   c a p t u r e d   b y   t h e   m a g n e t i c   f i e l d  
o f   t he   ea r th .   F igu re   5 .10   shows   t he   r e su l t s   de r ived   f rom  ca l cu la -  
t i n g   t h e   p o s s i b l e  minimum and maximum course   fo l lowed  by   the   curve  

~ _ _ - _ _ _  

Equi l ib r ium i s  u s e d   h e r e   i n   t h e   s e n s e   t h a t   e n t r a n c e   o f   t h e  
e l e c t r o n s   i n t o   t h e   t r a p   a n d   e j e c t i o n   o f  them  from i t  does   no t  
occur  a t  once   ( i n   t ime) .   The re fo re ,   an   equ i l ib r ium  spec t rum,  
which i s  more o r  less c o n s t a n t  i n  terms o f   compos i t ion ,   occu r s  
o n l y   a f t e r  a c e r t a i n   p e r i o d  of time. 
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f o r   t h e   h i g h - e n e r g y   e l e c t r o n   s p e c t r u m ,   t a k i n g   i n t o   a c c o u n t   t h e  
ene rgy   l o s ses .  A c o m p a r i s o n   o f   t h e   r e s u l t s   o b t a i n e d   w i t h   t h e  
exper imenta l   e lec t ron   spec t rum  (Ref .   12)   shows  tha t   they   co inc ide  
f a i r l y  wel l  i n   q u a l i t a t i v e  terms i n   t h e   h i g h - e n e r g y   r e g i o n .  
Quan t i t a t ive   d ive rgences   can   be   exp la ined   bo th  by e r r o r s   i n   t h e  
c a l c u l a t i o n ,   a n d  by o t h e r   e f f e c t s   c o n n e c t e d   w i t h   t h e   e l e c t r o n s  
e n t e r i n g   t h e   m a g n e t i c   t r a p .  The e f f e c t   p r o d u c e d  by t h e   d i r e c t  
i n t r o d u c t i o n   o f   s o l a r   c o r p u s c u l a r   s t r e a m s   i n   t h e   m a g n e t i c   f i e l d  
o f   t he   ea r th   can   be   i nc luded  among t h e  l a t t e r .  Never the l e s s  , 
i t  i s  a l s o   f a i r l y   p l a u s i b l e   t h a t   n e u t r o n  B-decay has  a s i g n i f i c a n t  
i n f l u e n c e  on the   fo rma t ion   o f   t he   e l ec t ron   zone .  

1131 

E l e c t r o n   e n e r g y ,   k e v  

F igu re  5 .9  

/130 

A Compar ison   of   the   Calcu la ted   E lec t ron   Spec t rum  of   the   Outer  
Zone (Sol id   L ine)   and   the   Exper imenta l   (Dashed   Line)   Spec t rum 
(Ref .  1 7 ) .  

Due t o   t h e   p r e s e n c e   o f  two p o s s i b l e   s i g n i f i c a n t   s o u r c e s   o f  
e l e c t r o n s   i n   t h e   o u t e r   z o n e ,   b i f u r c a t i o n   o f   t h e   z o n e   i n t o  two r e g i o n s  
can  be  expected  (Ref .   19)  : one   caused   by   t he   e l ec t rons   o f   a lbedo  
neu t ron  B-decay w i t h  a s t r e n g t h  E2 , and  one  caused  by  the  intro-  
d u c t i o n   o f   s o l a r   p a r t i c l e s   i n t o   t h e   e a r t h ' s   m a g n e t i c   f i e l d   w i t h  a 
s t r e n g t h   o f  E 3  . I n  v i e w   o f   t h e   r e l a t i v e   s t a b i l i t y   o f   t h e   f i r s t  
e l e c t r o n   s o u r c e ,   t h e   r e g i o n  E2 m u s t   b e   d i s t i n g u i s h e d   b y   s u f f i c i e n t  
s t a b i l i t y .  On t h e   o t h e r   h a n d ,   t h e   r e g i o n  E 3  is  s u b j e c t   t o  
s i g n i f i c a n t   c h a n g e s   b o t h   i n   r a d i a t i o n   i n t e n s i t y   a n d   i n   t h e   l o c a t i o n  
of  maximum i n t e n s i t y ,  due t o   t h e   s p o r a d i c   n a t u r e   o f   t h e   s e c o n d   s o u r c e  
o f   p a r t i c l e s .   F o r   e x a m p l e ,   d u r i n g   t h e   r e g e n e r a t i o n   p h a s e  of  a 
magnet ic   s torm,  an i n c r e a s e  by s e v e r a l   f i i c t o r s  i s  o b s e r v e d   i n   t h e  
r a d i a t i o n   i n t e n s i t y   o f   r e g i o n  E3, a l o n g   w i t h  a s u b s e q u e n t   s h i f t   i n  

1131 
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Energy,  kev 

F igu re  5.10 

Comparison o f  t he   Expe r imen ta l   E lec t ron   Spec t rum  in   t he   Ou te r  
Zone wi th   t he   Ca lcu la t ed   E lec t ron   Spec t rum  o f   Neu t ron  B-Decay 
(Ref .   18) .  The S t r e a m   o f   E l e c t r o n s ,   p a r t i c l e s / c m 2 * s e c - k e v  , 
i s  P l o t t e d   a l o n g   t h e   O r d i n a t e   A x i s .  

t h e   i n t e n s i t y  maximum t o  low a l t i t u d e s  by approximately l o % ,  s o  t h a t   / 1 3 1  
r eg ion  E 3  m e r g e s ,   p a r t i a l l y   o r   c o m p l e t e l y ,   w i t h   r e g i o n  E2 i n   t h e  
r e g i o n   o f   h i g h   l a t i t u d e s .   T h i s  i s  why two reg ions   a r e   no t   a lways  
observed.  The b i f u r c a t i o n   o f   t h e   e l e c t r o n   z o n e  was n o t e d   i n   o t h e r  
s tud ie s   (Re f .  20 - 2 4 ) .  An i i e a l i z e d   p i c t u r e   o f   t h e   l o c a t i o n  o f  
r eg ions  E2 and E 3  i n   t h e   e l e c t r o n   z o n e  i s  shown i n   F i g u r e   5 . 1 1 .  

We w o u l d   l i k e   t o   p o i n t   o u t   i n   c o n c l u s i o n   t h a t ,   d u e   t o   t h e  
d i f fe rence   in   the   mechanisms  by   which   the   reg ions  E2 .and E 3  a r e  
formed, a d i f f e r e n c e   m u s t   a l s o   b e   e x p e c t e d   b e t w e e n   t h e   e l e c t r o n  
spec t ra  i n   t h e s e   r e g i o n s .  

5 . 3   E l e c t r o n   T i s s u e  D o s e  

When r a d i a t i o n  i s  p r o p a g a t e d   i n  a medium, t h e   t i s s u e   d o s e  as 
a f u n c t i o n   o f   t h e   n a t u r e  of  t h e   r a d i a t i o n  w i l l  have i t s  own 
s p e c i f i c   d e p t h   d i s t r i b u t i o n .   F o r   e x a m p l e ,   i n   t h e   c a s e  of charged 
pa r t i c l e s  and   y - r ad ia t ion  of small e n e r g y ,   t h e   t i s s u e   d o s e   d e c r e a s e s  
w i t h   t h e   p e n e t r a t i o n   d e p t h ,  s o  t h a t   t h e  maximum d o s e   o c c u r s   a t   t h e  
s u r f a c e   o f   t h e   i r r a d i a t e d  medium. I n   t h e   c a s e  of h a r d   y - r a d i a t i o n ,  
t h e   t i s s u e   d o s e  maximum i s  s h i f t e d   t o  a c e r t a i n   c h a r a c t e r i s t i c   d e p t h .  
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I 1 3 0  

D i s t a n c e   f r o m   t h e   c e n t e r  
of t h e   e a r t h ,  x103 km 

F igure  5.11 

I d e a l i z e d   P i c t u r e   o f   t h e   D i v i s i o n  of  t h e   E l e c t r o n  Zone i n t o  
Regions E 2  and E 3  (Ref.  1 9 ) .  

I t  i s  a p p a r e n t   t h a t   e l e c t r o n s   i n   t h e   o u t e r   z o n e  w i l l  p r imar i ly   1131  
have a d e c r e a s i n g   d e p t h   d i s t r i b u t i o n   o f   t h e   t i s s u e   d o s e .   S i n c e  
t h e   e l e c t r o n   e n e r g i e s   i n   t h e   z o n e   a r e   c o m p a r a t i v e l y  small ,  i n  
b i o l o g i c a l   t i s s u e   t h e y  w i l l  be   comple te ly   s topped  a t  r a t h e r   s m a l l  
d i s t ances   ( an   e l ec t ron   w i th   an   ene rgy   o f  1 Mev h a s  a range   of   about  
0 . 4 8  cm) . 

L e t  us now e s t i m a t e   t h e   r a d i a t i o n   d a n g e r   i n   t h e   e l e c t r o n   z o n e .  
The t i s s u e   d o s e   r a t e ,   c r e a t e d   b y   e l e c t r o n s  o f  t h e   z o n e   i n  a b i o l o g i c a l  
s u b j e c t ,  w i l l  s e r v e   a s   t h e   d a n g e r   c r i t e r i o n .   I n   t h e   f i r s t   a p p r o x i -  1132 
ma t ion ,   t he   t i s sue   dose   r a t e   can   be   e s t ima ted   acco rd ing   t o   t he  
e l e c t r o n   r a n g e s   i n   b i o l o g i c a l   t i s s u e ,   a s s u m i n g   t h a t   t h e  
mean e l e c t r o n   e n e r g y   i n   t h e   z o n e  i s  about 0 . 1  Ilev  and a s t r e a m  
o f   e l e c t r o n s ,   i m p a c t i n g   p e r   u n i t   o f   s u r f a c e ,  i s  
KO 
- = 0.5*108  cm-z-sec- l .  

3 

(5.10) 

where  R(E0) i s  t h e   e l e c t r o n   r a n g e  (g/cm2) w i t h   a n  
energy o f  E O ;  t h e   c o e f f i c i e n t  1.6-10-6 is i n s e r t e d   f o r   t h e  
conve r s ion  of m e g a e l e c t r o n v o l t   u n i t s   i n t o   e r g s ;   a n d   t h e   c o e f f i c i e n t  
100 - f o r   t h e   c o n v e r s i o n   o f   e r g / g   u n i t s   i n t o   r a d s .  

I t  can   be   seen   f rom  formula   (5 .10)   tha t   the   absorbed   dose  
ra te  f r o m   e l e c t r o n s   i n   t h e   z o n e  is  r a t h e r   l a r g e ,  s o  t h a t  a l e t h a l  
dose  can  be  formed  in a few minutes.  However, an e s t i m a t i o n   b a s e d  

15 1 



o n   f o r m u l a   ( 5 . 1 0 )   d o e s   n o t   t a k e   i n t o   a c c o u n t   t h e   d i s t r i b u t i o n   b y  
d e p t h   o f   t h e   a b s o r b e d   e n e r g y ,   a n d   e s s e n t i a l l y   y i e l d s  a value  which 
is  a v e r a g e d   o v e r   t h e   e n t i r e   r a n g e   o f   e l e c t r o n s   i n   b i o l o g i c a l   t i s s u e .  
For small e l e c t r o n   e n e r g i e s ,   s u c h   a n  estimate l e a d s   t o  a s i g n i f i c a n t  
u n d e r e s t i m a t e   o f   t h e   t i s s u e   d o s e  - as c o m p a r e d   w i t h   t h e   i n i t i a l  sec- 
t i o n   o f   t h e   r a n g e  - and t o   a n   o v e r e s t i m a t e  as compared   w i th   t he   f i na l  
s e c t i o n  of t h e   e l e c t r o n   r a n g e .   F o r   e x a m p l e ,   t h e   d e p t h   d o s e   f r o m  a 
source   o f   Brad ia t ion   p3*  (maximum energy  of 1 . 7  MeV) a t  a d i s t a n c e  
of 0 .3  mm f r o m   t h e   s k i n   s u r f a c e   a m o u n t s   t o   7 5 % ;  a t  a d i s t a n c e   o f  
2 mm - 15%;  a t  a depth  of  3 mm ( m u s c l e   t i s s u e )  - 6%. 

But t h e   c o m p l i c a t i o n s   i n v o l v e d   i n   e s t i m a t i n g   r a d i a t i o n   d a n g e r  
c o n s i s t   n o t   o n l y   o f   c o n s i d e r i n g   t h e   d i s t r i b u t i o n   b y   d e p t h   o f   t h e  
t i s s u e   d o s e ,   b u t   a l s o  o f   c o n s i d e r i n g   t h e   i n c r e a s e d   s e n s i t i v i t y   t o  
r a d i a t i o n   o f   i n d i v i d u a l   l a y e r s   o f   b i o l o g i c a l   t i s s u e .   T h u s ,   t h e  
h o r n y   l a y e r   o f   s k i n   h a v i n g  a th i ckness   o f  7 mg/cm2 i s  p r a c t i c a l l y  
i n s e n s i t i v e   t o   r a d i a t i o n ;   m u s c l e   t i s s u e  i s  a l s o   o n l y   s l i g h t l y  
s e n s i t i v e .  The s o - c a l l e d   l i v i n g   s k i n   l a y e r s   h a v e  a g r e a t e r   s e n s i -  
t i v i t y ,   a s  c o m p a r e d   w i t h   m u s c l e   t i s s u e ;   t h e   e f f e c t i v e   t h i c k n e s s  of 
t h e s e   l a y e r s  i s  assumed t o   e q u a l  0 . 1  c m ,  i n   a c c o r d a n c e   w i t h   t h e  
recommendat ions   made   by   the   In te rna t iona l   Commiss ion   on   Pro tec t ion  
from  Radiat ion.  

T h u s ,   i n   o r d e r   t o   c o r r e c t l y   e s t i m a t e   r a d i a t i o n   d a n g e r ,  i t  i s  
n e c e s s a r y   t o   d e t e r m i n e   t h e   a b s o r b e d   d o s e   i n   t h e   l i v i n g   l a y e r   a t  a 
th ickness   o f  0 . 1  c m ,  which i s  l o c a t e d   b e h i n d   t h e   h o r n y   s k i n   l a y e r .  
The dose  r a t e ,  a b s o r b e d   i n   t h e   l i v i n g   s k i n   l a y e r ,   f r o m   t h e   e l e c t r o n  
spec t rum  of   the   ou ter   zone  i s  estimated as f o l l o w s :  

Eo min 

where 

e n e r g y ,   r e s p e c t i v e l y ;  ( - 2 ) - t h e   e n e r g y   l o s s e s   o f   e l e c t r o n s  

having  energy E, per u n i t  of p a t h   i n   b i o l o g i c a l   t i s s u e ;  A X E  - t h i c k -  1133 
n e s s   o f   t h e   l i v i n g   t ' i s s u e   l a y e r ;  k - t h e   c o n s t a n t   d e p e n d e n t   o n   t h e  
c h o i c e   o f   u n i t s .  

EOmin  EOmax and r e p r e s e n t   t h e  minimum and maximum e l e c t r o n  
dE 

dx 

The q u a n t i t i e s   ( - d E o / d x )  A X E  f o r   e l e c t r o n   e n e r g i e s   i n   t h e  
r e g i o n   0 . 1  - 2.0  Mev were u s e d   t o   c a l c u l a t e   t h e   a b s o r b e d   d o s e  

A Note: R d e s i g n a t e s   ' l i v i n g ' .  

I n   t h e   e n e r g y   r e g i o n  0 . 1  - 0.4 M e V ,  a c o r r e c t i o n  was in t roduced  

i n   t h e   q u a n t i t y  (2) A X R  f o r   e n e r g y   l o s s e s   i n   t h e   h o r n y   s k i n  

l a y e r   ( R e f .   2 4 ) .  
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ra te  i n  a l i v i n g   l a y e r  Pe . The values  (dEg/dx),   which were 
g iven   in   another   work   (Ref .  2 5 ) ,  were u s e d   f o r   l a r g e r   e n e r g i e s .  

I t  c a n   b e   s e e n   t h a t  a more a c c u r a t e   c a l c u l a t i o n   a c c o r d i n g   t o  
formula   (5 .11)   y ie lds  a va lue   fo r   t he   abso rbed   dose   wh ich  i s  
3.5 times g r e a t e r ,  as compared   wi th   tha t   der ived   by   formula   (5 .10) .  
T h e r e f o r e ,   t h e  l a t t e r  fo rmula   can   be   u sed   on ly   fo r   s imp l i f i ed ,  
a p p r o x i m a t e   c a l c u l a t i o n s   i n   t h o s e   c a s e s  when s u f f i c i e n t l y   c o r r e c t  
v a l u e s   f o r   t h e   i n i t i a l   q u a n t i t i e s   ( f o r   e x a m p l e ,  stream o f   e l e c t r o n s ,  
t h e i r   s p e c t r u m )  are n o t  known. 

The  above estimates o f   r a d i a t i o n   d a n g e r   i n   t h e   e l e c t r o n   z o n e  
a r e  p u r e l y  i l l u s t r a t i v e   i n   n a t u r e ,   s i n c e   t h e y   h o l d   f o r  a h y p o t h e t i c a l  
c a s e  when t h e   b i o l o g i c a l   s u b j e c t  i s  l o c a t e d   i n   t h e   z o n e   w i t h o u t  
any s h i e l d i n g .  Under real  c o s m i c   f l i g h t s ,   t h e   b i o l o g i c a l   s u b j e c t s  
a r e   u s u a l l y   p r o t e c t e d   b y  a l a r g e  amount  of  substance  of 1 - 10  g/cm2. 
The re fo re ,   t he   dange r   mus t   be   e s t ima ted   by   t ak ing   i n to   accoun t  a 
r e a l   s h i e l d i n g ,   w h i c h   c a n   s i g n i f i c a n t l y   l o w e r   t h e   e l e c t r o n   d o s e .  
However ,   dur ing  the  damping  process   in  a s u b s t a n c e ,   e l e c t r o n s   e m i t  
e l e c t r o m a g n e t i c   x - r a y   r a d i a t i o n   w i t h  a f a i r l y   l a r g e   p e n e t r a t i n g  
c a p a c i t y .  Vhen t h e   s h i e l d i n g   t h i c k n e s s  i s  l a r g e ,   t h e   d o s e   c a u s e d  by 
e l e c t r o m a g n e t i c   r a d i a t i o n   p r e d o m i n a t e s   b e h i n d   t h e   s h i e l d i n g .  

Es t ima tes  of t he   r ad ia t ion   dange r   i n   t he   ou te r   zone   g ive  a 
va lue  o f  about 10 roentgen/min   for   the  maximum d o s e   r a t e   w i t h  a 
s h i e l d i n g   o f  0 .5  g/cm2 , and  about 6 roen tgen lmin   fo r  a s h i e l d i n g  
of 5 g/cm2  (Ref. 26). These  es t imates   (Ref .   27)  show t h a t   t h e  
dose   r a t e   can   r each  200 r o e n t g e n / h o u r   f o r  a s h i e l d i n g   t h i c k n e s s  
of 5 g/cm2 (made o f   g r a p h i t e ) .  If about 3 g/cm2  lead are added 
t o   t h i s   s h i e l d i n g ,   t h e   d o s e   r a t e   d e c r e a s e s   t o  1 roen tgen /hour .  I t  
can  be  seen  f rom  the  given estimates t h a t  a f l i g h t   t h r o u g h   t h e  
e l ec t ron   zone  maximum i s  a l m o s t   i m p o s s i b l e ,   i f   t h e   s h i e l d i n g  
th i ckness  i s  ,< 5 g/cm2 . H o w e v e r ,   e x a g g e r a t e d   i n i t i a l   d a t a  were 
used  (Ref.  28)  i n   e s t i m a t i n g   t h e   r a d i a t i o n   d a n g e r   ( R e f .   2 6 ,   R e f .   2 7 ) .  
Es t ima tes   wh ich   t ake   i n to   accoun t   t he   expe r imen ta l   da t a  on t h e  
e lec t ron   spec t rum  (Ref .   13)   p rovide  a v a l u e   f o r   t h e   d o s e  ra te  of 
abou t   0 .05   roen tgen /hour ,   fo r  a s h i e l d i n g   t h i c k n e s s   o f  5 g/crn2 
( see   Chap te r  8 f o r  more d e t a i l s ) ,   w h i c h   i n d i c a t e s   t h a t  i t  i s  s a f e  
enough   fo r   f l i gh t s   t o   pas s   t h rough   t he   e l ec t ron   zone  maximum. 
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CHAPTER 6 

INTERACTION OF HIGH-ENERGY 
PROTONS W I T H  THE SHIELDING MATERIAL 

6.1.  I n t r o d u c t i o n  

High-energy  protons  ( tens   and  hundreds  of   megaelectronvol ts)  /13S  
comprise  the  main p a r t  o f   c o r p u s c u l a r   r a d i a t i o r ,   f r o m   s o l a r   f l a r e s  
a n d   t h e   i n n e r   r a d i a t i o n   z o n e   o f   t h e   e a r t h .   C a l c u l a t e d   v a l u e s   f o r  
t h e   d o s e s   o f   p r o t o n   r a d i a t i o n   p o i n t   t o  a s e r i o u s   r a d i a t i o n   d a n g e r ,  
which i s  r e l a t e d   t o   i n t e n s e   s t r e a m s   o f   h i g h   e n e r g y   p r o t o n s   i n  
cosmic  space.  Due t o   t h i s   f a c t ,  i t  i s  n e c e s s a r y   t o   p r o v i d e   € o r  
r a d i a t i o n   s a f e t y   o f   c o s m o n a u t s .  

The re   a r e   s eve ra l   poss ib l e   me thods   wh ich  make i t  p o s s i b l e  . 
t o   d e c r e a s e   t o  a c e r t a i n   e x t e n t   t h e   r a d i a t i o n   d a n g e r   d u r i n g   s p a c e -  
f l i g h t s ,   w h i c h  i s  caused  by  intense  s t reams  of   high-energy  protons.  
T h e s e   i n c l u d e ,   f i r s t   o f  a l l ,  t h e   j u d i c i o u s   s e l e c t i o n  o f  t h e   f l i g h t  
t r a j e c t o r y   f o r   t h e   s p a c e c r a f t s ,  s o  t h a t   t h e   s p a c e c r a f t s  do n o t  
i n t e r s e c t   t h e   z o n e   o f   i n c r e a s e d   r a d i a t i o n .  They a l s o   i n c l u d e   t h e  
o r g a n i z a t i o n  of a r e l i a b l e   s y s t e m   f o r   p r e d i c t i n g   s o l a r   f l a r e s ,  
which  would  not i fy   the  cosmonaut  a t  t h e   p r o p e r   t i m e   r e g a r d i n g  
i n c r e a s e d   r a d i a t i o n   d a n g e r .  On t h e   o t h e r   h a n d ,   t h e r e   a r e   p o s s i b l e  
m e t h o d s   f o r   p r e v e n t i n g   i n t e n s e   p a r t i c l e  streams f r o m   e n t e r i n g   t h e  
i n h a b i t e d   c a b i n   o f   t h e   s p a c e c r a f t .   F o r   t h i s   p u r p o s e ,  some a u t h o r s  
c o n s i d e r  i t  advantageous t o  u t i l i z e   e l e c t r o s t a t i c   o r   e l e c t r o m a g n e t i c  
s c r e e n i n g   o f   t h e   c r a f t ,  by c r e a t i n g   p r o t e c t i v e   f i e l d s  of t h e   c o r r e s -  
pond ing   conf igu ra t ion .   O the r   au tho r s   p ropose   so -ca l l ed   ma te r i a l  
sh i e ld ing ,   wh ich  i s  b a s e d   o n   u t i l i z i n g   s p e c i a l   s h i e l d i n g   m a t e r i a l s ,  
combina t ions   o f   t hem,   cons t ruc t ion   e l emen t s   fo r   t he   c r a f t ,   f ue l  
s u p p l i e s ,   e t c .  They  assume t h a t   t h i s   t y p e   o f   s h i e l d i n g  i s  t h e  only 
r e a l l y   f e a s i b l e   s h i e l d i n g  a t  t h e   p r e s e n t  t i m e ,  and i t  a p p a r e n t l y  
r e t a i n s  i t s  v a l u e   o v e r  a l o n g   p e r i o d  of time. I n   t h i s   r e s p e c t ,  an 
examinat ion i s  made o f   t h e   m a i n   p r o b l e m s   w h i c h   a r i s e   i n   t h e   u t i l i z a -  
t i o n  of s h i e l d i n g   m a t e r i a l s   f o r   d e c r e a s i n g   r a d i a t i o n   d a n g e r   c a u s e d  
by h igh-energy   pro tons .  

The p r o b l e m   o f   p r o v i d i n g   s h i e l d i n g   f r o m   r a d i a t i o n   d u r i n g   s p a c e  
f l i g h t s  i s  ve ry   complex .   In   p r inc ip l e ,  i t  i s  compara t ive ly   ea sy  1136 
t o   l o w e r   t h e   r a d i a t i o n   d o s e  t o  t h e   e s t a b l i s h e d   p e r m i s s i b l e   l e v e l .  
The d i f f i c u l t i e s  are e n c o u n t e r e d   i n   t h e   n e c e s s i t y   o f   s o l v i n g   t h i s  
p rob lem  fo r  minimum w e i g h t   o r   d i m e n s i o n s   o f   t h e   s h i e l d i n g .  I t  need 
h a r d l y   b e   p o i n t e d   o u t   t h a t   v e r y   r i g i d   r e q u i r e m e n t s  are imposed on 
t h e   w e i g h t  o f  t h e   s h i e l d i n g   f o r   s p a c e c r a f t s .  It  i s  s u f f i c i e n t   t o  
p o i n t   o u t  t h a t ,  when s p a c e c r a f t s  are l a u n c h e d   h a v i n g   d i f f e r e n t  
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d e s t i n a t i o n s ,   t h e   r a t i o   o f   t h e   p a y l o a d  - inc luding   the   "non-usefu l"  
w e i g h t   o f   t h e   c r e w ' s   s h i e l d i n g   a g a i n s t   r a d i a t i o n  - and t h e   i n i t i a l  
rocke t   we igh t   fo r   chemica l   fue l   can  amount t o  1:60 - 500  (Ref.  1). 

The s i g n i f i c a n t   l i m i t a t i o n   o n   t h e   w e i g h t   o f   t h e   s h i e l d i n g   f o r  
spacec ra f t s ,   wh ich  i s  imposed  by  the  resources   of   modern  rocket  
technology,   de te rmines   the   requi rements  of t he   accu racy   w i th   wh ich  
t h e   s h i e l d i n g  i s  c a l c u l a t e d ,   t h e   s e l e c t i o n   o f   s h i e l d i n g   m a t e r i a l s ,  
a n d   t h e   c o n s t r u c t i v e   f o r m u l a t i o n   o f   t h e   s h i e l d i n g .   T h u s ,   t h e  
p o s s i b i l i t y   o f   u t i l i z i n g   f u e l   t a n k s   a n d   c e r t a i n   s u p p l i e s   w h i c h  are 
s t o r e d   f o r  a l ong   pe r iod   o f  t i m e  as s h i e l d i n g   e l e m e n t s   i n   t h e  
s p a c e c r a f t   c o n s t r u c t i o n   a c q u i r e s   g r e a t   i m p o r t a n c e .  

I t  i s  well-known t h a t   o r d i n a r i l y ,   i n   c a l c u l a t i n g   t h e   s h i e l d i n g ,  
i t  i s  n e c e s s a r y   t o   s e t   a s i d e  a d e f i n i t e   r e s e r v e   ' ' i n   i g n o r a n c e " ,   d u e  
t o  a c e r t a i n   e l e m e n t  o f  u n c e r t a i n t y   i n   t h e   i n i t i a l   d a t a   w h i c h  are 
u t i l i z e d   i n   t h e s e   c a l c u l a t i o n s .   I n   t h e   f i n a l   a n a l y s i s ,   t h i s   r e s e r v e  
a p p e a r s   i n   t h e   f o r m   o f   a d d i t i o n a l   s h i e l d i n g   w e i g h t .  I t  i s  appa ren t  
t h a t   t h i s   r e s e r v e   ' ' i n   i g n o r a n c e "   m u s t   b e   k e p t   t o  a minimum i n  
t h e   s h i e l d i n g   o f   s p a c e c r a f t s   f r o m   p r o t o n s .   I n   o r d e r   t o   h a v e  a 
v a l i d   c a l c u l a t i o n   o f   t h e   s p a c e c r a f t   s h i e l d i n g ,   w h i c h   p r o v i d e s  
s u f f i c i e n t   r a d i a t i o n   s a f e t y   f o r   t h e   c r e w   a t  minimum a d d i t i o n a l  
w e i g h t ,  i t  i s  n e c e s s a r y   t o   h a v e   r e l i a b l e   i n i t i a l   d a t a   w i t h  
r e s p e c t   t o   t h e   r a d i a t i o n   l e v e l s   a n d   t h e   r a d i a t i o n   c o m p o s i t i o n   f o r  
t he   g iven   cond i t ions   o f   t he   cosmic   f l i gh t ,   w i th   r e spec t   t o   t he  
p e r m i s s i b l e   r a d i a t i o n   a c t i o n   u n d e r   t h e s e   c o n d i t i o n s ,   a n d   t h e  
p a t t e r n s   o f   t h e   r a d i a t i o n   d o s e   a t t e n u a t i o n   i n   t h e   s h i e l d i n g  
m a t e r i a l s .  

E x i s t i n g   d a t a   a b o u t   t h e   c o m p o s i t i o n   o f   r a d i a t i o n   a n d   d o s e s  
o f   r a d i a t i o n   u n d e r   s p a c e f l i g h t   c o n d i t i o n s  are no t   fu l ly   comprehens ive  
o r   r e l i a b l e .   I n   r e c e n t  yea r s ,  t h i s   t y p e   o f   d a t a   h a s   b e e n   r e p e a t e d l y  
reexamined  and  changed.  These  considerations  have  forced  the 
i n d i v i d u a l s  who a r e   p l a n n i n g   t h e   s h i e l d i n g   t o   e x a m i n e   d i f f e r e n t  
ex t r eme   cases ,   wh ich   i n   t he  l a s t  a n a l y s i s   i n e v i t a b l y   l e a d   t o   a n  
i n c r e a s e   i n   t h e   s h i e l d i n g   w e i g h t   o f   t h e   s p a c e c r a f t .   I n   t h i s  
r e s p e c t ,   t h e   s i g n i f i c a n t   i n c r e a s e   i n   s t u d i e s  on t h e   r a d i a t i o n  
f i e l d s   i n   c o s m i c   s p a c e   m u s t   b e   n o t e d .  It i s  t o   b e   h o p e d   t h a t   t h e  
c o m p l e t i o n   o f   t h e   e x t e n s i v e   p r o g r a m   o f   s a t e l l i t e   l a u n c h i n g s  - of 
t h e  "Rosmos" ser ies  i n   t h e   S o v i e t  Union  and the  "Explorer"   and 
" D i s c o v e r e r "   s e r i e s   i n   t h e  USA - w i l l  g r e a t l y   e x t e n d   t h e   e x i s t i n g  
i n f o r m a t i o n   a b o u t   r a d i a t i o n   i n   c o s m i c   s p a c e ,   a n d  w i l l  make i t  
p o s s i b l e   t o   o b t a i n   r e l i a b l e   i n i t i a l   d a t a   f o r   c a l c u l a t i n g   s h i e l d i n g .  

Similar   remarks  can  be made w i t h   r e s p e c t   t o   t h e   p e r m i s s i b l e  
r a d i a t i o n   l e v e l s   u n d e r   c o n d i t i o n s  o f   s p a c e f l i g h t ,  as r e g a r d s  
r e l i a b i l i t y  a n d   v a l i d i t y  of t h e s e  q u a n t i t i e s .  I n  a d d i t i o n ,  /137 
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i t  s h o u l d   b e   p o i n t e d   o u t   t h a t   r a d i a t i o n  i s  n o t   t h e   o n l y   f a c t o r  
wh ich   i n f luences  man unde r   cond i t ions   o f   space f l igh t .   Under   t hese  
c o n d i t i o n s ,   t h e r e  i s  t h e  combined a c t i o n   o f . r a d i a t i o n ,   l i n e a r  and 
v i b r a t i o n   o v e r l o a d s ,   t h e   c h a n g e d   g a s e o u s   c o m p o s i t i o n   o f   t h e   a i r  
medium i n   t h e   i n h a b i t e d   c a b i n ,   a n d   o t h e r   f a c t o r s   w h i c h   a r e   c h a r a c t e r i s -  
t i c  f o r   h e r m e t i c a l l y - s e a l e d   l o c a t i o n s   ( R e f .  2 ) .  The a c t i o n   o f   t h e s e  
f ac to r s   can   have  a d e f i n i t e   i n f l u e n c e  on the   magni tude   o f   the   per -  
m i s s i b l e   l e v e l .   I n  i t s  t u r n ,   t h e  l a t t e r  can  lower  the  endurance 
limits w i t h   r e s p e c t   t o   t h e s e   f a c t o r s .  A t  t h e   p r e s e n t   t i m e ,   e x t e n -  
s i v e  model s t u d i e s   a r e   b e i n g   c a r r i e d   o u t  on  high-energy  proton 
a c c e l e r a t o r s ,   w h i c h   a r e   a i m e d   a t   d e t e r m i n i n g   t h e   v a l i d   q u a n t i t i e s  
f o r   r a d i a t i o n   a c t i o n   w i t h  respect t o   s p a c e f l i g h t   c o n d i t i o n s   ( R e f .  3 ) .  

L e t  us f u r t h e r   e x a m i n e   t h e   q u e s t i o n s   w h i c h   a r e   r e l a t e d   t o   t h e  
p r o b l e m   o f   a t t e n u a t i n g   t h e   d o s e   o f   p r o t o n   r a d i a t i o n   i n   t h e   s h i e l d i n g .  
This  problem i s  complex f o r   s e v e r a l   r e a s o n s .   I n   t h e   c a s e   o f  
y - r a d i a t i o n  i t  i s  f u l l y   s u f f i c i e n t   t o   d e t e r m i n e   t h e   d o s e   a t  a 
s h i e l d e d   p o i n t ,   w h i c h  i s  l o c a t e d   b e y o n d   t h e   s h i e l d i n g .   T h i s  i s  
r e l a t e d   t o   t h e   n a t u r e   o f   d e p t h   d i s t r i b u t i o n s   o f   y - r a d i a t i o n   w h i c h  
v e r y   s l i g h t l y   d e p e n d  on t h e   s h i e l d i n g   t h i c k n e s s ,  and  cannot  be 
t a k e n   i n t o   a c c o u n t   i n   t h e   c a l c u l a t i o n s .  Mean- and  high-energy  pro- 
t ons ,   wh ich   compr i se   t he   ma in   po r t ion   o f   p ro ton   r ad ia t ion   i n   cosmic  
space ,   have   ranges   which   a re   comparable   to   the   sh ie ld ing  
t h i c k n e s s e s   a n d   t h e   e f f e c t i v e   d i m e n s i o n s   o f   t h e  human body. Due t o  
t h i s   f a c t ,   d e p t h   d i s t r i b u t i o n s  of t h e   p r o t o n s   d e p e n d   s i g n i f i c a n t l y  
on t h e   s h i e l d i n g   t h i c k n e s s .   F o r   t h i s   r e a s o n ,  i t  i s  n e c e s s a r y   t o  
t a k e   i n t o   a c c o u n t   t h e   n a t u r e   o f   t h e   d e p t h   d i s t r i b u t i o n s   o f   t h e  
p r o t o n   d o s e   i n   t h e   b o d y ,  when de te rmin ing  i t s  e f f e c t i v e n e s s .  

T h e r e   a r e   a l s o   i m p o r t a n t   f e a t u r e s   i n   t h e   g e o m e t r y   o f   s h i e l d i n g  
f rom  p ro tons   i n   cosmic   space .   Under   t e r r e s t r i a l   cond i t ions ,   t he  
r a d i a t i o n   s o u r c e  i s  sur rounded by s h i e l d i n g   ( p a r t i c l e   a c c e l e r a t o r ,  
n u c l e a r   r e a c t o r ,   e t c . ) ,   w h i l e   u n d e r   s p a c e f l i g h t   c o n d i t i o n s   t h e  
s h i e l d i n g   i n s u l a t e s   t h e  cosmonau t   f rom  ex te rna l   r ad ia t ion .  

However, t h e   m a i n   d i f f i c u l t i e s   w h i c h   a r e   e n c o u n t e r e d   i n   t h e  
p rob lem  o f   sh i e ld ing   f rom  p ro tons   a r e   caused   by   t he   f ac t   t ha t   t he  
r e l a t i v e   b i o l o g i c a l   e f f e c t i v e n e s s   o f   t h e   m a i n   r a d i a t i o n   c o m p o n e n t s  
b e y o n d   t h e   s h i e l d i n g   m u s t   b e   t a k e n   i n t o   a c c o u n t .  From t h i s   p o i n t  
o f   v i ew,   t he   p rob lem  o f   sh i e ld ing   f rom  y - r ad ia t ion  i s  s i m p l e r .  The 
b i o l o g i c a l   e f f e c t i v e n e s s   o f   y - r a d i a t i o n   a n d   o f   a l l   s e c o n d a r y  
r a d i a t i o n   p r o d u c e d   i n   t h e   s h i e l d i n g   ( s c a t t e r e d   r a d i a t i o n ,   s e c o n d a r y  
e l e c t r o n s )  i s  assumed to   be   t he   s ame .  The bundle   energy   decreases  
a s   t he   p ro tons   pas s   t h rough   t he   sh i e ld ing ,   due   t o   l o s s  by i o n i z a t i o n  
and e x c i t a t i o n   o f   t h e  a t o m s   c o m p r i s i n g   t h e   s h i e l d i n g   m a t e r i a l .  
C o r r e s p o n d i n g l y ,   t h e   i o n i z a t i o n   e n e r g y   l o s s e s   i n c r e a s e .  A t  t h e  
p r e s e n t  time, t h e  clear d e p e n d e n c e   o f   t h e   r e l a t i v e   b i o l o g i c a l  
e f f e c t i v e n e s s  on t h e   i o n i z a t i o n   e n e r g y   l o s s e s  - o r ,   a s  i s  assumed 
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i n   r a d i o l o g i c a l   l i t e r a t u r e ,   o n   t h e   l i n e a r   d e n s i t y   o f   e n e r g y   l o s s e s  
(Ref.  4 )  - i s  the   genera l ly-accepted   po in t   o f   v iew.   Thus ,   the  113% 
e f f e c t i v e   v a l u e   o f   t h e  RBE i n c r e a s e s  as a monoenerge t ic   bundle   o f  
p r o t o n s   p a s s e s   t h r o u g h   t h e   s h i e l d i n g .  The l a r g e s t  RBE v a l u e  i s  
obse rved   fo r  small p r o t o n   e n e r g i e s  - i . e . ,  c l o s e   t o   t h e   e n d   o f  i t s  
range - and  approximately  equals  13 (Ref.  5 ) .  This  means 
t h a t   t h e   b i o l o g i c a l   e f f e c t  i s  t h e  same f o r   i r r a d i a t i o n  by  protons 
w i t h   s u c h   e n e r g i e s ,   w i t h  a dose  which i s  13 times less t h a n   t h a t  
f o r   y - r a d i a t i o n .  llmen p r o t o n s   f r o m   s o l a r   f l a r e s   o r   t h e   i n n e r   z o n e  
o f   t h e   e a r t h   p a s s   t h r o u g h   t h e   s h i e l d i n g ,   w h o s e   s p e c t r a l   d i s t r i b u t i o n  
d e c r e a s e s   r a t h e r   s h a r p l y   i n   t h e   h i g h - e n e r g y   r e g i o n ,  a s i g n i f i c a n t  
p o r t i o n   o f   t h e   p r o t o n s   a f t e r   t h e   s h i e l d i n g  w i l l  have   ranges  
which   a re  smaller,  as compared   wi th   the   e f fec t ive   d imens ions  
of   the  human b o d y .   T h i s   f a c t   m u s t   n o t   b e   o v e r l o o k e d   i n   s h i e l d i n g  
c a l c u l a t i o n s .  

I n   a d d i t i o n ,  as t h e   r e s u l t   o f   n u c l e a r   i n t e r a c t i o n s   o f   p r o t o n s  
w i t h  t h e   s h i e l d i n g   m a t e r i a l   a n d   b i o l o g i c a l   t i s s u e ,  a d i f f e r e n t   t y p e  
o f   s e c o n d a r y   p a r t i c l e s   a r e   f o r m e d   ( p r o t o n s ,   n e u t r o n s ,   a - p a r t i c l e s  
d e u t e r o n s ,   t r i t o n s ,   m e s o n s ,   a n d   h e a v y   n u c l e i )   w h i c h   h a v e   l i n e a r  
energy lo s s  v a l u e s   w h i c h   s i g n i f i c a n t l y   d i f f e r   f r o m   t h e   i n i t i a l  
v a l u e s   f o r  a pro ton   bundle   impact ing  on t h e   s h i e l d i n g .   T h u s ,   t h e  
c a l c u l a t i o n s   f o r   s h i e l d i n g   f r o m   p r o t o n s   m u s t   a l s o   i n c l u d e   t h e  
a d d i t i o n a l   c o n t r i b u t i o n   t o   t h e   b i o l o g i c a l   d o s e   w h i c h  i s  made by 
s e c o n d a r y   p a r t i c l e s ,   f o r m e d   a s  a r e s u l t   o f   t h e   i n t e r a c t i o n   o f   p r o t o n s  
w i t h   t h e   s h i e l d i n g   s u b s t a n c e   a n d   b i o l o g i c a l   t i s s u e .   F o r   t h i s   p u r p o s e ,  
i t  i s  n e c e s s a r y   t o  know the   composi t ion   o f   the   rad ia t ion   which  i s  
i n f l u e n c i n g   t h e   b i o l o g i c a l   t i s s u e ,  as wel l  as t h e   s p e c t r a l   d i s t r i -  
bu t ion   o f   s epa ra t e   componen t s .   In   p r inc ip l e ,  i t  w o u l d   b e   s u f f i c i e n t  
t o  know t h e   s p e c t r u m   o f   l i n e a r   e n e r g y   l o s s e s  a t  d i f f e r e n t   d e p t h s  
i n   t h e   b i o l o g i c a l   t i s s u e ,   a f t e r   d i f f e r e n t   s h i e l d i n g   l a y e r s .   I f   t h e  
spec t rum  o f   l i nea r   ene rgy   l o s ses  i s  used ,   an   a t tempt   can   be  made t o  
d e t e r m i n e   t h e   d e p t h   d i s t r i b u t i o n   o f   t h e   b i o l o g i c a l   d o s e ,   a n d   o n   t h e  
b a s i s   o f   t h e s e   d a t a   t o   e s t i m a t e   t h e   e f f e c t i v e n e s s   o f   t h e   s h i e l d i n g  
layer .  The f o l l o w i n g   f a c t s   s h o u l d   b e   n o t e d .   L i n e a r   e n e r g y   l o s s e s  
a r e   n o t   t h e   o n l y   f a c t o r   w h i c h   d e t e r m i n e s   t h e   b i o l o g i c a l   e f f e c t   o f  
r a d i a t i o n   a n d ,   c o r r e s p o n d i n g l y ,   t h e  RBE c o e f f i c i e n t .  The b i o l o g i c a l  
e f f e c t i v e n e s s   o f   r a d i a t i o n   d e p e n d s   i n  a complex  manner on t h e   n a t u r e  
o f   t h e   r a d i a t i o n   a c t i o n   ( a c u t e   o r   c h r o n i c   a c t i o n ) ,   t h e   f o r m   o f   t h e  
b i o l o g i c a l   s u b j e c t ,   m a g n i t u d e   o f   t h e   d o s e ,  e t c .  

I n   a d d i t i o n   t o   t h e   i n d i c a t e d   d i f f i c u l t i e s   w h i c h  are encoun te red  
i n   e x a m i n i n g   t h e   p r o b l e m   o f   s h i e l d i n g   f r o m   p r o t o n s ,   d i f f i c u l t i e s  are 
a l s o   e n t a i l e d   w h i c h  are caused by i n s u f f i c i e n t   d a t a   c o n c e r n i n g   t h e  
a t t e n u a t i o n   o f   t h e   p h y s i c a l   d o s e   o f   p r o t o n   r a d i a t i o n   i n   t h e   s h i e l d i n g .  
The e x i s t i n g   d a t a   C o n c e r n i n g   t h e   p a s s a g e   o f   p r o t o n s   t h r o u g h  matter 
a r e   i n c o m p l e t e ,   f r o m   t h i s   p o i n t   o f  view. It is  s u f f i c i e n t   t o  make 
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a de t a i l ed   s tudy   o f   t he   p rob lems   o f   i on iza t ion   l o s ses   and   r anges  
o f   p r o t o n s ,   a l t h o u g h   i n   t h e   r e g i o n   o f   v e r y   l o w - e n e r g y   p r o t o n s  
- where   e l ec t rons  are c a p t u r e d  by a p r o t o n  - such   da t a   mus t   be   r e f ined  
t o   a n   a d d i t i o n a l   e x t e n t   ( R e f .  6 ) .  There are  a l s o   d a t a  on t h e   i n e l a s t i c  
i n t e r a c t i o n  of  p r o t o n s ;   h o w e v e r ,   q u a n t i t a t i v e   d a t a  on the   ou t f low  of  1139 
secondary p a r t i c l e s  a r e   e s s e n t i a l l y   i n s u f f i c i e n t   f o r   d e t e r m i n i n g  
t h e   c o n t r i b u t i o n  made b y   t h e s e   p a r t i c l e s   t o   t h e   b i o l o g i c a l   d o s e  
beyond   t he   sh i e ld ing .  A l l  of  these  problems w i l l  be  examined i n  
d e t a i l   b e l o w .  

6 .2 .  ?fain Forms o f   P r o t o n   I n t e r a c t i o n  w i t h  the   Sh-ielding 
Mate r i a l   and   B io log ica l   T i s sue  

Two cases   can   be   d i s t i ngu i shed   i n   an   examina t ion  o f  p ro ton  
i n t e r a c t i o n   w i t h   t h e   s h i e l d i n g   m a t e r i a l   a n d   b i o l o g i c a l   t i s s u e .  I n  
t h e   f i r s t   c a s e ,   t h e   i n t e r a c t i o n   p r o c e s s  i s  caused by t h e   p r e s e n c e  
o f   a n   e l e c t r i c   c h a r g e   i n   t h e   p r o t o n   ( e l e c t r o m a g n e t i c   i n t e r a c t i o n ) .  
The p ro tons   can   unde rgo   e l ec t romagne t i c   i n t e rac t ion   bo th   w i th  
e l e c t r o n s ,   a n d   w i t h   t h e   a t o m i c   n u c l e i   o f   t h e   s u b s t a n c e .  The 
p r o b a b i l i t y   f o r   u n d e r g o i n g  a c e r t a i n   t y p e   o f   e l e c t r o m a g n e t i c  
i n t e r a c t i o n   d e p e n d s  on t h e   s o - c a l l e d   c o l l i s i o n   p a r a m e t e r  - i . e . ,  
on t h e   d i s t a n c e   b e t w e e n   t h e   t r a j e c t o r i e s  o f  t h e   i m p a c t i n g   p a r t i c l e  
and t h e   a t o m   b e f o r e   t h e   c o l l i s i o n .   T h r e e   b a s i c   t y p e s  of  i n t e r -  
a c t i o n   c a n   b e   d i s t i n g u i s h e d  as a func t ion   of   the   impact   parameter  
(Ref. 7 ) .  

1. The impact   parameter  i s  much l a r g e r   t h a n   t h e   a t o m  
dimensions.  The i m p a c t i n g   p r o t o n   i n t e r a c t s   w i t h   t h e   a t o m   a s  a whole,  
caus ing  i t s  e x c i t a t i o n   o r   i o n i z a t i o n .  

2 .  The impact   parameter  i s  comparable   to   the   a tom  d imens ions .  
The i m p a c t i n g   p r o t o n   i n t e r a c t s   w i t h   o n e   o f   t h e   a t o m   e l e c t r o n s .   I f  
t h e   e l e c t r o n   r e c e i v e s   e n e r g y   i n   t h i s  way which i s  s u f f i c i e n t l y  
l a r g e ,  as compared  with i t s  b i n d i n g   e n e r g y ,   t h i s   p r o c e s s   c a n   b e  
regarded as t h e   c o l l i s i o n   b e t w e e n  a proton  and a f r e e   e l e c t r o n .  

3 .  The i m p a c t  parameter i s '  smaller than  the  atom  dimensions.  
The main r e s u l t  o f  t h e   i n t e r a c t i o n  i s  t h e   d e v i a t i o n   o f   t h e   p r o t o n ,  
i n   t h e  Coulomb f i e l d  of t h e   n u c l e u s ,   f r o m   t h e   d i r e c t i o n  of i n i t i a l  
m o t i o n   ( e l a s t i c   s c a t t e r i n g ) .  

Thus, as a r e s u l t  o f  e l e c t r o m a g n e t i c   i n t e r a c t i o n  a pro ton   can  
e i t h e r   l o s e   p a r t   o f  i t s  energy - b y   e x c i t a t i o n   a n d   i o n i z a t i o n  of 
a toms  and   by   the   format ion   of   &-e lec t rons   ( secondary   e lec t rons   which  
c a n ,   i n   t h e i r   t u r n ,   c a u s e   i o n i z a t i o n   o f   a t o m s )  - or   can  undergo 
e l a s t i c  s c a t t e r i n g   i n   t h e   f i e l d  of t h e   n u c l e u s .   C o l l i s i o n s   w i t h  
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e l e c t r o n s   ( s o - c a l l e d   i o n i z a t i o n   l o s s e s )   p l a y  a b a s i c   r o l e   i n   e n e r g y  
l o s s e s  by t h e   p r o t o n s  when pass ing   th rough  the   subs tance .   Thus ,  
e l a s t i c   c o l l i s i o n s   b e t w e e n   p r o t o n s   a n d   a t o m i c   n u c l e i   p l a y   a n   i n -  
s i g n i f i c a n t   r o l e ,   w i t h   t h e   e x c e p t i o n   o f   t h e   r e g i o n   o f   v e r y   l o w - e n e r g y  
pro tons   (Ref .  6 ) .  A s  t h e   r e s u l t   o f  many subsequen t   e l ec t romagne t i c  
i n t e r a c t i o n s ,   t h e   i n i t i a l   p r o t o n   e n e r g y   c h a n g e s   i n t o  smaller and 
s m a l l e r   p o r t i o n s ,  and i n   t h e  l a s t  a n a l y s i s   c h a n g e s   i n t o   e x c i t a t i o n  
and ion iza t ion   ene rgy   o f   a toms   i n   t he  medium. 

As a r e s u l t   o f   t h e   i n t e r a c t i o n   w i t h   n u c l e i   ( m u l t i p l e  Coulomb 
s c a t t e r i n g ) ,   s u c c e s s i v e   s c a t t e r i n g   o f   t h e   p r o t o n s  a t  compara t ive ly  
sma l l   ang le s   occu r s ,  when p ro tons   pas s   t h rough   t he   sh i e ld ing  
m a t e r i a l  - a p a r t   f r o m   e n e r g y   l o s s e s   d u r i n g   c o l l i s i o n s   w i t h   a t o m i c  
e l e c t r o n s .   M u l t i p l e  Coulomb s c a t t e r i n g   l e a d s   t o  a c e r t a i n  / 140 
" d i f f u s i o n "  o f  t h e   i n i t i a l   p r o t o n   b u n d l e ,   w h i l e   c o l l i s i o n s  
be tween  pro tons   and   e lec t rons   cannot  make any s i g n i f i c a n t   c o n t r i -  
b u t i o n   i n   t h i s   c a s e .  

In   t i l e   second  of   the   cases   ment ioned   above ,   p ro tons   in te rac t  
w i t h   n u c l e i ,   w i t h   t h e   p a r t i c i p a t i o n   o f   n u c l e a r   f o r c e s .   N u c l e a r  
i n t e r a c t i o n s   l e a d ,  on t h e   o n e   h a n d ,   t o   a t t e n u a t i o n   o f   t h e   b u n d l e  
impact ing on t h e   s h i e l d i n g   d u e   t o   a b s o r p t i o n   o f   p r o t o n s   b y   t h e  
a tomic   nuc le i   o f   t he   subs t ance ,   and  - on t h e   o t h e r   h a n d  - t o   t h e  
formation  of  new p a r t i c l e s   ( s e c o n d a r y   p a r t i c l e s ) .  The  amount of  
s e c o n d a r y   p a r t i c l e s   f o r m e d   i n   o n e   n u c l e a r   i n t e r a c t i o n ,  as w e l l  as 
t h e i r   e n e r g y   a n d   a n g u l a r   d i s t r i b u t i o n ,   d e p e n d   p r i m a r i l y  on t h e  
energy o f  t he   i nc iden t   p ro ton   and   on   t he   na tu re   o f   t he   nuc le i  
i n   t h e  medium. 

The r e s u l t   p r o d u c e d  by t h e   n u c l e a r   i n t e r a c t i o n   o f  a p r o t o n  
w i t h   t h e   s h i e l d i n g   m a t e r i a l   o r   b i o l o g i c a l   t i s s u e   c a n   b e  as f o l l o w s ,  
depending on the   ene rgy   o f   t he   p ro tons   impac t ing  on t h e   s h i e l d i n g  
(Ref.  8 ) .  For   p ro ton   energ ies   which  are less than  100 MeV, t h e  
output   o f   secondary  p a r t i c l e s  i s  small ( o n e   o r  two p r o t o n s ,   n e u t r o n s ,  
deu te rons ,   a -pa r t i c l e s ,   and   y -quan ta ) ,   and   t he   ene rg ie s   o f   t hese  
p a r t i c l e s  are small .  We s h o u l d   n o t e   t h a t   t h e   o u t p u t   o f   s e c o n d a r y ,  
low-energy p a r t i c l e s   f r o m   t h e   s h i e l d i n g ,   d u e  t o  small r a n g e s ,  
can  be small .  However, t h e i r   f o r m a t i o n   d i r e c t l y   i n   b i o l o g i c a l  
t i s s u e   c a n  make a s i g n i f i c a n t   c o n t r i b u t i o n   t o   t h e   a b s o r b e d   d o s e ,   d u e  
t o   t h e   l a r g e   v a l u e s   o f   l i n e a r   e n e r g y   l o s s e s   a n d ,   c o r r e s p o n d i n g l y ,  
t h e   h i g h  RBE v a l u e s .  

Fo r   p ro ton   ene rg ie s   wh ich  are g r e a t e r   t h a n   1 0 0  MeV, t h e   o u t p u t  
o f   s e c o n d a r y   p a r t i c l e s   b e c o m e s   g r e a t e r ,   a n d  their  e n e r g y   a l s o  
inc reases .   Fo r   p ro ton   ene rg ie s   wh ich  are g r e a t e r   t h a n  500 MeV, t h e  
p rocess  by  which  mesons  having  high  energies  are fo rmed   beg ins   t o  
p l ay   an   impor t an t   ro l e .   Secondary   pa r t i c l e s ,   wh ich  are formed  by 
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p r o t o n s   i n   t h i s   e n e r g y   r e g i o n ,   c a n   b e   r o u g h l y   d i v i d e d   i n t o  two 
groups.  The f i r s t   g r o u p   i n c l u d e s   l o w - e n e r g y   p a r t i c l e s ,   w h o s e  
energy i s  less t h a n  100 MeV. T h i s   g r o u p   o f   p a r t i c l e s   c o n s i s t s  
p r i m a r i l y   o f   p r o t o n s ,   n e u t r o n s ,   d e u t e r o n s ,   t r i t o n s ,   a n d   h e a v i e r  
n u c l e i .  The second  group  of   h igh-energy   par t ic les ,   whose   energ ies  
occur   i n   t he   r eg ion   f rom  100  Mev up t o   t h e   e n e r g y   o f  a pr imary 
p r o t o n ,   p r i m a r i l y   c o n s i s t   o f   p r o t o n s ,   n e u t r o n s   a n d  .rr-mesons. 

For a low-energy   group  of   par t ic les ,   which  are formed  by a 
pro ton   wi th   an   energy   of  more than  500 MeV, t h e   s t a t e m e n t s   w i t h  
r e s p e c t   t o   t h e i r  small ou tpu t   f rom  the   sh i e ld ing   r ema in   va l id ,   and  
i t  i s  p o s s i b l e   t h a t   t h e y  make a s i g n i f i c a n t   c o n t r i b u t i o n   t o   t h e  
b io log ica l   dose .   H igh-ene rgy   s econdary   pa r t i c l e s   can   unde rgo  a 
n u c l e a r   i n t e r a c t i o n   i n   t h e   s h i e l d i n g  mater ia l  o r   i n   t i s s u e ,  and 
t h i s   p e r t a i n s   n o t   o n l y   t o   p r o t o n s ,   b u t   a l s o   t o   n e u t r o n s  and t o  
charged .rr-mesons. N e u t r a l  .rr-mesons compr ise   an   except ion  t o  t h i s  , 
b e c a u s e   t h e   p r o b a b i l i t y   t h a t   t h e y  may d i s i n t e g r a t e   i n t o  two q u a n t a  
i s  ex t r eme ly   g rea t .  

A s  a r e s u l t   o f   s u c c e s s i v e   n u c l e a r   i n t e r a c t i o n s  o f  the  secon-  
d a r y   p a r t i c l e s   i n   t h e   s h i e l d i n g   s u b s t a n c e   o r   i n   t i s s u e ,  a cascade 
process   can   occur ,   which  w i l l  d e v e l o p   u n t i l   t h e   s e c o n d a r y   p a r t i c l e s  
h a v e   t h e   c a p a c i t y   t o   c a u s e   n u c l e a r   i n t e r a c t i o n s .  The development 1141 
of  showers  and t h e i r   p e n e t r a t i o n   i n t o   t h e   s u b s t a n c e   d e t e r m i n e   h i g h -  
e n e r g y   s e c o n d a r y   p a r t i c l e s ,   w h o s e   d i r e c t i o n   o f   m o t i o n  i s  p r i m a r i l y  
similar t o  t h e   d i r e c t i o n   o f  a p r i m a r y   p r o t o n .   F o r   t h i s   r e a s o n ,   t h e  
s h o w e r   a l s o   d e v e l o p s   c l o s e   t o   t h i s   d i r e c t i o n ,   g r a d u a l l y   b e c o m i n g  
d i f f u s e d  as t h e   s u b s t a n c e  i s  p e n e t r a t e d .  

The re la t ive  r o l e   o f   e l e c t r o m a g n e t i c   a n d   n u c l e a r   p r o t o n  
i n t e r a c t i o n s   i n   t h e   s h i e l d i n g   s u b s t a n c e   a n d   i n   b i o l o g i c a l   t i s s u e  i s  
of g r e a t   i m p o r t a n c e   w i t h   r e s p e c t   t o   s h i e l d i n g   f r o m   p r o t o n s ,   f o r  
t h e   p r o t o n   e n e r g y   r e g i o n   i n   w h i c h  w e  are i n t e r e s t e d .  

L e t  us  examine a monoenerge t ic   p ro ton   bundle   Np(0)   p ro ton/cm2*sec ,  
which  impacts  on the s h i e l d i n g  made o f   subs t ance   hav ing   t he  mass number 
A (Ref.  8,  Ref. 9 ) .  It i s  well-known t h a t  i n  t h e   f i r s t   a p p r o x i m a t i o n  
t h e   c r o s s - s e c t i o n   o f   i n e l a s t i c   ( n u c l e a r )   i n t e r a c t i o n  oa i s  c l o s e   t o  
t h e   g e o m e t r i c   c r o s s - s e c t i o n   f o r  a l l  energ ies   o f   p ro tons   which   exceed  
by several f a c t o r s   t h e   m a g n i t u d e  of  t h e  Coulomb b a r r i e r .   T h u s ,  i t  
can  be  approximately  assumed  that  oa z . rr(1.3-10-13*A%)2 cm2.  The 
c o r r e s p o n d i n g   r a n g e   w i t h   r e s p e c t   t o   i n e l a s t i c   i n t e r a c t i o n   e q u a l s  

where N o  i s  the  Avogadro  number. The p o r t i o n   o f  the p r o t o n   b u n d l e  
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undergoing  nuclear  interaction  will  be  on  the  average,  for  the 
depth  x  (g/cm2): 

where Np(x)  is  the bundle  intensity  at  the  depth x. 

Let u s  examine,  for  example,  protons  having  energies of 500 MeV, 
which  impact  on  a  shielding  made  of  carbon.  For  carbon, X M 70 g/cm2. 
The  range of  protons  with  energies  of 500 Mev  in  carbon  is 130 g/cm2, 
taking  into  account  only  electromagnetic  interactions  (Ref. 1 0 ) .  
However,  equation (6.1) shows  that  in  this  case c1 = 0.83 .  This 
neans that  fora  carbon  thickness  of 130 g/cm2, about 83% of  the 
protons  which  impact  on  the  shielding  undergo  nuclear  interaction, 
forming  secondary  particles.  Only  Jbout 17% of the  protons  will  lose 
their  energy  completelv,  due to electromagnetic  interactions  on  the 
path  through 130 g/cm2  carbon. It can  also  be  seen  from  this  example 
that  the  conception  of  the  rlnge,  determined  on  the  basis  of 
electromagnetic  interactions,  has  a  limited  value  from  the  point 
of  view of shielding  from  protons  having  energies  of 500 - 1000 ?lev, 
since  nuclear  interactions  cannot  be  disregarded  in  this  energy 
region. 

In  addition, it can  be  shown  (Ref. 9) that  at low proton 
energies,  nuclear  interactions  cannot  be  disregarded  for  shielding 
thickness  which  are  close  to  the  proton  range. A s  a  rough  estimate, 
we  can  assume  that  nuclear  interactions  can  be  disregarded, and I 1 4 2  
in  shielding  calculations it is  possible  to  use  the  range - energy 
relationships, if  not more  than 20% of  the  protons  impacting  on 
the  shileding  undergo  nuclear  interaction  in  the  shielding - whose 
thickness  is  close  to  the  proton  range. In the  case  of  a  carbon  shielding, 
equation (6.1) for a = 0.2 yields  the  proton  range  x "N 16 g/cm2 , 
which  corresponds to an  energy  of 150 MeV. Thus, if we assume  a 
20% criterion",  then  for  a  proton  energy  less  than 150 Mev  nuclear 
interactions  can  be  disregarded  in  a  shielding  whose  thickness 
equals  the  range.  Analogous  calculations  for  a  lead  shielding 
yield  a  value  for  this  limiting  energy,  which  corresponds  to 
a < 0.2, of  about 180 >lev. 

Thus,  even  for  moderate  proton  energies,  the  nuclear  proton 
interaction  cannot  be  disregarded  for  a  shielding  thickness  which 
is  close  to  the  proton  range.  We  should  also  note  that  the 
considerations  presented  above  cannot  be  directly  applied  to 
biological  tissue. In this  case, it  is  first  necessary  to  define 
the  limiting  value ct more  accurately,  and  this  must be done by 
taking  into  account  the  relative  biological  effectiveness of secondary 
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par t i c l e s .  Cor re spond ing   approx ima te   ca l cu la t ions  show t h a t  
t h e   n u c l e a r   c o n t r i b u t i o n   t o   t h e   a b s o r b e d   t i s s u e   d o s e ,   t a k i n g  
the  RBE i n t o   a c c o u n t ,  i s  v e r y   s i g n i f i c a n t   e v e n   f o r  small p ro ton  
e n e r g i e s ,   a n d   t h a t ,   c o r r e s p o n d i n g l y ,   n u c l e a r   p r o t o n   i n t e r a c t i o n s  
canno t   be   d i s r ega rded .  

L e t  u s   f u r t h e r   e x a m i n e   t h e   r e l a t i v e   r o l e   o f   n u c l e a r   a n d  
e l e c t r o m a g n e t i c   i n t e r a c t i o n s   o f   p r o t o n s ,  as a f u n c t i o n   o f   t h e  
s h i e l d i n g   t h i c k n e s s .   T a b l e   6 . 1   p r e s e n t s   t h e   p r o b a b i l i t i e s   f o r  
p ro tons  - w h i c h   p e n e t r a t e   d i f f e r e n t   t h i c k n e s s e s   o f  a s h i e l d i n g  
made of  carbon  and  lead - t o   u n d e r g o   n u c l e a r   i n t e r a c t i o n .  

It c a n   t h u s   b e   s e e n   t h a t   t h e   r e l a t i v e   r o l e   o f   n u c l e a r  
i n t e r a c t i o n s   e s s e n t i a l l y   d e p e n d s  on t h e   s h i e l d i n g   t h i c k n e s s  
and ,   fo r  a g i v e n   t h i c k n e s s ,   s l i g h t l y   d e p e n d s  on t h e   p r o t o n  
energy.  The l a t t e r  f a c t   c a n   b e   e x p l a i n e d   b y   t h e   r a t h e r  weak 
dependence of t h e   i n e l a s t i c   i n t e r a c t i o n   c r o s s - s e c t i o n   o n   t h e  
p ro ton   ene rgy ,   i n   t he   ene rgy   r eg ion   o f  100 - 1000 Mev in   each  
c a s e .   I n  a more de t a i l ed   examina t ion ,   t he   dependence   o f   t he  
s e c o n d a r y   p a r t i c l e   o u t p u t ,  as w e l l  as t h e i r   e n e r g y   a n d   a n g u l a r  
d i s t r i b u t i o n ,  on the   ene rgy   o f   t he   i nc iden t   p ro ton   mus t   be  
t a k e n   i n t o   c o n s i d e r a t i o n .  

Consequen t ly ,   fo r  small s h i e l d i n g   t h i c k n e s s e s   ( l e s s   t h a n  
10 g /cm2) ,   t he   a t t enua t ion   o f   p ro tons   hav ing   t he   ene rg ie s  100 - 
1000 Mev i s  de te rmined   a lmost   comple te ly   by   e lec t romagnet ic  
i n t e r a c t i o n   o f   p r o t o n s   i n   t h e   s h i e l d i n g   m a t e r i a l .  The n u c l e a r  
i n t e r a c t i o n   i n   t h i s   s h i e l d i n g   t h i c k n e s s   r e g i o n   c a n   b e   d i s r e g a r d e d ,  
a n d   o n l y   n u c l e a r   i n t e r a c t i o n s   i n   b i o l o g i c a l   t i s s u e   m u s t   b e   t a k e n  
i n t o   a c c o u n t  when ca l cu la t ing   t he   dose   o f   p ro tons   beyond   t he  
s h i e l d i n g .  

F o r   l a r g e   s h i e l d i n g   t h i c k n e s s e s  (more  than 50 g/cm2  and up 
t o  a th i ckness   co r re spond ing   t o   t he   r ange )   t he   conc lus ions  
g iven   above   r ema in   va l id .   In   t h i s  case, n u c l e a r   i n t e r a c t i o n s   m u s t  1143 
b e   t a k e n   i n t o   c o n s i d e r a t i o n   b o t h   i n   t h e   b i o l o g i c a l   t i s s u e ,  and i n  
t h e   s h i e l d i n g   i t s e l f .  The p r o b l e m   o f   c a l c u l a t i n g   t h e   s h i e l d i n g  
i s  p r i m a r i l y   c o m p l i c a t e d   b y   t h e   f a c t   t h a t   t h e r e  are n o   s i g n i f i c a n t  
d a t a .  The separate examination,  which was ca r r i ed   ou t   above ,   o f  
small and l a r g e   t h i c k n e s s e s   f o r  a s h i e l d i n g   f r o m   p r o t o n s  i s  of  
g r e a t   p r a c t i c a l   i m p o r t a n c e .  The c o r r e s p o n d i n g   c a l c u l a t i o n s   [ f o r  
example,  (Ref. lo)] show t h a t   f o r  Class A f l a r e s   ( f a s t   p r o t o n   s p e c t r u m ;  
t h e   f l a r e  i s  n o t   d e t e c t e d   w i t h   a n   i n t e n s i t y   i n c r e a s e  a t  s e a   l e v e l  ) t h e  
s h i e l d i n g   t h i c k n e s s   m u s t   b e   a b o u t  5 g/cm2 c a r b o n ,   o r  8 g /cm2 tungs- 
t e n   a l l o y .  Such a s h i e l d i n g   t h i c k n e s s  w i l l  b e   a d e q u a t e   f o r  a b r i e f  
pas sage   t h rough   t he   i nne r   r ad ia t ion   zone   o f   t he   ea r th   (Re f .   11 ) .  
The problem  of a s h i e l d i n g   f r o m  Class B f l a r e s  i s  c o n s i d e r a b l y  more 
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TABLE 6 . 1  

PROBABILITY  OF  PROTON NUCLEAR INTERACTIONS AS A FUNCTION 
OF SHIELDING THICKNESS. 

Proton  Energy,  
Mev 

" 

100 

" - 

150 

" . " 

300 

. .  

S h i e l d i n g  
rh i ckness  

g /  cm2 

- . .  

5 

-~ . 

5 
10 

-~ 

5 
10 
50 
- 

5 
10 
50 

100 
150 

5 
10 
50 

100 
I50 
200 

. 

P o r t i o n  of P r o t o n s   n o t  Un- 
de rgo ing   Nuc lea r   In t e rac -  
t i o n s .   i n   - t h e  

Carbon 

0.95 
- 

0.95 
0,90 

- . 

0,90 
0,95 

0,58 
0,33 
0,19 

0,95 

0,60 
0.90 

0,34 
0.20 
0,12 

Sh ie ld ing  

0,98 
0,95 - 
- 

0,98 

0,80 
0,96 

- 

0,95 
0,97 

0,77 
0,59 
0.46 

. 

0,98 

0,79 
0.95 

0,62 
0.49 
0,38 

complex   (hard   p ro ton   spec t rum;   the   f la re  i s  d e t e c t e d   w i t h   a n   i n t e n s i t y  1144 
i n c r e a s e   a t   s e a   l e v e l ) .  The r e q u i r e d   s h i e l d i n g   t h i c k n e s s   f o r  Class B 
f l a r e s   ( R e f .   1 0 )  i s  400  g/cm2  carbon,  or 700 g/cm2 t u n g s t e n   a l l o y .   I f  
i t  assumed t h a t   t h e   r a d i u s  of the   inhabi ted   compar tment  i s  150 cm,  
t h e n   t h e   t o t a l   s h i e l d i n g   w e i g h t  i s  ( i n   t o n s ) :  

Class A Class B 
F1 are F l a r e  

Carbon 
Tungs t e n   A l l o y  

1.42  115 
2.26 200 
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C o n s e q u e n t l y ,   i f  a Class  B F l a r e  i s  t a k e n   i n t o   a c c o u n t  when ca lcu-  
l a t i n g   t h e   t h i c k n e s s   o f   t h e   p r o t e c t i v e   c a s i n g   f o r   t h e   i n h a b i t e d  com- 
p a r t m e n t ,   t h e n   t h e   t o t a l   s h i e l d i n g   w e i g h t  i s  f a r   b e y o n d   t h e  l imits 
o f   t he   r easonab le   we igh t .  The s o l u t i o n   t o   t h i s   p r o b l e m   m u s t   a p p a r e n t l y  
b e  s o u g h t   i n  a combined s h i e l d i n g ,   w h i c h  i s  composed  of a s h i e l d i n g  
cas ing   fo r   t he   i nhab i t ed   compar tmen t  ( 5 - 10  g/cm2  of l i g h t   s u b s t a n c e )  
a n d   a n   u n i q u e   r a d i a t i o n   s h e l t e r   ( R e f .   1 0 )   w i t h  a r e s t r i c t e d   i n n e r  
volume  (100 - 1000  g /cm2,   p referab ly   o f   heavy   subs tance) ,   which  i s  
d e s i g n e d   f o r   s h e l t e r i n g   t h e   c o s m o n a u t   f o r  a s h o r t   p e r i o d   o f  time 
d u r i n g   i n t e n s e  Class B f l a r e s   a n d   o t h e r   o c c u r r e n c e s   o f  a s i m i l a r  
t y p e .   I f  i t  i s  assumed t h a t   t h e   i n n e r   r a d i u s   o f  a s p h e r i c a l   s h e l t e r  
i s  50 cm,  t h e n   t h e   t o t a l   s h e l t e r   w e i g h t   f o r   C l a s s  B f l a r e s  i s ,  i n  
the   case   o f   carbon (400 g/cm2) ,   106   tons ,   and   for   tungs ten  a l l o y  
(700 g/cm2) - 45 t o n s   ( R e f .   l o ) .  

Thus, i n   t h e   p r a c t i c a l   a s p e c t   t h e   p r o b l e m   o f   s h i e l d i n g   f r o m  
p ro tons  i s  s h a r p l y   d i v i d e d   i n t o  two p a r t s .   I n   p l a n n i n g   t h e   o v e r a l l  
sh i e ld ing   o f   t he   i nhab i t ed   compar tmen t ,   one   mus t   be   conce rned   w i th  
s m a l l   s h i e l d i n g   t h i c k n e s s e s ,   w h i c h   a r e   c a l c u l a t e d  on t h e   b a s i s  of  
d a t a   r e g a r d i n g   e l e c t r o m a g n e t i c   p r o t o n   i n t e r a c t i o n s   i n   t h e   s h i e l d i n g ,  
t a k i n g   i n t o   a c c o u n t   n u c l e a r   i n t e r a c t i o n s   i n   b i o l o g i c a l   t i s s u e .   I n  
p l a n n i n g   t h e   r a d i a t i o n   s h e l t e r ,   o n e   m u s t   c o n s i d e r   l a r g e   s h i e l d i n g  
t h i c k n e s s e s ,   w h i c h   a r e   c a l c u l a t e d  by t a k i q g   i n t o   a c c o u n t   b o t h  
e l e c t r o m a g n e t i c   a n d   n u c l e a r   i n t e r a c t i o n s  ip t h e   s h i e l d i n g  and i n  bio-- 
l o g i c a l   t i s s u e .  

6 . 3   E l e c t r o m a g n e t i c   P r o t o n   I n t e r a c t i o n   w i t h   M a t t e r  

P r o t o n   C o l l i s i o n s   w i t h   E l e c t r o n s   o f  Atoms i n   M a t t e r  

L e t  us f i r s t  examine   "c lose"   p ro ton   co l l i s ions   wi th   a tom 
e l e c t r o n s  - i . e . ,  c o l l i s i o n s   w i t h  a c o l l i s i o n   p a r a m e t e r   w h i c h  i s  
comparable t o   t h e   d i m e n s i o n s   o f   t h e   a t o m .   F o r   c l o s e   c o l l i s i o n s ,  
the   energy   which  i s  t r a n s m i t t e d   t o   t h e   e l e c t r o n  i s  l a r g e   a s  com- 
pa red   w i th  i t s  b i n d i n g   e n e r g y ,  s o  t ha t   t he   e l ec t ron   can   be   a s sumed  
t o   b e   f r e e   b e f o r e   t h e   c o l l i s i o n .   T h i s   s i m p l i f i e s   a n   e x a m i n a t i o n  
o f   t h e   i n t e r a c t i o n   p r o c e s s .   U t i l i z i n g   t h e  laws f o r   c o n s e r v a t i o n  
of  energy  and  impulse,  w e  c a n   o b t a i n   t h e   f o l l o w i n g   e x p r e s s i o n   f o r  / 145 
the   ene rgy   o f  a r e c o i l   e l e c t r o n  (T,) a s  a f u n c t i o n   o f   t h e   a n g l e   o f  
e scape  0 : 

where mp and p r e p r e s e n t   t h e  mass  and  impulse  of   the   proton 

b e f o r e  a c o l l i s i o n ;  me - t h e   e l e c t r o n  mass; c - t h e   v e l o c i t y  
o f   l i gh t .   Wi th  a d e c r e a s e  i n  t h e   e s c a p e   a n g l e  0 , which i s  
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formed by t h e   d i r e c t i o n   o f   m o t i o n   f o r   t h e   p a r t i c l e   b e f o r e   t h e  
c o l l i s i o n   a n d   t h e   t r a j e c t o r y  of  t h e   r e c o i l   e l e c t r o n ,   t h e   e n e r g y  
Te - which i s  t r a n s m i t t e d   t o   t h e   e l e c t r o n  - i n c r e a s e s  and  reaches 
a m a x i m u m  v a l u e   f o r  8 = 0 ("head-on1' c o l l i s i o n ) :  

m2 c2 
I f  t he   ene rgy   o f   t he   impac t ing   p ro ton  i s  Tp < <  p = 2 0 1 0 ~  MeV, 

m, 
wnich i s  c o m p l e t e l y   f u l f i l l e d   i n   o u r   c a s e ,   t h e n   e x p r e s s i o n  ( 6 . 4 )  
w i l l  have  the  form: 

where = v / c  is  t h e   r e l a t i v e   p r o t o n   v e l o c i t y .  Thus, t h e  maximum 
t r a n s f e r   o f   e n e r g y   t o   t h e   e l e c t r o n   d e p e n d s   o n l y   o n   t h e   v e l o c i t y   o f  
t h e   i n c i d e n t   p r o t o n .  The maximum v e l o c i t y   o f   t h e   r e c o i l   e l e c t r o n  
equals  t he   doub led   p ro ton   ve loc i ty .   Reco i l   e l ec t rons ,   whose   ene rgy  
exceeds   t he   i on iza t ion   ene rgy  of  t h e   a t o m ,   c a n ,   i n   t h e i r   t u r n , d i s -  
lodge   e lec t rons   f rom  the   a tom,   caus ing  i t s  i o n i z a t i o n   ( 6 - e l e c t r o n s ) .  
A pro ton   hav ing   t he   ene rgy   o f  100 Mev can  produce a & - e l e c t r o n  
with  an  energy o f  218  k e v   i n  a head-on   co l l i s ion .   However ,   the  
p r o b a b i l i t y   t h a t   s u c h  a r e c o i l   e l e c t r o n  w i l l  be  formed is  ex t r eme ly  
small. C o l l i s i o n s ,   w i t h   t h e   r e c o i l   e l e c t r o n s   e s c a p i n g  a t  l a r g e  
ang le s   and ,   co r re spond ing ly ,   w i th  small e n e r g i e s ,  are more p robab le :  

The maximum a n g l e  i s  8 = 90" , w h i c h   c o r r e s p o n d s   t o   r e c o i l   e l e c t r o n s  
wi th   ze ro   ene rgy .  

L e t  us f u r t h e r   e x a m i n e   t h e   p r o b a b i l i t y   f o r   t h e   c o l l i s i o n  
between a proton  and a f r e e   e l e c t r o n .  L e t  u s   d e s i g n a t e   t h e   d i f f e r e n -  
t i a l  p r o b a b i l i t y   f o r   t h e   c o l l i s i o n   o f  a p r o t o n   w i t h   a n   e l e c t r o n  by 
@(Tp ,   Te ) .   Then ,   fo r   t he   pene t r a t ion   o f  a layer   dx(g /cm2)   by  / 146 
a p r o t o n ,   t h e   p r o b a b i l i t y   f o r   t h e   f o r m a t i o n   o f  a r e c o i l   e l e c t r o n  
w i t h   e n e r g i e s   f r o m  Te t o  Te + dTe w i l l  be:  

0 ( T p ,  T,)  dT,dx.  
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I n   t h e   g e n e r a l   c a s e ,   t h e   p r o b a b i l i t y   f o r   t h e   c o l l i s i o n  O(Tp,  Te) 

depends on t h e   s p i n   o f   t h e   i m p a c t i n g   p a r t i c l e .   F o r   p r o t o n s   w i t h  
e n e r g i e s  T < <  2 0 1 0 ~  MeV, t h e   s p i n   i n t e r a c t i o n   c a n   b e   d i s r e g a r d e d .  
A quantum  mechanical  examination i n   t h i s  case l e a d s   t o   t h e   f o l l o w i n g  
express   ion :  

P 

where NO i s  t h e  Avogadro  number; Z and A - t he   a tomic  number 
and  mass  number of atoms i n   t h e  medium; r g  - t h e   c l a s s i c a l  
e l e c t r o n   r a d i u s .   F o r   s m a l l   e n e r g i e s  of  T e ,  as compared  with Te max, 

e x p r e s s i o n   ( 6 . 7 )   c a n   b e   r e d u c e d   t o   c l a s s i c a l   R u t h e r f o r d   f o r m u l a .  

We s h o u l d   n o t e   t h a t ,   i n   a c c o r d a n c e   w i t h   e x p r e s s i o n  ( 6 . 7 ) ,  t h e  
p r o b a b i l i t y   f o r   t h e   i n t e r a c t i o n   o f  a p r o t o n   w i t h   a n   e l e c t r o n  i s  
p r o p o r t i o n a l   t o   t h e   d e n s i t y   o f   t h e   e l e c t r o n s ,   a n d   i n v e r s e l y  
p r o p o r t i o n a l   t o   t h e   e n e r g y  Te which i s  a c q u i r e d  by t h e   r e c o i l  
e l e c t r o n .  The l a t t e r   f a c t  means t h a t   c o l l i s i o n s   w i t h   l a r g e  
impac t   pa rame te r s   a r e   more   p robab le   t han   co l l i s ions  w i t h  
sma l l   pa rame te r s .  In o the r   words ,   sma l l   ene rgy   l o s ses   a r e  more 
p r o b a b l e   t h a n   l a r g e   e n e r g y   l o s s e s ,   d u r i n g   i n t e r a c t i o n   o f   p r o t o n s  
w i t h   f r e e   e l e c t r o n s .  

I f  w e  know t h e   e n e r g y  Pe  and t h e   p r o b a b i l i t y   f o r   c o l l i s i o n s  
wi th   such   energy   t ransfer ,   @(Tp,   Te)dT, ,  w e  c a n   r e a d i l y   o b t a i n  
the   magni tude  of  t he   ene rgy   wh ich  i s  l o s t  on  a cour se  o f  1 g/cm2, 
as  a r e s u l t   o f   t h e   i n t e r a c t i o n   b e t w e e n  a proton  and f ree  e l e c t r o n s .  
F o r   t h i s   p u r p o s e ,  i t  i s  n e c e s s a r y   t o   t a k e   t h e  sum o f  a l l  va lues  
fo r   t he   ene rgy   wh ich  i s  l o s t  by t h e   p r o t o n ,   b e g i n n i n g   w i t h  a 
c e r t a i n   v a l u e  Ten , a t   wh ich   t he   e l ec t ron   can   be   a s sumed   t o   be  
f r e e   b e f o r e   t h e   c o l l i s i o n ,  and end ing   w i th   t he   va lue  Te Thus,  
w e  o b t a i n   t h e   f o l l o w i n g   e x p r e s s i o n :  

11 

The q u a n t i t y  Te rl s e rves   a s   t he   ene rgy  l i m i t  d i v i d i n g  two 
r e g i o n s   o f   f a r  (Te < and  c lose (Te >, Te,  q )  c o l l i s i o n s .   T h i s  

q u a n t i t y   c a n   b e   s e l e c t e d   f r o m   t h e   f o l l o w i n g   c o n s i d e r a t i o n s   ( R e f .  7 ) .  
On t h e   o n e   h a n d ,   t h e   q u a n t i t y  Te ,rl m u s t   b e   l a r g e   e n o u g h   t h a t   a l l  
e l e c t r o n s   c a n   b e   a s s u m e d   t o   b e   f r e e ,   f o r   a l l   c l o s e   c o l l i s i o n s .  On 
t h e   o t h e r   h a n d ,   t h i s   q u a n t i t y  must  be s o  small t h a t   t h e   i n c i d e n t  
p a r t i c l e   c a n   b e   r e g a r d e d   a s  a p o i n t   c h a r g e   f o r   a l l   f a r   c o l l i s i o n s .  
Both  condi t ions are p r a c t i c a l l y   s a t i s f i e d ,   i f  T,,, l i e s   i n   t h e  
i o 4  - 105 ev r e g i o n .  
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P e r f o r m i n g   i n t e g r a t i o n   i n   e x p r e s s i o n  

Te max > Te, rl , w e  o b t a i n  

tl) = 2c- (In meca 
B 

(6 .8)  and  assuming  that  I147  

I n   o r d e r   t o   o b t a i n   t h e   t o t a l   e n e r g y   l o s s   f o r  a p r o t o n ,  i t  i s  
a l s o   n e c e s s a r y   t o   d e t e r m i n e   t h e   l o s s e s   f o r   f a r   c o l l i s i o n s ,   w h i c h  
l e a d   t o  a s m a l l   e n e r g y   t r a n s f e r .   I n   t h e   c a s e   o f   t h e  l a t t e r ,  t h e  
energy  which i s  a c q u i r e d  by a r e c o i l   e l e c t r o n  i s  comparab le   t o  
i t s  b i n d i n g   e n e r g y ,  s o  t h a t   b e f o r e   t h e   c o l l i s i o n ,   t h e   e l e c t r o n  
cannot   be   regarded  as b e i n g   f r e e .   F a r   c o l l i s i o n s   m u s t   b e   r e g a r d e d  
a s   t h e   i n t e r a c t i o n   o f  a pro ton   wi th   an   a tom as a whole,   and  the 
d i f f e r e n t   p r o c e s s e s   w h i c h   l e a d   t o   e x c i t a t i o n   a n d   i o n i z a t i o n   o f   t h e  
atom mus t  b e   t a k e n   i n t o   c o n s i d e r a t i o n  when c a l c u l a t i n g   t h e   e n e r g y  
t r a n s f e r .  The main   l eve l  i s  t h u s   a s s u m e d   t o   b e   t h e   i n i t i a l  s t a t e  
o f  t h e   a t o m ,   a n d   t h e   f i n a l   s t a t e  - o n e   o f   t h e   e x c i t e d  leveis ,  
wh ich   can   pe r t a in   t o  a d i s c r e t e   ( e x c i t a t i o n )   o r   t o  a cont inuous 
( i o n i z a t i o n )   s p e c t r u m .  

Bohr  developed a theory   o f   energy  loss f o r   f a r   c o l l i s i o n s ,  
on t h e   b a s i s  of  a q u a n t o m e c h a n i c a l   d e s c r i p t i o n   o f   t h e   i n c i d e n t  
p ro ton  - atom s y s t e m .  The e x p r e s s i o n   f o r   e n e r g y  loss ,  f o r   f a r  
c o l l i s i o n s ,   a s s u m e s   t h e  form 

Here I ( Z )   r e p r e s e n t s   t h e  mean i o n i z a t i o n   p o t e n t i a l   o f   a n   a t o m  
with  the  a tomic  number Z . Formula (6.10) i s  v a l i d   f o r   t h e  
f o l l o w i n g   c o n d i t i o n s :   t h e   v e l o c i t y   o f   t h e   i n c i d e n t   p r o t o n  i s  
much g r e a t e r   t h a n   t h e   e l e c t r o n   v e l o c i t i e s   i n   t h e   a t o m ,   a n d   t h e  
energy l i m i t  T,,, i s  l a r g e ,  as compared   wi th   the   b inding   energy ,  
and  small  as compared  with  the maximum energy  which i s  t r a n s m i t t e d  
t o   t h e   e l e c t r o n  T,, max . 

Ioniza t ion   Energy   Losses   o f   Pro tons  

The t o t a l   e n e r g y ,   w h i c h  i s  l o s t  by a p r o t o n   i n   p e n e t r a t i n g  
1 g/cm2 o f  matter, as t h e   r e s u l t   o f   f a r  a n d   c l o s e   c o l l i s i o n s   w i t h  
a t o m   e l e c t r o n s ,  i s  
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and t h i s  is  c a l l e d   t h e   i o n i z a t i o n   e n e r g y   l o s s e s   o f   p r o t o n s .   T a k i n g  
t h e  sum of   expres s ions  (6.9) and (6.10) ,  w e  o b t a i n  

As  w o u l d   b e   e x p e c t e d ,   t h e   e x p r e s s i o n   f o r   t o t a l   e n e r g y   l o s s e s ,   1 1 4 8  
f o r   f a r  and   c lose   co l l i s ions ,   does   no t   depend  on  an a r b i t r a r i l y -  
chosen   va lue   fo r   t he   ene rgy  l i m i t  T,,,. 

In   accordance   wi th   formula   (6 .12)  , t h e   i o n i z a t i o n   e n e r g y   l o s s e s  
f o r   n o n - r e l a t i v i s t i c   e n e r g i e s   r a p i d l y   d e c r e a s e   w i t h  a n   i n c r e a s e   i n  
energy.   This  i s  r e l a t e d   t o   t h e   f a c t   t h a t ,   f o r  a g i v e n   c o l l i s i o n  
p a r a m e t e r ,   t h e   i n t e r a c t i o n   b e t w e e n  a proton  and  a toms  of   the medium 
becomes l e s s   e f f e c t i v e   w i t h  a d e c r e a s e   i n   t h e   f l i g h t   t i m e   f o r   t h e  
p r o t o n   c l o s e   t o   t h e   a t o m  - i . e . ,  w i t h   a n   i n c r e a s e   i n  i t s  v e l o c i t y  
B . F o r  v e r y   l a r g e   v e l o c i t i e s ,  B i s  c l o s e   t o  1 - i . e . ,  t h e  
m u l t i p l i e r  1 / B 2  b e c o m e s   c o n s t a n t .   I n   t h i s   v e l o c i t y   r e g i o n ,   t h e  
change i n   t h e   m u l t i p l i e r  1/(1 - B 2 )  i n   t h e   a r g u m e n t   o f   t h e   l o g a r i t h m  
i n   e x p r e s s i o n   ( 6 . 1 2 )  i s  s i g n i f i c a n t ;  i t  leads t o  a n   i n c r e a s e   i n   t h e  
i o n i z a t i o n   l o s s e s   w i t h  a f u r t h e r   e n e r g y   i n c r e a s e   i n   t h e   r e l a t i v i s t i c  
r e g i o n .   T h u s ,   t h e   c u r v e   f o r   i o n i z a t i o n   l o s s e s   h a s  a minimum which 
i s  l o c a t e d   a t   a b o u t  1 . 5  - 3 Bev , depending on t h e   a t o m i c  number  of 
t he   subs t ance .   Wi th   an   i nc rease   i n   t he   a tomic   number ,   t he  minimum 
i s  s h i f t e d   t o  low e n e r g i e s .  

I t  s h o u l d   b e   n o t e d   t h a t   f o r   i o n i z a t i o n   l o s s e s   f o r m u l a  ( 6 . 1 2 )  
cannot b e  assumed t o   h o l d   i n  a w i d e  ene rgy   r eg ion .  I n  p a r t i c u l a r ,  
when i t  was d e r i v e d ,  i t  w a s  assumed t h a t   t h e   v e l o c i t y  of t h e  
i n c i d e n t   p r o t o n  i s  much g r e a t e r   t h a n   t h e   v e l o c i t i e s   o f   t h e   a t o m i c  
e l e c t r o n s .   T h i s   c o n d i t i o n   i m p o s e s  a s e r i o u s   l i m i t a t i o n  on t h e  
a p p l i c a b i l i t y   o f   f o r m u l a   ( 6 . 1 2 )   i n   t h e   r e g i o n   o f  low e n e r g i e s ;  i t  
c a n   b e   a p p l i e d   f o r   l i g h t   a n d  medium s u b s t a n c e s   f o r  a pro ton   energy  
which i s  g r e a t e r   t h a n  1 - 2 MeV. Th i s   fo rmula   can   be   u sed   i n   t he  
low-energy  region, i f  a c o r r e c t i o n  i s  i n t r o d u c e d   i n t o   i t . w h i c h  
t a k e s   i n t o   a c c o u n t   t h e   t o t a l   e f f e c t   o f   t h e   a t o m   s h e l l s   ( R e f .  1 2 ,  
Ref. 13) .  

I n   a d d i t i o n ,   i n   t h e   r e g i o n   o f   v e r y  low  energ:i-es,  where  the 
pro ton   ve loc i ty   becomes  s o  s m a l l   t h a t   t h e   c a p t u r e   o f   e l e c t r o n s  
i s  p o s s i b l e ,   t h e   d e c r e a s e   i n   t h e   e f f e c t i v e   p r o t o n   c h a r g e  must  be 
t a k e n   i n t o   a c c o u n t   i n   a d d i t i o n .   T h i s   e f f e c t  i s  s i g n i f i c a n t   i n  
t h e   r e g i o n   o f   p r o t o n   e n e r g i e s   w h i c h   a r e  less t h a n  100 kev  (Ref .  1 4 ) .  
F i n a l l y ,   i n   t h e   e n e r g y   r e g i o n  less than  5 - 10 k e v   a n   a d d i t i o n a l  
mechanism  comes i n t o   p l a y   f o r   t h e   e n e r g y  loss o f   p r o t o n s   i n   m a t t e r  
- e l a s t i c  c o l l i s i o n s   o f   p r o t o n s   w i t h   n u c l e i .  The r e l a t i v e   r o l e   o f  
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e n e r g y   l o s s e s   d u e   t o  e l a s t i c  c o l l i s i o n s   w i t h   n u c l e i   i n c r e a s e s  
w i t h  a d e c r e a s e   i n   t h e   p r o t o n   e n e r g y ,   a n d   f o r   a n   e n e r g y   o f  
1 . 5   k e v   t h e   e n e r g y   l o s s e s   d u e   t o   e l e c t r o n   a n d   n u c l e a r   c o l l i s i o n s  
a r e   i d e n t i c a l   ( R e f .   5 ) .  A c o r r e c t i o n   € o r   p r o t o n   c o l l i s i o n s  
w i t h   n u c l e i  i s  n o t   i m p o r t a n t ,   f r o m   t h e   p o i n t   o f  view of   energy  
l o s s e s   o f   p r o t o n s   i n   t h e   s h i e l d i n g .  However, t h e   c o n t r i b u t i o n  
made by co l l i s ions   be tween   l ow-ene rgy   p ro tons   and   nuc le i   o f  
t h e   b i o l o g i c a l  t i s s u e  c a n   b e   s i g n i f i c a n t ,   i f   t h e   f a c t  i s  t aken  
i n t o   c o n s i d e r a t i o n   t h a t   t h e   r e l a t i v e   b i o l o g i c a l   e f f e c t i v e n e s s  
o f   such   co l l i s ions   can   be   r ega rded   a s  more s i g n i f i c a n t   t h a n  
t h e   c o r r e s p o n d i n g   v a l u e   f o r   e l e c t r o n   c o l l i s i o n s   ( R e f .   6 ) .   I n  
an   examinat ion   of   energy   losses   o f  a p ro ton   by   i on iza t ion   and  
e x c i t a t i o n ,  i t  is assumed  that   atoms  of a s u b s t a n c e  are i n s u l a t e d .  
Fo r   dense   subs t ances ,  i t  can  be  assumed  that   the  atoms are i n s u l a t e d  
o n l y   i n   t h e   c a s e   o f   c l o s e   c o l l i s i o n s .   I n   p r i n c i p l e ,   s c r e e n i n g  1149 
o f   t h e   i m p a c t i n g   p r o t o n   f i e l d  i s  p o s s i b l e   f o r   f a r   c o l l i s i o n s ,  
d u e  t o   d i e l e c t r i c   p o l a r i z a t i o n   o f   t h e  medium - due t o   w h i c h   t h e  
i n t e r a c t i o n   w i t h   e l e c t r o n s  is a t t e n u a t e d   a n d ,   c o r r e s p o n d i n g l y ,  
t h e   i o n i z a t i o n   p r o t o n   l o s s e s  are decreased .   This  phenomenon 
i s  c a l l e d   t h e   d e n s i t y   e f f e c t .   D e n s i t y   e f f e c t   h a s   b e e n   s t u d i e d  
by s e v e r a l   a u t h o r s   ( R e f .   1 5  - 1 9 ) .  Q u a l i t a t i v e   d a t a ,   w h i c h   a r e  
se t  f o r t h   i n   t h e  work  (Ref. 17), have  been  regarded as b e i n g  
t h e  most r e l i a b l e   u n t i l   r e c e n t l y   ( R e f .  7 ,  Ref.  20).  However, 
i t  shou ld  b e  n o t e d   t h a t   i n   t h e   f o r m u l a   f o r   i o n i z a t i o n   l o s s e s  
( 6 . 1 2 )   t h e   c o r r e c t i o n   f o r   t h e   d e n s i t y   e f f e c t   d e p e n d s  on t h e  
magnitude  of  the mean i o n i z a t i o n   p o t e n t i a l   f o r   a t o m s .   I n  
e a r l i e r  works  (Ref. 1 7 ,  R e f .   1 8 )   e s t i m a t e s   o f   t h e   d e n s i t y   e f f e c t  
w e r e   b a s e d   o n   t h e   v a l u e s   f o r   t h e   i o n i z a t i o n   p o t e n t i a l s ,   w h i c h  
c a n n o t   b e   r e g a r d e d   a s   c o m p l e t e l y   r e l i a b l e   i n   t h e   l i g h t  of new 
d a t a   ( R e f .  2 1 ,  Ref. 2 2 ) .  I n   t h i s   c o n n e c t i o n ,   p r e f e r e n c e  must  be 
g i v e n   t o   t h e   c a l c u l a t i o n   r e s u l t s   ( R e f .  1 9 ) ,  which are based  on 
the   i on iza t ion   po ten t i a l   va lues   (Re f .   21 )   and   wh ich   a r e   c lo se  
t o   t h e   d a t a   o b t a i n e d   d u r i n g   s y s t e m a t i c   m e a s u r e m e n t s   o f   i o n i z a t i o n  
p o t e n t i a l s   f o r   d i f f e r e n t   s u b s t a n c e s   i n  a wide   energy   reg ion   (Ref .   22) .  

T h u s ,   s e v e r a l   c o r r e c t i o n s  m u s t   b e   i n t r o d u c e d   i n   f o r m u l a   ( 6 . 1 2 ) ,  
which  thus make i t  p o s s i b l e   t o   e x p a n d   t h e   a p p l i c a b i l i t y   o f   t h i s  
f o r m u l a   b o t h   i n   t h e   r e g i o n   o f   v e r y  low p r o t o n   e n e r g i e s ,   a n d   i n   t h e  
r e g i o n   o f   v e r y   h i g h   p r o t o n   e n e r g i e s .   I f   t h e s e   c o r r e c t i o n s  are 
taken   in to   cons idera t ion ,   formula   (6 .12)   assumes   the   form 

(6.13) 
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where  Zeff(v) i s  t h e   e f f e c t i v e   p r o t o n   c h a r g e ;  u i s  t h e   c o r r e c -  
t i o n   f o r   t h e   e f f e c t   o f   t h e   a t o m   s h e l l ,   a n d  B i s  t h e   c o r r e c t i o n  
f o r   t h e   d e n s i t y   e f f e c t .  The c r i t e r i o n   o f   t h e  Born  approximation 
(Ref .   19)   se rves  as t h e   c o n d i t i o n   u n d e r   w h i c h   t h e   e f f e c t i v e   p r o t o n  
cha rge   Ze f f (v )  = 1 : 

u > v o = - i E "  
e2 

(6.14) 

where vo is t h e   a t o n i c   u n i t   o f   v e l o c i t y   ( t h e   e l e c t r o n   v e l o c i t y  
i n   t h e   f i r s t  Born o r b i t   o f  a hydrogen  a tom),   which  equals   2 .183-10cm/sec.  

I f   r e l a t i o n s h i p   ( 6 . 1 4 )  i s  n o t   f u l f i l l e d ,   t h e n   t h e   c a p t u r e   a n d  
loss o f   e l e c t r o n s  by the   p ro ton   beg ins ,   and  Z e f f  becomes less than  
u n i t y .  A t h e o r e t i c a l   e x a m i n a t i o n   o f   t h e   e n e r g y   l o s s e s   t h u s  is  
v e r y   d i f f i c u l t ,  and th i s   p rob lem  has   no t   been   so lved  up t o   t h e  
p r e s e n t  time. However, t h e r e  are f a i r l y   r e l i a b l e   e x p e r i m e n t a l  
d a t a   i n   t h i s   a r e a .   T h e r e f o r e ,   t h e   e f f e c t   o f   e l e c t r o n   c a p t u r e  and 
l o s s e s  by i o n i z a t i o n   l o s s e s   i n  a r eg ion   o f   sma l l   ene rg ie s  i s  
de te rmined   on   t he   bas i s   o f   ex i s t ing   empi r i ca l   da t a .  

The i n t r o d u c t i o n   o f  a c o r r e c t i o n   f o r   t h e   c a p t u r e   a n d  l o s s  o f  
e l e c t r o n s  by a p r o t o n ,   i n   t h e   f o r m  o f  t h e   c o - f a c t o r  Z e f f  i s  
b a s e d   o n   t h e   a s s u m p t i o n   t h a t   i o n i z a t i o n   l o s s e s   f o r  particles w i t h  
a n   a r b i t r a r y   c h a r g e  Z e f f  a r e  Z e f f  times l a r g e r   t h a n   t h e   l o s s e s   / 1 5 0  

o f   s i n g l y - c h a r g e d   p a r t i c l e s .  

2 

U t i l i z i n g   t h e   c a l c u l a t i o n s   g i v e n   i n   o t h e r   w o r k s  (P.ef. 23-25),  
Neufeld  and  Snyder  (Ref.   6)  formulated a cu rve   fo r   t he   dependence  

O f  'eff  
vo (vu = 2.183- lOS  cm/sec) .   This   curve   shows  the   "averaged"  
behavior   o f   p ro tons ,   and  is based on measurements  of  proton  charges 
i n   d i f f e r e n t  med ia  (hydrogen ,   he l ium,   n i t rogen ,   oxygen ,   a rgon ,   neon) .  
The va lues   o f  Z e f f  f o r   s e v e r a l   v a l u e s   o f   t h e   p r o t o n   e n e r g y   ( R e f .   6 )  
a r e   g i v e n   i n   T a b l e   6 . 2 .  

on t h e   p r o t o n   v e l o c i t y  v , e x p r e s s e d   i n   a t o m i c   u n i t s  - 

I t  c a n   b e   s e e n   f r o m   t h e   T a b l e   t h a t   e l e c t r o n   c a p t u r e  i s  
an   impor t an t   p rocess  when s l o w   p r o t o n s   p e n e t r a t e   m a t t e r .   T h u s ,  
f o r  a p r o t o n   e n e r g y   o n   t h e   o r d e r   o f   s e v e r a l   k i l o e l e c t r o n v o l t s ,  a 
l a r g e   p a r t   o f   t h e  t i m e  a p r o t o n   e x i s t s  as a neutral   hydrogen  a tom. 

I f   t h e   e f f e c t   o f   d i f f e r e n t   a t o m   s h e l l s   i n   t a k e n   i n t o   a c c o u n t ,  
t h e   c o r r e c t i o n  u can   be   de t e rmined   i n   t he   fo rm  (Ref .   26 ) :  

(6.15) 

where CK and CL are t h e   c o r r e c t i o n s   f o r   t h e  K- and   L-she l l s .  The 
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TABLE 6.2. 

EFFECTIVE CHARGE Z,ff OF A PROTON 

I 
TpKev 2 

e f  f 

64.8 I 0.60 
101. 
146 

0;82 

198 
0.93 
0,98 

259 1 9 0 0  

values   o f  CK and CL were c a l c u l a t e d   i n   a n o t h e r  work  (Ref.   13).  

The e f f e c t   o f   t h e  bond f o r   t h e   K - s h e l l  w i l l  b e   c o n s i d e r a b l e ,   i f  
t he   p ro ton   ene rgy  is less t h a n  Tp ,< 0.025Z2 Mev (Ref.  1 4 )  - i . e . ,  
l e s s   t h a n  2 2  Mev f o r   c o p p e r ,  4 Mev f o r  aluminum,  and 0 .4  Mev f o r  
be ry l l i um.  However, t h e   c o n t r i b u t i o n   w h i c h   t h e   K - s h e l l s  make t o  
t h e   i o n i z a t i o n   l o s s e s  i s  s m a l l ,   a t   l e a s t   f o r  mean and  heavy  elements.  
Tor t h e   r e m a i n i n g   s h e l l s ,   t h e   e f f e c t   o f   t h e  bond  becomes s i g n i f i c a n t  
f o r   s m a l l   e n e r g i e s ,   a n d   t h e   c o n t r i b u t i o n  made by t h e s e   s h e l l s  i s  
e s s e n t i a l .  I t  should  b e  p o i n t e d   o u t   t h a t  .i- i n   s p i t e  o f  t h e  
presence  of  a g r e a t  many e x p e r i m e n t a l   d a t a  - comprehensive  calcu-  
l a t i o n s   h a v e   n o t   b e e n   c a r r i e d   o u t  up t o   t h e   p r e s e n t   i n   t h e   r e g i o n  
o f  s m a l l   e n e r g i e s ,   t a k i n g   t h e   e l e c t r o n  bond i n   t h e  atom i n t o   a c c o u n t  
(Ref .  1 4 ) .  

The c o r r e c t i o n  6 , which   t akes   i n to   accoun t   t he   dens i ty  
e f f ec t   (Re f .   18 ,   Re f .  1 9 ) ,  can   be   de te rmined   f rom  the   formula  

(6.16) 

where t h e   c o n s t a n t s   c y  a, x1, x0 and 

m depend  on  the  type  of   substance.  The v a l u e s   f o r   t h e s e   c o n s t a n t s  
a r e   g i v e n   i n   T a b l e   6 . 3   f o r   s e v e r a l   s u b s t a n c e s .   F o r   s u f f i c i e n t l y  
l a r g e   p r o t o n   e n e r g i e s ,   f o r   w h i c h  x > x1 , w e  can   conf ine   ou r se lves  
t o   t h e   f i r s t  two terms i n   f o r m u l a   ( 6 . 1 6 ) .  The v a l u e s   o f  X O ,  which 
a r e   g i v e n   i n   t h e   l a s t  column o f  T a b l e   6 . 3 ,   c o r r e s p o n d   t o   t h e   p r o t o n  
e n e r g y   f o r   w h i c h   t h e   c o r r e c t i o n   f o r   t h e   d e n s i t y   e f f e c t  6 i s  ve ry  
sma l l  ( 6  = 0.02 - 0.06)   (Ref .  1 9 ) .  Table   6 .4  l i s t s  t h e   v a l u e s  f o r  t h e  
p ro ton   ene rgy   wh ich   co r re spond   t o   d i f f e ren t   va lues   o f  x0 . 
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TABLE 6 . 3  

CALCULATION OF CORRECTION  FOR  DENSITY 

Subs tance  

Li 
Be 

G r a p h i t e  

Fe 
cu 
Ag 
Sn 
W 
Au 
Pb 

Ar 

~ _ _  ~ 

- b  

3,07 
2,83 
3,22 
4,54 
4,21 
4,62 
4,74 
5.75 
6,28 
6,03 
6,31 
6,93 
6.69 
3,47 
9,50 

10.68 
11,18 

10.80 
11,72 
12,27 
13,12 
13\57 
9\56 
9,52 

10,32 
9,93 

." . 

a 

" .  . 

0,374 
0.413 
0,531 
0.0938 
0,0906 
0.127 
0.1  19 
0.251 

0,0283 
0,0104 

0,0652 
0.0*136 

0.0652 
0,519 
0,505 
2.13 
0.125 
0,130 
0,258 
0.0255 
0.0771 
0.150 

0.0700 
0,0552 

0.084 1 
0,0865 

~" . . 

rn 
~ - " . - . . 

3.05 
2.82 
2.63 
3.56 
3,51 
3 2 9  
3-38 
2.88 
2.52 
3,9I 
3.62 
3.41 
3.37 
2.69 
4,72 
3.22 
3,72 
3.72 
3.18 
4,36 
3.57 
3,07 
4,22 
3.94 
3.91 
4,03 

EFFECT (REF. 19) 

x1 
" 

2 
2 
2 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
2 
3 
3 
4 
4 
4 
5 
5 
5 
4 
4 
4 
4 

x* 

"0.05 
-0.10 
-0.05 

0,10 
0,05 
0,10 
0.20 
0,20 
0.20 
0.30 
0.30 
0.40 
0.30 
0.23 
135 
2.21 
1.86 
1.90 
2,14 
2,02 
2.12 
1,90 
1.55 
1,54 
1,61 
1,72 

T h u s ,   t h e   c o r r e c t i o n   f o r   t h e   d e n s i t y   e f f e c t  i s  very   smal l  
( r e l a t i v e   d e c r e a s e   o f   i o n i z a t i o n   l o s s e s  i s  n o t  less than  0.5%), i f  
the   p ro ton   energy   does   no t   exceed   approximate ly  300 Mev i n   t h e  
case  o f  v e r y   l i g h t   e l e m e n t s   ( l i t h i u m ,   b e r y l l i u m ,   c a r b o n ) ;  
400 - 800 MeV in   t he   ca se   o f   l i gh t   and   ave rage   e l emen t s   (magnes ium,  
aluminum, i r o n ,   c o p p e r ,   t i n ) ;  and  approximately  1500 Mev i n   t h e  
case   o f   heavy   e lements   ( tungs ten ,   go ld ,   l ead ,   u ran ium) .   For   gas-  
l i k e   s u b s t a n c e s ,   t h e   d e n s i t y   e f f e c t  i s  i n s i g n i f i c a n t  up t o   v e r y  
h igh   pro ton   energ ies   (20   Bev) .  

Q u a n t i t a t i v e  Data - Regard ing   Ion iza t ion  Losses  of   Pro tons  

/152 

S e v e r a l   a u t h o r s   h a v e   c a l c u l a t e d   t h e   i o n i z a t i o n   e n e r g y   l o s s e s  
of  pro tons   (Ref .   12 ,   Ref .  26 - 3 0 ) .  However ,   wi th   the   except ion  of  
t h e  work  by S te rnhe imer  (Ref. 2 6 ) ,   d a t a   w h i c h  were n o t   r e l i a b l e  
enough were u t i l i z e d   f o r   t h e   v a l u e s   o f   t h e   i o n i z a t i o n   p o t e n t i a l s .  
The q u a l i t a t i v e   d a t a   r e g a r d i n g   i o n i z a t i o n   l o s s e s  o f  p r o t o n   a r e . g i v e n  
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TABLE 6 .4  

PROTON ENERGY CORRESPONDING TO DIFFERENT VALUES OF x0 
" 

*O 1-0.10 1-0.05 1 0.10 I 0.20 I 0.40 I .0.80 I 1.0 I I S  1 2.0 - 1151 
T p ,  Mev I 260 I 315 I 580 I 810 I 1580 1 4900 I 8500 1 19900/  65 400 

-" 

be low;   t hese   a r e   based  on t h e   d a t a   g i v e n  by Sternheimer  (Ref .   26) ,   1152 
s i n c e   t h e y   a r e   t h e   m o s t   r e l i a b l e   a n d   c o m p r e h e n s i v e   a t   t h e   p r e s e n t  
t i m e .  These  data   encompass  an  energy  region  f rom 2 Mev t o  100  Bev, 
and a r e   o b t a i n e d  by t a k i n g   t h e   d e n s i t y   e f f e c t   i n t o   a c c o u n t ,   w h i c h  
g r e a t l y   l o w e r s   t h e   i o n i z a t i o n   l o s s e s   f o r   a n   e n e r g y   o f  more than  
2 Bev. The c a l c u l a t i o n s   o f   S t e r n h e i m e r   a r e   c a r r i e d   o u t  on t h e  
b a s i s  of  t he   fo l lowing   expres s ion ,   wh ich  i s  s i m i l a r   t o   f o r m u l a   ( 6 . 1 3 ) :  

- 2g2 - LL - b ]  Mev/g CM-', (6 .17)  

where C = 0.1536 A; B = l n (mc2 /12) ;  p i s  t h e   p r o t o n  moment,  and 
Te max i s  t h e  maximum e l e c t r o n   e n e r g y ,  Mev . 

2 

Sternheimer   (Ref .  26)  c a l c u l a t e d   t h e   i o n i z a t i o n   l o s s e s   f o r  
s ix   subs t ances :   be ry l l i um,   ca rbon ,   a i r ,   a luminum,   coppe r ,  and l e a d .  
The main c o n s t a n t s   u t i l i z e d   i n   t h e s e   c a l c u l a t i o n s  are g i v e n   i n  
Table   6 .5 .  

TABLE 6 . 5  

VALUES OF I , C ,  AND B FOR CALCULATING I O N I Z A T I O N  LOSSES 
( REF. 26) 

Be 
C 

64 
78 

0,0681 

166 AI 
94 A i r  

18.25 0,0768 
18.64 

Pb 

18,73 
37 1 

0.0740 
cu 

17,89 0.0768 

13,Ol 0,0608 
15.13 

107@ 
0,0701 

Table  6 .6  l i s t s  t h e   v a l u e s   f o r   i o n i z a t i o n   e n e r g y   l o s s e s  of 1154 
p r o t o n s   f o r   t h e   i n d i c a t e d   s u b s t a n c e s .  Due t o   t h e   l a r g e  values o f  
I , which are u t i l i z e d   i n   S t e r n h e i m e r ' s   c a l c u l a t i o n s , ,   t h e   d a t a  
p r e s e n t e d   i n   t h i s   T a b l e   a r e  somewhat   lower  than  the  corresponding 
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TABLE 6 .6  

I O N I Z A T I O N  ENERGY LOSSES ( E )  OF PROTONS I N  Be, C y  A l ,  

Cu , Pb AND A I R  
i o n  

"- "" . -" " 
I 

Mev I Be 

2 
3 
4 
5 
6 
7 
8 
9 

10 

14 
12 

16 

20 
18 

22,; 
25 
27 ,! 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
90 

100 
110 
I20 
I30 
140 
150 
160 

200 
180 

225 
250 
275 
.?Oil 
325 

375 
350 

4 Kl 
.! 50 
5?0 

131,9 
97,45 
78.06 

56,69 
65.59 

50.15 
45.03 
40,99 
37,63 
32.44 
28,62 
25.65 
23.30 
21,38 
19.41 

16,47 
17,80 

15.34 
13.53 
12.15 
11.05 
10,15 
9.4 I2 

8,254 
8,788 

7,38 
7,791 

7,026 
6,424 
6.933 
5,527 
5, I87 
4,896 
4,644 
4,424 
4,232 
3,908 
3,647 
3,384 

3,000 
3,  I73 

2,853 
2.730 
2,625 
2,534 
2,453 
2,321 
2,215 

C 
TP* I I o n i z a t i o n  

Energy  Losses of Pro ton ,  

I 
I 140,6 

104,4 
83,97 
70,74 
61.29 
54.28 
48.81 
44,47 
40.87 

31, I7 
35,29 

27,96 
25,42 
23-34 
21.21 
19.46 
18,Ol 
16.79 
14.82 
13,32 
12.12 
11,14 
10.33 
9,645 
9,062 
8,556 
8,112 
7,719 
7,061 
6,526 
6.079 
5,706 
5,388 
5,112 
4,872 
4,659 
4,304 
4,016 
3,728 
3,497 
3,307 
3,148 
3,013 
2,896 
2.797 
2,709 
2,563 
2,448 

A i r  
___ ." 

134.0 
99.86 
80,53 
68.00 
58.99 
52,32 
47. I 1  
42,96 
39,51 
34,15 
30.20 
27,lO 
24,66 
22.66 
20.61 
18.93 
17,53 
16.35 
14.44 
12.98 
11.82 
10.87 
10.09 
9.420 
8.852 
8,360 
7.928 
7,546 
6.904 

5,950 
6.382 

5,587 
5,276 
5,007 
4,773 
4,567 
4,221 
3.942 
3,660 
3,434 

3,L93 
S,248 

2.961 
2.848 
2.75 1 
2.666 
2,524 
2,4 I3 

:\ I 
__ " 

110.8 

67.44 
83.16 

57,19 
49.84 
44.38 
40.09 
36,67 
33.80 
29,35 
26.04 
23,45 
2  1.39 
19.70 
17.95 
16,52 
15,32 

12,67 
14,31 

11.41 
10,41 
9,584 
8,902 
8,325 
7.831 

7,026 
7.402 

6,693 
6,132 
5,674 
5,292 
4,973 
4,700 

4,258 
4,464 

4,077 
3,768 
3,522 
3,272 
3,072 
2,908 
2.77 1 
2,655 
2.555 
2.169 
2.992 
2,268 
2,169 

Mevl _ ~ _ _  
cu 

78-93 
61.83 
51,27 
43.08 
38,73 
34,71 

28,g-I 
31 5 0  

26,77 
23.38 
20.83 
18.82 
17.22 
15;s 1 
14,54 
13.42 
12,48 
11,68 
10,38 
9.383 
8,584 
7.925 
7.378 
6.914 
6,514 
6,167 
5,861 
5,590 
5.  I33 
4,760 
4,449 
4,187 
3,961 
3,767 
3,594 
3,445 

2,989 
3,192 

2,783 
2,616 

2.366 
2,480 

2,268 
2,185 
2,112 
2,049 
1 ,945 
1,863 

Pb 
_ _ _  
41,14 
34.62 
29.85 
26.36 
23,65 
21,54 
19.81 
18,40 
17.18 
15.23 
13,73 
12.52 
11.54 
10,73 
9,874 
9, I63 
8,564 
8.050 
7,203 
6.548 
6,020 
5.581 
5.213 
4,900 
4,629 
4,391 
4,181 
3,996 
3.682 

3,209 
3,424 

3,027 
2.870 
2,734 
2.616 
2,511 
2.333 
2,  I89 
2,042 
1,924 
1,828 
1.747 
1,678 

1,568 
1,619 

1,523 
1,448 
1,390 

/153 

(con t inued  on n e x t  page) 
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I P '  

Mev 

550 I 
6001 

800 
700 

900 
1 000 

1 500 
I 250 

I 750 
2 000 
2 230 
2 500 
2 750 
3 000 
3 500 
4 000 
4 500 
5 000 
6 000 

8 000 
7 000 

9 000 
10 000 

2, I29 
2.059 
1,950 
1,871 
I ,812 
1,767 
1.692 
1,619 
1,623 

1,599 
1,595 
1,593 
1,593 
1,597 
1,604 
1,612 
I .62 1 
1,638 
1,655 
1,670 
1,685 
1,699 

I ,608 

I.. C 

- / Ion iza t ion   Ene rav   Losses   o f   P ro tons  MeV/$ - L- 

I 
2,355 
2,278 
2.159 
2.074 

- I  ,960 
2,009 

1,879 
I ,833 
I ,806 

I ,778 

1.784 

1,791 
I $782 

1,777 
1,778 

1,793 
1,802 
1,813 
I .834 
1,854 

1.890 
1.905 

I .a73 

2,249 
2,323 

2,136 
2.055 
1,995 
1,950 
1,877 
1 ,838 
1,819 
1,809 
1,806 
I ,808 
I ,812 
1.818 

I ,870 
I ,889 

I ,989 

1,834 
1,851 

1,924 
1,958 

2,017 
2,044 

" 

I 
AI  

2,090 
2.022 
1,921 
1.849 
1,795 
1 ,754 
1,687 
1.649 
1.629 
1,618 
1,613 
1.611 
1,613 
1.615 

1,635 
1,624 

1,659 
1,647 

1,682 
I .701 
1,724 
1,743 
1.759 

cu 
- 

1,795 

1,658 
1,741 

1,598 
1,555 
1,522 
1,471 
1,443 
1,429 
1,422 
1,420 
1,422 
1,425 
1.429 
1,440 
1,452 
1.465 
1,478 
1,502 
1,524 
1,544 
1,562 
1,579 

cm-2 
" 

Pb 

1,343 
I ; 305 

1,205 
1.246 

1,175 
1,153 

1,104 
1.120 

1,099 
1,099 
1,102 
1,108 

1,121 
1,114 

1,150 
1,135 

1,178 
1,164 

1,204 
1,227 

1,267 
1,248 

1,284 
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va lues   ob ta ined   p rev ious ly   (Ref .  2 8 ) .  

The ca lcu la t ions   per formed  by   S te rnhe imer   encompass   the  
p ro ton   ene rgy   r eg ion ,   beg inn ing   w i th  2 MeV. For  smaller e n e r g i e s ,  
formula ( 6 . 1 7 )  c a n   p r o d u c e   a n   u n r e l i a b l e   r e s u l t ,   e v e n   i f   c o r r e c t i o n s  
a r e   t a k e n   i n t o   a c c o u n t   f o r  K- and   L - she l l s ,   because   fo r   t hese  
e n e r g i e s   t h e   c a p t u r e  of e l e c t r o n s  by   an   i nc iden t   p ro ton  i s  p o s s i b l e .  
On t h e   o t h e r   h a n d ,   n o   s p e c i a l   r e q u i r e m e n t  i s  a p p a r e n t   i n   t h e   v a l u e s  

O f  (E) ion f o r  d i f f e r e n t   s u b s t a n c e s   i n   t h i s   e n e r g y   r e g i o n .  

B i o l o g i c a l   t i s s u e   c o m p r i s e  an e x c e p t i o n   t o   t h i s ,   f o r   w h i c h   t h e  
i o n i z a t i o n   l o s s e s   i n   t h e   e n e r g y   r e g i o n  less than  2 MeV are o f   p a r t i c u l a r  
i n t e r e s t .   C a l c u l a t i o n s   o f   i o n i z a t i o n   l o s s e s   f o r   b i o l o g i c a l   t i s s u e ,   i n  
t h e  low-energy  region, were c a r r i e d   o u t  by  Snyder  and  Neufeld  (Ref.  5 ,  
Ref. 6 ) .  

U t i l i z i n g   t h e   a v a i l a b l e   e x p e r i m e n t a l   d a t a   r e g a r d i n g   i o n i z a t i o n  
l o s s e s   f o r   p r o t o n s   h a v i n g  small e n e r g i e s ,   a n d   a l s o   i n t r o d u c i n g  
c o r r e c t i o n s   f o r   t h e   e f f e c t i v e   p r o t o n   c h a r g e   ( T a b l e  6.2), Snyder  and 
N e u f e l d   d e t e r m i n e d   t h e   c u r v e   f o r   t h e   d e p e n d e n c e   o f   i o n i z a t i o n   l o s s e s ,  

177 



b e g i n n i n g   w i t h  a p ro ton   ene rgy   on   t he   o rde r  o f  1 k e v .   I n   t h e i r  
c a l c u l a t i o n s ,   t h e y   u t i l i z e d   t h e   c o m p o s i t i o n  o f  t h e   b i o l o g i c a l  
t i s s u e ,   w h i c h  i s  g i v e n   i n   T a b l e   6 . 7 .   T h i s   d e p e n d e n c e  i s  shown 
i n   F i g u r e   6 . 1   ( c u r v e s  1 and 2)  , a s  w e l l  as t h e   c o n t r i b u t i o n   t o  
the   ene rgy   l o s ses   wh ich  i s  made by c o l l i s i o n s   b e t w e e n   p r o t o n s  
and n u c l e i   o f   a t o m s   i n   t h e   t i s s u e   ( c u r v e   3 ) .   T h e s e   d a t a   c a n  
b e   u t i l i z e d   t o   d e t e r m i n e   t h e   b i o l o g i c a l   d o s e   o f   p r o t o n s ,   t a k i n g  
i n t o   a c c o u n t   t h e   e n d   p o i n t s   o f   t h e   r a n g e ,   w h i c h   a r e   v e r y   i m p o r t a n t  
s i n c e  a s i g n i f i c a n t   p a r t   o f   t h e   p r o t o n s   p e n e t r a t i n g   t h e   s h i e l d i n g  
w i l l  have   r anges   wh ich   a r e   con f ined   w i th in   t he  limits o f   t h e  
human body. I n   t h e   g e n e r a l   c a s e ,   t h e   c o n t r i b u t i o n  made by t h e   c o l l i -  
s ions   be tween   p ro tons   and   nuc le i   canno t   be   d i s r ega rded ,   because  
o n e   c a n   e x p e c t   l a r g e r   v a l u e s   f o r   t h e  re la t ive  b i o l o g i c a l   e f f e c t i v e -  
n e s s   f o r   c o l l i s i o n s   b e t w e e n   p r o t o n s   a n d   n u c l e i ,   t h a n   f o r   c o l l i s i o n s  
b e t w e e n   p r o t o n s   a n d   e l e c t r o n s   ( R e f .   6 ) .   B i o l o g i c a l   i n j u r i e s   o f   t h e  
t i s s u e   d u r i n g   c o l l i s i o n s   b e t w e e n   p r o t o n s   a n d   n u c l e i  are d i r e c t l y  
r e l a t e d   t o   t h e   c h a n g e   i n   t h e   m o l e c u l a r   s t r u c t u r e   w h i c h  is  thus  
produced. On t h e   o t h e r   h a n d ,   d u r i n g   c o l l i s i o n s   b e t w e e n   p r o t o n s  
and e l e c t r o n s ,   a n   i n d i r e c t   e f f e c t   o c c u r s   i n   t h e   f o r m   o f   e x c i t a t i o n  
o r   i o n i z a t i o n   o f   a t o m s  of t h e   t i s s u e   m o l e c u l e s ,   w h i c h   c a n   t h e n  
l e a d   t o  a d i s t u r b a n c e   o f   t h e   m o l e c u l e s .  

TABLE 6.7 

COMPOSITION OF BIOLOGICAL TISSUE (REF. 5 )  

I155 
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1155 

(Composi t ion o f  

Substance B i o l o g i c a l   T i s s u e  
I I 1 atom/cm3 

H 
C 

1 0 . 1   6 . 0 2 0 1 0 ~ ~  
12.1  0 .603*102'  

Subs tance  I B i o l o g i c a l   T i s s u e  

% i n  
Weight 1 atom/cm3 

I 
I I 

I 
N 
0 

4.0 
73.6 

0.171-1022 
2 .74-1022 

The maximum v a l u e   f o r   i o n i z a t i o n   e n e r g y   l o s s e s   o f   p r o t o n s   i n   t h e  1156 
b i o l o g i c a l   t i s s u e  i s  1000  Mev/g*cm-2, f o r   p r o t o n   e n e r g i e s   o f   a b o u t  
70 k e v .   A n a l o g o u s   v a l u e s   f o r   c e r t a i n   s u b s t a n c e s   ( R e f .  19) a r e  se t  
f o r t h   i n   T a b l e   6 . 8 .  

Range-Energy  Rat io   for   Protons 

The  mean p a t h   t r a v e r s e d   b y  a p a r t i c l e   h a v i n g  a given  energy 
b e f o r e   s t o p p i n g  - i . e . ,  b e f o r e   t o t a l   e n e r g y  l o s s  - i s  c a l l e d  
the   r ange   o f  a c h a r g e d   p a r t i c l e   i n  matter. For   p ro tons  
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F i g u r e   6 . 1  

Dependence o f  I cn iza t ion   Losses   on   P ro ton   Ene rgy  (1, 2 ) .  
Energy  Losses  Caused  by  Collisions  Between  Protons  and 
Kuc le i  of  Atoms i n   t h e   T i s s u e  ( 3 ) .  

TABLE 6 . 8  
W Y I M L J M  VALUES FOR I O N I Z A T I O N  LOSSES OF PROTONS  FOR  SEVERAL 
SUBSTANCES (REF. 1 4 ) .  

Substance 

". . 

H 
A i r  

A 1  
Au 

. - ~~ 

" 

! 
1 

Yev/g*cm-2 
". ~ - . . ~ . . -" - 

3400 
620 
440 
100 

" ~ I Energ ie s  T p ,  Corresponding 

t o  - (E) , kev  
max 

30 
100 

72 
160 

h a v i n g   e n e r g i e s  less than   1000  MeV, i o n i z a t i o n   l o s s e s   r e p r e s e n t   t h e  
ma in   fo rm  o f   ene rgy   l o s s ;   t he re fo re ,   t he   r ange  of a p r o t o n  
can  be  determined as fo l lows :  
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It i s  d i f f i c u l t   t o   c a l c u l a t e   t h e   r a n g e   f o r   p r o t o n s  
a c c o r d i n g   t o   t h i s   f o r m u l a ,   d u e   t o   t h e   f a c t   t h a t   t h e   t h e o r y   o f   i o n i z a -  
t i o n   l o s s e s  i s  e s s e n t i a l l y   u n s u i t a b l e   i n   t h e   r e g i o n   o f   s m a l l   e n e r g i e s .  
For t h i s   r e a s o n ,   i n t e g r a t i o n   f r o m   z e r o   c a n n o t   b e   c a r r i e d   o u t   i n  
e x p r e s s i o n   ( 6 . 1 8 ) .   O r d i n a r i l y ,   t h i s   d i f f i c u l t y  i s  overcome by an  
empirical  s e l e c t i o n   o f   t h e   i n t e g r a t i o n   c o n s t a n t ,  so a s   t o   o b t a i n   t h e  
bes t   ag reemen t   w i th   t he   mos t   r e l i ab le   expe r imen ta l   da t a .   Thus ,   t he  
f o l l o w i n g   r e l a t i o n s h i p   c a n   b e   u s e d ,   i n s t e a d   o f   e x p r e s s i o n   ( 6 . 1 8 ) :  

(6 .19)  

I f  i t  i s  assumed t h a t  T 1 = 2 M e V ,  a s  was done i n   a n o t h e r  work 
( R e f .   2 6 ) ,   t h e n   t h e   f o l l o w i n g   v a l u e s   f o r   t h e   r a n g e s  R(2 MeV) can  
b e   u s e d :   b e r y l l i u m  - 0.0091  g/cm2  (Ref.   31) ; carbon - 0.0084 
g/cm2  (Ref.  26) ; A i r  - 0.0087  g/cm2  (Ref.  12) ; aluminum - 0 .OH5 
g/cm2  (Ref. 31) ; copper  - 0.0190  g/cm2  (Ref.  31) ; l e a d  - 0.0410  g/cm2 
(Ref .   26 ) .   The   va lue   fo r   t he   r ange  i n  carbon was o b t a i n e d  by 
i n t e r p o l a t i o n   o f   t h e   d a t a   f o r   b e r y l l i u m ,  a i r ,  and  aluminum 
(Ref .   12 ,   Ref .   31) ,   and   in   l ead  - by e x t r a p o l a t i o n  of t h e   d a t a  
f o r   g o l d   ( R e f .  31).  

P '  

By p e r f o r m i n g   i n t e g r a t i o n   i n   e x p r e s s i o n   ( 6 . 1 9 ) ,   u t i l i z i n g  
formula   (6 .17)   and   the   va lue   o f  R (2  Mev),   Sternheimer  (Ref.   26) 
o b t a i n e d   t h e   v a l u e s   f o r   t h e   r a n g e s   o f   p r o t o n s   h a v i n g   e n e r g i e s  
up t o  100 Bev. These   va lues  are  g i v e n   f o r   s i x   s u b s t a n c e s  
i n   T a b l e   6 . 9 .  A comparison of t h e   v a l u e s   f o r   t h e   r a n g e s   w h i c h  
are g i v e n   i n   t h i s   T a b l e   a n d   t h e   r e s u l t s   d e r i v e d   f r o m  ear l ie r  c a l c u l a -  
t i o n s   f o r  a i r  and  aluminum  (Ref.  27) , and f o r   b e r y l l i u m ,   c a r b o n ,  
copper  and l e a d  ( R e f .   2 8 ) ,   s h o w s   t h a t   t h e   d i f f e r e n c e  i s  approximate ly  
from 1% t o  9% f o r   p r o t o n   e n e r g i e s   o f  10  Bev.  The g r e a t e s t   d i f f e r e n c e  
i s  observed   for   carbon  (6 .4%)   and   bery l l ium  (9 .2%)   (Ref .   26) .  The 
m a i n   r e a s o n s   f o r   t h e   d i v e r g e n c e   b e t w e e n   t h e   r e s u l t s   o b t a i n e d  by 
Sternheimer  and ear l ie r  c a l c u l a t i o n s  are r e l a t e d   t o   t h e   u t i l i z a t i o n  
o f   h i g h e r   v a l u e s   f o r   t h e   i o n i z a t i o n   p o t e n t i a l s ,   w h i c h   l e d   t o  a c e r t a i n  
d e c r e a s e   i n   t h e   i o n i z a t i o n   p r o t o n   l o s s e s .  They are a l s o  related 
t o   t h e   i n t r o d u c t i o n   o f  a c o r r e c t i o n   f o r   t h e   d e n s i t y   e f f e c t ,   w h i c h  
d e c r e a s e d   t h e   i o n i z a t i o n   l o s s e s  somewhat i n   t h e   e n e r g y   r e g i o n  2 - 10  
Bev. 
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T P .  
Mev 
__ 

3 
2 

4 
5 
6 

8 
7 

I O  
9 

12 

16 
14 

18 
20. 
22.: 
25 
27,: 
30 
35 
3c 
45 
50 
55 
GO 
65 
70 

80 

100 
90 

I I O  
120 
I30 
1-10 
I50 
I60 
I eo 
200 
225 
230 
275 
300 
325 
350 
375 
3 00 
1 .TO 
500 
550 

” 

I 3  

TABLE 6 : 9  

RANGES OF PROTONS I N  B e ,  C y  Al, Cu, Pb AND A I R  

Be 

0,0180 
0.0091 

0.0296 
0.0436 
0.0601 
0.0789 
0,0999 
0.1232 
0,1487 
0.2061 
0.2719 
0.3159 
0.4278 
0.5 175 
0.6-104 
0.7750 
0.9312 

1.426 
I ,079 

1,817 
2.219 
2.722 
3,234 
:3,783 
4.37 I 
4,995 
5,655 
6.349 
7.810 
9.461 

11.21 
13.08 
15.06 
17.16 
19.37 
21.68 
26.61 
31.91 
39.03 
46.67 
54.78 
63-33 
72.30 
81,64 
91.34 

I U I  .4 

144.4 
122.3 

167-5 

R, g/cm2 
~ ~~ 

Ranges of Pro tons  

C 

0,0084 
0,0168 
0,0275 
0.0106 
0,0558 
0,0732 
0,0926 
0,1131 
0,1376 
0,1904 
0.2508 
0.3187 
0.3937 
0.3759 
0.5584 
0.71 16 
0.8152 
0,9801 
1,307 
1,663 

2.488 
2,057 

3.4 56 
2.954 

3,991 

5.160 
4.559 

5,792 
7.148 
8.623 

10,21 
11.91 
13.72 
15,62 
17,63 
19.73 
24.20 
29,02 
35,49 
42.42 
49,77 
57,53 
65.65 
74.12 
82.91 
9 1.99 

111,o 
131.0 
151,8 

A i r  

0.0087 
0.0175 
0,0287 
0.0423 
0,0581 
0,0761 
0.0963 
0,1185 
0,1428 
0.1974 
0,2598 
0,3299 
0.4073 
0,4920 
0.6078 
0.7346 
0,8720 
1,020 
1,346 
1.712 
2,116 
2,557 
3,035 
3,549 
4,097 
4,678 
5,293 
5,940 
7,327 
8.835 

10.46 
12.20 
14.04 
l5,99 
18,03 
20,  I7 
24,73 
29.61 

43.29 
36,23 

50.79 
58.68 
66,95 
75.56 
84.50 
93 3 73 

113.0 
133,3 
154,4 

____ 

A1 

0.01 I5 
0,0221 
0,0355 
0.0517 
0,0704 
0,0917 
0, I155 
0.1416 
0,1700 

. 0,2337 
0,3062 
0.3872 

0,5742 
0,4766 

0,7073 
0.8526 
1.010 
1.179 
1,551 
1,967 
2,427 
2,928 
3,469 
4,051 
4,670 
5,327 
6,021 
6,750 
8,313 

10.01 
11,84 
13.79 
15,86 

20,34 
18,04 

22.74 
27.85 
33.34 
40,72 
48.61 
56.98 
65,79 

84.62 
75.02 

94,58 
104.9 
126,4 
148.9 
172.4 

cu 
.~ ~ 

0,035 
0.019 

0,051 
0.072 
0,096 
0.124 
0. I54 
0,187 
0,223 
0.303, 
0,394: 

0.6061 

0,892: 
0,7271 

1.071 
1.265 
1,472 
1,927 

2,992 
2,434 

3,599 
4,253 
4.954 
5,699 
6,488 
7,321 
8,  I95 

0,495. 

10.06 
12,09 
14,27 
16,58 
19,04 
21,63 

27.19 
24.35 

33.23 
39.71 
48,39 

67.49 
57.66 

77.82 

99.85 
88,61 

111.5 
123.5 
148.6 
174.9 
2022 

Pb 

0,04 I O  
0.C676 
0.0988 
0,1345 

0,2190 
0.1746 

0,2674 
0.3198 
0,3761 
0,5000 
0.6385 
0.7912 
0,9576 
1,138 
1,381 
1,644 
1,926 
2,229 
2,885 
3,614 
4.41 1 
5,275 
6,202 
7,192 
8.243 
9.352 

10.52 
11.74 
14.35 

20.19 
17,17 

23.40 
26,80 
30,37 
34.11 
38,02 
46.29 
55,14 
66.98 
79.61 
92,95 

107.0 
121.6 
136.7 
152.4 

202,3 
168.6 

237,6 
274,2 

(Continued on  Next  Page) 
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(Con t inua t ion   o f   Tab le  6.9) 
< 

Mev Be 

851,7 
698.8 

2 000 1007 
2 250 
2  500 

1165 

5298 9 000 
4702 8 000 
4100 7 000 
3493 6 000 
2879 5 000 
2570 4  500 
2259 4 000 
1946 3 500 
1633 3 000 
1476  2  750 
1319 

IO 000 5889 

Rar - 
C 

173.4 
21b.6 
265,9 
314,9 
365.3 
4958 
630.7 
768.2 
907.3 

1047 
1 I88 
1328 
1469 
1750 
2029 
2308 

31 33 
2584 

3675 
4212 

52 70 
4743 

2s of   Pro tons  

176,3 
222,o 
2693 
319.2 
370,O 
500.9 
635.7 
772.5 
910,3 

1 I87 
1029 

1325 
1463 
f737 
2008 
2277 
2543 
3067 
3583 
4089 
4589 
5081 

196,7 
247,6 
300.7 
355.6 
412,O 
557,7 
707,7 
860.4 

1014 
I169 
132-1 

I634 
1479 

2250 

2857 
2555 

3456 

4629 
5206 
5777 

19-13 

40.16 

cu 

23021 
289.5 
350,9 
414.4 
479.4 
646,8 
818.7 
992.9 

1 I68 

1520 
1696 
1871 
2220 
2.566 
2908 
324  8 
3919 
1580 
5232 
5876 
5512 

13.14 

Pb 

312,O 
390.5 
4722 
556.3 
642.2 
862.7 
1088 
1315 
1543 
1770 

222 I 
1996 

2445 
2888 
3326 
3758 
4185 
5024 
5847 
6655 
7450 
8234 

Range S t r a g g l i n g   o f   P r o t o n s  

P r o t o n s   h a v i n g   i d e n t i c a l   e n e r g i e s   t r a v e r s e  a somewhat d i f f e r e n t  1159 
c o u r s e   i n  matter up u n t i l   t o t a l  damping .   This   e f fec t  i s  c a l l e d  
r a n g e   s t r a g g l i n g   a n d  i s  caused by s t a t i s t i c a l   f l u c t u r t i o n s   o f  
i o n i z a t i o n   e n e r g y   l o s s e s   f o r   p r o t o n s .  The e f f e c t   o f   r a n g e   s t r a g -  
g l i n g   o f   p r o t o n s   i n   d i f f e r e n t   s u b s t a n c e s  must be   es t imated ,   f rom 
t h e   p o i n t   o f  view o f   c a l c u l a t i n g   s h i e l d i n g   f r o m   p r o t o n s .  

Range s t r a g g l i n g   o f   p r o t o n s   i n   n u c l e a r   e m u l s i o n  was . s t u d i e d  by 
Barkas  and  others   (Ref .  32) .  Resu l t s   have   a l so   been   de r ived   f rom 
c a l c u l a t i n g   t h e   r a n g e   s t r a g g l i n g   o f   p r o t o n s   w i t h   e n e r g i e s   o f  up t o  
1 Bev for   copper   (Ref .  3 3 ) ,  and up t o  10 Bev f o r   i r o n   ( R e f .  3 4 ) .  
However, t h e  most d e t a i l e d   d a t a  were obta ined   by   S te rnhe imer   (Ref .  
35),  who examined   t he   r ange   s t r agg l ing   o f   p ro tons   hav ing   ene rg ie s  
from 2 MeV up t o  100 Bev for   bery l l ium,   carbon,   a luminum,   copper ,  
l e a d ,   a n d   a i r .  The c a l c u l a t i o n s   o f   S t e r n h e i m e r  were based on a 
s l i g h t l y   m o d i f i e d   e x p r e s s i o n ,   w h i c h  was obtained  by  Lindhard  and 
Schar f f   (Ref .  36) fo r   t he   mean- squa re   r ange   s t r agg l ing  u2 i n   t h e  
r e l a t i v i s t i c   r e g i o n .   T h i s   e x p r e s s i o n   h a s   t h e   f o l l o w i n g   f o r m :  
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where n i s  the   number   o f   e l ec t rons   pe r  1 cm3 o f   s u b s t a n c e ;  
3 = -v/C, Tp - t h e   k i n e t i c   p r o t o n   e n e r g y ,   f o r   w h i c h   t h e   r a n g e  
s t r a g g l i n g  i s  determined.  The m u l t i p l i e r  K t a k e s   i n t o   a c c o u n t  
t h e   e f f e c t  of  t h e   e l e c t r o n   b o n d   i n   a n   a t o m   f o r  small p r o t o n  
e n e r g i e s .   T h i s   m u l t i p l i e r  was o b t a i n e d  by  Bethe  (Ref. 1 2 ) .  

In   con t r a s t   t o   L indha rd   and   Scha r f f   (Re f .  36 ) ,  S t e rnhe imer  
s t u d i e d   t h e  more g e n e r a l   e x p r e s s i o n   f o r   t h e  maximum energy 
t r a n s f e r  by a p r o t o n   t o  a f r e e   e l e c t r o n ,   w h i c h  i s  v a l i d  up t o  
very   n igh   energ ies   (Ref .  35).  I n   t h e   i n t e r e s t i n g   e n e r g y   r e g i o n ,  
b o t h   e x p r e s s i o n s   p r a c t i c a l l y   c o i n c i d e .  L e t  us d e t e r m i n e   t h e  
r e l a t i v e   r a n g e   s t r a g g l i n g   i n   t h e   f o l l o w i n g  way: 

E = (+) 100. 

The e x p r e s s i o n   f o r  o2 can   be   r ewr i t t en  

(6.21) 

where C = 0.153 Z / A ,  Mev/g.cm-' ( v a l u e s   o f  C f o r   s e v e r a l  1160 
s u b s t a n c e s   a r e   g i v e n   i n   T a b l e  6 .5) ;  - mass i o n i z a t i o n  

l o s s e s ,  Mev/g*cm-2  and a ,  g/cm2. T u e  v a l u e s   f o r   t h e   m u l t i p l i e r  K 
were   ca l cu la t ed   by   S t e rnhe imer   acco rd ing   t o   t he   fo rmula   g iven   by  
Bethe  (Ref. 1 2 ) .  These   va lues  are g i v e n   i n   T a b l e   6 . 1 0   f o r   b e r y l l i u m ,  
aluminum,  and  lead. 

( -  2) ion 

TABLE 6.10 

VALUE 3 F  THE MULTIPLIEX K ,  TAKING INTO ACCOUNT THE SFFECT 
OF THE ELLECTXQN BCND IX THE ATOF?. 

. . _" ~~. . ~~ 

Subs tance  . -  
Proton   Energy ,  .. MeV 

I 
I 5 1 1 0 1 5 0  ' ". 

1.12 1,07 

1,31 
I ,I9 1.27 

1,02 
1,06 

1,22 1,19 

1 8 3  



TABLE 6 .11  

RELATIVE RANGE STRAGGLING OF PROTONS E = o/R*100 
- 

T P *  

Mev 

2 
4 
6 
8 

15 
I O  

20 
25 
30 
40 

60 
50 

80 
70 

100 
120 
140. 
I60 
200 
250 
300 
350 
4 00 
500 
600 
800 

1000 
I500 
2000 

- 
Be 

1,704 
1.550 
1,469 

1,382 
1.419 

1,286 
1 ,: 22 

1,259 
1,238 
1,206 
1,183 

1,149 
1,165 

1,135 
1,112 
1,091 
1,078 
1,065 
1,041 
1,017 
0,997 
0,980 
0,966 
0.942 
0.924 
0,897 
0,879 
0,856 
0,850 

Relative S t r a g g l i n g ,  % 

C 

1,867 
1.631 
1,526 
1,166 
1,424 

1,315 
1,357 

1,285 
1,263 
1,230 
1,203 
1,183 
1,166 

1,128 
1,152 

1.109 
1,093 
1,078 
1,054 
1,029 
1.009 

0,976 
0,991 

0,952 
0,932 

0,886 
0,904 

0,862 
0,855 

A i r  

1,981 
1,6i9 
1,564 
1,498 
1,452 
I .376 
1,335 
1,304 
1,280 

1,218 
1.244 

1,197 
1,180 
1,165 
1,141 
1,121 
1,104 
1,087 
1,060 
1,036 
1,016 
0,999 
0.984 
0,959 
0,939 
0.9d9 
0,889 
0,860 
0,850 

A 1 

1,968 
1,814 
1,720 
1,649 
1.597 
1,507 
1,450 
1,408 
1,377 
1,330 
1.297 
1.271 

1,231 
1,249 

1,201 
1.178 
1,157 
1,140 
1,112 
1,084 
1,060 
1 .o 10 
1,023 
0,996 

0.9.13 
0,974 

0.921 
0,891 
0,882 

c u  

2,293 
2.030 
1,875 
1,779 

1,667 
1,749 

1,609 
1.562 

1,468 
1,526 

1,425 
1,390 
1,363 
1,339 
1,300 
1,271 
1,245 
1,225 
1.190 
1,155 
1,127 
1.104 
1,085 

1,028 
1.052 

0.991 
0,966 
0,928 
0,915 

Pb 

2,659 
2.331 
2.187 
2,079 
1,994 
1.865 
1,828 
1,783 
1,742 
1,674 
1,619 
1,574 
1,536 
1,505 
1.464 
1,431 

1,376 
1,401 

1,333 
1.289 
1,254 
1,225 
1,200 
1,160 
1.127 
1,081 
1,049 
1,002 
0,981 

T a b l e   6 . 1 1   p r e s e n t s   t h e   r e s u l t s   d e r i v e d   f r o m   c a l c u l a t i o n s   / 1 6 1  
o f   t h e  re la t ive  r a n g e   s t r a g g l i n g ,   w h i c h  were c a r r i e d   o u t  by 
S ternheimer   for   bery l l ium,   carbon,   a luminum,   copper ,   l ead ,  
and a i r  (Ref.  35). A s  c a n   b e   s e e n   f r o m   t h i s   T a b l e ,   t h e  r e l a t i v e  
r a n g e   s t r a g g l i n g   d e p e n d s   s l i g h t l y   o n   t h e   t y p e   o f   s u b s t a n c e .  I n  
a d d i t i o n ,   t h e  re la t ive  r a n g e   s t r a g g l i n g   f o r   p r o t o n   e n e r g i . e s  
which are g r e a t e r   t h a n  2 Mev i s  f a i r l y  smal l ,  n o t  more t h a n  
2 - 3%. I n   t h i s   c o n n e c t i o n ,   t h e   e f f e c t  of  t h e   r a n g e   s t r a g g l i n g  
o f   p r o t o n s   c a n   b e   p r a c t i c a l l y   d i s r e g a r d e d   i n   c a l c u l a t i o n s   f o r  
s h i e l d i n g .  The d i s t r i b u t i o n   o f   t h e   r a n g e   s t r a g g l i n g   c l o s e   t o  
t h e  mean v a l u e   o f  R ( s ee   Tab le   6 .9 )  i s  de termined   by   the  
r e l a t i o n s h i p  

where  P(R')dR' i s  t h e   p r o b a b i l i t y   t h a t   t h e   a c t u a l   ( m e a s u r e d )  
r a n g e   s t r a g g l i n g  w i l l  occur   be tween R '  and R'  + dR'.   Equation 
(6 .23)   shows  tha t   the  small d i f f e r e n c e   b e t w e e n   t h e   v a l u e s  
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f o r   t h e  mean and the   mos t   p robab le   r anges   can   be   d i s r ega rded .   Th i s  
d i f f e r e n c e   c a u s e s   t h e   v e r y   s l i g h t   d e v i a t i o n   o f   t h e   r a n g e   d i s t r i b u t i o n  
from a symmet r i ca l   Gauss   d i s t r ibu t ion   (Ref .  37 ) .  

Nethod  fgrDetermini-ng  Proton  RanEs-   in_-Substances 
~J-II- -a- g n  own I on i z aIt-ign- P o t en t i a 1 

D e t a i l e d   d a t a   a b o u t   p r o t o n   r a n g e s   i n  a wide   energy   reg ion  
e x i s t   o n l y   f o r  a l i m i t e d  number of materials. I n   a d d i t i o n ,  i t  
would b e  d e s i r a b l e   t o   h a v e   t h e   r a n g e - e n e r g y   r e l a t i o n s h i p   f o r   s u c h  
c o n s t r u c t i o n   m a t e r i a l s   a s  aluminum a l l o y s ,   s t a i n l e s s  s t e e l ,  
t i t a n i u m   a l l o y s ,   p l a s t i c s ,  e t c .  

I n   o r d e r   t o   d e t e r m i n e   t h e   i o n i z a t i o n   p r o t o n  losses i n  com- 
pound s u b s t a n c e s ,  i t  i s  p o s s i b l e   t o   u s e   t h e   s u m m a t i o n   r u l e   o f  
Bragg,  which i s  approximate.  tiowever , i n   t h e   g e n e r a l   c a s e   o n l y  
s m a l l   d e v i a t i o n s   c a n   b e   e x p e c t e d ,   w h i c h   a r e   c a u s e d   b y   t h e   e f f e c t  
of  chemical  bonds upon t h e  mean i o n i z a t i o n   p o t e n t i a l .   I n   t h e  
m a j o r i t y   o f   c a s e s ,   t h e   d e v i a t i o n s   f r o m   t h i s   r u l e  do no t   exceed  2% 
- i . e . ,  they do no t   exceed   t he   expe r imen ta l  limits o f   e r r o r  
(Ref .  5 ,  Ref. 1 4 ) .  

I n   t h i s   connec t ion ,   S t e rnhe imer ' s   me thod  i s  o f   i n t e r e s t ,  
which  determines  the  range - e n e r g y   r e l a t i o n s h i p   f o r  a l l  sub- 
s t a n c e s  w i t i l  a known mean i o n i z a t i o n   p o t e n t i a l   ( R e f .  38). The 
method is  based  upon the  dependence o f  i o n i z a t i o n   l o s s e s  on 
t h e  mean i o n i z a t i o n   p o t e n t i a l  I . However, t h e   p r e l i m i n a r y  
de t e rmina t ion  o f  i o n i z a t i o n   l o s s e s  i s  n o t   r e q u i r e d  when i t  is 
u s e d   t o   d e t e r m i n e   t h e   r a n g e   i n   a n   a r b i t r a r y   s u b s t a n c e .  

I n t e r p o l a t i n g   t h e   r a n g e  - e n e r g y   r e l a t i o n s h i p   f o r   b e r y l l i u m ,  
a luminum,   copper ,   and   lead ,   S te rnhe imer   ob ta ined  a g e n e r a l i z e d  
e x p r e s s i o n   f o r   t h e   r a n g e   a s  a func t ion   o f   ene rgy   and   t he  mean 
i o n i z a t i o n   p o t e n t i a l .  The approx ima te   accu racy   i n   de t e rmin ing  
the   r ange  by t h i s  method w a s  no  worse  than 1% f o r  mean i o n i z a t i o n  /162 
p o t e n t i a l   v a l u e s   i n   t h e   r a n g e   f r o m  6 4  ev   (Be)   to  1070 ev (Pb) .  

I n   o r d e r   t o   o b t a i n   t h e   g e n e r a l i z e d   e x p r e s s i o n   f o r   t h e   r a n g e  
R ( T p )  , formula (6.13) c a n   b e   w r i t t e n   i n   t h e   f o r m  

( 6 . 2 4 )  

where Z and A are t h e   a t o m i c  number  and  mass  number of t h e  
s u b s t a n c e ;  M(B) and N ( B )  - a r e   f u n c t i o n s   o f   o n l y   t h e   v e l o c i t y  
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v = Bc. If t h e   i o n i z a t i o n  losses are e x p r e s s e d   i n   u n i t s  of 
?lev/g-crn-2, w e  then   have  

(6 .25)  

(6 .26)  

If i t  i s  f u r t h e r   a s s u m e d   t h a t   t h e   c o n t r i b u t i o n  made b y   t h e   c o r r e c t i o n s  
5 and u depends  cnly  on  the mean i o n i z a t i o n   p o t e n t i a l  I , t h e n   t h e  
i n t e g r a l   i n   e x p r e s s i o n  (6 .19 )  f o r   t h e   p r o t o n   r a n g e   c a n   b e   w r i t t e n   i n  
the  form: 

( 6 . 2 7 )  
2 Mev 

where P i s  t h e   f u n c t i o n   o f   o n l y   t h e   p r o t o n   v e l o c i t y  a n d  t h e  mean 
i o n i z a t i o n   p o t e n t i a l .  The a s s u m p t i o n   t h a t   t h e   c o r r e c t i o n   f r . r   t h e  
d e n s i t y   e f f e c t  5 depen i s  c n l y  on t h e   i o n i z a t i o n   p o t e n t i a l  I 
c a n n o t   l e a d   t o  an;? s i g n i f i c z n t   e r r o r   f o r   t h e   f o l l o w i n g   r e a s o n s :  
In t h e   f i r s t   p l a c e ,   t h i s   c o r r e c t i o n  becomes s i g n i f i c a n t   o n l y   i n   t h e  
r eg ion  o f  very  higi l   energies   (more  than 2 Bev);  i n   t h e   s e c o n d  
p l a c e ,   t h e r e  a re  i n d i c a t i o n s  ( R e f .  18) tilat w i t h  an i n c r e a s e   i n  I - 
i . e . ,   . z i t h  an i n c r e a s e  i n  Z - t h e   c o r r e c t i o n  d d e c r e a s e s  mono- 
t o n i c a l l y .   i h e   c o r r e c t i o n  6 Jepends also on t h e   e l e c t r o n  
l e n s i t y ,   b u t   s i n c e  tile l n t t e r  clepentis onl;: on Z , i t  can b e  assumed 
t h a t   t h e   c o r r e c t i o n  i s  de t e r r r ined   a lmos t   en t i r e ly  by t h e   v a l u e  
o f  I ~ which I s  a y p r o x i m a t e l y   p r o p o r t i o n a l   t o  Z . I n   t h i s   c o n n e c -  
t i o n ,   t h e   a n t i c i p a t e d   e r r o r  w i l l  n o t   b e  more t h a n  1% (Ref.  38) .  

Tile c o r r e c t i o n   f o r   t h e   s h e l l   e f f e c t ,   w h i c h  i s  determineL by  
f o r z u l a  (6.15), becomes   s ign ; f icant   for   compara t ive ly  saa l l  p r o t o n  
e n e r g i e s .  I n  g e n e r a l ,   f o r  T p  ?: 2 )lev t h i s   c o r r e c t i o n  is no t   ve ry  
l a rge   ( abou t  I%), a n d ,   i n   a u d i t i o n ,  i t  changes  monotoniczll;: as a 
f u n c t i o n  c f  and, corresponc!ingly, o f  I . The e r r o r ,   w h i c h  is 
r e l a t e d   t o   t h e   a s s u m p t i o n   r e g a r d i n g   t h e   c . a g n i t u d e   o f   t h i s   c o r r e c t i o n ,  
will be   co r re spond ing ly   neg l ig ib l e .  

Let u s   i n t r o d u c e   t h e   f u n c t i o n  0 ( T p ) ,  de te rmining  i t  i n   t h e  
fo l lc .*- ing  .*.:ay: 

(1) (T,) -1 -;41 [ R  (T,) - R (2 M e V ) ] .  27 

(6 .28)  

I 1 6 3  

If t h e   a s s u m p t i o n   r e g a r d i n g   t h e   c o r r e c t i o n s  6 and u is t aken  
in to   r ?cc@unt ,   t h i s   func t ion   depends   on ly   on  t h e   p r o t o n   e n e r g y  TP 

186  



and I n  I . It  is  c o n v e n i e n t   t o   f u r t h e r   i n t r o d u c e   t h e   f u n c t i o n  
GOp)  : 

(6.29) 

where  Q(Tp,  I) p e r t a i n s   t o   a n   a r b i t r a r y   s u b s t a n c e   w i t h   t h e   i o n i z a -  
t i o n   p o t e n t i a l  I , and @ A ~ ( T  ) p e r t a i n s   t o  aluminum.  The  values 

o f   t h e   f u n c t i o n   @ A ~ ( T ~ ) ,   d e t e r m i n e d   w i t h   t h e   a i d   o f   T a b l e   6 . 9 ,   a r e  

shown i n   T a b l e   6 . 1 2 .  

P 

TABLE 6.12 

VALUES OF THE FUNCTION Q A ~ ( T ~ )  

-~ 

il .'I ! 0,01016 :. 
4 ' 0,02313 / /  

0,03871 I, '2 1 0,05681 , 
7 0,07733 
8 0,1002 

I O  
12 

0,1528 ,: 

I 4  
0,2142 
0,281 I 

16 
18 

0,3622 ; I  
0.4483 I 
0,5124 ,: 

22.5 0.6708 

9 1 0,1254 

j 

I I/ 
. - 

150 
160 
180 26.83 
2 00 
225  39.24 
250 
2 75 
300 
325  72.30 

i 

25 

30 
27,5 

35 
30 
15 
50 

60 
55 

65 
70 

80 
75 

90 

0,8108 
0,9625 
1,1253 
1,4839 

2,328 
1,8855 

3,333 
2,81 I 

3,893 
4,491 
5,124 
5,793 
6,396 
8,003 

350 
375 
400 
450 

550 
500 

600 
700 
800 
900 

1000 
1250 
1500 
1750 

._ 

I , 'CY 2 
*A I  * 

81,56 

101.09 
91  ,I6 

121 ,a0 
113.54 
166.19 
189,65 
238,6 
289.8 
312,8 
397,2 
537.6 
682,2 
829.4 

I f  t he   dependence   o f   t he   func t ion   Q(Tp)  on I only  i s  taken 
i n t o   a c c o u n t ,   t h e   f u n c t i o n  G(Tp)   can   be   wr i t ten   in   the   form  G(x)  , 
where 

(6 .30)  

and i t  is  t h e n   p o s s i b l e   t o   p e r f o r m  series e x p a n s i o n   i n   p o w e r s   o f  x : 

(6 .31)  

w h e r e   t h e   e x p a n s i o n   c o e f f i c i e n t s  G I ,  G 2 ,  and G3 depend  only  on  the 
pro ton   energy  Tp. For x = 0 ,  a p p a r e n t l y  G = 1 ( 1  = 1 ~ 1  = 1 6 6   e v ) .  
S t e rnhe imer   (Re f .   38 )   found   t ha t   i n   expans ion   o f   (6 .31 )  i t  is 
p o s s i b l e   t o   c o n f i n e   o n e s e l f   t o   t h e  sum of t h e   f i r s t   f o u r  terms, 

/ 1 6 4  
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w i t h  a s u f f i c i e n t   d e g r e e   o f   a c c u r a c y .   T h u s ,   t h e   a c c u r a c y  was es- 
t ima ted  by   compar ing   t he   va lues   fo r   t he   func t ion  G , i n   t h e  
form  of  the sum o f   t h e   f i r s t   f o u r  terms of equa t ion   (6 .31 )  , w i t h  
the   va lues   found  f rom  the  known range - e n e r g y   r e l a t i o n s h i p s   f o r  
s eve ra l   subs t ances .   Th i s   compar i son  was made f o r   c a r b o n  
( I  = 7 8  e v ,  x = 0.3280) ,  a i r ,  (I = 9 4  ev, x = - 0 . 2 4 7 0 ) ,  n u c l e a r  
e m u l s i o n s   ( I  = 331  ev ,  x = 0 . 2 9 9 7 ) ,  and s i l v e r  (I = 586  ev,  x = 0 . 5 4 7 8 ) .  
I n  a l l  ca ses ,   t he   d ive rgence   be tween   t hese   va lues   d id   no t   exceed  
1% i n  a wide   energy   reg ion   ( f rom 10 Mev t o  1 - 10  Bev) . 

The v a l u e s   f o r   t h e   c o e f f i c i e n t s  G1, G 2 ,  and G 3  were determined 
by c o m p a r i n g   t h e   v a l u e s   f o r   t h e   f u n c t i o n   @ ( T p )   f o r   b e r y l l i u m ,   c o p p e r ,  
and  lead - which were c a l c u l a t e d  by the   method  descr ibed  - w i t h   t h e  
r e s u l t s   d e r i v e d   f r o m   t h e   c a l c u l a t i o n  o f  @ ( T p )   f o r   t h e s e   e l e m e n t s ,  
w i t h   t h e   a i d   o f   T a b l e  6 . 9 .  The v a l u e s   f o r   t h e s e   c o e f f i c i e n t s   w h i c h  
were t h u s   o b t a i n e d  are shown i n   T a b l e   6 . 1 3 .  I t  s h o u l d   b e   n o t e d   t h a t  
tne v a l u e s   f o r   t h e   c o e f f i c i e n t s  G I ,  G 2 ,  and G j  c h a n g e   r a t h e r  mono- 
t o n i c a l l y  as a func t ion   o f   t he   p ro ton   ene rgy  T . 

P 

TABLE 6 .13  

VALUES OF THE COEFFICIENTS G 1 ,  G 2 ,  AND G 3  

3 

5 
4 

6 
7 
8 
9 

I O  
12 

16 
14 

18 
20 
22,5 

27.5 
25 

.. 

30 
35 
40 
45 
50 
55 
60 

75 
80 
90 

0,634 
0.595 
0.570 
01.55 1 
0,537 
0,525 
0.515 
0,507 
0.493 
0;481 
0,472 
0,461 
0,457 

0.436 
0,442 

0.430 

0,4,19 

0,420 
0.4 12 
0.401 
0;397 
0,391 
0,385 
0,380 
0,376 

0.368 
0,372 

0,361 

0,450 
0,379 
0,336 

0,285 
0,307 

0,269 
0,257 
0,247 
0,229 
0.218 
0.21 1 
0,201 
0,198 
0,193 
0,188 
0,183 
0,180 
0,173 
0,166 
0,161 
0.157 
0,152 
0,148 
0,141 
0,141 
0.138 
0,136 
0,131 

0.495 
0,468 
0,436 
0.401 
0,378 
0,353 
0.330 
0,309 
0.278 
0.250 
01225 
0.205 
0,189 
0,172 
0, I58 
0, I46 
0.136 
0,120 
0. IO9 
0,100 
0,093 
0,098 

0.081 
0,081 

0,078 
0.076 
0,074 
0,071 

0.356 
0,350 

120 0.3 $5 
0,311 

/I 140 0,338 

i /  160 I 0.331 

'1  150 0,334 

/ I  180 0.326 
i 206 
' 250 

0.321 ' 225 0.316 

275 
0.31 1 
0,307 j/ 300 0.303 

325 
350 

0;300 
0.297 1 0,293 
0.295 

450 0.288 
/i 500 I 0.285 

1 600 1 0.279 
0,282 s50 

I /  700 
0,273 
0.268 

1000 0.259 
0.251 
0.243 

1750 0,236 

0,127 
0,123 
0.120 
0.117 
0.114 
0.1 12 
0.1 10 
0.106 
0,102 
0,098 
0.095 
0.092 
0,093 
0.088 
0,055 
0.085 
0,083 
0,081 
0.050 

0.078 
0.079 

0.077 
0.075 
0.074 
0,073 
0.071 
0.068 
0,066 

G3 ( T P )  
. .. 

0,068 
0,066 
0,065 
0.061 
0.063 
0,061 
0,060 
0,058 
0,057 
0,057 
0.057 
0,057 
0,057 
0.056 
0,055 
0,055 
0,054 
0,053 
0,051 

0,017 
0.049 

0.015 
0,014 
0,012 
0,021 
0,010 
0,039 
0.038 
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U t i l i z i n g   e x p r e s s i o n s   ( 6 . 2 8 ) ,   ( 6 . 2 9 )   a n d  (6.31) ,  w e  o b t a i n  I 1 6 5  
t h e   f o l l o w i n g   e q u a t i o n   f o r   t h e   r a n g e  of a p r o t o n  R(Tp, I) with 
the   ene rgy  Tp i n  a s u b s t a n c e   w i t h   t h e   i o n i z a t i o n   p o t e n t i a l  I: 

(6.32) 

The q u a n t i t y  R(2 MeV) , as was ind ica t ed   above ,   mus t   be   ob ta ined  
f r o m   t h e   e x p e r i m e n t a l   d a t a .   T h i s   q u a n t i t y   c h a n g e s   f r o m   a p p r o x i m a t e l y  
0 . 0 1  g/cm2 f o r   l i g h t   e l e m e n t s   ( B e ,  C ,  A l )  up t o  0.04 g/cm2 f o r   h e a v y  
e lements   (Pb) .  The e x p e r i m e n t a l   v a l u e s   o f  R(2 MeV) c a n   b e   f o u n d   i n  
a n o t h e r  work  (Ref.  31). 

Express ion   (6 .32)  w a s  con f i rmed   by   compar ing   t he   ca l cu la t ed   va lues  
o f   R ( T p I )   w i t h   t h e   t a b u l a r   v a l u e s   f o r  a i r  (Table   6 .9)  , and   w i th   t he  
r e s u l t s   d e r i v e d  from t h e   c a l c u l a t i o n s   o f   B a r k a s   f o r   n u c l e a r   e m u l s i o n s  
(Ref .   34 ) .   Fo r   a i r ,   t he   d ive rgence   be tween   t hese   va lues   does   no t  
exceed 12 i n   t h e   p r o t o n   e n e r g y   r e g i o n   f r o m  10 Mev t o  1 Bev. For 
p r o t o n   e n e r g i e s   g r e a t e r   t h a n  1 Bev, t h e   d e n s i t y   e f f e c t   b e g i n s   t o  come 
i n t o   p l a y   f o r   s u c h  materials a s  Be, A l ,  Cu, Pb .   Therefore ,   formula  
(6.32) ,   which was d e r i v e d   f o x   t h e   d e n s i t y   o f   s u b s t a n c e s ,  i s  u n s u i t a b l e  
f o r  g a s e s   i n   t h i s   e n e r g y   r e g i o n .  For emul s ions ,   t he   p ro ton   ene rgy  
r e g i o n ,   i n   w h i c h   t h e   d i v e r g e n c e   d o e s   n o t   e x c e e d  1%, ranges  from 10 Mev 
t o  10 Bev. 

S i n c e   t a b u l a r   v a l u e s   o f   t h e   r a n g e s   ( T a b l e   6 . 9 )   f o r  B e ,  Cu and Pb 
were used i n   d e t e r m i n i n g   t h e   e x p a n s i o n   c o e f f i c i e n t s  G I ,  G 2 ,  and G 3 ,  
i t  is  o f  i n t e r e s t  t o  e s t i m a t e   t h e   d e t e r m i n a t i o n a l   a c c u r a c y  of p r o t o n  
ranges for elements   between Cu and   Pb ,   where   t he   g rea t e s t   d ive rgences  
can   be   expec ted .   Such   ca lcu la t ions  were made f o r   v a l u e s   o f   t h e  
i o n i z a t i o n   p o t e n t i a l  I = 659  ev(x   0 .5988)   (Ref .   38) .   This   va lue   o f  
I l i e s  a p p r o x i m a t e l y   i n   t h e   m i d d l e   o f   t h e   i n t e r v a l   f r o m   x c u  = 0.3493 
t o  xpb = 0.8093. I t  was  found t h a t   i n   t h i s   c a s e   t h e   d i v e r g e n c e   d o e s  
no t   exceed   0 .9Z ,   fo r  a l l  v a l u e s   o f   t h e   p r o t o n   e n e r g i e s .  

T h u s ,   u t i l i z i n g   e x p r e s s i o n   ( 6 . 3 2 )   a n d   t h e   t a b u l a r   v a l u e s   o f  

r a n g e   f o r  a p r o t o n   h a v i n g  a g iven   ene rgy  i n  any   subs t ance ,   fo r   wh ich  
t h e  mean i o n i z a t i o n   p o t e n t i a l   o f  an atom is  known. Thus ,   t he  
d e t e r m i n a t i o n a l   a c c u r a c y  of t he   r ange   depends   on ly   on   t he   accu racy  
o f   t h e   v a l u e s   o f  R(2  Mev),  and a l s o   t h e   v a l u e s   o f   t h e   i o n i z a t i o n  
p o t e n t i a l  I . 

5 . A l ,  G 1 ,  G2 and  G3(see   Table   6 .12   and   6 .13) ,  w e  can   de t e rmine   t he  

L e t  us  now p r e s e n t   a n   e x a m p l e   f o r   c a l c u l a t i n g  a r a n g e   b y   t h i s  
method. We s h a l l   d e t e r m i n e   t h e   r a n g e  of a p r o t o n   h a v i n g   t h e   e n e r g y  
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50 Mev i n  s i l ve r ,  u t i l i z i n g   t h e   v a l u e  I = 586  ev  (Ref.  38). The 
co r re spond ing   va lue  i s  X A ~  = 0 .5478 .  I n   o r d e r   t o   d e t e r m i n e  
R(2  Mev), w e  s h a l l   u t i l i z e   t h e   r e s u l t s   d e r i v e d   f r o m   m e a s u r e m e n t s  
(Ref.  31) , which  give  R(2 MeV) = 0.0263  g/cm2.  According t o  
Tab le   6 .13 ,   fo r  Tp = 50 Mev w e  f i n d  G 1  = 0.397,  G2 = 0.157,  G 3  = 0.093,  
and   acco rd ing   t o   fo rmula   (6 .31 ) ,  w e  o b t a i n  G = 1.2799.   Accord ing   to  
Table   6 .12,  w e  f i n d  Q~1(50 MeV) = 2 .811   g / cm2 .   Fo r   s i l ve r ,  2 Z / A  = 0.8713. 
Thus,   the   second term in  formula  (6 .32)   equals   4 .129  g/cm2,   and  the  /166 
f i n a l   r e s u l t  is R(50 MeV) = 0.0263 + 4.129 = 4.155 g/cm2. By a 
similar method, w e  f i n d  G = 1.2443  and R(100 MeV) = 13.79  g/cm2, 
f o r  Tp = 100 MeV. 

I o n i z a t i o n   P o t e n t i a l s   o f  At= 

The i o n i z a t i o n   p o t e n t i a l  o f  an   a tom  cannot   be   ca lcu la ted   suf -  
f i c i e n t l y   a c c u r a t e l y  on t h e   b a s i s   o f   t h e   e x i s t i n g   a t o m   t n e o r y .  In 
t h i s   connec t ion ,   expe r imen ta l   me thods   fo r   de t e rmin ing   i on iza t ion  
p o t e n t i a l s   o f   a n   a t o m   a r e   o f   g r e a t   i m p o r t a n c e .  One of  these  methods 
c o n s i s t s   o f   m e a s u r i n g   t h e   i o n i z a t i o n   l o s s e s   i n  a t h i n   l a y e r  of a 
known subs t ance .   Ano the r   poss ib l e  method c o n s i s t s   o f   t h e   s i m u l t a n e o u s  
measurement o f  t h e   r a n g e   a n d   e n e r g y   o f   p a r t i c l e s .  The f i r s t  method 
makes i t  p o s s i b l e   t o   c l a r i f y   t h e   d e p e n d e n c e  of  t h e   i o n i z a t i o n  
p o t e n t i a l  on t h e   p a r t i c l e   e n e r g y ,   w h i c h   h a s   a l r e a d y   b e e n   r e p o r t e d  
upon (Ref.  22, Ref.   39) .  A d i sadvan tage  of t he   s econd  method i s  t h e  
a v e r a g i n g   o f   t h e   i o n i z a t i o n   p o t e n t i a l  I o v e r  a w i d e   e n e r g y   i n t e r v a l .  

The expe r imen ta l   de t e rmina t ion   o f   an   accu ra t e   va lue   fo r   t he  
i o n i z a t i o n   p o t e n t i a l  i s  c o m p l i c a t e d   b y   t h e   e x p o n e n t i a l   n a t u r e  o f  t h e  
d e p e n d e n c e o f   I o n   t h e   m a g n i t u d e   o f   t h e   i o n i z a t i o n   l o s s e s   b e i n ;  
measured. Due t o   t h i s   f a c t ,   t h e   r e l a t i v e   e r r o r   i n   t h i s   d e t e r m i n a t i o n  
i s  3 - 10 times l a r g e r   t h a n   t h e   e r r o r   e n t a i l e c   i n   t h e   m e a s u r e m e n t s  - 
(dE /dx) ion   o r   t he   r ange  R . T h i s   c a n   b e   r e a d i l y  shown  by d e t e r -  
m i n i n g   t h e   d e r i v a t i v e   o f   d R / d I   a n d   u t i l i z i n g   e x p r e s s i o n   ( 6 . 3 2 ) :  

When t h i s   r e l z t i o n s l l i p  was d e r i v e d ,   t h e   f a c t  was t a k e n   i n t o   a c c o u n t  

t h a t  - dx 
d I  

i n  terms 
Tp >, 10 

1 
2.3031 

- "" - , a n d   a l s o   t h e  term d R ( 2  Me* - which i s  sna l l  d I  

of  magnitude - was d i sca rded ,   wh ich  i s  a d m i s s i b l e   f o r  
M e V .  L e t  u s   i n t r o d u c e   t h e   q u a n t i t y  
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dR 
I dR R 

q = - - , = -  R a I  ' 
- 

I 
w h i c h   c o n n e c t s   t h e   r e l a t i v e   v a l u e s   o f  dR/R a n d   d I / I .  The va lues  
of q , which were c a l c u l a t e d  by  Sternheimer  (Ref .  3 8 ) ,  are g iven  
i n   T a b l e  6 . 1 4 .  The  magnitude of q d e c r e a s e s   w i t h   a n   i n c r e a s e   i n  
e n e r g y ,   a n d   i n c r e a s e s   w i t h   a n   i n c r e a s e   i n  Z . Thus, when t h e  
range  of  a p ro ton   hav ing   an   ene rgy   o f ,   f o r   example ,   100  Mev i s  
m e a s u r e d ,   t h e   e r r o r  - which   equals  1% - l e a d s   t o   a n   e r r o r   i n   t h e  
d e t e r m i n a t i o n   o f   t h e   i o n i z a t i o n   p o t e n t i a l  of an  atom I, which 
amounts t o  1 100% = 6 . 8 %  f o r   g r a p h i t e ,   a n d  L 100% = 4 .7% f o r   l e a d .  

q 4 

TABLE 6 . 1 4  

THE VALUES OF q = - / I FOR DIFFERENT SUBSTANCES dR d I  
R 

(REF. 40 ) - ~" - - - " _  ."___ ~. ___ 

- " .. " 

I 
I U  ' 0,232 

IO0 
50 , 0,159 

0.192 20 ' 0,200 
0,214 

0.159 
0. 1.13 0,143 
0,131 0,131 
0.1  19 
0. IO6 0.106 

0,118 ::: I 
I oon 

I 

s 

" 

0,217 
0,205 
0.181 
0. I63 
0.147 

0,119 
0,131 

.. ~. . . 

CII 

~~ 

0,236 
0,258 

0.201 
0,178 
0.159 
0.140 
0.128 

-____ 

P b  

0,337 
0,300 
0,244 

0,191 
0,214 

0,155 
0,171 

On t h e   o t h e r   h a n d ,  i t  i s  a p p a r e n t   t h a t   t h e   c e r t a i n  amount o f  
i n d e t e r m i n a n c y   i n   t h e   v a l u e s   f o r   t h e   i o n i z a t i o n   p o t e n t i a l  I i s  n o t  

s i g n i f i c a n t   i n   d e t e r m i n i n g  a p r o t o n   r a n g e ,   s i n c e  - = q - d1 , and q 

is always less t h a n   u n i t y .   T h i s   f a c t  i s  o f   g r e a t   i m p o r t a n c e   i n  
u t i l i z i n g   t h e  method of  S t e r n h e i m e r ,   s i n c e   t h e   i o n i z a t i o n   p o t e n t i a l s  
are o n l y   s l i g h t l y   r e l i a b l e   f o r  many s u b s t a n c e s   f o r   w h i c h   t h e   r a n g e  - 
e n e r g y   r e l a t i o n s h i p  is d e s i r e d .  

dR 
R I 

I167 

The d e p e n d e n c e   o f   t h e   i o n i z a t i o n   p o t e n t i a l  on t h e   e n e r g y   o f  
a n   i n c i d e n t   p r o t o n  i s  o f   g r e a t   i m p o r t a n c e .  The e x i s t i n g   t h e o r y  
f o r   i o n i z a t i o n   l o s s e s   p r o v i d e s  a n e g a t i v e   a n s w e r   t o   t h i s   p r o b l e m .  
However, e x p e r i m e n t a l   d a t a ,   e s p e c i a l l y   t h e   r e s u l t s   d e r i v e d   f r o m   t h e  
s y s t e m a t i c   s t u d i e s   o f   V a s i l e v s k i y   a n d   P r o k o s h k i n  ( R e f .  22)  i n  a 
w i d e   e n e r g y   r e g i o n   o f   i n c i d e n t   p a r t i c l e s ,   c l e a r l y   p o i n t   t o   t h e  
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TABLE 6 .15  

IONIZATION ATOM POTENTIALS (ev) FOR DIFFERENT CHARGED PARTICLE FNERGIES (REF. 22 )  

P a r t i c l e  

d 

w P 
W 
rv P 

P 

P 

P 

Me v 

6-18 

18 

19,8 

69 1 
(173S') 

376,8 
(188S) 

267 

300 

6 15 

635 
I 

A 1 

1662 1 

163% 3 

1664 1 

157% 13 

1582 5 

- 

1702 13 

145c7 

" 

136k 8 

CU 

376%  20 

377k 8 

366+ 5 

3252 8 

3232 8 

. 
316-C 8 

3142 8 

302" 1 1  

3012 12 

I I 
; S""' ' Pb"* 

622rt-  43 

708-C 59 

62127 

4732  20 

- 
514238 

1076-C 104 

I179+ 104 

10702  24 

778+  43 

795223 

918&  131 

7892 49 

7862 30' 

3002 12 ' 463k '23 753237 

* The equiva len t   p ro ton   energy  i s  shown i n   p a r e n t h e s e s .  
** D e t e r m i n e d   a c c o r d i n g   t o   t h e   d i f f e r e n c e  "CH2 - C". 

*** The f i r s t   t h r e e   v a l u e s  were obta ined  from d a t a   f o r   a d j a c e n t   e l e m e n t s  ( f o r  Sn 
w i t h   r e s p e c t   t o  Cd, f o r  Pb wi th   r e spec t   t o   Au) ,   unde r   t he   a s sumpt ion   t ha t  
I = KZ a n d   t h a t   t h e   c o e f f i c i e n t  K i s  t h e  same f o r  ad jacent   e lements .  



TABLE 6 . 1 6  

VALUES OF I O N I Z A T I O N  POTENTIALS FOR DETERMINING RANGES ACCORDING TO STERNHEIMER'S 
METHOD I N  SIMPLE SUBSTANCES. 

I I 
Substance 

I 
z j I ,  ev  References ' 1 Substance Z I ,  ev  . References 

I 
I I L"" 4 

I 

Hydrogen 1 1 5 . 6   ( 4 0 )  Potassium 1 19 228 ' ( 4 4 )  



e x i s t e n c e   o f   s u c h  a dependence.   Table  6 . 1 5  p r e s e n t s   t h e   i o n i z a t i o n  
p o t e n t i a l s   o f   c e r t a i n   s u b s t a n c e s   f o r   d i f f e r e n t   e n e r g i e s   o f   t h e   c h a r g e d  
p a r t i c l e s .  

The r e s u l t s   w h i c h  are g i v e n   i n   t h i s   T a b l e  show t h e   n a t u r e   o f  
t h e   d e p e n d e n c e   o f   t h e   i o n i z a t i o n   p o t e n t i a l   o n   t h e   p a r t i c l e   e n e r g y ,  
and fo r   heavy   subs t ances   t h i s   dependence  i s  q u i t e   s i g n i f i c a n t .   F o r  
l i g h t   s u b s t a n c e s ,   t h e   d e p e n d e n c e ' o f  I on  energy is  n o t   t o o   g r e a t ,  
i n   g e n e r a l ,   w h i c h  makes i t  p o s s i b l e   t o   c a l c u l a t e  i t  w i t h  a c e r t a i n  
degree o f  accu racy .   Thus ,   t h roughou t   t he   en t i r e   ene rgy   r eg ion  i t  
i s  p o s s i b l e   t o   u t i l i z e   t h e   v a l u e  I = 166 e v   f o r  aluminum.  Thus, 
t h e   e r r o r   e n t a i l e d   i n   d e t e r m i n i n g   t h e   r a n g e   o f  a pro ton   having  an 
ene rgy   o f ,   f o r   example ,  6 5 1  Mev does   no t   exceed  2 .5%.  For  heavy 
subs t ances  , t h i s   e r r o r   c a n  amount t o  5 % .  

The c o n s i d e r a t i o n s   p r e s e n t e d   a b o v e ,   w i t h  respect t o   t h e   r e q u i r e -  
ments f o r   a c c u r a c y   i n   t h e   v a l u e s   o f   t h e   i o n i z a t i o n   p o t e n t i a l  of an 
atom  and i t s  dependence  on  proton  energy,  were u t i l i z e d   i n   c o m p i l i n g   I 1 6 9  
Table  6 . 1 6 .  The va lues   o f  I which are g i v e n   i n   t h i s   T a b l e  make 
i t  p o s s i b l e   t o   d e t e r m i n e   t h e   p r o t o n   r a n g e s ,   u t i l i z i n z   S t e r n h e l n e r ' s  
m e t h o d ,   w i t h   a n   a c c u r a c y   w h i c h   f u l l y   s a t i s f i e s   t h e   e f f e c t i v e  
c a l c u l a t i o n s   f o r   s h i e l d i n g   f r o m   p r o t o n s .  

I n  many cases, i t  may b e   n e c e s s a r y   t o   d e t e r m i n e   t h e   p r o t o n  
r a n g e s   a c c o r d i n g   t o   S t e r n h e i m e r ' s   m e t h o d   f o r   c h e m i c a l  compounds, 
m i x t u r e s ,   a l l o y s ,  e tc .  F o r   c e r t a i n   s u b s t a n c e s  of  t h i s   t y p e ,   t h e r e  
a r e   c a l c u l a t e d   o r   m e a s u r e d   e f f e c t i v e   v a l u e s   o f   t h e   i o n i z a t i o n  
p o t e n t i a l s   ( T a b l e   6 . 1 7 )  . 

TABLE 6.17 

VALUES OF I O N I Z A T I O N  POTENTIALS FOR DETERMINING RANGES 
A C C O W I N G  TO STEEW'IEIMER'S METHOD I N  COMPOUND SUBSTANCES 

(REF. 4 4 )  

:- - -. - - - - 

Subs tance  I ,  ev   Subs tance  I ,  e v  
- 

L i H  

86.2 C g H g C 1  52 C7H1 6 

6 4 . 8  CH 30H 6 2 . 3  C6H5CH3 
6 3 . 8  C6H6 39 

H20 94 A i r  (Ref .26)  7 4  
- 

The following  method may b e   u s e d   t o   d e t e r m i n e   t h e   e f f e c t i v e  
v a l u e s   o f   i o n i z a t i o n   p o t e n t i a l s   i n  compound s u b s t a n c e s .  L e t  us 
p o s i t  a compound subs t ance   ( chemica l  compound, a l l o y ,   m i x t u r e ,   e t c . ) ,  
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c 

w h i c h   c o n s i s t s   o f   t h e   e l e m e n t s  Z 1 ,  Z2,  23 ... w i t h   t h e   r e l a t i v e  / I 7 0  
c o n t e n t   n l ,   n 2 ,  n 3  . . . ( a c c o r d i n g   t o   w e i g h t )  ; i n   a c c o r d a n c e   w i t h  
formula ( 6 . 1 7 1 ,  w e  then  have 

where 

and 

( 6 . 3 4 )  

The pro ton   energy  was c h o s e n   s o   t h a t  U = 6 = 0 ;   t h i s   c a n   b e   s a t i s -  
f i e d   w i t h   s u f f i c i e n t   a c c u r a c y   i n   t h e   r e g i o n  100 - 500  MeV. The 
e f f e c t i v e   v a l u e  o f  i o n i z a t i o n  losses f o r  a compound s u b s t a n c e  
(Mev/g*cm-') i s  

On t h e   o t h e r   h a n d ,  w e  have 

( 6 . 3 5 )  

( 6 . 3 6 )  

and f o r   d e t e r m i n i n g  C,ff  i t  i s  p o s s i b l e   t o   u s e   t h e   r e l a t i o n s h i p  

( 6 . 3 7 )  

I n   a d d i t i o n ,  on t h e   b a s i s   o f   e x p r e s s i o n s  ( 6 . 3 5 ) ,   ( 6 . 3 6 )  and ( 6 . 3 7 )  

l e t  us   de t e rmine   t he   va lue   o f  B e f f  = I n  ($) , and  correspon-  

d i n g l y   t h e   v a l u e  of Ieff  f o r   w h i c h  w e  are s e e k i n g ,  f o r  a compound 
subs t ance .  

I e f f  

Co~@ornb. S c a t t e r i n g   o f   P r o t o n s  

When a p r o t o n   p e n e t r a t e s  matter, i t  undergoes Coulomb s c a t t e r i n g ,  

195 
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which can be   r ega rded  as e l a s t i c  e l e c t r o m a g n e t i c   i n t e r a c t i o n ,   s i n c e  
t h e   p a r t i c l e   e n e r g y   d o e s   n o t   c h a n g e   t o  a s i g n i f i c a n t   e x t e n t .   I n  
g e n e r a l ,  a p r o t o n   a l s o   u n d e r g o e s   s c a t t e r i n g   b o t h   i n   t h e   f i e l d   o f  
t h e   n u c l e u s  , and i n   t h e   f i e l d  of t h e   a t o m   e l e c t r o n s .   I i o w e v e r ,   t h e  
p r o b a b i l i t i e s   f o r   t h e s e  two p r o c e s s e s  are s i g n i f i c a n t l y   d i f f e r e n t .  

L e t  u s   d e t e r m i n e   t h e   d i f f e r e n t i a l   p r o b a b i l i t y   f o r  Coulomb /170 
p r o t o n   s c a t t e r i n g  @ ( e )  i n   t h e   f i e l d   o f   t h e   n u c l e u s .  The q u a n t i t y  
@ ( e )  dwdx r e p r e s e n t s   t h e   p r o b a b i l i t y   t h a t  a p r o t o n ,   p e n e t r a t i n g  
a l a y e r   o f  matter dx  g/cm2,  undergoes Coulomb s c a t t e r i n g   a t   a n  
a n g l e  8 w i t h i n  a s o l i d   a n g l e  dw (Ref .  7 ) .  I f   t h e   f i n i t e  dimen- 
s i o n s   o f   t h e   n u c l e u s   a n d   t h e   s c r e e n i n g   o f  i t s  f i e l d  by e l e c t r o n s  
are d i s r e g a r d e d ,   a n d   a l s o   i f   t h e  Born  approximation i s  used ,   then  
t h e   f o l l o w i n g   e x p r e s s i o n   c o u l d   b e   o b t a i n e d   f o r   t h e   p r o b a b i l i t y   o f  
s c a t t e r i n g   i n   t h e   n u c l e u s   f i e l d :  

(6.38) 

e L  
where re = 2 i s  t h e  c l a s s i c a l  e l e c t r o n   r a d i u s ,   a n d  ?Io i s  

me 
the  Avogadro  number. I f   t h e   e x a m i n a t i o n  i s  r e s t r i c t e d   t o   s c a t t e r i n g  
only  a t  small a n g l e s ,   f o r   w h i c h   t h e  term B2sin2 s can   be   d i s -  

regarded  as compared   w i th   un i ty ,   and   s in  - can ge rep laced   by  2 , 

t hen   expres s ion   (6 .38 )   a s sumes   t he   fo rm 

e 0 
2 

(6 .39)  

Express ion   (6 .39)  i s  known u n d e r   t h e  name o f   t h e   R u t h e r f o r d   s c a t t e r i n g  
law. 

The p r o b a b i l i t y   f o r  Coulomb s c a t t e r i n g   o f  a p r o t o n  @'8dw i n   t h e  
f i e l d   o f   e l e c t r o n s   h a s   t h e   f o l l o w i n g  form: 

(I)' (0) dw =- 4 N  - Z re 2 (e)'-$, m c  
O A  

(6.40) 

i . e . ,  i t  i s  Z times smaller t h a n   t h e   p r o b a b i l i t y   f o r   s c a t t e r i n g   i n  
t h e   n u c l e u s   f i e l d .   F o r   t h i s   r e a s o n ,   t h e   c o n t r i b u t i o n   w h i c h  is made  by 
c o l l i s i o n s   w i t h   e l e c t r o n s  is compara t ive ly  small. The i n v e s t i g a t i o n  
f r o m   t h i s   p o i n t   o n  w i l l  b e   r e s t r i c t e d   t o   o n l y   s c a t t e r i n g   i n   t h e  
nuc leus   f i e ld .   Expres s ions   (6 .38 )   and   (6 .39 )  were ob ta ined   unde r   t he  
a s s u m p t i o n   t h a t   t h e   f i n i t e   d i m e n s i o n s  of t h e   n u c l e u s   a n d   t h e   s c r e e n i n g  
of  i t s  f i e l d  by e l ec t rons   can   be   d i s r ega rded .   These   a s sumpt ions  
i m p o s e   d e f i n i t e   r e s t r i c t i o n s  i n  t h e   a n g l e   i n t e r v a l  8 , i n  which  they 
are v a l i d .   F o r  small a n g l e s ,   t h e r e  is  s i g n i f i c a n t   s c r e e n i n g   o f   t h e  
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n u c l e u s   f i e l d  by e l e c t r o n s ,   w h i c h  leads t o  a r e d u c t i o n   i n   t h e  
q u a n t i t y  Q ( e )  dw . W i t h   a n   i n c r e a s e   i n   t h e   a n g l e  0 , t h e   r o l e  
o f   t h e   s c r e e n i n g   e f f e c t   g r a d u a l l y   d e c r e a s e s .  It  is p o s s i b l e   t o  
de te rmine  a v a l u e   f o r   t h e   a n g l e  01 , so t h a t  - when t h e  
c o n d i t i o n  8 >> 81 is f u l f i l l e d  - t h e   s c r e e n i n g   e f f e c t  i s  i n s i g -  
n i f i c a n t ,  a n d   t h e   p r o b a b i l i t y   f o r   s c a t t e r r n g   c o r r e s p o n d s   t o   t h e  
e x p r e s s i o n  ( 6 . 3 8 )  o r  ( 6 . 3 9 ) .  The v a l u e   f o r   t h e   a n g l e  0 1  can   be  
d e t e r m i n e d   f r o m   t h e   r e l a t i o n s h i p  

( 6 . 4 1 )  

I n   t h e   s m a l l   a n g l e   i n t e r v a l ,   e x p r e s s i o n  ( 6 . 3 9 )  must   be  replaced  1172 
by  t h e   e x p r e s s i o n   w h i c h   t a k e s   i n t o   a c c o u n t   t h e   e f f e c t   o f   s c r e e n i n g  
on t h e   s c a t t e r i n g   p r o b a b i l i t y .  Such   an   express ion ,   which  i s  v a l i d  
f o r   s m a l l   s c a t t e r i n g   a n g l e s  8 , has   been   ob ta ined   (Ref .  4 7 ) :  

( 6 . 4 2 )  

For e > >  8 1 ,  e x p r e s s i o n s  ( 6 . 3 9 )  and ( 6 . 4 2 )  a lmos t   co inc ide .  
However, f o r  8 z 01 , t h e r e  is a s i g n i f i c a n t   d i v e r g e n c e ,   a n d   f o r  
0 z 0 e x p r e s s i o n  ( 6 . 3 9 )  loses  any  meaning. 

F o r   r e l a t i v e l y   l a r g e   s c a t t e r i n g   a n g l e s ,   t h e   f i n i t e n e s s   o f   t h e  
nucleus  dimensions i s  s i g n i f i c a n t .   W i l l i a m s   ( R e f .  4 8 )  made  a t heo re -  
t i c a l   e s t i m a t e   o f   t h e   e f f e c t   o f   f i n i t e   n u c l e u s   d i m e n s i o n s ,   u n d e r  
t h e   a s s u m p t i o n   t h a t   t h e   e l e c t r i c   c h a r g e  of t h e   n u c l e u s  i s  d i s t r i b u t e d  
a long  a sphere   having  a d e f i n i t e   r a d i u s .  The i n t e r v a l   o f   s c a t t e r i n g  
a n g l e s  0 ,  i n  which   express ion  ( 6 . 3 9 )  is  v a l i d ,  i s  r e s t r i c t e d   i n   t h e  
r eg ion   o f   l a rge   ang le s   w i th   t he   va lue  82  , and w e  have 

( 6 . 4 3 )  

With  an i n c r e a s e   i n   t h e   p r o t o n   i m p u l s e  p and   w i th   an   i nc rease  
i n   t h e  mass  number A , a n g l e  8 2  decreases ,   and   cor respondingly  
the   r eg ion ,   where   expres s ion  ( 6 . 3 9 )  is  v a l i d ,  i s  r e d u c e d .   F o r   l i g h t  
e l emen t s   and   compara t ive ly   l ow  p ro ton   ene rg ie s ,   such   t ha t  
p < 2 8 0 A - 1 / ,  met, t h e   f i n i t e   n u c l e u s   d i m e n s i o n s  do n o t   h a v e  a 
s i g n i f i c a n t   i n f l u e n c e  on t h e   p r o b a b i l i t y   f o r   p r o t o n  Coulomb s c a t t e r i n g  
i n   t h e   f i e l d   o f   t h e   n u c l e u s ,   a n d   f o r m u l a  ( 6 . 3 9 )  r e m a i n s   v a l i d  up t o  
v e r y   l a r g e   a n g l e s  ( e  !z IT). 

I t  is  o f  i n t e r e s t   t o   d e t e r m i n e   t h e  mean s q u a r e   o f   t h e   p r o t o n  
s c a t t e r i n g   a n g l e   a f t e r   p e n e t r a t i n g  a c e r t a i n   t h i c k n e s s   o f   t h e  
s h i e l d i n g  x . For a t h i n   s h i e l d i n g   ( R e f .  7) i n  wh ich   t he   p ro ton  
e n e r g y   l o s s e s   c a n   b e   d i s r e g a r d e d ,   t h e  mean s q u a r e   o f   t h e   d e f l e c t i o n  
a n g l e  < e 2 >  i s  de termined  by t h e   r e l a t i o n s h i p  

<e2> = esx, 2 ( 6 . 4 4 )  
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where 

( f o r  small a n g l e s   o f   d e v i a t i o n ,  i t  can  be  assumed  that   do = 2~8df3 ) .  
I f  w e  u t i l i z e   t h e   e x p r e s s i o n   f o r  @ ( e )  i n   t h e   f o r m   o f   ( 6 . 3 9 )   f o r  
81  < 8 < O 2  , and i f  w e  assume  tha t  @ ( 0  < 0 , )  = @(e > 02) = 0 - 
and a l s o   i f  w e  u s e   r e l a t i o n s h i p s   ( 6 . 4 1 )   a n d   ( 6 . 4 3 )   f o r   t h e   a n g l e s  
81  and 82 - t hen  w e  ob ta in   (Ref .   7 )  : 

(6.46) 

where x0 i s  t h e   r a d i a t i o n   u n i t  o f  l e n g t h ,  E, = 2 1  MeV. The values   1173 
o f  x0 f o r   s e v e r a l   s u b s t a n c e s   ( R e f .   4 9 )   a r e   g i v e n   i n   T a b l e   6 . 1 8 .  
Thus ,   t he  mean s q u a r e   o f   t h e   a n g l e   o f   d e v i a t i o n   f o r  a t h i n   s h i e l d i n g  
i s  

(6.47) 

It s h o u l d   b e   n o t e d   t h a t   t h i s   r e l a t i o n s h i p  i s  s u f f i c i e n t l y   a c c u r a t e ,  
s i n c e  i t  i s  based   on   an   approx ima te   cons ide ra t ion   o f   t he   f i n i t e  
nuc leus   d imens ions   and   the   sc reening   of  i t s  f i e l d  by e l e c t r o n s .  

TABLE 6.18 

RADIATION UNIT OF LENGTH xo FOR DIFFEPXNT SUBSTANCES 

Subs tance  X 0  A Z 
g/cm2 

- 

C 

33.90 14.30  7 .23 Water 11.5 63.57 29 c u  
12 .5  55.84 26 Fe 

Air 22.7  27.00 1 3  A 1  
2b  40.0 12.00 6 

I n   a d d i t i o n ,  l e t  us examine   the   manner   in   which   mul t ip le  Coulomb 
s c a t t e r i n g   i n f l u e n c e s   t h e   d i s t r i b u t i o n   o f  a pro ton   bundle   beyond  the  
s h i e l d i n g .   I n   o r d e r   t o  do t h i s ,  i’r is  p o s s i b l e   t o   u t i l i z e   t h e  
r e s u l t s   d e r i v e d   i n  work  (Ref. 50) .  L e t  a uni form  bundle   o f   p ro tons ,  
h a v i n g   t h e   c r o s s - s e c t i o n   r a d i u s  p o  , f a l l   i n  a n o r m a l   d i r e c t i o n   o n  
a p l a n a r   s h i e l d i n g   u n i t   h a v i n g   t h e   t h i c k n e s s  x . It i s  n e c e s s a r y   t o  
d e t e r m i n e   t h e   d i s t r i b u t i o n  of t h e   b u n d l e   i n   t h e   p l a n e   w h i c h  i s  p a r a l l e l  
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t o   t h e   s h i e l d i n g   a n d   w h i c h  i s  l o c a t e d  a t  a d i s t a n c e   f r o m  i t  
( F i g u r e   6 . 2 ,   a ) .  A s  a r e s u l t   o f   m u l t i p l e   s c a t t e r i n g ,  a p ro ton  
- w h i c h   p e n e t r a t e s   t h e   s h i e l d i n g   a t   t h e   d i s t a n c e  F f rom  the 
a x i s   o f   t h e   b u n d l e  A - c a n   b e   d e f l e c t e d   f r o m   t h e   i n i t i a l  
d i r e c t i o n  B a n d   c a n   i n t e r s e c t   t h i s   p l a n e  a t  t h e   p o i n t  C (F igu re  
6 . 2 ,   b ) .  

"- 

"" 

a b 

F igure   6 .2  

C a l c u l a t i o n   o f   M u l t i p l e   P r o t o n   S c a t t e r i n g   i n  a S h i e l d i n g :  

a - fo-rm a l o n g   t h e   b u n d l e ;  b form of  t h e   b u n d l e   c r o s s -  
s e c t i o n .  

The p r o b a b i l i t y   f o r   t h i s ,   a s   p e r t a i n s   t o  a u n i t   o f   s u r f a c e ,  i s  1174 
determined by t h e   r e l a t i o n s h i p   ( R e f .   5 0 ) :  

where 
(6.48)  

(6 .49)  

For a t h i n   s h i e l d i n g   ( x  < <  Z ) ,  t h e   e x p r e s s i o n   f o r  ro can  be 
r educed   t o   t he   fo rm 

ro = Qsxl  . 2 2 2  

U t i l i z i n g   t h e   p o l a r   c o o r d i n a t e s  ( r ,  e ) ,  w i t h   t h e   b e g i n n i n g  
a t  t h e   c e n t e r   o f   t h e   b u n d l e  A and  assuming  tha t  8 = 0 f o r   t h e  
p o i n t  B , w e  can write:  

(6 .50)  

The p r o b a b i l i t y   t h a t  a p a r t i c l e ,   a f t e r   t h e   s h i e l d i n g ,   e n t e r s  
a c i r c l e   h a v i n g   t h e  radius  R w i t h  trhe c e n t e r  a t  the p o i n t  A , 
which i s  l o c a t e d   i n   t h e   p l a n e  u n d e r   c o n s i d e r a t i o n ,  w i l l  b e  

";r R 
- . . . . - . r'+p"2rq cos B 

f - 7  1 ]'PrdBdF - -  4 (6.51) 
0 ' 0  0 0  
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L e t  us now t u r n   t o   t h e   r e l a t i v e   q u a n t i t i e s  

Thus ,   t he   func t ion  f depends  only  on two v a r i a b l e s  r i  and p '  . 
C a r r y i n g   o u t   i n t e g r a t i o n   w i t h   r e s p e c t   t o  8 , 

where JO i s  t h e  Bessel funct ion  with  an  imaginary  argument ,  we 
o b t a i n  

( 6 . 5 3 )  

Equat ion ( 6 . 5 3 )  h a s   b e e n   i n t e g r a t e d   n u m e r i c a l l y  (Ref.  5 0 )  
f o r   v a l u e s  0 < r; < 0 .75  and 0 ,< p '  ,< 1 , and t h e   r e s u l t s   d e r i v e d  
from t h e   c a l c u l a t i o n s  are shown i n   F i g u r e  6 . 3 ,  a .   I n   o r d e r   t o  
d e t e r m i n e   t h e   p o r t i o n  F of  a stream o f  p r o t o n s ,   w h i c h   i n t e r s e c t  
a c i r c l e   h a v i n g   t h e   r a d i u s  P O  i n   t h e   p l a n e   u n d e r   c o n s i d e r a t i o n ,  1176 
i t  i s  n e c e s s a r y   t o   i n t e g r a t e  f w i t h   r e s p e c t   t o   t h e   b u n d l e   c r o s s -  
s e c t i o n .   I f   t h e   b u n d l e   h a s  a u n i f o r m   d i s t r i b u t i o n   w i t h   r ' e s p e c t  
t o  a c i r c l e  h a v i n g   t h e   r a d i u s  P O  ( F i g u r e  6 . 2 ,  b )  , w e  then   have  

( 6 . 5 4 )  

The va lues   o f  F have   been   ob ta ined   by   numer i ca l   i n t eg ra t ion  
(Ref.  50) u t i l i z i n g   t h e   d i a g r a m s   o f  f (F igu re  6 . 3 ,  a ) .  The 
r e s u l t s   d e r i v e d   f r o m   c a l c u l a t i n g  F are shown i n  F igu re  6 .3,  b .  

I f   t h e   p a r t i c l e   d i s t r i b u t i o n   i n   t h e   b u n d l e   c r o s s - s e c t i o n  i s  
not   un i form,  w e  then   have  , 

Qn 

w h e r e   t h e   f u n c t i o n   n ( p ' )   d e t e r m i n e s   t h e   n a t u r e   o f   t h e   p a r t i c l e  
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1175 

b 

F i g u r e  6 . 3  

P r o b a b i l i t y   f o r   M u l t i p l e   S c a t t e r i n g   o f  "Narrow'' 
( a )  and "Wide" ( b )   P r o t o n   B u n d l e s   i n  a S h i e l d i n g  

If t h e   p a r t i c l e   d i s t r i b u t i o n  i n  t h e   b u n d l e   c r o s s - s e c t i o n  is /176 
s u c h   t h a t  a s i g n i f i c a n t   p o r t i o n  of i t  is  c o n c e n t r a t e d   c l o s e   t o   t h e  
a x i s ,   t h e n   t h e   d i s t r i b u t i o n   c a n   b e   r e p l a c e d   b y  several uni form 
d i s t r i b u t i o n s   w i t h   d i f f e r e n t   v a l u e s   o f  p 6  , i . e .  , 
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where pGl 1, pgC 2 . . . and “1, a2 . . . c h a r a c t e r i z e   d i f f e r e n t  
u n i f o r m   d l s t r i 6 u t i o n s  (Cai = 1 ) .  The v a l u e s  of F ( r 6 ,  p;, i )  

can b e   d e t e r m i n e d   w i t h   t h e   a i d   o f   F i g u r e   6 . 3 ,   b .  

The r e s u l t s   p r e s e n t e d   a b o v e   c a n   b e   u t i l i z e d   n o t   o n l y   f o r  
t h e  case when t h e   r a d i u s   o f   t h e   b u n d l e   c r o s s - s e c t i o n  i s  p o  < R , 
b u t   a l s o  when the   bund le   c ros s - sec t ion   exceeds   t he   d imens ions   o f  
t he   r eg ion  R unde r   cons ide ra t ion .  On t h e   b a s i s  of   express ions  
(6 .51)   and   (6 .54) ,  w e  can   ob ta in  

(6.55)  

S i n c e   t h e   f i n a l   r e s u l t   d o e s   n o t   d e p e n d  on t h e   o r d e r  of i n t e g r a t i o n ,  
express ion   (6 .55)   can  b e  a p p l i e d   t o   b o t h   c a s e s  ( P O  R and p u  > R ) ,  
i f   t h e   s m a l l e s t   o f   t h e   v a l u e s   f o r  p o  and R i s  chosen   a s   t he  
c o e f f i c i e n t   o f  c( . F i g u r e   6 . 3 , b ,   c a n   b e   u t i l i z e d   i n  a s i m i l a r  
way, i f   t h e   s m a l l e s t   o f   t h e   r a t i o s  r o / p o  and r O / R  i s  chosen as 
r; , a n d   t h e   s m a l l e s t   o f   t h e   r a t i o s  p g / R  and R / p g  i s  chosen  as  p;. 

T h u s ,   u t i l i z i n g   t h e   g i v e n   i n f o r m a t i o n   w i t h   r e s p e c t   t o   t h e  1177 
f u n c t i o n   F ( r 0 ,  P O ,  R ) ,  w e  can   ob ta in  a p i c t u r e   f o r   t h e   p r o t o n  
b u n d l e   d i s t r i b u t i o n   b e y o n d   t h e   s h i e l d i n g ,   w h i c h  i s  determined by 
m u l t i p l e  Coulomb s c a t t e r i n g   o f   p r o t o n s   i n   t h e   s h i e l d i n g ,   f o r  
a r b i t r a r y   v a l u e s   o f   t h e   b u n d l e   r a d i u s ,   s h i e l d i n g   t h i c k n e s s ,  
p r o t o n   e n e r g y ,   e t c .  

6 . 4   X u c l e a r   I n t e r a c t i o n   o f   P r o t o n s   w i t h   M a t t e r  

C l a s s i f i c a t i o n  of  N u c l e a r   I n t e r a c t i o n  

C o l l i s i o n s   b e t w e e n   i n c i d e n t   p r o t o n s   a n d   t h e   n u c l e i  of  a 
s u b s t a n c e   c a n   l e a d   t o   e n t i r e l y   d i f f e r e n t   r e s u l t s .  The relative 
magnitude  of   the  energy  which is t r a n s m i t t e d   b y   t h e   i n c i d e n t  
p a r t i c l e   t o   t h e   t a r g e t   n u c l e i   c a n   s e r v e  as t h e   b a s i s   o f   c l a s s i f y i n g  
n u c l e a r   i n t e r a c t i o n s .  A d i s t i n c t i o n   c a n   b e  assumed  between e l a s t i c  
p r o c e s s e s ,   d u r i n g   w h i c h   t h e   i n c i d e n t   p a r t i c l e   l o s e s  a s m a l l   p o r t i o n  
o f  i t s  e n e r g y   ( e l a s t i c   s c a t t e r i n g ) ,   a n d   i n e l a s t i c   p r o c e s s e s   d u r i n g  
w h i c h   t h e   p a r t i c l e   l o s e s  a s i g n i f i c a n t  amoun t   o f   ene rgy   ( i ne l a s t i c  
i n t e r a c t i o n ) .  

E las t ic  s c a t t e r i n g   c a n   b e   c a u s e d   b y  Coulomb f o r c e s   w h i c h   a c t  
b e t w e e n   t h e   n u c l e u s   a n d   t h e   i n c i d e n t   p r o t o n ,   b y   s p e c i f i c   n u c l e a r  
f o r c e s ,   o r  by o p t i c a l   p r o p e r t i e s  of t h e   n u c l e i .  Coulomb p ro ton  
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i n t e r a c t i o n  was d i s c u s s e d   i n   t h e   p r e c e d i n g   S e c t i o n .  Elast ic  
n u c l e a r   s c a t t e r i n g   c a n   b e   r e s o n a n c e ,   p o t e n t i a l ,   a n d   d i f f r a c t i o n  
s c a t t e r i n g .   R e s o n a n c e   s c a t t e r i n g   o f  a p r o t o n   t a k e s   p l a c e   w i t h  

, t h e   p a r t i c i p a t i o n  o f  n u c l e a r   f o r c e s ,   a n d  i s  c o n n e c t e d   w i t h   t h e  
fof-mation of a  compound n u c l e u s .   W i t h   a n   i n c r e a s e   i n   t h e   p r o t o n  
ene rgy ,   t he   ro l e   p l ayed  by t h i s   p r o c e s s  decreases, and f o r  
s u f f i c i e n t l y   l a r g e   e n e r g i e s  i t s  c o n t r i b u t i o n   c a n   b e   d i s r e g a r d e d .  
P o t e n t i a l   a n d   d i f f r a c t i o n   s c a t t e r i n g  are c a u s e d   b y   t h e   o p t i c a l  
p r o p e r t i e s   o f   t h e   n u c l e i ;   t h e   r e l a t i o n s h i p   o f   t h e s e   p r o c e s s e s  
depends on t h e   d e g r e e   o f   " t r a n s p a r e n c y "   o f   t h e   n u c l e u s   w i t h  
r e s p e c t   t o   t h e   i n c i d e n t   p a r t i c l e .   T h e s e  two t y p e s   o f   i n t e r a c t i o n  
do n o t   d i f f e r   e x p e r i m e n t a l l y   ( R e f .  51) .  

I n e l a s t i c   p r o t o n   c o l l i s i o n s   a r e   r e l a t e d   t o   i n t r a - n u c l e a r  
i n t e r a c t i o n s   o f   p r o t o n s   w i t h   t h e   n u c l e u s   n u c l e o n s .   I n   t h e i r   t u r n ,  
t h e s e   i n t e r a c t i o n s   c a n  b e  b o t h   e l a s t i c ,   a n d   i n e l a s t i c .   I n   t h e  
f i r s t   c a s e ,   n u c l e o n s   h a v i n g  a l a rge   ene rgy   can   e scape   f rom  the  
n u c l e u s ,   i n c l u d i n g   t h e   i n c i d e n t   p r o t o n ,  as w e l l  a s   a - p a r t i c l e s   a n d  
f r a g m e n t s .   I n   t h e   s e c o n d   c a s e ,   p r o t o n   c o l l i s i o n s   w i t h   t h e   n u c l e u s  
n u c l e o n s   a r e   i n e l a s t i c  - i . e . ,  p a r t   o f   t h e   p r o t o n   e n e r g y  i s  consumed 
i n   t h e   f o r m a t i o n   o f  -rr-mesons a n d   o t h e r  pa r t i c l e s ;  i n   t h i s   c o n n e c t i o n ,  
t h i s   p r o c e s s   h a s  a d e f i n i t e   e n e r g y   t h r e s h o l d .  

I n   t h e   g e n e r a l   c a s e ,  a r e s i d u a l   n u c l e u s   a p p e a r s   i n  a s t r o n g l y -  
e x c i t e d   s t a t e ,   b e c a u s e  p a r t  o f   the   p r imary   pro ton   energy  i s  
consumed i n   t h e   f o r m a t i o n  of  p a r t i c l e s ,   w h i c h   c a n n o t   p a s s   b e y o n d  
i t  fo r   va r ious   r easons   and   t he reby   i nc rease   t he   ene rgy   o f   t he  
i n t r a - n u c l e a r   m o t i o n .   T h u s ,   i n e l a s t i c   c o l l i s i o n s   o f   p r o t o n s  
h a v i n g   l a r g e   e n e r g i e s   l e a d ,   i n   t h e   g e n e r a l   c a s e ,   t o   t h e   e s c a p e   o f  
one  or  more p a r t i c l e s  and t o   t h e   e x c i t a t i o n   o f   t h e   r e s i d u a l   n u c l e u s .  1178 
I f  t h e   e s c a p i n g   p a r t i c l e  i s  a p r o t o n ,   t h e n   t h e   c o m p o s i t i o n  of  t h e  
nuc leus   does   no t   change ,   and   such  a p r o c e s s   ( p ,  p') i s  c a l l e d  
i n e l a s t i c   s c a t t e r i n g .   I n  a l l  o t h e r   c a s e s ,  when a p a r t i c l e   e s c a p e s  
which is n o t   a n   i n c i d e n t   p r o t o n ,   o r  when p a r t i c l e s   e s c a p e   i n  a 
l a r g e   a m o u n t ,   t h i s   i n t e r a c t i o n  i s  c a l l e d  a n u c l e a r   r e a c t i o n .  
I n t e r a c t i o n s   o f   t h e   t y p e   ( p ,   n )  , (p ,   d )  , (p ,   a )   and   o the r s   can  
serve   as   examples   o f  ' ' s i m p l e "  n u c l e a r   r e a c t i o n s .   S u c h   r e a c t i o n s  
a r e   a l s o   c a l l e d   s i n g l e - p a r t i c l e   r e a c t i o n s .  A r e a c t i o n   o f   t h e   t y p e  
( p ,   n )  is s i m i l a r   t o   a n   e x c h a n g e   p r o c e s s ,   a n d  i s  c a l l e d  a p ro ton  
charge  exchange.  

N u c l e a r   r e a c t i o n s ,   w h i c h   t a k e   p l a c e   w i t h   t h e   e m i s s i o n   o f  a 
r e l a t i v e l y   l a r g e  number of p a r t i c l e s   a n d   n u c l e o n   b u n c h i n g   o f   t h e  
type  H2, H 3 ,  H e 3 ,  He4, are c a l l e d   s p a l l a t i o n   r e a c t i o n s   ( R e f .  51).  
S p a l l a t i o n   r e a c t i o n s   i n c l u d e   t h e   " s i m p l e r "   n u c l e a r   r e a c t i o n s ,  
w h i c h   t a k e   p l a c e   w i t h   t h e   e s c a p e   o f  a small number   o f   pa r t i c l e s  - 
for example ,   r eac t ions   o f   t he   t ype   (p ,   pn ) ,   (p ,   2n ) ,   (p ,   p2n)  etc. .  
I f  compara t ive ly   heavy   nuc lea r   f r agmen t s  ( Z  >, 3) are formed as a 
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r e s u l t   o f  a n u c l e a r   r e a c t i o n ,   t h i s   r e a c t i o n  i s  c a l l e d   f r a g m e n t a t i o n .  
F o r   n u c l e i  a t  t h e   e n d   o f   t h e   p e r i o d i c   e l e m e n t   s y s t e m ,   t h e   f i s s i o n  
p rocess  - under   t he   i n f luence   o f   h igh -ene rgy   p ro tons  - p l a y s  a 
s i g n i f i c a n t   r o l e .  

T o t a l   C r o s s - S e c t i o n   o f   N u c l e a r   I n t e r a c t i o n  

The t o t a l   c r o s s - s e c t i o n   f o r   p r o c e s s e s   o f   e l a s t i c   a n d   i n e l a s t i c  
n u c l e a r   i n t e r a c t i o n   o f   p r o t o n s  is c a l l e d   t o t a l   c r o s s - s e c t i o n  o f  
n u c l e a r   i n t e r a c t i o n ,   o r   s i m p l y   t o t a l   c r o s s - s e c t i o n .   I f  w e  d e s i g n a t e  
the   c ros s - sec t ion   o f  e l a s t i c  i n t e r a c t i o n   b y  us , and   t he   c ros s - sec t ion  
of i n e l a s t i c   i n t e r a c t i o n  by u a  , f o r   t h e   t o t a l   c r o s s - s e c t i o n  w e  can 
thus  w r i t e  

The e x p e r i m e n t a l   d e t e r m i n a t i o n   o f   t h e   t o t a l   c r o s s - s e c t i o n s   o f  
a n u c l e a r   p r o t o n   i n t e r a c t i o n  i s  d i f f i c u l t  due t o   t h e   p r e s e n c e   o f  
m u l t i p l e  Coulomb s c a t t e r i n g .   T h e r e f o r e ,   i n   c o n t r a s t   t o   n e u t r o n s ,  
t h e   a t t e n u a t i o n  of  a p r o t o n   b u n d l e   u n d e r   c o n d i t i o n s   o f   s o - c a l l e d  
"good   geomet ry"   canno t   be   measu red   s a t i s f ac to r i ly ,   e spec ia l ly   fo r  
heavy   e l emen t s .   Fo r   t h i s   r ea son ,   e i t he r   da t a   wh ich  are o b t a i n e d  
f o r   n e u t r o n s  are used ,  o r  measurements are made o f   t h e   i n t e g r a l  - 
a n g u l a r   d i s t r i b u t i o n s ,   a n d   t h e n   t h e   c o r r e s p o n d i n g   c o r r e c t i o n s   a r e  
i n t r o d u c e d   ( R e f .   5 2 ) .   T h e   r e s u l t s   d e r i v e d   f r o m   m e a s u r i n g   t h e   t o t a l  
c ros s - sec t ions   o f  a n u c l e a r   i n t e r a c t i o n  are  g i v e n   i n   s e v e r a l   w o r k s  
(Ref.  53-55). 

I t  s h o u l d   b e   n o t e d   t h a t   t h e   t o t a l   c r o s s - s e c t i o n s  are n o t  
u t i l i z e d   i n   c a l c u l a t i o n s   f o r   s h i e l d i n g   f r o m   p r o t o n s ,   b e c a u s e  
t h e s e   q u a n t i t i e s   c h a r a c t e r i z e   t h e   d i s l o d g e m e n t  of pro tons   f rom 
t h e   b u n d l e   f o r   a n   i d e a l   g e o m e t r y ,  i . e . ,  t h e y   p e r t a i n   t o   a n   i d e a l i z e d  
case .  The c r o s s - s e c t i o n   o f   i n e l a s t i c   i n t e r a c t i o n ,   w h i c h   c h a r a c t e r i z e s  
the   d i s lodgemen t   o f   p ro tons   f rom  an   i nc iden t   bund le   due   t o   abso rp -  
t i o n  by n u c l e i ,   a n d   a l s o   t h e   d i f f e r e n t i a l   c r o s s - s e c t i o n   o f   e l a s t i c  
s c a t t e r i n g ,   w h i c h   c h a r a c t e r i z e s   t h e   " d i f f u s i o n "   o f  a pro ton   bundle  
due t o   s c a t t e r i n g ,  are o f   p r a c t i c a l   u s e   i n   s h i e l d i n g   c a l c u l a t i o n s .  

E las t ic  N u c l e a r   I n t e r a c t i o n   o f   P r o t o n s  

An op t i ca l   nuc leus   mode l ,   wh ich  was proposed by  Fernbach  and 
o t h e r s   ( R e f .   5 6 ) ,   h a s   b e e n   u s e d   s u c c e s s f u l l y   t o   d e s c r i b e   e l a s t i c  
n u c l e a r   s c a t t e r i n g .  The i d e a s   f o r   a n   o p t i c a l   n u c l e u s   m o d e l  are 
based   on   t he   " t r anspa rency"   o f   t he   nuc le i   w i th   r e spec t   t o   h igh -  
energy par t ic les .  T h i s   m o d e l   h a s   b e e n   e x t e n s i v e l y   u s e d   f o r  
a n a l y z i n g   t h e   i n t e r a c t i o n   p r o c e s s e s   o f   d i f f e r e n t   p a r t i c l e s   a n d ,   i n  
p a r t i c u l a r ,   o f   p r o t o n s   w i t h   t h e   n u c l e i   o f   t h e   s u b s t a n c e .  The 
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o p t i c a l   n u c l e u s  model  makes i t  p o s s i b l e   t o   c l a r i f y  many f e a t u r e s  
o f   t h e   i n t e r a c t i o n s   b e t w e e n   h i g h - e n e r g y   p r o t o n s   a n d   n u c l e i .  
However, i t  i s  d i f f i c u l t   t o   o b t a i n  a u n i v e r s a l   s y s t e m   o f   p a r a m e t e r s  
f o r   t h i s  model,  and the   pa rame te r s   t hemse lves  are n o t   s u f f i c i e n t l y  
a c c u r a t e .  

I n  an o p t i c a l   n o d e 1   f o r  a t r a n s p a r e n t   n u c l e u s ,   t h e  l a t te r  is 
rega rded   a s  a s p h e r e   h a v i n g   t h e   r a d i u s  R w i th   t he   complex  
r e f r a c t i v e   i n d e x   o f   t h e  wave c o r r e s p o n d i n g   t o   t h e   i n c i d e n t  
p a r t i c l e   i n   t h e   n u c l e a r   s u b s t a n c e :  

where K O  i s  t h e  wave  number o f   t h e   i n c i d e n t   p a r t i c l e   o u t s i d e  
t h e   n u c l e u s  (KO = l / h J  2mpTp), K 1  is t h e   c h a n g e   i n   t h e  wave 
number f o r   t h e   a r t i c l e  when t h e   n u c l e u s  i s  p e n e t r a t e d  
( K 1  = K O  J"--e 1 + V/Tp - 1 , and V is t h e   p o t e n t i a l   e n e r g y   o f   t h e  
p a r t i c l e   i n   t h e   n u c l e u s ) .  The i m a g i n a r y   p o r t i o n   o f   t h i s   e x p r e s s i o n  
c o r r e s p o n d s   t o   t h e   a b s o r p t i o n   o f   t h e   i n c i d e n t   w a v e ,   a n d   t h e  rea l  
p o r t i o n   c o r r e s p o n d s   t o   r e f r a c t i o n .  The a b s o r p t i o n   o f   t h e   i n c i d e n t  
wave i n   t h e   g i v e n   c a s e   r e p r e s e n t s   t h e   o p t i c a l   a n a l o g y   o f   t h e   i n e l a s -  
t i c   i n t e r a c t i o n   o f  a proton  and a n u c l e u s ;   t h e   r e f r a c t i o n   r e p r e s e n t s  
an  analogy w i t h  e l a s t i c   n u c l e a r   s c a t t e r i n g .  

I n  o r d e r   t o   c a l c u l a t e   t h e   c r o s s - s e c t i o n   o f  e l a s t i c  s c a t t e r i n g  
on t h e   b a s i s  of  t h e   o p t i c a l   n u c l e u s   m o d e l ,  i t  is n e c e s s a r y   t o  know 
t h e  s p a t i a l   d i s t r i b u t i o n  of n u c l e o n s   i n   t h e   n u c l e u s .   I f  i t  i s  
assumed,  .as was done i n   e a r l i e r   w o r k s ,   t h a t   t h e   n u c l e o n s   h a v e  a 
u n i f o r m   d i s t r i b u t i o n   i n   t h e   n u c l e u s ,   t h e n  w e  o b t a i n   t h e   f o l l o w i n g  
f o r   t h e   c r o s s - s e c t i o n  of e l a s t i c   s c a t t e r i n g   ( R e f .   5 1 ) :  

The c o e f f i c i e n t   o f   a b s o r p t i o n  K is de te rmined   by   t he   nuc leus  
parameters  A and R , and  by   the  mean nucleon-nucleon   c ross -  
s e c t i o n   w i t h i n   t h e   n u c l e u s  (5 : 

- 
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where a= Z/AU -t (I - Z/A) (T 
P? P" 

I n   t h e   l i m i t i n g   c a s e ,  KR + m ( p e r f e c t l y   a b s o r b i n g   n u c l e u s ) ,   t h e  
c ros s - sec t ion   o f  e l a s t i c  s c a t t e r i n g  os e q u a l s   t h e   g e o m e t r i c  
c r o s s - s e c t i o n   o f   t h e   n u c l e u s ,   w h i l e  o = oa = .R2. For a r e a l  
nuc leus ,   oa  nR2 ; however, os can  reach a maximum value  which 
e q u a l s  3 .2nR2  . 

I n v e s t i g a t i n g   e l a s t i c   n u c l e a r   s c a t t e r i n g  on t h e   b a s i s   o f   a n  
o p t i c a l   n u c l e u s   m o d e l ,  w e  c a n   d i s t i n g u i s h  two extreme cases. The 
f i r s t   o f  t h e m   c o r r e s p o n d s   t o   r e f r a c t i o n   o f   t h e   i n c i d e n t  wave i n  
t h e   n u c l e u s   w i t h o u t   a b s o r p t i o n ,   a n d  i s  c a l l e d   p o t e n t i a l   e l a s t i c  
s c a t t e r i n g .  The c r o s s - s e c t i o n   o f   t h e   p o t e n t i a l   s c a t t e r i n g   c a n   b e  
obta ined   f rom  express ion  (6 .56) ,  s e t t i n g  K = 0. The second  case  
c o r r e s p o n d s   t o   t h e   p e n e t r a t i o n   o f   a n   i n c i d e n t  wave th rough   t he  
abso rb ing   nuc leus   w i thou t   r e f r ac t ion ,   and  is c a l l e d   d i f f r a c t i o n  
s c a t t e r i n g .  The d i f f r a c t i o n   e f f e c t  i s  c a u s e d   b y   t h e   f a c t   t h a t   t h e  
w a v e ,   p e n e t r a t i n g   t h e   a b s o r b i n g   n u c l e u s ,   d i f f e r s   i n  terms of 
ampli tude  f rom  the  undis turbed  plane  wave.  The l ' s h a d o ~ ' ~   r e g i o n  
beyond  the  opaque  screen-nucleus is  d i f f u s e d ,   d u e   t o   d i f f r a c t i o n .  
The a n g u l a r   d i s t r i b u t i c n   o f   p r o t o n s   w h i c h  are s c a t t e r e d   e l a s t i c a l l y  
assumes a form  which i s  c h a r a c t e r i s t i c   f o r   o p t i c a l   d i f f r a c t i o n .  

I n   t h e   g e n e r a l   c a s e ,   a n   a n a l y t i c a l   e x p r e s s i o n  is n o t   o b t a i n e d  
f o r  a d i f f e r e n t i a l   c r o s s - s e c t i o n   o f  e l a s t i c  s c a t t e r i n g .  For an 
opaque   nuc leus ,   t he   d i f f e ren t i a l   c ros s - sec t ion   can   be   approx ima ted  
by t h e   F r e s n e l   f o r m u l a  

(6 .57)  

where J1 i s  t h e  Bessel f u n c t i o n   o f   f i r s t   o r d e r ,   a n d  os  i s  d e t e r -  
mined  by  formula (6 .56 ) .  The a n g u l a r   d i s t r i b u t i o n   o f   p r o t o n s  
w h i c h   a r e   s c a t t e r e d   e l a s t i c a l l y ,   i n   a c c o r d a n c e   w i t h   f o r m u l a   ( 6 . 5 7 ) ,  
c o n s i s t s   o f   s e v e r a l  maxima and   min ima,   whose   loca t ion   in   the  
f i n a l   a n a l y s i s   d e p e n d s  on t h e   p r o t o n   e n e r g y .  The  main max.imurr, 
c o r r e s p o n d s   t o   t h e   a n g l e  emax = 0;  t h e   f i r s t  minimum i s  observed 
a t  t h e   a n g l e  emin a r c s i n  X/R. W i t h   a n   i n c r e a s e   i n   t h e   p r o t o n  
e n e r g y ,   t h i s  minimum i s  d i sp laced   t oward   t he   r eg ion   o f   sma l l   ang le s  8. 

I n e l a s t i c   N u c l e a r   I n t e r a c t i o n   o f   P r o t o n s  

The i n i t i a l   f e a t u r e   o f   a n   i n e l a s t i c   i n t e r a c t i o n   b e t w e e n   p r o t o n s  
and n u c l e i   o f  a s u b s t a n c e  i s  i t s  cross-sec t ion ,   the   magni tude   o f   which  
d e t e r m i n e s   t h e   i n i t i a l   s t a g e   o f   t h e   p r o c e s s  - abso rp t ion   o f  a p r o t o n  
by a n u c l e u s .   I n   t h i s   c o n n e c t i o n ,   t h e   c r o s s - s e c t i o n  of i n e l a s t i c  
i n t e r a c t i o n   p l a y s  a d o u b l e   r o l e   i n   t h e   p r o b l e m   o f   s h i e l d i n g   f r o m  
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high-energy   pro tons .  On the   one   hand ,  i t  c h a r a c t e r i z e s   t h e   d i s -  /181 
lodgement   of   protons  f rom  the  bundle ,  as t h e   s h i e l d i n g  is  p e n e t r a t e d ,  
due t o   a b s o r p t i o n ;   o n   t h e   o t h e r   h a n d ,  i t  r e p r e s e n t s   t h e   t o t a l   c r o s s -  
s e c t i o n   o f  a l l  p r o c e s s e s   w h i c h   l e a d   t o   e s c a p e   o f   s e c o n d a r y   p a r t i c l e s  
f rom  the   nuc leus  - i . e . ,  i t  c h a r a c t e r i z e s   t h e   o u t f l o w   o f   s e c o n d a r y  
r a d i a t i o n   f r o m   t h e   s h i e l d i n g   t o  a d e f i n i t e   e x t e n t .  

The c r o s s - s e c t i o n   o f   i n e l a s t i c   i n t e r a c t i o n  i s  determined  most 
a c c u r a t e l y  by m e a s u r i n g   t h e   a t t e n u a t i o n  of a p a r t i c l e   b u n d l e   w i t h  
t h e   a i d   o f   c o u n t e r s  - t e l e s c o p e s   ( R e f .  51) .  There are seve ra l   me thods  
f o r   d e t e r m i n i n g   a ,   e x p e r i m e n t a l l y .   T h e   f i r s t   m e t h o d   c a n   b e  
r e d u c e d   t o   m e a s u r i n g   t h e   a t t e n u a t i o n   o f  a c o l l i m a t e d   p r o t o n   b u n d l e  
i n  a f ine   absorber ,   under   condi t ions   o f   ' ' poor   geometry"   (Ref .  51, 53,  
5 7 ) .  The b a s i c   d i f f i c u l t i e s   w h i c h  are e n c o u n t e r e d   i n   t h e   u t i l i z a t i o n  
o f   t h i s  method c o n s i s t   o f   t h e   f a c t   t h a t  i t  i s  n e c e s s a r y   t o   i n t r o d u c e  
c o r r e c t i o n s   f o r   t h e   e f f e c t   o f   s e c o n d a r y   p a r t i c l e s   w h i c h  are formed 
i n   t h e   a b s o r b e r ,  and a l s o   f o r  Coulomb a n d   d i f f r a c t i o n   s c a t t e r i n g .  

A second  method  cons is t s   o f   measur ing   the   absorp t ion   of  a p r o t o n  
stream i n  a t h i c k   a b s o r b e r   ( R e f .  51, 58).  The secondary p a r t i c l e s  
which are formed i n  t h e  a b s o r b e r ,  as w e l l  as the   p ro tons   which  are 
s c a t t e r e d   e l a s t i c a l l y  t o  a c e r t a i n   e x t e n t ,   i n f l u e n c e   t h e   m e a s u r e m e n t  
r e s u l t s .  The d e f i n i t e   l i m i t a t i o n   o f   t h i s  method i s  d u e   t o   t h e  
d e p e n d e n c e   o f   t h e   i n e l a s t i c   c r o s s - s e c t i o n  on the   p ro ton   ene rgy ,   wh ich  
c h a n g e s   w i t h   a n   i n c r e a s e   i n   t h e   a b s o r b e r   t h i c k n e s s .  

A t h i r d  method c o n s i s t s  o f  measu r ing   t he   fo rma t ion   c ros s - sec t ion  
o f  e a c h   o f   t h e   p o s s i b l e   p r o d u c t s   r e s u l t i n g   f r o m   i n e l a s t i c   i n t e r a c t i o n s  
of a p ro ton   w i th  a nuc leus ,   and  o f  t o t a l l i n g   a l l   o f   t h e s e   c r o s s -  
s e c t i o n s   ( R e f .  5 1 ) .  This  method i s  based on rad iochemica l   methods   o f  
s t u d y i n g   n u c l e a r   r e a c t i o n s .  Not a l l  o f   t h e   p r o d u c t s   r e s u l t i n g   f r o m  
t h e   i n e l a s t i c   i n t e r a c t i o n s   o f   p r o t o n s   w i t h   n u c l e i   c a n   b e   d e t e r m i n e d  
e x p e r i m e n t a l l y  by these   me thods .   The re fo re ,   t he  l a t t e r  method i s  
n o t   s u f f i c i e n t l y   r e l i a b l e  by i t s e l f ,   s i n c e  i t  can   f requent ly   p roduce  
r e su l t s   wh ich  are somewhat t o o   l o w .   A d d i t i o n a l   d a t a   c a n   s i g n i f i c a n t l y  
i m p r o v e   t h e   r e l i a b i l i t y   o f   t h i s   m e t h o d   ( R e f .  51). F i n a l l y ,   i n   o r d e r  
t o   d e t e r m i n e   t h e   i n e l a s t i c   c r o s s - s e c t i o n ,  i t  i s  p o s s i b l e   t o   m e a s u r e  
t h e   r a n g e   o f   t h e   n u c l e a r   i n t e r a c t i o n   w i t h   t h e   a i d   o f   n u c l e a r   e m u l s i o n s .  

T a b l e   6 . 1 9   p r e s e n t s   t h e   c r o s s - s e c t i o n s  - o b t a i n e d   b y   d i f f e r e n t  
exper imenta l   methods  - o f   t h e   i n e l a s t i c   i n t e r a c t i o n   b e t w e e n   p r o t o n s  
a n d   n u c l e i  of  d i f f e r e n t   s u b s t a n c e s .  The measurement   e r rors   compr ise  
5 - 10%. The c r o s s - s e c t i o n  o f  i n e l a s t i c   i n t e r a c t i o n  i s  s i g n i f i c a n t l y  
d i f f e r e n t   f o r   d i f f e r e n t   s u b s t a n c e s ,   a n d   d e p e n d s   v e r y   s l i g h t l y  on the 
p ro ton   ene rgy .   Thus ,   i n  a w i d e   e n e r g y   r e g i o n ,   t h e  i n e l a s t i c  c ross -  
s e c t i o n   f o r   c a r b o n   a m o u n t s   t o   a b o u t  200 mb on t h e   a v e r a g e ,   w h i c h  
c o r r e s p o n d s   t o   t h e   r a n g e   w i t h   r e s p e c t   t o   t h e   n u c l e a r   i n t e r a c t i o n  

Rnuc  - - 100 g/cm2 of   carbon.  

U t i l i z i n g   T a b l e   6 . 9 ,   w h i c h   p r e s e n t s   t h e   v a l u e s   f o r   p r o t o n  
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TABLE 6.19 
CROSS-SECTIONS OF INELASTIC PROTON INTERACTION,  barn 

I Proton  Energy. Mev 

Be I - 1 - 1 - 1 0.172 1 +0.169 1 - 1 +0.151 
*0,017  -0,017  -0.015 

C +0.445  +0,200  +0,204 +0,202 +0,199 +0,187 I -0,020 I -0,013 1 *:::20224 1 -0,02 1 -0,02 I -0,02 1 -0,018 

-0,042 I -0,025 I *::;;; 1 -0,04 I -0,04 1 -0,04 1 -0,3 
+0,408 +0,383 +0,416 +0,334 

I - 1 - 1 -0,068 1 -0,07 1 -0,07 I -0,07 I -0,06 

Sn 1 +l,930 1 +O.995 1 &;::86* 1 - I - 1 - 1 - 

AI  + 0,600 +0.392 

0 
h) 

03 cu +0,752 +0.746 +0,667  +0,717  +0,608 

- 0,100 - 0,070 

[531 
657 

+0,191 
- 0.008 

+ 0,227 
-0,12 

+0.418 
- 0,022 

+ 0,850 
- 0,05 

0,07 
1,285 

+0,169 +0.171 
-0,015 I -0,017 l -  
+0,209 +0.222 +0,23 
-0,02 I -0,02 1 -0,02 

I 

I I 

+0.394 +0,394 +0,37 
-0,Ol 1 -0,04 I -0,03 

I I 
I I 

+0,728 +0.708 +0.74 
, -0,017 1 -0,07 1 -0,05 
I I I 

* Data f o r  Cd. 
** Data f o r  Sb.  



r 

r a n g e s   i n   d i f f e r e n t   s u b s t a n c e s ,   c n e   c a n   r e a d i l y   f i n d   t h a t  a p ro ton  
energy  of  about  435 Mev c o r r e s p o n d s   t o   t h e   i o n i z a t i o n   r a n g e  
Rion = 100  g/cm2 i n   c a r b o n .   I n  a similar way i t  i s  p o s s i b l e   t o  
de t e rmine   t he   va lue  Rnuc M 220  g/cm2 f o r   l e a d   a n d   t h e   p r o t o n  
ene rgy ,   co r re spond ing   t o  R i o n  = Rnuc = 220  g/cm2 , which  approxi-  
ma te ly   equa l s  475 MeV. 
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T h u s ,   t h e   v a l u e s   f o r   p r o t o n   r a n g e s   w i t h   r e s p e c t   t o   i o n i z a t i o n  
l o s s e s  R i o n  a n d   n u c l e a r   i n t e r a c t i o n s  Rnuc are e q u a l   f o r  a 
p r o t o n   e n e r g y   i n   t h e  400 - 500 MeV r e g i o n   f o r   d i f f e r e n t   s u b s t a n c e s .  

' T h e o r e t i c a l   c a l c u l a t i o n s   c a n   b e   u s e d ,   i n   a d d i t i o n   t o   e x p e r i m e n t a l  
m e t h o d s ,   t o   d e t e r m i n e   t h e   c r o s s - s e c t i o n   o f   i n e l a s t i c   p r o t o n   i n t e r a c t i o n .  
The  most f r u i t f u l  method i n   t h i s   r e s p e c t  i s  t h a t   o f  random tests which 
was u t i l i z e d   i n   a n o t h e r  w o r k   ( R e f .   6 3 ) .   I n   p a r t i c u l a r ,   t h i s   w o r k  
p r e s e n t s   t h e   r e s u l t s   d e r i v e d   f r o m   c a l c u l a t i n g   t h e   " t r a n s p a r e n c y "   o f  
n u c l e i   a s  a func t ion   of   p ro tor ,   energy ,   and   the l ' t ransparency"  is 
determined as 1 - oa/oo , where 0 0  i s  t h e   g e o m e t r i c   n u c l e u s  
c r o s s - s e c t i o n .  The g e o m e t r i c   c r o s s - s e c t i o n  i s  = arzA2/3  . The 
va lue   o f  ro was  assumed t o   e q u a l  ro = 1.3*10-'9 c m  ( Ref.   63) , 
which   y i e lds   va lues  o f  0 0  f o r   t h e   n u c l e i   o f  A l ,  Cu, B i ,  and U ,  
equa l ing   478 ,  850, 1870  and  2039 mb, r e s p e c t i v e l y .  The c a l c u l a t e d  
' ' t r a n s p a r e n c i e s "  2nd c r o s s - s e c t i o n s   o f   i n e l a s t i c   i n t e r a c t i o n   ( R e f .  
63)  are shown i n   T a b l e   6 . 2 0 .   T h e s e   r e s u l t s  show t h a t   t h e   t r a n s -  
parency  changes  f rom 28% f o r  A l ,  t o  3% f o r  U . The e x i s t e n c e   o f   j 1 8 4  
c o n s i d e r a b l e   n u c l e u s   t r a n s p a r e n c y ,   w i t h   r e s p e c t   t o   h i g h - e n e r g y  
p r o t o n s ,  was h i s t o r i c a l l y   o n e   o f   t h e   f i r s t  - and  one   o f   the   p r imary  
- i n d i c a t i o n s   t h a t   t h e   c a s c a d e   m o d e l  w a s  a p p l i c a b l e   f o r   n u c l e a r  
i n t e r a c t i o n s .  

ELASTIC  INTERACTIOX. 

Ep. Mev 

235 
82 

4 60 
1840 

1 - uu/uo 
-. 

0.275+-0.018 
0.263-CO.015 

0,134+0,012 
0.257+0.017 

4 

! 
78 mb 

0,737 

354 0,743 
0,725 

352 
347 

0,866 413 

( s e e   n e x t   p a g e   f o r   c o n t i n u a t i o n )  
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( con t inua t ion   o f   Tab le  6.20) 

Cu, a0 = 850 mb 

MeV. 

155 
82 

235 
286 
364 
460 
690 
940 

1840 

1 - ua/uo 

0,176+0.010 
0,183k0.009 
0.206+0.015 
0[202+0;015 
0,198+0,015 
0,1622 0,013 
O,112kO,O13 
0,093k0.012 
0,090,0,011 

0.817 
0,823 

0,794 
0.798 
0.802 
.0.838 
0.888 
0,907 
0,910 

~ 

702 
694 
676 
678 
682 
71 1 
755 
770 
772 

82 
155 
235 
460 
940 

1840 

0,058k0.007 1 0,942 1 
0.074-C 0.007 0.926 
O,084kO;O09 

0,963  O,O37k0,007 
0,968 0,032k0.007 
0.930 0,070C0.009 
01916 

1922 
1 890 
1870 
1895 
1971 
1970 

I n   t h e   e n e r g y   r e g i o n   o f  82 - 460 MeV, t h e   t r a n s p a r e n c y   a n d ,  
c o n s e q u e n t l y ,   t h e   c r o s s - s e c t i o n   o f   i n e l a s t i c   i n t e r a c t i o n   d e p e n d s  
r a t h e r   s l i g h t l y  on the   p ro ton   ene rgy .   Th i s   can   be   exp la ined  by 
two f a c t o r s .  On t h e   o n e   h a n d ,   t h e   i n f l u e n c e   o f   t h e   P a u l i  
p r i n c i p l e ,   w h i c h   e x c l u d e s   c e r t a i n   c o l l i s i o n s   i n   t h e   n u c l e u s ,  
d e c r e a s e s   w i t h   a n   i n c r e a s e   i n   t h e   p r o t o n   e n e r g y ,   w h i c h   l e a d s   t o  
a d e c r e a s e   i n   t h e   r a n g e   o f   t h e   p r o t o n   b e t w e e n   c o l z i s i o n s  
i n   t h e   n u c l e u s .  On t h e   o t h e r   h a n d ,   w i t h   a n   i n c r e a s e   i n   e n e r g y ,  
t h e   t o t a l   c r o s s - s e c t i o n s   o f   n u c l e o n - n u c l e o n   c o l l i s i o n s  are 
r e d u c e d ;   t h i s  i s  m a n i f e s t e d   i n   t h e   c o r r e s p o n d i n g   i n c r e a s e   o f   t h e  
r a n g e   b e t w e e n   c o l l i s i o n s .  

A comparison  between  the  measured  (Ref.  5 2 ,  53, 58, 61 ,  62)  
c r o s s - s e c t i o n s   a n d   c a l c u l a t e d   c r o s s - s e c t i o n s   o f   i n e l a s t i c   i n t e r a c t i o n  
f o r  A l ,  Cu and U shows t h a t   t h e   r e s u l t s   d e r i v e d   f r o m   c a l c u l a t i o n s  
using  the  method  of  random tests a n d   t h e   e x p e r i m e n t a l   d a t a   f u l l y  
c o i n c i d e   t o  a s a t i s f a c t o r y   e x t e n t .  However, t h e r e  are s y s t e m a t i c  
i n c r e a s e s   i n   t h e   e x p e r i m e n t a l   v a l u e s  o f  CI f o r  A 1  i n   t h e   e n e r g y  

r eg ion  up t o  200 Mev (Ref .   51 ) .   The   l ack   o f   r e l i ab le   da t a  on t h e  
c ros s - sec t ions   o f  i n e l a s t i c  i n t e r a c t i o n   i n   t h e   r e g i o n   o f   l o w - e n e r g y  

a 

I 1 8 4  
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pro tons   shou ld   be   po in t ed   ou t .  

F-onmation o-f Cascadx  Particle-s-During  Nuql-eSr-  Jnteraction 
- Bet.w.een"P-rotons and Matter 

The p r o c e s s e s   o f   n u c l e a r   i n t e r a c t i o n   f o r   p r o t o n s  a t  h i g h   e n e r g i e s  
d i f f e r   s i g n i f i c a n t l y   f r o m   p r o c e s s e s   o c c u r r i n g  a t  low  and  medium e n e r g i e s .  
The p r i m a r y   d i f f e r e n c e   c o n s i s t s   o f   t h e   f a c t   t h a t   t h e   c o l l i s i o n  time 
be tween   an   i nc iden t   pa r t i c l e   and   one   o f   t he   nuc leus   nuc leons  i s  less 
t h a n   t h e  time b e t w e e n   n u c l e o n   c o l l i s i o n s   i n   t h e   n u c l e u s .   T h i s  means 
t h a t . t h e  f i r s t  s t a g e  of t h e   i n t e r a c t i o n   b e t w e e n  a p r o t o n   a n d   t h e  
nucleus  can b e  regarded  as s u c c e s s i v e   c o l l i s i o n s   b e t w e e n   a n  
i n c i d e n t   p r o t o n   a n d   i n d i v i d u a l   n u c l e o n s  of t h e   n u c l e u s .   I n   t h e i r  
t u rn ,   t hese   nuc leons   can   have  a r a t h e r   h i g h   e n e r g y ,   a n d   t h e r e f o r e  
t h e i r   c o l l i s i o n s   w i t h   t h e   r e m a i n i n g   n u c l e u s   n u c l e o n s  w i l l  have   t he   / 185  
same na tu re .   Secondary   r eco i l   nuc leons   unde r   co r re spond ing  con- 
d i t i o n s   c a n   a l s o   p a r t i c i p a t e   i n   t h i s   p r o c e s s ,   w h i c h  i s  similar t o  
an   ava lanche   o r  a c a s c a d e ;   a s  a c o n s e q u e n c e   o f   t h i s ,   t h e  name 
c a s c a d e   s t a g e ,   o r   i n t r a n u c l e a r   c a s c a d e ,   h a s   a r i s e n .   R e c o i l  
nucleons,   which  have  an  e-nergy  which is s u f f i c i e n t   f o r   l e a v i n g   t h e  
n u c l e u s ,   a r e   c a l l e d   c a s c a d e   p a r t i c l e s .  They h a v e   s p h e r i c a l ,  
a n g u l a r ,   a n d   e n e r g y   d i s t r i b u t i o n s .  The f l i g h t   d i r e c t i o n   o f   t h e  
c a s c a d e   p a r t i c l e s   c o i n c i d e s   p r i m a r i l y   w i t h   t h e   d i r e c t i o n   o f   t h e  
pr imary  proton.  The e n e r g y   s p e c t r u m   o f   c a s c a d e   p a r t i c l e s  i s  
c h a r a c t e r i z e d  by a r e l a t i v e l y   l a r g e  amount   o f   h igh-energy   par t ic les .  

I t  shou ld  b e  n o t e d   t h a t   i n t r a n u c l e a r   c o l l i s i o n s   o f   a n   i n c i d e n t  
p a r t i c l e   w i t h   n u c l e u s   n u c l e o n s   c a n n o t   b e   r e g a r d e d  as c o l l i s i o n s  
b e t w e e n   f r e e   n u c l e o n s   o u t s i d e   o f   t h e   n u c l e u s .   A l t h o u g h   i n t r a n u c l e a r  
co l l i s ions   be tween   an   i nc iden t   p ro ton   and   nuc leus   nuc leons   can   be  
r e g a r d e d   a s   c o l l i s i o n s  of two i n s u l a t e d   b o d i e s ,   t h e   p r e s e n c e   o f   t h e  
remaining  nucleons i s ,  n e v e r t h e l e s s ,   a p p a r e n t   i n   t h e   i n f l u e n c e   o f  
t h e   P a u l i   p r i n c i p l e .   I n   t h i s   c a s e ,   t h e   P a u l i   p r i n c i p l e   c a n   b e  
r e d u c e d   t o   t h e   e x c l u s i o n   o f   i n t r a n u c l e a r   c o l l i s i o n s   w i t h   a n   e n e r g y  
t r a n s f e r   w h i c h  is less than  a c e r t a i n  amount,  which i s  c h a r a c t e r i s t i c  
f o r   t h e   g i v e n   n u c l e u s .  The i n f l u e n c e   o f   t h e   P a u l i   p r i n c i p l e  i s  most 
s i g n i f i c a n t   f o r   r e l a t i v e l y  small e n e r g i e s   o f   t h e   i n c i d e n t   p r o t o n .  

A f t e r   t h e   i n t r a n u c l e a r   c a s c a d e  i s  c o m p l e t e d ,   i n   t h e   g e n e r a l  
c a s e   t h e   n u c l e u s   r e m a i n s   i n   a n   e x c i t e d   s t a t e ,   b e c a u s e   p a r t  o f  t h e  
i n c i d e n t   p r o t o n   e n e r g y  w a s  t r a n s m i t t e d   t o   t h e   r e c o i l   n u c l e o n s ,  
w h i c h   c o u l d   n o t   l e a v e   t h e   n u c l e u s   f o r   v a r i o u s   r e a s o n s .  The  conversion 
o f   t he   nuc leus   f rom  an   exc i t ed  s t a t e  is  bas i ca l ly   accompl i shed   by  
v o l a t i l i z a t i o n   o f   n u c l e o n s   a n d   h e a v i e r   p a r t i c l e s .  The fo rma t ion   o f  
s u c h   p a r t i c l e s   d u r i n g  a n u c l e a r   p r o t o n   i n t e r a c t i o n  w i l l  b e  examined 
i n   t h e   f o l l o w i n g   S e c t i o n .  

The out f low of c a s c a d e   p a r t i c l e s   d u r i n g   a n   i n e l a s t i c   c o l l i s i o n  of 
p r o t o n s   a n d   n u c l e i ,   a n d   t h e   r a t i o   b e t w e e n   c a s c a d e   n e u t r o n s   a n d   p r o t o n s ,  
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depend  on t h e   e n e r g y   o f   t h e   i n c i d e n t   p r o t o n   a n d   t h e   t y p e   o f   t a r g e t  
n u c l e u s .   W i t h   a n   i n c r e a s e   i n   t h e   p r o t o n   e n e r g y ,   t h e   o u t f l o w   o f  
c a s c a d e   p a r t i c l e s   s i g n i f i c a n t l y   i n c r e a s e s  , and i t  i s  p a r t i c u l a r l y  
n o t i c e a b l e   f o r   h e a v i e r   n u c l e i   ( F i g u r e   6 . 4 )  . The  dependence  of  the 
out f low of c a s c a d e   p a r t i c l e s  on t h e  mass number   o f   t he   t a rge t   nuc leus  
is  s i g n i f i c a n t   o n l y   f o r   c o m p a r a t i v e l y   s m a l l   e n e r g i e s   o f   t h e   i n c i d e n t  
p ro ton .  The  mean number   o f   ca scade   pa r t i c l e s ,  p e r  one i n e l a s t i c  
i n t e rac t ion ,   changes   fo r   u ran ium  f rom 0.57 f o r  a proton  energy  of  
82 M e V ,  t o   8 . 7   f o r   a n   e n e r g y   o f   1 8 4 0  Mev (Ref .  63) .  

The g e n e r a l   t e n d e n c y   f o r   t h e   o u t f l o w   o f   c a s c a d e   p a r t i c l e s   t o  
depend on t h e  mass number of t h e   t a r g e t   n u c l e u s  is  determined by 
t h e   e n e r g y   r e g i o n   o f   t h e   i n c i d e n t   p r o t o n .   I n  a p ro ton   ene rgy   r eg ion  
o f  less than  800 MeV, t h e   o u t f l o w   o f   c a s c a d e   p a r t i c l e s   d e c r e a s e s  
w i t h   a n   i n c r e a s e   i n   t h e  mass  number. I n  a pro ton   energy   reg ion  o f  
more than  800 M e V ,  t he   na tu re   o f   t h i s   dependence   g radua l ly   changes :  
a t   f i r s t   ( i n   t h e  700 - 1000 Mev r e g i o n )   t h e   o u t f l o w  o f  cascade  / 186 
p a r t i c l e s   d e p e n d s   s l i g h t l y  on t h e  mass number ,   and   then   ( for  
e n e r g i e s   g r e a t e r   t h a n  1000 MeV) a n   i n c r e a s e   i n   t h e   o u t f l o w   o f  cas- 
c a d e   p a r t i c l e s  i s  o b s e r v e d   w i t h   a n   i n c r e a s e   i n   t h e  mass  number o f  
t h e   t a r g e t   n u c l e u s .   T h i s   c a n   b e   e x p l a i n e d   b y   t h e   f a c t   t h a t  - 
a l t h o u g h   t h e   i n t r a n u c l e a r   c a s c a d e   i n   h e a v y   n u c l e i   i n c l u d e s  a 
l a r g e  number of nuc leons  - t he   ene rgy ,   pe r   one   po r t ion   o f   ca scade  
p a r t i c l e s  , is  smaller t h a n   t h a t   f o r   l i g h t   n u c l e i .   T h e r e f o r e ,  i t  
i s  p o s s i b l e   f o r  a compara t ive ly  small number  of  cascade  nucleons 
t o   l e a v e   t h e   n u c l e u s .   W i t h   a n   i n c r e a s e   i n   t h e   e n e r g y   o f   t h e  
i n c i d e n t   p r o t o n ,   t h e  mean e n e r g y   p e r   o n e   c a s c a d e   n u c l e o n   i n   t h e  
n u c l e u s   i n c r e a s e s ,   a n d   i n   t h i s  way the   ou t f low  o f  a l a r g e  number 
o f   c a s c a d e   p a r t i c l e s   f r o m   t h e   n u c l e u s  i s  f a c i l i t a t e d .   F o r   r a t h e r  
l a r g e   e n e r g i e s   o f   t h e   i n c i d e n t   p r o t o n ,   t h e   t o t a l  number  of  nucleons 
p a r t i c i p a t i n g   i n   t h e   d e v e l o p m e n t   o f   t h e   i n t r a n u c l e a r  cascade p l a y s  
a b a s i c   r o l e .   I n   c o n n e c t i o n   w i t h   t h i s ,   t h e   o u t f l o w  o f  cascade  
p a r t i c l e s  a t  s u c h   e n e r g i e s   i n c r e a s e s   w i t h  an i n c r e a s e   i n   t h e  mass 
n u m b e r .   T a b l e   6 . 2 1   p r e s e n t s   q u a n t i t a t i v e   d a t a  on the   ou t f low  o f  
c a s c a d e   p a r t i c l e s   . f o r   d i f f e r e n t   n u c l e i ,  as a f u n c t i o n   o f   t h e  
inc iden t   p ro ton   ene rgy   (Ref .   63 ) .  

TABLE 6 .21  

THE OUTFLOW OF CASCADE PARTICLES N + P (MEAN NUMBER OF CAS- 
CADE PARTICLES  PER ONE INELASTIC INTERACTION OF A PROTON WITH 
A NUCLEUS) 

Tp*Mev 
~~ 

155 
82 

235 
286 

Targe  
AI  

1.47 
I ,97 
2,4 
2,65 

Nucle 
cu 

1,23 

2.22 
2.54 

1,7 

Lil T p * M e v  
Target  Nucle 

U A I  I CU 

0.57 
1,23 

3.3  3,4 460 

8 8  6,72 1840 2,o 
5,31 5.0 940 1,7 
4,3  4.2 690 
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Figure  6 . 4  

Out f low  o f   Cascade   Pa r t i c l e s  as a Func t ion   o f   t he   Inc iden t  
P ro ton   Ene rg ie s .  

The r a t i o   b e t w e e n   t h e  number  of   cascade  neutrons N and   t he  1187 
number of p ro tons  P depends  both  on  the mass number of t h e  
t a r g e t   n u c l e u s ,   a n d  on t h e   e n e r g y   o f   t h e   i n c i d e n t   p r o t o n .  The 
r e l a t i v e  number  of   cascade  neutrons N/P s h a r p l y   i n c r e a s e s   w i t h  
a n   i n c r e a s e   i n   t h e  mass  number  of t h e   t a r g e t   n u c l e u s .   F o r  
example ,   for  a p ro ton   ene rgy   o f  82 MeV, t h e   r a t i o  N/P amounts 
t o  0 . 8 4  f o r   t h e   n u c l e i   o f  A I ,  and 2 . 1  f o r  U . This   can   be  
e x p l a i n e d  by t h e   f a c t   t h a t   t h e   c r o s s - s e c t i o n s   o f   i n t e r a c t i o n  
( p ,   n )   a n d   ( n ,   p )   a r e   g r e a t e r   t h a n   t h e   c r o s s - s e c t i o n s   ( p ,   p )   a n d  
( n ,   n )  . Due t o   t h i s   f a c t ,   i n   h e a v y   n u c l e i   w i t h  a s i g n i f i c a n t  
p reponderance   o f   neu t rons ,   t he   r ange   o f   neu t rons  is 
g r e a t e r   t h a n   f o r   p r o t o n s ,   w h i c h   f a c i l i t a t e s   t h e   o u t f l o w   o f   c a s c a d e  
n e u t r o n s   f r o m   t h e   n u c l e u s .   I n   a d d i t i o n ,   i n   h e a v y   n u c l e i   w i t h  a 
l a r g e   r a t i o   b e t w e e n   t h e  number  of  neutrons  and  the  number  of 
p r o t o n s ,  a r e l a t i v e l y   l a r g e  number   o f   ca scade   neu t rons   pa r t i c ipa t e  
i n   t h e   d e v e l o p m e n t   o f   t h e   i n t r a n u c l e a r   c a s c a d e ;   i n   c o n t r a s t   t o  
p r o t o n s ,   t h e  Coulomb b a r r i e r   d o e s   n o t   i m p e d e   t h e   o u t f l o w   o f   t h e s e  
cascade   neu t rons .  

The   dependence   of   the   ra t io  N/P on   t he   p ro ton   ene rgy  is 
r a t h e r   s l i g h t   f o r   l i g h t   a n d   f o r   h e a v y   e l e m e n t s ,   a n d  i n  t h e   e n e r g y  
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region  of  200 - 400 Mev a w i d e  minimum i s  observed .  

Table  6 . 2 2  p r e s e n t s   q u a n t i t a t i v e   d a t a  on t h e   r e l a t i v e   o u t f l o w  
o f   c a s c a d e   n e u t r o n s   a n d   p r o t o n s   f o r   d i f f e r e n t   n u c l e i ,  as a f u n c t i o n  
of t he   i nc iden t   p ro ton   ene rgy   (Ref .   63 ) .  

TABLE 6 . 2 2  

RELATIVE OUTFLOW OF CASCADE NEUTRONS AND PROTONS, KIP 

I Target   Nucleus 

~~ ~ 

82 
158 

0,84 

239 
290 

0,74 

365 
460 
690 

0,79 

940 
I840 0,92 

- 
- 
- 
- 
- 

I 

0,96 
1.04 

0,93 
I ,oo 
1 ,oo 
1,02 
1.02 
1,16 
1.18 

1.20 
1.15 
1,!0 
1.12 

1.16 

I ,22 
1,25 

- 

- 

B i  I U 

Table  6 .23 l ists  d a t a  on t h e   o u t f l o w  of cascade   pro tons  P 
and  neutrons N , as a f u n c t i o n   o f   t h e   p r o t o n   e n e r g y   f o r  A l ,  Cu 
and U. 

The o u t f l o w s   o f   c a s c a d e   p a r t i c l e s  (see Table  6 . 2 1 )  r e p r e s e n t  
q u a n t i t i e s   w h i c h   c h a r a c t e r i z e   t h e  mean amount  of  cascade  nucleons,  
which arise as t h e   r e s u l t   o f   i n e l a s t i c   i n t e r a c t i o n   b e t w e e n  a 
proton  and a nuc leus .   Fo r  a g iven   p ro ton   ene rgy ,   ca scade   p rocesses  
can   occur   wi th  a d i f f e r e n t   o u t f l o w   o f   c a s c a d e   p a r t i c l e s .  The 
r e l a t i v e   p r o b a b i l i t y   f o r   t h e s e   p r o c e s s e s   d e p e n d s  on t h e   p r o t o n  
ene rgy ,   and   compe t i t i on   ex i s t s   be tween   t he   va r ious   p rocesses ,  1188 
which i s  c h a r a c t e r i s t i c   f o r   t h e   h i g h - e n e r g y   r e g i o n .  The r e l a t i v e  
r o l e   o f   v a r i o u s   c a s c a d e   p r o c e s s e s ,   w h i c h   c o r r e s p o n d   t o   d i f f e r e n t  
ou t f lows  of  ca scade   nuc leons ,  is  shown for   copper   (Ref .   63)  in 
Figure   6 .5 .  The curve  AA = 0 c o r r e s p o n d s   t o   t h e   c a p t u r e   o f  a 
p ro ton   w i th   t he   fo rma t ion   o f  a compound n u c l e u s ;   t h e   p r o b a b i l i t y  
f o r   t h e   f o r m a t i o n   o f   t h i s   n u c l e u s  is small f o r   i n e l a s t i c   i n t e r a c t i o n  
be tween  pro tons   and   nuc le i   o f   copper   in   the   h igh-energy   reg ion .  
Thus ,   fo r   an   ene rgy  of 50 MeV, t h e   p r o b a b i l i t y   f o r   t h e   f o r m a t i o n   o f  
a compound nuc leus  is less t h a n  4 0 % ,  ou t   o f  a l l  t h e  cases o f   i n e l a s -  
t i c  i n t e r a c t i o n   b e t w e e n  a pro ton   and   the   nuc leus   o f   copper  - 64. 
For  an  energy o f  100 MeV,  t h i s   p r o b a b i l i t y  i s  about  6 % ,  a n d   f i n a l l y  
- f o r  a p ro ton   ene rgy  of more than   150  M e V  - t he   fo rma t ion   o f  a 
compound nuc leus   can   be   comple t e ly   d i s r ega rded .   Wi th   an   i nc rease  
i n   t h e  mass  number o f   t h e   t a r g e t   n u c l e u s ,   t h e   r e l a t i v e   r o l e   o f  /189 
the  process   by  which a compound nuc leus  is formed  increases .   For  
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TABLE 6 . 2 3  

VALUES  FOR  OUTFLOWS OF CASCADE PROTONS AND NEUTRONS FOR 
CERTAIN NUCLEI 

T,,. Me\ 

82 
158 
239 
290 
460 
690 
940 
1840 

- 
P F I N  - 

0.6 1 0.63 
0;87  0183 
1,15 
I ,27 I ,27 

I ,07 

1.63 
2,13 

1.67 
2,17 

2,46  2.83 
3,77  4,23 

0,1% 0,39 
0,41 032 
0,65 1.05 

1 , o o  1.94 
- - 
- - 
1,76 
2,83 5,90 

3,54 1 

/188 

an  energy  of  100 MeV, about  30% of  a l l  t h e   c a s e s  of i n e l a s t i c  /189 
i n t e r a c t i o n   b e t w e e n  a pro ton   and  a nuc leus   fo r   u ran ium -238 
t a k e   p l a c e   w i t h   t h e   f o r m a t i o n   o f  a compound n u c l e u s .   I n   t h e  
proton  energy  region  which i s  less than  60 - 70 M e V ,  a " s i n g l e -  
p a r t i c l e ' '   c a s c a d e   ( c u r v e  AA = 1 i n   F i g u r e   6 . 5 )  - i. e . ,  a caccade 
process   which i s  accompl i shed   by   t he   e scape   o f   one   pa r t i c l e  
( p r o t o n   o r   n e u t r o n )  - r e p r e s e n t s  a bas ic   p rocess   which   competes  
w i t h   t h e   p r o c e s s  by  which a compound nuc leus  is formed.  The 
r e l a t i v e   p r o b a b i l i t y   f o r   t h i s   p r o c e s s   r e a c h e s  a maximum (about  59%) 
f o r  a proton  energy  of   approximately 70 MeV, and i t  t h e n   d e c r e a s e s ,  
r e a c h i n g  a va lue   o f  less than   10%  for   an   energy  of more than  . 
350 M e V .  

A I1two-part ic le l t   cascade i s  a b a s i c   c o m p e t i t i v e   p r o c e s s   i n  
t h i s  c a s e ;   t h e   r e l a t i v e   p r o b a b i l i t y   f o r   t h i s   p r o c e s s   r e a c h e s  
a maximum (about 45%) c l o s e   t o   1 3 0  M e V .  

I n   t h e   e n e r g y   r e g i o n  up t o  400 M e V ,  c a s c a d e   p r o c e s s e s  are  
obse rved   w i th   t he   e scape   o f  up t o   s i x   p a r t i c l e s .  However, t h e  
r e l a t i v e   p r o b a b i l i t y   f o r   t h e s e   p r o c e s s e s   i n   t h i s   e n e r g y   r e g i o n  
i s  ex t r eme ly  small ( l e s s   t h a n  2%) .  The mean number of cascade  
p a r t i c l e s   f o r  a g iven   p ro ton   ene rgy   can   be   ob ta ined   i n   t he  
f o l l o w i n g  way, u t i l i z i n g   t h e   g r a p h   i n   F i g u r e   6 . 5 :  

where  Ei(Tp) i s  t h e  re la t ive  p r o b a b i l i t y   f o r   t h e   c a s c a d e  
p r o c e s s ,   o c c u r r i n g   w i t h   t h e   e s c a p e  of i p a r t i c l e s .   I n   t h e   e n e r g y  
r e g i o n  up t o  400 MeV, t h e  mean n u m b e r   o f   c a s c a d e   p a r t i c l e s   f o r  
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F i g u r e  6.5 

Relat ive Ro le   o f   Cascade   P rocesses   Cor re spond ing   t o   D i f f e ren t  
Outflows  of  Cascade  Nucleons,   for  Copper.  

copper   does   no t   exceed  3 .  W i t h   a n   i n c r e a s e   i n   t h e   i n c i d e n t  
p r o t o n   e n e r g y ,   c a s c a d e   p r o c e s s e s   w i t h   t h e   e s c a p e   o f  a l a r g e  number 
o f   nuc leons   become   poss ib l e   i n  terms of  e n e r g y ;   i n   t h i s   c o n n e c t i o n ,  
f o r   c o p p e r   t h e  mean number of  c a s c a d e   p a r t i c l e s   i n c r e a s e s  up t o  
e i g h t   f o r  Tp = 1840 Mev (Table  6 . 2 1 ) .  

I t  i s  of  i n t e r e s t   t o  e x a m i n e   t h e   e n e r g y   d i s t r i b u t i o n   o f  cas- 
cade  nucleons.  It is  a p p a r e n t   t h a t   t h e   e n e r g y   s p e c t r u m   o f   c a s c a d e  
nuc leons  w i l l  be   very  wide:   f rom a c e r t a i n  minimum energy up t o  
an i n i t i a l   e n e r g y  of  t h e   i n c i d e n t   p r o t o n .  The minimum e n e r g y   f o r  
t he   spec t r a   o f   ca scade   p ro tons   and   neu t rons  i s  d i f f e r e n t .   F o r  
p r o t o n s ,  i t  i s  caused  by  the Coulomb b a r r i e r   w h i c h  i s  t a k e n   i n t o  
a c c o u n t   i n   t h e   c a l c u l a t i o n s   b y   t h e   i n t r o d u c t i o n   o f  a “ c u t - o f f ”  
ene rgy   o f   t he   ca scade .   Thus ,   t he  minimum ene rgy   o f   ca scade   p ro tons  
f o r  A 1  was assumed t o   e q u a l  4.6 Mev i n   t h e   c a l c u l a t i o n s   ( R e f .  6 3 ) -  

I n   g e n e r a l ,   t h e   e n e r g y   d i s t r i b u t i o n  of cascade   neu t rons  is 
similar t o   t h e   s p e c t r u m   f o r   c a s c a d e   p r o t o n s ,   w i t h   t h e   d i f f e r e n c e  
tha t   the   neut ron   spec t rum  must   be   d i sp laced .   toward   the   low-energy  
r e g i o n   d u e   t o   t h e   a b s e n c e  of  t h e  Coulomb b a r r i e r   e f f e c t   f o r  
n e u t r o n s .  The   ene rgy   spec t r a   o f   ca scade   p ro tons   e scap ing   f rom 
A 1  and U n u c l e i  are shown i n   F i g u r e  6 . 6 ,  f o r   i n c i d e n t   p r o t o n  
e n e r g i e s   o f  460 Mev and 1840 M e V .  I n   b o t h  cases, t h e   s p e c t r u m  of  
t he   ca scade   p ro tons   e scap ing   f rom  the  U n u c l e i  i s  somewhat 
s o f t e r   t h a n   f o r  A l .  T h i s   c a n   b e   p r i m a r i l y   e x p l a i n e d  by t h e  
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f a c t   t h a t  a l a r g e r  number   o f   nuc leons   pa r t i c ipa t e   i n   t he   deve lopmen t  
o f   t h e   c a s c a d e   i n   h e a v y   n u c l e i  - a n d   t h e r e f o r e  a smaller amount o f  
ene rgy ,  on t h e   a v e r a g e ,   f a l l s   t o   t h e   s h a r e   o f   e a c h  of them. The 
r e t e n t i o n   o f   t h e   s p e c t r u m   f o r m   i n  a w i d e   e n e r g y   r e g i o n   o f   i n c i d e n t  
p r o t o n s ,   a n d   a l s o  a compara t ive ly  small number of   cascade   pro tons  
f o r   e n e r g i e s   g r e a t e r   t h a n  500 MeV, i n   t h e '  case of   h igh-energy ,  
i n c i d e n t   p r o t o n s ,   c h a r a c t e r i z e   t h e   s p e c t r a   o f   c a s c a d e   p r o t o n s .  We 
s h o u l d   n o t e   t h a t   i n   t h e  case o f   l i g h t   n u c l e i  a c e r t a i n   d e v i a t i o n  
f rom  the   mono ton ic   na tu re   o f   t he   spec t rum - which i s  p a r t i c u l a r l y  
n o t i c e a b l e   f o r   s m a l l   i n i t i a l   e n e r g i e s  - is o b s e r v e d   i n   t h e  
spec t rum of c a s c a d e   p r o t o n s   c l o s e   t o   t h e   i n i t i a l   e n e r g y   o f   t h e  
i n c i d e n t   p r o t o n .  

a 

Figure  6 .6  

E n e r g y   S p e c t r a   o f   C a s c a d e   P a r t i c l e s   f o r  A 1  and U f o r   I r x i d e n t  
Pro ton   Energ ies  of 460 Mev ( a )  and 1840 Mev ( b ) .  

A t t e n t i o n   s h o u l d   a l s o   b e   c a l l e d   t o   t h e   f o l l o w i n g   f a c t .  The 
reg ion   of   low  energ ies   mus t   be   des igna ted   as   the   mos t   impor tan t   par t  
o f   t he   ca scade   p ro ton   spec t rum,   f rom  the   po in t  of view o f   s h i e l d i n g  
p r o b l e m s .   I n   t h e   f i r s t   p l a c e ,   s m a l l - e n e r g y   p r o t o n s   c o m p r i s e  a 
s i g n i f i c a n t   p a r t   o f   t h e   c a s c a d e   p r o t o n   s p e c t r u m .   I n   t h e   s e c o n d  
p l a c e ,   t h e   a b s o r b e d   d o s e   p e r   o n e   p r o t o n   i n c r e a s e s   s i g n i f i c a n t l y  
w i t h  a d e c r e a s e   i n   t h e   p r o t o n   e n e r g y ,   a n d  - f i n a l l y  - i n   t h e   r e g i o n  
of low p r o t o n   e n e r g i e s   t h e  RBE r eaches  maximum va lues .   Toge the r  
w i t h   t h i s ,   t h e   g r e a t e s t   u n c e r t a i n t i e s  exis t  i n   t h e  low-energy  region 
o f   t h e   c a l c u l a t e d   s p e c t r a   f o r   c a s c a d e   p r o t o n s .  The  "cut-off' '  
energy,which is i n t r o d u c e d   i n   t h e   c a l c u l a t i o n s   i n   o r d e r   t o   t a k e   t h e  
Coulomb b a r r i e r   i n t o   a c c o u n t ,   r e p r e s e n t s  a v e r y   i n d e f i n i t e   q u a n t i t y .  
I n  a d d i t i o n ,   t h e r e  i s  t h e   p e n e t r a t i o n  of t h e  Coulomb b a r r i e r ,   w h i c h  
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is  o r d i n a r i l y   n o t   t a k e n   i n t o   a c c o u n t   i n   t h e   c a l c u l a t i o n s .  Due 
t o   t h e   e s c a p e   o f   p a r t   o f   t h e   n u c l e o n s ,   d u r i n g   t h e   p r o c e s s   b y   w h i c h   t h e  
cascade   deve lops ,   t he  mass and   charge   o f   the   nuc leus   change ,   which  
somewhat d e c r e a s e s   t h e   h e i g h t   o f   t h e  Coulomb b a r r i e r ,   a n d   f a c i l i t a t e s  1 1 9 1  
t h e   e s c a p e   o f   p r o t o n s   i n   t h e   f i n a l   s t a g e   o f   t h e   c a s c a d e   ( R e f .   5 1 ) .  
The l a t t e r  e f f e c t  is  p a r t i c u l a r l y   i m p o r t a n t   i n   t h e   r e g i o n s   o f   h i g h -  
ene rgy   p ro tons ,   where   t he  mean number  of   cascade  nucleons  escaping 
from t h e   n u c l e u s  i s  l a r g e .  

It i s  a l s o   n e c e s s a r y   t o  know t h e   a n g u l a r   d i s t r i b u t i o n   o f  
c a s c a d e   p a r t i c l e s ,   a l o n g   w i t h   t h e   e n e r g y   d i s t r i b u t i o n .  I t  has   been  
noted  (Ref .  6 3 )  t h a t   t h e   a n g u l a r   d i s t r i b u t i o n  of  cascade   pro tons  
a n d   n e u t r o n s   a r e   e s s e n t i a l l y   i n d i s t i n g u i s h a b l e .  One c h a r a c t e r i s t i c  
f o r   t h e   a n g u l a r   d i s t r i b u t i o n   o f   c a s c a d e   p a r t i c l e s  i s  the   fo rward  
d i r e c t i o n   w i t h   r e s p e c t   t o   t h e   d i r e c t i o n  o f  motion of  t h e   i n c i d e n t  
p r o t o n .   W i t h   a n   i n c r e a s e   i n   t h e   e n e r g y   o f   t h e   c a s c a d e   p a r t i c l e s ,  
t h e   a n i s o t r o p y   o f   a n g u l a r   d i s t r i b u t i o n  is i n t e n s i f i e d .   F o r  
s m a l l   c a s c a d e   p a r t i c l e   e n e r g i e s ,   t h e   a n g u l a r   d i s t r i b u t i o n  i s  
a l m o s t   i s o t r o p i c .  

I n   a d d i t i o n   t o   p r o t o n s   a n d   n e u t r o n s ,   n e u t r a l   mesons and 
charged  n+-mesons  can  be  formed  during  the  development  of  the 
in t r anuc lea r   ca scade .   Emiss ion   o f  cascade n-mesons i s  s i g n i f i c a n t  
when t h e   e n e r g y   o f   t h e   i n c i d e n t   p r o t o n  i s  more than  300 MeV, and 
s h a r p l y   i n c r e a s e s   w i t h  a f u r t h e r   i n c r e a s e   i n   t h e   p r o t o n   e n e r g y .  
The dependence  of   the  outf low of  cascade  mesons  on  the mass number 
o f   t h e   t a r g e t   n u c l e u s  i s  f a i r ly   weak ,   and   t he   ou t f low  o f  mesons 
dec reases  somewhat w i t h   a n   i n c r e a s e   i n   t h e  mass  of   the   nucleus.  
T h i s   c a n   a p p a r e n t l y   b e   e x p l a i n e d   b y   t h e   f a c t   t h a t   t h e   p r o b a b i l i t y  
f o r  the e scape  o f  mesons   f rom  the   nuc leus   decreases   wi th   an   increase  
i n   t h e   n u c l e u s   d i m e n s i o n s   t o  a g r e a t e r   e x t e n t   t h a n   t h e   p r o b a b i l i t y  
f o r   t h e i r   f o r m a t i o n   i n c r e a s e s   d u r i n g   t h e   d e v e l o p m e n t  of  a cascade 
i n   t h e   n u c l e u s .   T a b l e  6 . 2 4  p r e s e n t s   t h e   o u t f l o w s   o f  .rr-mesons f o r  
s e v e r a l   e n e r g y   v a l u e s  o f  a n   i n c i d e n t   p r o t o n   a n d   s e v e r a l   n u c l e i  
(Ref. 63) .  

A s  c a n   b e   s e e n   f r o m   t h i s   T a b l e ,   t h e   t o t a l   o u t f l o w  of  cascade  
mesons ,   for  a proton  energy  of  0.46 Bevy ranges  f rom 0.10 t o  0.15, 
and f o r   p r o t o n   e n e r g i e s  of  1.84  Bev - from 1 .02  t o  1 .19  - i t  i s  
a lmos t   one   o rde r   o f   magn i tude   l a rge r ,  on the   ave rage .   Fo r  com- 
p a r a t i v e l y  small e n e r g i e s  of t h e   i n c i d e n t   p r o t o n s ,   t h e  n+-mesons 
occupy a p r imary   p l ace  among t h e   c a s c a d e  n-mesons escaping   f rom 
l i g h t  and  medium nucle i ;   the   ou t f low  of   no-mesons  i s  approximate ly  
1.6 times smaller (and   the   ou t f low  of   r -mesons  i s  approximately 
3 times s m a l l e r )   t h a n   f o r  n+-mesons.   For   high  energies   of   incident  
p r o t o n s ,   t h e   o u t f l o w   r a t i o   c h a n g e s   i n   f a v o r   o f  -rro-mesons. 

Only  rough  es t imates  are a v a i l a b l e  f o r  the   spec t rum of  cascade  
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mesons.  Table 6 . 2 5  p r e s e n t s   t h e   q u a l i t a t i v e   c h a r a c t e r i s t i c s   f o r  
the  spectrum  of  cascade  mesons.  The spec t rum  can   be   d iv ided   i n to  
fou r   ene rgy   i n t e rva l s   (Re f .  6 3 ) .  The e f f e c t  o f  a t a r g e t   n u c l e u s  
on  the spectrum of  cascade  mesons i s  n o t   s i g n i f i c a n t .  A t  t h e  same 
time, the   dependence   o f   t he   spec t rum  fo rm  on   t he   i nc iden t   p ro ton  
energy i s  q u i t e   c l e a r l y   a p p a r e n t .  

Data on t h e   a n g u l a r   d i s t r i b u t i o n   o f   c a s c a d e  n-mesons are 
cons ide rab ly  less r e l i a b l e   t h a n   f o r   c a s c a d e   n u c l e o n s .   T h i s  i s  
caused by t h e   g r e a t e r   u n c e r t a i n t y   o f   t h e   i n i t i a l   d a t a .  It can 
only   be   no ted   tha t   the   form  of   the  meson a n g u l a r   d i s t r i b u t i o n  i s  
g rea t ly   dependen t   on   t he   i nc iden t   p ro ton   ene rgy .   Fo r   h igh   p ro ton  I 1 9 3  
e n e r g i e s ,  a more c l e a r l y - e x p r e s s e d   d i r e c t i o n a l   e f f e c t   f o r   t h e  
a n g u l a r   d i s t r i b u t i o n s   c a n   b e   o b s e r v e d   c l o s e   t o   t h e   d i r e c t i o n   o f  
t h e   i n c i d e n t   p r o t o n ,   w h i c h  i s  a p p a r e n t   t o  a g r e a t e r   e x t e n t   f o r  
l i g h t   e l e m e n t s   ( R e f .  6 3 ) .  

Formation  of   Eva?ora- t ive  Par t ic les   During  the 
‘:uclear- ~~ Inters-ction- setw ween __ Protons  and Matter. 

Fo r   va r ious   r easons ,  a c e r t a i n  amount o f   n u c l e o n s   p a r t i c i p a t i n g  
in   the   deve lopment  o f  an   i n t r anuc lea r   ca scade   canno t   l eave   t he  
n u c l e u s .  A s  a r e s u l t   o f   s e v e r a l   c o l l i s i o n s ,   t h e   e n e r g y   o f   t h e s e  
nucleons i s  d i s t r i b u t e d   b e t w e e n   t h e   n u c l e o n s   o f   t h e   n u c l e u s ,  
changing i t  i n t o  an e x c i t e d  s t a t e .  The e x c i t a t i o n   e n e r g y   o f   t h e  
nucleus  depends on t h e   t y p e   o f   p r e c e d i n g   i n t r a n u c l e a r   c a s c a d e .   F o r  
example, i f  t h e   i n t r a n u c l e a r   c a s c a d e  i s  not   accompl ished  by t h e  
e scape  o f  c a s c a d e   p a r t i c l e s   f r o m   t h e   n u c l e u s ,   t h e n   t h e   n u c l e u s  
e x c i t a t i o n   e n e r g y  w i l l  e q u a l   t h e   e n e r g y   o f   t h e   i n c i d e n t   p r o t o n  
p l u s  i t s  b ind ing   ene rgy   i n   t he   nuc leus .   In   t he   gene ra l   ca se ,   t he  
e x c i t a t i o n   e n e r g y  i s  

m 

E* -: T,- X T i -  ( / n -  1 ) B ,  
1 =o 

where Tp  i s  t h e   e n e r g y   o f   t h e   i n c i d e n t   p r o t o n ;  T i  i s  the   ene rgy  
of t he   ca scade   pa r t i c l e s   e scap ing   f rom  the   nuc leus ;  m i s  t h e   t o t a l  
number  of e s c a p i n g   c a s c a d e   p a r t i c l e s ;  B i s  t h e  mean b ind ing   ene rgy  
f o r  m c a s c a d e   p a r t i c l e s .  

The r e s u l t s   d e r i v e d   f r o m   c a l c u l a t i n g   t h e  mean e x c i t a t i o n  
energy  (Ref.  6 3 )  f o r   i n e l a s t i c   p r o t o n   i n t e r a c t i o n  show t h a t  E*, i n  
t h e   r e g i o n  up t o  500 MeV, s l i g h t l y   d e p e n d s  on t h e   i n i t i a l   p r o t o n  
e n e r g y .   W i t h   a n   i n c r e a s e   i n   t h e   p r o t o n   e n e r g y   b y  a f a c t o r   o f   f i v e ,  
t h e  mean e x c i t a t i o n   e n e r g y   f o r  a l l  e l emen t s   i nc reases  less than  two 
times. With an i n c r e a s e   i n   t h e  mass number,   the mean e x c i t a t i o n  
ene rgy   o f   t he   nuc leus   i nc reases ;   however ,   even   fo r   heavy   nuc le i ,  
t h e   e x c i t a t i o n   e n e r g y  i s  only   about  30% o f   t h e   i n c i d e n t   p r o t o n   I 1 9 4  
e n e r g y   ( f o r  Tp rz 500  Mev). F o r   l i g h t   n u c l e i ,   t h e   e x c i t a t i o n  
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TABLE 6 . 2 4  

OUTFLOW OF CASCADE n-MESONS 

Targe t  
Nucleu 
-~ 
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I 
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1 

Meson I Protc "~ " 

;I+ I 0,076 

0.196 
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". "" ~ 

1 0,110 1 0,308 I 0,540 
I 
! 
' 0,036 t - 1 0,184 .-lo 

x- 
J 0,019 1 -- j 0,103 

I 
i 0.063 - 1 0,202 

" "" . ~ "_ " 

I I 

- 

0,516 
0,401 
0,253 
" 

1,170 
." ~ - .~ . 

0.483 
0,310 
0,263 

- .. 

1,056 
. "" 

0.501 
0,329 
0,355 

. 

1 o.118 j - 

zn 0,099 - 

~- . 1 I. "- 
,*Lo 0,044 
x+ 0,040 

- 

x- 
" 

0,025 . - 

Zn 

" 

- 

- 
- ."~ ~~. . 

0,187 
0,176 
0,161 

~ . . . - . .. 

0,524 

0, I64 
0,151 
0,l I 4  

0,430 

0,272 

1,022 

- "_I 

0,447 
0,270 
0,315 
~- 

1,030 

0,427 
0,276 
0,314 

"_c 

1,017 

e n e r g y   i n   t h i s   r e g i o n   d o e s   n o t   e x c e e d  10% of t h e   i n c i d e n t   p r o t o n  
energy.  

I 1 9 2  

I 1 9 4  

W i t h   a n   i n c r e a s e   i n   t h e   i n c i d e n t   p r o t o n   e n e r g y   f r o m  500 Mev 
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TABLE 6 .25  

SPECTRWI OF CASCADE T-MESONS FOR DIFFERENT ENERGIES OF PROTONS 
IMPACTING ON THE NUCLEUS OF Cu AND U 1193 

Proton  Energy, M e V  
- ". 

For Cu Xucleus 
460 
940 

1840 

460 
940 

1840 

For U Nucleus 

" " - 

. - - - -. . .. - 

C h a r a c t e r i s t i c s  o f  t he   Cascade  Meson 
Spec t rum  fo r   Ene rgy   In t e rva l s   o f  
7rrMes 

0 - 45 
" - - - .- 

0 . 4 8  
0 .27  
0 . 2 3  

0 .47  
0 .37  
0 .26  

. "_ . 

: C  

1 
ns. (Mev) 

45 - 90 

0 . 4 4  
0 . 2 5  
0 . 1 9  

0 .42  
0 . 2 5  
0 .19  
~ -~ " 

30-200 
" 

0 . 0 6  
0 . 1 3  
0 .09  

0.11 
0.09  
0 . 1 4  

.I >200 

0 .02  
0 .35  
0 .49  

0 .002  
0 .029  
0 . 4 4  
- ~" 

t o  2000 M e V ,  t h e   h e a v i e r   t h e   n u c l e u s ,   t h e  more v i g o r o u s l y   t h e  
e x c i t a t i o n   e n e r g y   i n c r e a s e s .   H o w e v e r ,   t h e   p o r t i o n   o f   e x c i t a t i o n  
energy  from  the p r i m a r y  p ro ton   ene rgy   dec reases   t o   app rox ima te ly  
22% for   uranium,  and  approximately 5% f o r  aluminum ( f o r  Tp 2000 Mev). 

The e x c i t a t i o n   e n e r g y ,   w h i c h   r e m a i n s   i n   t h e   n u c l e u s   a f t e r  
t h e   i n t r a n u c l e a r   c a s c a d e   s t a g e  is completed,  i s  d i s t r i b u t e d   b e t w e e n  
s e v e r a l   n u c l e o n s   o f   t h e n u c l e u s .  Due t o   t h e   f l u c t u a t i o n   i n   t h e  
magnitude of  t h e   e n e r g y   p e r   o n e   p a r t i c l e ,  i t  i s  p o s s i b l e   f o r   o n e  
o f   t he   nuc leons   t o   acqu i r e   ene rgy   wh ich  i s  s u f f i c i e n t   f o r  i t  t o  
escape   f rom  the   nuc leus .   Thus ,   the   nuc leus   loses  a s i g n i f i c a n t  
p a r t  o f  i t s  exc i t a t ion   ene rgy .   Fo r   h igh -ene rgy   p ro tons ,   t he  
e x c i t a t i o n   e n e r g y   o f   t h e   n u c l e u s ,   i n   a b s o l u t e   m a g n i t u d e ,  i s  
q u i t e  s i g n i f i c a n t ;   i n   t h i s   c o n n e c t i o n ,   s y s t e m a t i c   e m i s s i o n   o f  
s e v e r a l   n u c l e o n s  by t h e   n u c l e u s   t a k e s   p l a c e .  By a n a l o g y   w i t h   t h e  
evapora t ion   p rocess  of hea ted   d rops  of l i q u i d ,   t h i s   d e - e x c i t a t i o n  
p rocess   o f   t he   nuc leus   by   emis s ion  of nuc leons  i s  c a l l e d   t h e  
e v a p o r a t i v e   s t a g e   o f   i n e l a s t i c   n u c l e a r   i n t e r a c t i o n   o f  a p r o t o n ,  
a n d   t h e   e m i t t e d   n u c l e o n s  are c a l l e d   e v a p o r a t i v e   p a r t i c l e s .  

An a c c u r a t e   d e t e r m i n a t i o n   o f   t h e   e v a p o r a t i o n   p r o c e s s   o f  
nuc leons   f rom a n u c l e u s  is very  complex,   because i t  is  n e c e s s a r y  
t o   t a k e   i n t o   a c c o u n t   t h e   d e c r e a s e   i n   t h e   e x c i t a t i o n   e n e r g y  
( "coo l ing  of t h e   n u c l e u s " ) ,   t h e   c h a n g e   i n   t h e   c o m p o s i t i o n   o f   t h e  
n u c l e u s   d u r i n g   s u c c e s s i v e   e v a p o r a t i o n ,   f l u c t u a t i o n s  i n  t h e  number 
o f   e v a p o r a t e d   p a r t i c l e s ,  e tc .  I n   t h i s   c o n n e c t i o n ,   d i f f e r e n t  
s i m p l i f i c a t i o n s  are u s u a l l y   a s s u m e d   i n   t h e   c a l c u l a t i o n s .   T h e  
m o s t   r e l i a b l e   r e s u l t s   h a v e   b e e n   o b t a i n e d ,   a p p a r e n t l y ,  i n  t h e  
c a l c u l a t i o n s   c a r r i e d   o u t   b y   D o s t r o v s k y   a n d   o t h e r s   ( R e f .  6 4 ) ,  
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u t i l i z i n g   t h e  Monte-Carlo  method.  The  outflow  of  evaporative 
p a r t i c l e s  - i - e . ,  t h e  mean number  of p a r t i c l e s   e v a p o r a t e d   f r o m  
t h e   n u c l e u s  - d e p e n d s   o n   t h e   t y p e   o f   n u c l e u s   a n d   t h e   i n i t i a l  
e x c i t a t i o n   e n e r g y .  

Th i s   ou t f low  can   be   de t e rmined   fo r  a g i v e n   e x c i t a t i o n  
e n e r g y ,   i f   t h e  mean energy,   which i s  removed  from  the  nucleus 
by   one   nuc leon   dur ing   the   evapora t ion ,  i s  known. It i s  p o s s i b l e  
t o   r e p r e s e n t   t h e   m a g n i t u d e   o f   t h e  mean e x c i t a t i o n   e n e r g y ,  p e r  
one  evaporat ive  nucleon,   (which is  p r a c t i c a l l y   i n d e p e n d e n t   o f   t h e  
- mass  number A ) i n   t h e   f o r m   o f   t h e   a p p r o x i m a t e   r e l a t i o n s h i p  
E = 8.9 + 0.97  x(Mev),   where x i s  t h e   n u c l e a r   t e m p e r a t u r e  
(3 m). Then t h e  mean number   o f   evapora t ive   pa r t i c l e s  
e q u a l s   t h e   r a t i o   o f   t h e  mean e x c i t a t i o n   e n e r g y  U and t h e  
mean energy Enucleon : 

This   fo rmula   can   be   u sed   fo r   app rox ima te   e s t ima tes   o f   t he   ou t f low 
o f   e v a p o r a t i v e   p a r t i c l e s   f r o m   v a r i o u s   n u c l e i   a t   d i f f e r e n t   i n c i d e n t  
p r o t o n   e n e r g i e s .  It  was i n d i c a t e d   a b o v e   t h a t   t h e  mean e x c i t a . t i o n  f 195 
U s l i g h t l y   d e p e n d s  on t h e   i n c i d e n t   p r o t o n   e n e r g y   i n  t h e  r eg ion  
T < 500 Mev = i n   p a r t i c u l a r ,   f o r   t h i s   r e g i o n  U A l  X 46 MeV.  
T E i s  y i e l d s  Nevap M 3 . 5 .  In t he   ca se   o f   u ran ium,   fo r  T = 200 Mev 
t h e  mean e x c i t a t i o n   e n e r g y  U = 100 Mev and Xevap M 9 .  'Neutrons 
and  protons  predominate  among t h e   e v a p o r a t i v e  p a r t i c l e s  which 
e scape   f rom  the   nuc leus .  The  dependence  of  the  outflow  of  evapora- 
t i v e   p a r t i c l e s  on t h e  mass  number i s  d i f f e r e n t   f o r   n e u t r o n s  and 
p r o t o n s ,   a n d   i n   g e n e r a l   t h e   o u t f l o w   o f   n e u t r o n s  i s  g r e a t e r   t h a n  
t h a t   f o r   p r o t o n s .   T h u s ,  a t  t h e   n u c l e a r   t e m p e r a t u r e  -5 = 4 M e V ,  t h e  
o u t f l o w   o f   e v a p o r a t i v e   n e u t r o n s   f r o m   t h e   n u c l e u s ,   w i t h   t h e   i n i t i a l  
mass number A = 60 , is abou t   fou r ,   and   t he   ou t f low  o f   p ro tons  - 
n o t  more than  one  and a h a l f .  W i t h   a n   i n c r e a s e   i n   t h e  mass  number, 
t h i s   d i f f e r e n c e   i n c r e a s e s   s i g n i f i c a n t l y :   f o r  A = 2 4 0 ,  t he   ou t f low 
of   neut rons  i s  about  2 2 ,  and f o r   p r o t o n s  - n o t  more t h a n   t h r e e .  
The n u c l e a r   t e m p e r a t u r e  X = 4 Mev c o r r e s p o n d s   t o   t h e   e x c i t a t i o n  
ene rgy   o f   t he   nuc leus  U 1 .6  A', which   equals   approximate ly  
100 MeV f o r  A = 60,  and  about 400 Mev f o r  A = 2 4 0 .  I n  i t s  t u r n ,  
t h i s   c o r r e s p o n d s   t o   a n   i n c i d e n t   p r o t o n   e n e r g y   o f   a b o u t  1 .5  Bev. 

W i t h   a n   i n c r e a s e   i n   t h e   e x c i t a t i o n   e n e r g y ,   t h e   o u t f l o w   o f  
e v a p o r a t i v e   n e u t r o n s   a n d   p r o t o n s   i n c r e a s e s   i n   t h e   f o l l o w i n g  way. 
A t  t h e   n u c l e a r   t e m p e r a t u r e x  = 6 Mev ( e x c i t a t i o n   e n e r g y  U = 216 Mev 
f o r  A = 6 0  and U M 864 MeV f o r  A = 2 4 0 ;  t h e   i n c i d e n t   p r o t o n   e n e r g y  
i s  2500 - 3000 MeV), t he   ou t f low  o f   neu t rons   amoun t s   t o   f i ve - s ix  
f o r  A = 60 and 32 - 34 f o r  A = 2 4 0 ,  whereas   t he   ou t f low  o f   p ro tons  
is  a b o u t   t h r e e   f o r  A = 60, and   about   seven   for  A = 2 4 0 .  However, 
i t  shou ld   be   no ted   t ha t   t he   dependence   o f   t he   ou t f low  o f   evapora t ive  
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p a r t i c l e s  on  the mass number A is  n o t  a monotonic   funct ion,   and 
the   nonmonotonic   na ture  is c l e a r l y   e x p r e s s e d   f o r   p r o t o n s   t o  a 
l a r g e   d e g r e e .  The  nonmomotonic n a t u r e   o f   t h i s   d e p e n d e n c e  i s  caused 
by t h e   s o - c a l l e d   s h e l l   e f f e c t   a n d   t h e   c o m p e t i t i o n   b e t w e e n   t h e  
p rocesses   fo r   t he   e scape   o f   neu t rons   and   p ro tons .  

F igu re   6 .7  

O u t f l o w   o f   E v a p o r a t i v e   P a r t i c l e s  as a F u n c t i o n   o f   E x c i t a t i o n  
Energy o f  Copper-64. 

In a d d i t i o n   t o   n e u t r o n s   a n d   p r o t o n s ,   t h e r e  are  d e u t e r o n s ,   t r i t o n s ,  
hel ium-3,   and  hel ium4 among t h e   e v a p o r a t i v e   p a r t i c l e s .  L e t  us  examine 
t h e   r e l a t i v e   o u t f l o w  of  d i f f e r e n t   e v a p o r a t i v e   p a r t i c l e s ,   u s i n g   t h e  
example o f  a copper-64  nucleus.  The o u t f l o w   o f   d i f f e r e n t   e v a p o r a t i v e  
p a r t i c l e s  f r Q m  the   nuc leus  of  copper-64 i s  shown i n   F i g u r e   6 . 7 ,  as a 
func t ion   o f   t he   exc i t a t ion   ene rgy .   1 ; eu t rons   and   p ro tons  make up t h e  
c a i n   p o r t i o n  of  e v a p o r a t i v e   p a r t i c l e s .  

The ou t f low  o f   heav ie r  p a r t i c l e s  i s  s i g n i f i c a n t   o n l y   f o r   v e r y  1196 
l a r g e   e x c i t a t i o n   e n e r g i e s .   F o r   t h e   e x c i t a t i o n   e n e r g y  U = 200 MeV,  
which   cor responds   to   an   inc ident   p ro ton   energy   of   about  1850 MeV, 
t h e r e  are about 55 n e u t r o n s ,   2 8   p r o t o n s ,  8 d e u t e r o n s ,  7 a - p a r t i c l e s ,  
3 t r i t o n s ,  and less than   one   he l ium-3   nuc leus ,   on   the   average ,  among 
t h e   e v a p o r a t i v e   p a r t i c l e s   p e r   t e n   n u c l e i  - i . e . ,  a b o u t   1 0   p a r t i c l e s  
p e r   n u c l e u s   i n  a l l .  Thus ,   neut rons   compr ise   more   than   ha l f  of a l l  
t h e   e v a p o r a t i v e   p a r t i c l e s ;   p r o t o n s   c o m p r i s e   o n l y   h a l f   o f   t h e  mean 
number   o f   neu t rons ,   and   t he   r ema in ing   cha rged   pa r t i c l e s  as a whole 
are n o t  more than  115 o f   t h e   t o t a l   o u t f l o w .  

L e t  u s   examine   t he   ene rgy   spec t rum  o f   evapora t ive 'pa r t i c l e s .  

2 2 3  



We s h a l l  do t h i s ,  by us ing   the   example   o f  N i ,  Ag, and Au n u c l e i  
which a r e  bombarded  by  protons  having  energies   of   190 M e V ,  because 
f o r   t h i s  case t h e r e  are b o t h   c a l c u l a t i o n a l   r e s u l t s   ( R e f .  6 5 )  and 
expe r imen ta l   da t a   (Re f .  6 6 ) .  The s p e c t r a   o f   e v a p o r a t i v e   p a r t i c l e s  
were c a l c u l a t e d  by the   Monte-Car lo   method,   whi le   resu l t s   which  
were o b t a i n e d  by Met ropo l i s   and   o the r s   (Re f .  6 3 ) ,  were u s e d   t o  
d e s c r i b e   t h e   c a s c a d e   s t a g e   w h i c h   p r e c e d e s   t h e   e v a p o r a t i o n   p r o c e s s .  
The s p e c t r a   o f   e v a p o r a t i o n   n e u t r o n s   ( R e f .  6 5 )  have a maximum of 
about  1 MeV,  and  extend up t o  10 - 15 MeV. A compar i son   w i th   t he  
e x p e r i m e n t a l   s p e c t r a  shows a r a t h e r  good  agreement  between  the 
s p e c t r u m   s e c t i o n s   f o r  En > 2 M e V ,  and a g r e a t   d i v e r g e n c e   f o r  
s m a l l e r   n e u t r o n   e n e r g i e s .  The c a l c u l a t e d   v a l u e s   a r e   e s s e n t i a l l y  
t o o   l o w ,   w i t h   r e s p e c t   t o   t h e   e x p e r i m e n t a l   v a l u e s .  I t  was  assumed 
t h a t   t h e   u t i l i z a t i o n   o f  a nucleus  model   having a d i f f u s i v e   b o u n d a r y  
can   improve   t h i s   pa r t  o f  t h e   c a l c u l a t e d   s p e c t r a .  

The s p e c t r a   o f   c h a r g e d   p a r t i c l e s   w h i c h  are e m i t t e d   d u r i n g  
e v a p o r a t i o n   d i f f e r   f r o m   t h e   n e u t r o n   s F e c t r a  by t h e   f a c t   t h a t   t h e  
maximum i s  s h i f t e d   t o   t h e   r e g i o n   o f   h i g h   e n e r g i e s  (5  - 10 MeV) 
f o r   p r o t o n s   a n d   d e u t e r o n s ,   a n d   t o   t h e   r e g i o n   o f  10-15 Mev f o r  
a - p a r t i c l e s .   T h i s  is caused   by   t he   i n f luence   o f   t he  Coulomb 
b a r r i e r   o f   t h e   n u c l e u s .  The d i v e r g e n c e   w i t h   e x p e r i m e n t a l   d a t a  
can   be   p r imar i ly   expla ined   by   no t   making   an   accura te   a l lowance   for  
c o r r e c t i o n s   f o r   t h e  Coulomb b a r r i e r   o f   t h e   n u c l e u s .  

It s h o u l d   b e   n o t e d   t h a t   t h e   s p e c t r u m   f o r m   f o r   c h a r g e d   p a r t i c l e s  
of  e v a p o r a t i o n  i s  s l i g h t l y   d e p e n d e n t  on t h e   e x c i t a t i o n   e n e r g y  of 
the   nuc leus   and ,   consequen t ly ,  on t h e   i n c i d e n t   p r o t o n   e n e r g y .   I n  
conc lus ion ,  l e t  us   examine   the   cumula t ive   da ta  on the   ou t f low  o f  
c a s c a d e   a n d   e v a p o r a t i v e   p a r t i c l e s   d u r i n g   t h e   i n t e r a c t i o n   o f   p r o t o n s ,  
hav ing   ene rg ie s   o f   190  M e V ,  w i t h  N i ,  Ag, and Au n u c l e i   ( R e f .  6 5 ) .  
These da ta  a r e   g i v e n   i n   T a b l e  6 . 2 6 ,  a l o n g   w i t h   t h e   e x p e r i m e n t a l  
r e s u l t s   ( R e f .  6 6 ) .  

I n   t h e   f i r s t   p l a c e ,  i t  s h o u l d   b e   n o t e d   t h a t   t h e r e  i s  comple te ly  
s a t i s f a c t o r y   a g r e e m e n t   b e t w e e n   t h e   e x p e r i m e n t a l   a n d   t h e o r e t i c a l   c r o s s  
s e c t i o n s   f o r   t h e   f o r m a t i o n   o f   c a s c a d e   a n d   e v a p o r a t i v e   p a f t i c l e s .  
I n   a d d i t i o n ,   i f  i t  is assumed t h a t   e v a p o r a t i v e   p a r t i c l e s   h a v e   a n  
i s o t r o p i c   a n g u l a r   d i s t r i b u t i o n ,   a n d   t h e   a n g u l a r   d i s t r i b u t i o n   o f  
c a s c a d e   p a r t i c l e s  is  e n t i r e l y   c o n f i n e d   t o   t h e   l e a d i n g   h e m i s p h e r e ,  
t h e   d i f f e r e n c e   b e t w e e n   t h e   e x p e r i m e n t a l   c r o s s - s e c t i o n   v a l u e s   f o r  
l ead ing   and   t r a i l i ng   hemisphe res   mus t   be   t he   c ros s - sec t ion   fo r   t he  
f o r m a t i o n   o f   c a s c a d e   p a r t i c l e s .   T h e s e   v a l u e s   c l o s e l y   c o i n c i d e  
w i t h   t h e   c a l c u l a t e d   q u a n t i t i e s   f o r   t h e   f o r m a t i o n   c r o s s - s e c t i o n   o f  
c a s c a d e   p a r t i c l e s .  

/ 1 9 7  

On t h e   b a s i s   o f   t h e   d a t a   p r e s e n t e d   i n   T a b l e  6 . 2 6 ,  c e r t a i n  con- 
c lus ions   can   be  drawn w i t h   r e s p , e c t   t o   t h e   r e l a t i o n s h i p s   b e t w e e n   o u t -  
f lows of c a s c a d e   a n d   e v a p o r a t i v e   p a r t i c l e s ,   o u t f l o w s   o f  a d i f f e r e n t  
t y p e   o f   p a r t i c l e s ,   a n d   o t h e r s .   U n f o r t u n a t e l y ,   t h e r e  are ve ry  few d a t a  
o f   t h i s   t y p e .  Data on c a s c a d e   p a r t i c l e s  are conf ined   on ly   t o   neu t rons  
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TABLE 6.26 

FORMATION CROSS-SECTIONS  OF SECONDARY PARTICLES (mb/s te rad)  DURING 
THE BOMBARDMENT OF SEVERAL NUCLEI BY PROTONS HAVING ENERGIES OF 190 MeV 

- - __ - . - - - ." . . 
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and  Experimental  

Condi t ions  _ _  1;; .~ 
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12'} 189 

".  " 

69 
- . " - - I 

5 3  6 7  } 120 
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34 
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'} 13 
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14} 20 
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" 
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He - 
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17)27 
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58 

"}37 
14 - 
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Comments: 1. Exper imen ta l   fo rma t ion   c ros s - sec t ions   o f   neu t rons   do   no t  
t ake   i n to   accoun t   ca scade   neu t rons   (Ref .   66 ) .  

g i v e n   f o r   l e a d i n g   a n d   t r a i l i n g   h e m i s p h e r e s   ( w i t h   r e s p e c t   t o   t h e   d i r e c t i o n  
of a p r o t o n   b u n d l e ) .  

2 .   E x p e r i m e n t a l   f o r m a t i o n   c r o s s - s e c t i o n s   o f   c h a r g e d   p a r t i c l e s   a r e  

- 
and   p ro tons .   Th i s   t ype   o f   da t a  i s  necessa ry   (Tab le   6 .26 )   fo r  
l i g h t  and mean n u c l e i   ( e l e m e n t s   i n c l u d e d   i n   t h e   c o m p o s i t i o n   o f   s h i e l d i n g  
and t i s s u e ) ,  s i n c e   t h e   r e l a t i o n s h i p   b e t w e e n   c a s c a d e   a n d   e v a p o r a t i v e  
n e u t r o n s   d e p e n d s   s i g n i f i c a n t l y  on t h e   t y p e   o f   n u c l e u s .   - h e n  a change i s  
made from Au n u c l e i   t o  N i ,  t h i s   r e l a t i o n s h i p   c h a n g e s   b y  more than  one 
o r d e r   o f   m a g n i t u d e .   I n   a d d i t i o n ,   t h e   s p e c t r a l   a n d   a n g u l a r   d i s t r i b u t i o n s  
o f   c a s c a d e   a n d   e v a p o r a t i v e   p a r t i c l e s  are c o m p l e t e l y   d i f f e r e n t .  It is 
a l s o   i m p o r t a n t   t o   h a v e   d e t a i l e d   d a t a   f o r  a wide   p ro ton   ene rgy   r eg ion .  
Some a d d i t i o n a l   i n f o r m a t i o n   c a n   b e   o b t a i n e d   o n   t h e   b a s i s   o f   e x p e r i m e n t a l  
da ta ,   which  are a l s o   n o t   c o m p r e h e n s i v e   e n o u g h .   I n   t h i s   c o n n e c t i o n ,  i t  
c a n   b e   n o t e d   t h a t   o n l y   p r o v i s i o n a l   c a l c u l a t i o n s   f o r   t h e   t i s s u e   d o s e s   o f  
p r o t o n s   b e y o n d   t h e   s h i e l d i n g   c a n   b e  made o n   t h e   b a s i s  of e x i s t i n g   i n -  
fo rma t ion  on n u c l e a r   p r o t o n   i n t e r a c t i o n s .   T h e s e   p r o v i s i o n a l   c a l c u -   / 1 9 8  
l a t i o n s  m u s t   b e   r e f i n e d   i n   t h e   f u t u r e ,  as new t h e o r e t i c a l   a n d  ex- 
p e r i m e n t a l   d a t a  are ob ta ined .  
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CHAPTER 7 

SHIELDING FROM  PROTONS I N  THE INNER RADIATION ZONE OF 
THE EARTH AND SOLAR  FLARES 

7 . 1 .  I n t r o d u c t i o n  

The p reced ing   chap te r   p re sen ted   fundamen ta l   i n fo rma t ion  on t h e  / 200  
i n t e r a c t i o n   o f   h i g h - e n e r g y   p r o t o n s   i n   s h i e l d i n g   a n d   i n   b i o l o g i c a l  
t i s s u e .  L e t  u s   c a r r y   t h i s   i n v e s t i g a t i o n   f u r t h e r ,   a n d   d e t e r m i n e   t h e  
manner i n  w h i c h   t h e s e   d a t a   c a n   b e   a p p l i e d   t o   s p e c i f i c   d e s i g n s  

f o r   s h i e l d i n g   f r o m   p r o t o n s   i n   t h e   i n n e r   r a d i a t i o n   z o n e   o f   t h e   e a r t h  
a n d   f r o m   s o l a r   f l a r e s .   I n  a g e n e r a l   f o r m ,   t h e   p r o b l e m   o f   c a l c u l a t i n g  
s h i e l d i n g   f o r  a h a b i t a b l e   c a b i n   o n  a s p a c e c r a f t   c a n   b e   f o r m u l a t e d  
i n   t h e   f o l l o w i n g  way. F o r   g i v e n   i n i t i a l   c o n d i t i o n s   ( t r a j e c t o r y ,  
d u r a t i o n ,   a n d   o t h e r   s p a c e f l i g h t   c o n d i t i o n s ) ,  i t  i s  n e c e s s a r y   t o   d e t e r -  
mine t h e   b a s i c   r e q u i r e m e n t s   f o r  a s h i e l d i n g   ( t y p e   a n d   t h i c k n e s s   o f  
material ,  s h i e l d i n g   a r r a n g e m e n t ,   e t c . )   w h i c h   w o u l d   p r o v i d e   t h a t  
the  cosmonaut   does  not  receive more t h a n  a g i v e n   t o t a l   r a d i a t i o n  
d o s e .   T h e   s o l u t i o n   o f   t h i s   p r o b l e m   c a n   b e   r e p r e s e n t e d   i n   t h e  
f o l l o w i n g   s t a g e s .  

F i r s t   o f  a l l ,  t h e   i n t e n s i t y   a n d   s p e c t r a l   c o m p o s i t i o n   o f  
c h a r g e d   p a r t i c l e  streams i s  d e t e r m i n e d ,   a n d   t h e   d o s e   o f   i r r a d i a t i o n  
f r o m   c o r p u s c u l a r   r a d i a t i o n   i n   t h e   z o n e s  o f  t h e   e a r t h  i s  c a l c u l a t e d ,  
o n   t h e   b a s i s   o f   d a t a   r e g a r d i n g   t h e   s p a t i a l   l o c a t i o n   o f   t h e   r a d i a t i o n  
zones  and  data  on t h e   t r a j e c t o r y   o f   t h e   s p a c e c r a f t .   T h e n ,   f o r  a 
g i v e n   f l i g h t   d u r a t i o n ,   a n  estimate is  made of   the   dose   p rovided   by  
p r o t o n   r a d i a t i o n   f r o m   s o l a r   f l a r e s .  Data on   the   f requency   of  
s o l a r   f l a r e s ,   a n d   t h e   s p e c t r a l   d i s t r i b u t i o n   a n d   i n t e n s i t y   o f   t h e  
p r o t o n  streams are t h u s   t a k e n   i n t o   a c c o u n t .  

I n   o r d e r  t? o b t a i n   t h e   t o t a l   d o s e   o b t a i n e d   d u r i n g  a f l i g h t ,  
t h e   d o s e   c a u s e d b y   p r i m a r y   c o s m i c   r a d i a t i o n   m u s t   b e   a d d e d   t o   t h e  
d o s e   f r o m   i r r a d i a t i o n   f r o m  terrestr ia l  z o n e s   a n d   s o l a r   f l a r e s .  
The t o t a l   d o s e   w h i c h  i s  thus   de te rmined  i s  compared  with  the 
p e r m i s s i b l e   d o s e ,   w h i c h   h a s   b e e n   e s t a b l i s h e d   o n   t h e   b a s i s   o f   t h e  
s p a c e f l i g h t   c o n d i z i o n s .  50 rem i s  recommended as t h e   a d m i s s i b l e  
dose  f o r   s p a c e f l i g h t s   o f   s h o r t   d u r a t i o n ,   a n d  25-30 r e m  p e r   y e a r  
when t h e   f l i g h t  lasts s e v e r a l   y e a r s   ( R e f .  1). Thus,   on  the  one 
hand ,   t he  limits o f   t h e   a d m i s s i b l e   r a d i a t i o n   a c t i o n  are t a k e n   i n t o  
account ,  as w e l l  as t h e   u n u s u a l   f e a t u r e s   o f   f u t u r e   f l i g h t s   t o   b e  
t aken   by  man i n   s p a c e ,   o n   t h e   o t h e r   h a n d .  The q u a n t i t i e s   w h i c h  I 2 0 1  
are p resen ted   mus t   be   r ega rded  as p r o v i s i o n a l ,   r e q u i r i n g   f u t u r e  
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re f inement  as e x p e r i m e n t a l   d a t a  are a c c u m u l a t e d   o n   t h e   b i o l o g i c a l  
e f f e c t   o f   h i g h - e n e r g y   r a d i a t i o n ,   t h e   c o m b i n e d   e f f e c t   o f   s p a c e f l i g h t  
f a c t o r s ,  e tc .  

The n e c e s s a r y   m u l t i p l i c i t y   f a c t o r   f o r   d o s e   a t t e n u a t i o n   i n   t h e  
s h i e l d i n g  is de te rmined   by   compar ing   t he   t o t a l   dose   ob ta ined  
d u r i n g   t h e   f l i g h t   w i t h   t h e   a d m i s s i b l e   i r r a d i a t i o n   d o s e   f o r   t h e  
cosmonaut. L e t  us   use  K O  t o   d e s i g n a t e   t h e   m u l t i p l i c i t y   f a c t o r  
f o r   a t t e n u a t i o n   o f   t h e   t o t a l   r a d i a t i o n   d o s e   i n   t h e   s h i e l d i n g .  
We can   then  wr i te :  

where  ci i s  t h e  re la t ive  d o s e   d u r i n g   t h e   f l i g h t ,   a n d  K i  i s  t h e  
m u l t i p l i c i t y   f a c t o r   o f   t h e   d o s e   a t t e n u a t i o n ,   c o r r e s p o n d i n g   t o   t h e  
ith component.  The  summation i s  made f o r  a l l  r ad ia t ion   componen t s  
wh ich   i n f luence   t he   cosmonau t   du r ing   t he   f l i gh t .  On t h e   b a s i s  of t h i s  
r e l a t i o n s h i p ,   f o r   g i v e n   f l i g h t   c o n d i t i o n s  i t  is  p o s s i b l e   t o   d e t e r m i n e  
t h e  component o r  components   o f   rad ia t ion   which   pr imar i ly   de te rmine  
the   t h i ckness   and   a r r angemen t   o f   t he   sh i e ld ing .   Thus ,   fo r   example ,  
f o r  a spacec ra f t   wh ich  is t o   o r b i t   t h e  moon f o r  14 days ,   hav ing  a 
s h i e l d i n g   t h i c k n e s s   o f  13 .86  g/cm2  on the   ave rage   (Ref .  2 ) ,  t h e  
ind iv idua l   r ad ia t ion   componen t s  make t h e   f o l l o w i n g   c o n t r i b u t i o n s   t o  
t h e   t o t a l   d o s e   o f  102 rem d u r i n g   t h e   f l i g h t :   p r o t o n s   f r o m   s o l a r  
f l a r e s  98 rem;  pr imary  cosmic  radiat ion 2 . 8  r e m ;  p r o t o n s   f r o m   t h e  
inne r   zone   o f   t he   ea r th  0 . 6  rem; a n d   e l e c t r o n s   f r o m   t h e   o u t e r   z o n e  
o f   t h e   e a r t h   ( i n c l u d i n g   e l e c t r o m a g n e t i c   r a d i a t i o n   w h i c h  i s  produced 
by e l e c t r o n s   i n   t h e   s h i e l d i n g )  0 . 2  rem. I n   t h i s  case,  t h e   s h i e l d i n g  
t h i c k n e s s  i s  c o m p l e t e l y   d e t e r m i n e d   b y   p r o t o n s   f r o m   s o l a r   f l a r e s .  I t  
i s  a p p a r e n t   t h a t   t h e   r e l a t i o n s h i p   b e t w e e n   t h e   d o s a g e   c o n t r i b u t i o n s  
o f   d i f f e r e n t   c o m p o n e n t s   d e p e n d s   o n   t h e   s p e c i f i c   f l i g h t   c o n d i t i o n s ;  
h o w e v e r ,   i n   a l l   c a s e s ,   t h e   d o s a g e   c o n t r i b u t i o n  made by  protons  f rom 
s o l a r   f l a r e s  w i l l  mos t   p robab ly   be   s ign i f i can t .  

I n   a d d i t i o n ,   t h e  materials are c h o s e n   f o r   t h e   s h i e l d i n g   w h i c h  
w i l l  r e d u c e   t h e   t o t a l   i r r a d i a t i o n   d o s e   b y   t h e   r e q u i r e d  amount 
d u r i n g   t h e   f l i g h t .   D i f f e r e n t   v a r i a n t s   i n   t h e   a r r a n g e m e n t   o f   t h e  
s h i e l d i n g  materials are e x a m i n e d ,   a n d   a l s o   t h e   p o s s i b i l i t y   o f   u s i n g  
t h e   s p a c e c r a f t   c o n s t r u c t i o n ,   e q u i p m e n t ,   f u e l   s u p p l i e s ,  e t c .  as 
s h i e l d i n g   e l e m e n t s  is de termined .  I t  s h o u l d   b e   n o t e d   t h a t   t h e  
s e l e c t i o n   o f  materials which w i l l  p r o v i d e   t h e   r e q u i r e d   s h i e l d i n g  
w i t h  a minimum a d d i t i o n a l   w e i g h t  i s  a very  complex  problem. Its 
s o l u t i o n   e n t a i l s   t a k i n g   i n t o   a c c o u n t   b o t h   t h e   i n t e r a c t i o n   o f  
p r o t o n s   w i t h   t h e   s h i e l d i n g  material  and   t he   fo rma t ion   o f   s econda ry  
r a d i a t i o n   i n  i t ,  as we l l  a s   t h e   i n t e r a c t i o n   o f   p r o t o n s   a n d  
s e c o n d a r y   p a r t i c l e s   w i t h   t h e   b i o l o g i c a l   t i s s u e .  These problems 
have s t i l l  n o t   b e e n   s o l v e d   c o m p l e t e l y   a n d   t h e r e f o r e   a p p r o x i m a t i o n s  
must  be  used i n   t h e   c a l c u l a t i o n s .   I n   a d d i t i o n ,   t h e   s e l e c t i o n   o f  
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m a t e r i a l s  w i l l  depend   on   t he   sh i e ld ing   a r r angemen t ,   wh ich   i n  i t s  
t u r n  i s  de termined  by t h e   g e n e r a l   c o n s t r u c t i o n   o f   t h e   s p a c e c r a f t ,  
by t h e   p o s s i b i l i t y   o f   u t i l i z i n g   e q u i p m e n t   a n d   s u p p l i e s   f o r   t h e  
s h i e l d i n g ,  e t c .  When t h e   o u t e r   l a y e r s   o f   s h i e l d i n g   m a t e r i a l   a r e  /202  
s e l e c t e d ,  i t  i s  n e c e s s a r y   t o   a l s o   t a k e   i n t o   a c c o u n t   t h e   r e l a t i v e  
r a d i a t i o n   r e s i s t a n c e   o f   d i f f e r e n t  materials, a s  w e l l  as c e r t a i n  
o t h e r   s p e c i f i c   r e q u i r e m e n t s .  

I n   c o n c l u s i o n ,  i t  is  n e c e s s a r y   t o   c h e c k   t h e   i r r a d i a t i o n   d o s e  
f o r   t h e  cosmonaut f o r   t h e   s p e c i f i c   s h i e l d i n g   a r r a n g e m e n t   a n d  
s p a c e c r a f t   c o n s t r u c t i o n ,  and t o   d e t e r m i n e   t h e   p r e s e n c e   o f   l e a k a g e ,  
weak s p o t s ,  e tc .  I n   t h e   p r e s e n t   c h a p t e r ,   t h e   b a s i c   p r o b l e m s  
c o n n e c t e d   w i t h   c a l c u l a t i n g   t h e   s h i e l d i n g   f r o m   p r o t o n s  coming  from 
s o l a r   f l a r e s   i n   t h e   i n n e r  z o n e   o f   t h e   e a r t h   a r e   d i s c u s s e d .   F i r s t ,  
t h e  method w i l l  b e  d i s c u s s e d   f o r   d e s i g n i n g  a s h i e l d i n g  from  high- 
energy   pro tons ,   which  is  based   on   u t i l i z ing   t he   r ange -ene rgy  
r e l a t i o n s h i p s   w h i c h  were p r e s e n t e d   i n   t h e   p r e c e d i n g   c h a p t e r .  T h i s  
method  can   provide   on ly   approximate   es t imates   for  a s h i e l d i n g  from 
high-energy  protons,   and - a s  w i l l  b e  shown  below - r e q u i r e s   s i g -  
n i f i c a n t   r e f i n e m e n t s .  

7 .2 .  Method fo r   Des ign ing  a S h i e l d i n g  on t h e   B a s i s  
of  Range-Energy  Relationships 

The   range-energy   re la t ionships  are usua l ly   used   (Ref .  2 - 1 0 ,  
a n d   o t h e r s )   i n   d e s i g n i n g  a protect ion  f rom  protons  coming  f rom 
s o l a r   f l a r e s   i n   t h e   i n n e r  zone   o f   t he   ea r th .  Let us  examine t h i s  
method i n   g r e a t e r   d e t a i l ,   s i n c e  i t  f a c i l i t a t e s  a c l a r i f i c a t i o n  o f  
c e r t a i n   g e n e r a l   r u l e s   f o r  a sh i e ld ing   f rom  p ro tons ,   and  makes i t  
p o s s i b l e   t o   o b t a i n   a p p r o x i m a t e   e s t i m a t e s   o f   r a d i a t i o n   d a n g e r  
d u r i n g   s p a c e f l i g h t s .  

I f   t h e   v a l u e s   f o r   t h e   p r o t o n   r a n g e s   i n   d i f f e r e n t   s u b s t a n c e s  
are used,  which were p r e s e n t e d   i n   T a b l e   6 . 9 ,  i t  c a n   b e   s e e n   t h a t  
t h e  minimum range among t h e s e   s u b s t a n c e s   ( g / c m 2 )   c o r r e s p o n d s   t o  
carbon.  A s h i e l d i n g  made of   carbon,   however ,   does   no t  alw.ays 
p rov ide  a minimum weight .   Us ing   the   example   o f  a s p h e r i c a l   c a b i n ,  
l e t  us   examine   the   dependence   of   sh ie ld ing   weight   on   p ro ton   energy  
f o r   d i f f e r e n t   c a b i n   r a d i i .   F i g u r e  7 . 1  p r e s e n t s   t h e s e   d e p e n d e n c e s  
f o r   a n   i n n e r   c a b i n   r a d i u s   o f  R = 50 c m  and 150 cm. The s h i e l d i n g  
t h i c k n e s s   f o r   e a c h   m a t e r i a l   ( c a r b o n ,   p o l y e t h y l e n e ,   a l u m i n u m ,   a n d  
l e a d )  i s  assumed t o   e q u a l   t h e   p r o t o n   r a n g e   f o r  a g iven   energy;  
the  magni tude  of   the  range  can  be  found  f rom  Table   6 .9 .   For  
r e l a t i v e l y   s m a l l   p r o t o n   e n e r g i e s   ( l e s s   t h a n  250 - 400 Mev f o r  a 
r a d i u s  R = 50 cm and less than  450 - 650 Mev f o r  a r a d i u s  R = 150 cm), 
t h e   l o w e s t   s h i e l d i n g   w e i g h t  i s  p r o v i d e d   b y   l i g h t   m a t e r i a l s .  A 
material conta in ing   hydrogen  - p o l y e t h y l e n e  - h a s  a weight   advantage  
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of up t o  2-2.5 times, as compared  with  lead.  The reverse is  t r u e  
for   h igh-energy   pro tons :   heavy  materials are more s u i t a b l e ,  
e s p e c i a l l y   f o r  small i n n e r   d i m e n s i o n s   o f   t h e   s h i e i d e d   r e g i o n .   T h u s ,  
f o r  Tp  = 1000 M e V ,  a l e a d   s h i e l d i n g   f o r  R = 150 c m  is 1 . 6  times 
l i g h t e r   t h a n  a p o l y e t h y l e n e   s h i e l d i n g ,   a n d   f o r  R = 50 cm i t  is 
f o u r  times l i g h t e r .  

I f   t h e   f a c t  i s  t a k e n   i n t o   a c c o u n t   t h a t   t h e   w e i g h t   r e l a t i o n s h i p  
o f   s h i e l d i n g  made f r o m   d i f f e r e n t  materials depends  on the p r o t o n  
energy ,  i t  is necessa ry   t o   examine   t he   dependence   o f   sh i e ld ing   we igh t  / 2 0 3  
on t h e   t y p e  of s h i e l d i n g  material  f o r  real  p r o t o n   s p e c t r a   i n   c o s m i c  
space .  The w e i g h t   d e p e n d e n c e s   o f   s p h e r i c a l   s h i e l d i n g   s h e l l s  made 
o f   d i f f e r e n t  materials upon t h e   p r o t o n   d o s e  ra te  a t  t h e   c e n t e r   o f  
a c a v i t y   h a v i n g   t h e   d i a m e t e r s  1.83 and 3.66 m , r e s p e c t i v e l y ,   f o r   t h e  
pro ton   spec t rum  f rom a s o l a r   f l a r e   o n  May 1 2 ,  1959 ( 3 3  h o u r s   a f t e r  
t h e   f l a r e   b e g a n )   ( R e f .  5) are shown i n   F i g u r e  7 . 2 .  F o r   r e l a t i v e l y  
small s h i e l d i n g   t h i c k n e s s e s   ( a   d o s e  rate o f  more t h a n  0.5 r a d / h o u r  
f o r  a sphere   d iameter   o f  1.83 m ,  and  more  than 0 . 1  r a d / h o u r   f o r  
3 .66  m), l i g h t   s u b s t a n c e s  - espec ia l ly   hydrogen  - have  a s i g n i f i c a n t  1204  
a d v a n t a g e   i n   t h e   s h i e l d i n g   w e i g h t .   F o r   l a r g e   s h i e l d i n g   t h i c k n e s s e s ,  
heavy   subs tances  are more  advantageous. 

The weight   dependence   for  a s h i e l d i n g  made o f   d i f f e r e n t  materials 
upon t h e   n a t u r e   o f   t h e   o r i g i n a l   p r o t o n   s p e c t r u m   c a n   b e   i l l u s t r a t e d  
wi th   the   fo l lowing   example   (Ref .  7 ) .  F o r   s o l a r   f l a r e s   w i t h  a 
r e l a t i v e l y   s o f t   p r o t o n   s p e c t r u m  (Class A f l a r e s ) ,   t h e   s h i e l d i n g  
th i ckness   compr i se s  5 g/cm2  of  carbon  and 8 g/cm2 o f   t u n g s t e n   a l l o y ,  
wh ich   co r re sponds   t o  a weight   o f  166 kg  of  carbon  and 250 k g   o f  
t u n g s t e n   a l l o y   f o r  a s h i e l d i n g   i n   t h e   f o r m   o f  a s p h e r e ,   h a v i n g   a n  
i n n e r   r a d i u s   o f  50 cm. F l a r e s   o f   t h e   h a r d   t y p e  (Class B)  r e q u i r e  a 
s h i e l d i n g   t h i c k n e s s   w h i c h   e q u a l s  400 g/cm2 carbon  and 700 g/cm2 
t u n g s t e n  a l l o y ,  which  gives  a t o t a l   w e i g h t   f o r   t h e   s p h e r i c a l   s h i e l d i n g  
s h e l l  (R = 50 cm) of  106 tons   carbon  and  45 t o n s   t u n g s t e n   a l l o y .  

Th i s   co r robora t e s   t he   conc lus ion   wh ich  was made p r e v i o u s l y   t h a t  
i t  i s  more  advantageous t o   u s e   h e a v i e r  materials f o r  a s p h e r i c a l  
sh i e ld ing   f rom  h igh -ene rgy   p ro tons ,   f rom  the   po in t   o f  view o f   t h e  
r ange -ene rgy   r e l a t ionsh ips .   Wi th  a d e c r e a s e  i n  t h e  inner r a d i u s  of 
t h e   s h i e l d e d  area,  the   we igh t   advan tage  is more s i g n i f i c a n t .  I t  
s h o u l d   b e   n o t e d   t h a t   t h i s   c o n c l u s i o n  i s  n o t   f i n a l .  A s  was shown i n  
t h e   p r e c e d i n g   c h a p t e r ,   t h e   c r u x   o f   t h e  matter i s  t h a t   t h e   o u t f l o w  
o f   s e c o n d a r y   p a r t i c l e s   i n   e l e m e n t a r y   i n e l a s t i c   i n t e r a c t i o n   b e t w e e n  
p r o t o n s   a n d   n u c l e i  i s  c o n s i d e r a b l y   g r e a t e r   f o r   h e a v y   e l e m e n t s   t h a n  
f o r  a m a j o r i t y   o f   l i g h t   e l e m e n t s .   T h u s ,   t h e   o u t f l o w  of  secondary  
p a r t i c l e s   i n c r e a s e s   s i g n i f i c a n t l y   w i t h  an energy  increase. The 
s e l e c t i o n   o f   s h i e l d i n g  materials must   thus  be b a s e d   n o t   o n l y  on t h e  
r a n g e  - e n e r g y   r e l a t i o n s h i p s ,   b u t  a lso the   ou t f low  o f   s econda ry  
p a r t i c l e s   f r o m   d i f f e r e n t   s h i e l d i n g  materials m u s t   b e   t a k e n   i n t o  
account .   This   p roblem w i l l  b e   d i s c u s s e d   s e p a r a t e l y   b e l o w .  
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Figure  7 . 1  

Weight   o f   Spher ica l   Shie ld ing  as a Funct ion  o f  Proton  Energy 
f o r   t h e   R a d i u s  50 cm (a)   and 150 c m  ( b ) .  

It  i s  o f   i n t e r e s t   t o  examine  the  manner   in   which  the  spectrum 
f o r   p r o t o n s ,   i m p a c t i n g  on t h e   s h i e l d i n g ,   c h a n g e s   a s  a func t ion   o f  i t s  
t h i c k n e s s .   I f  w e  u se  6 t o   d e s i g n a t e   t h e   s h i e l d i n g   t h i c k n e s s   a n d  1205 
R(Tp) t o   d e s i g n a t e   t h e   r a n g e  of  a p r o t o n   h a v i n g   t h e   i n i t i a l   e n e r g y  
Tp i n   t h e   s u b s t a n c e ,  w e  can  then write 

R V p ,  a) = R v,, J - 6, ( 7 . 1 )  

TP 9 6  

where R(T , a )  i s  t h e   s o - c a l l e d   r e s i d u a l   p r o t o n   r a n g e  - i . e . ,  t h e  
r ange   wh icE   co r re sponds   t o   t he   p ro ton   ene rgy  a f t e r   p e n e t r a t i n g  

234 



A 
M 

rl 
cd- 

-4 c 
uro 
h a  
a l a  
S h  

r o m  
a u  

" r M  
o c  

-I+ 
u a  
S 4  
.4 .4 
cca  
a s  
5 01 Pro ton   dose  ra te  W ,  r a d l h o u r  

a 

.A 

aJs , .  
3 Pro ton   dose  r a t e  W ,  r a d l h o u r  

b 

F i g u r e  7 . 2  

Ide igh t   o f   Sphe r i ca l   Sh ie ld ing  as t h e   F u n c t i o n   o f   P r o t o n  Dose 
Rate from Solar F l a r e   o n  May 1 2 ,  1959,  f o r  a Sphere Diameter 
of 1 . 8 3  m (a)   and 3.66 m ( b ) .  

t h e   l a y e r  6 . 
The dependence   of   range   on   p ro ton   energy   can   be   approximated   by  

a power  funct ion  having  the  form 

where K and n depend  on  energy  and  on  the  atomic  number 2 of 
t h e   s h i e l d i n g   s u b s t a n c e .  L e t  u s   s u b s t i t u t e   t h e   e x p r e s s i o n   f o r  
R ( T p )  i n   fo rmula   (7 .1 )  

D i f f e r e n t i a t i n g   r e l a t i o n s h i p  ( 7 . 3 ) ,  w e  o b t a i n  
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I f  a p r o t o n   s t r e a m   f a l l s   o n   t h e   s h i e l d i n g   w i t h  a spec t rum  having  
t h e  form N(Tp,O)dTp , t h e n   t h e   s p e c t r u m   b e y o n d   t h e   s h i e l d i n g  

6 - u n d e r   t h e   c o n d i t i o n   t h a t   t h e   r a n g e   f o r   p r o t o n s   h a v i n g   t h e  

can   be   d l s r ega rded  - w i l l  have   t he   fo rm 

, o  

energy  Tp, 0 exceeds  6 a n d   t h a t   t h e  sca t te r  o f   t h e   r a n g e s  

I n   t h e   e n e r g y   r e g i o n  40 - 1000 MeV,  and f o r  a s h i e l d i n g  
which i s  n o t   t o o   t h i c k ,   t h e   c o e f f i c i e n t s  I< and n a r e   p r a c t i c a l l y  
c o n s t a n t ,  so t h a t  w e  can assume 

I f   t h e   i n i t i a l   e n e r g y  TP ,  0 
i s  s u c h   t h a t  R(Tp > 6 ,  then  

the   connec t ion   be tween T p , 6  and T p , O  w i l l  have   the   form 

b 

T a b u l a r   v a l u e s   f o r   t h e   r a n g e s  R(Tp)  can a l s o  b e  u s e d  ( see   Tab le  
6 . 9 ) .  I n   t h i s   c a s e ,   t h e   r a n g e   R ( T p , o )  is de te rmined   fo r  a given 
value  of  T p , o  , a n d   t h e n   t h e   s h i e l d i n g   t h i c k n e s s  6 is  s u b t r a c t e d  
from t h i s   q u a n t i t y .  The cor responding   res idua l   energy   Tp ,6  is 
de te rmined   fo r   t h i s   r ema inde r   R(Tg)  = R(T ) - E u t i l i z m g   t h e  
t a b u l a r   r a n g e   v a l u e s .  P,O 

In   formula  ( 7 . 6 ) ,  which   connec ts   the   p ro ton  s p e c t r u m  a f t e r  /206 
t h e   s h i e l d i n g   w i t h   t h e   o r i g i n a l   s p e c t r u m ,   t h e   v a l u e   f o r   t h e   c o e f -  
f i c i e n t  n can  be set e q u a l   t o  1.81 f o r   p o l y e t h y l e n e ,  1 . 7 7  f o r  
s t ee l  (Ref.  4 ) ,  1.70   for   a luminum,   and   1 .72   for  water (Ref.  2 ) .  
The c o e f f i c i e n t  n d e c r e a s e s  somewhat w i t h   a n   i n c r e a s e   i n   t h e  
p ro ton   ene rgy .   However ,   t he   u t i l i za t ion   o f  a c o n s t a n t   v a l u e   f o r  
t h i s   c o e f f i c i e n t  leads t o  a small e r r o r   i n   t h e   p r o t o n   s p e c t r u m  
beyond t h e   s h i e l d i n g   a n d   t o  a small e x a g g e r a t i o n  (on t h e   o r d e r  of 
s e v e r a l   p e r c e n t )   i n   t h e   r a d i a t i o n   d o s e .  

F igu res  7 . 3  and 7 . 4  i l l u s t r a t e   t h e   s p e c t r a   f o r   p r o t o n s  
beyond a s h i e l d i n g  made of  aluminum  and water hav ing  a d i f f e r e n t  
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t h i c k n e s s   ( 0 . 1  - 10  g /cm2)   for  a s p h e r i c a l   s h i e l d i n g   s h e l l   ( R e f .   2 ) .  
Three t y p e s  o f   o r i g i n a l  spectra  are e x a m i n e d ,   t h e   s p e c t r a   f o r  
p r o t o n s   f r o m   s o l a r   f l a r e s   o n  May 10,  1959  and  February  23,   1956,  and 
t h e   p r o t o n   s p e c t r u m   o f   t h e   i n n e r   z o n e   o f   t h e   e a r t h   ( a t  a maximum). 
The s o l i d   c u r v e s   c o r r e s p o n d   t o   e x a c t   n u m e r i c a l   c a l c u l a t i o n s ,   u t i -  
l i z i n g   t a b u l a r   r a n g e   v a l u e s ;   t h e   d a s h e d   c u r v e s   c o r r e s p o n d   t o  
c a l c u l a t i o n s   b a s e d  on an   approx ima t ion   o f   t he   r ange -ene rgy   r e l a t ionsh ip  
w i t h  a power func t ion   o f   t he   fo rm  (7 .2 ) .  A comparison of t h e s e  
c u r v e s   s h o w s   t h a t   t h i s   t y p e   o f   a p p r o x i m a t i o n   y i e l d s   r e s u l t s   w h i c h  
a r e   s u f f i c i e n t l y   c l o s e   t o   t h e   r e s u l t s   d e r i v e d   f r o m   a c c u r a t e   c a l c u l a t i o n s ,  
a n d   t h e r e f o r e  is  f u l l y   p e r m i s s i b l e .  

c 

Proton  Energy,  Mev 
F igure   7 .3  

S p e c t r u m   f o r   P r o t o n s   f r o m   S o l a r   F l a r e s   a n d   t h e   I n n e r  Zone of t h e   E a r t h  
Beyond Di f f e ren t   Th icknesses   o f  a S h i e l d i n g  made o f  Aluminum: 
"""_ Calcu la t ion   based   on  an approximate  formula;   Accurate  
c a l c u l a t i o n ;  a - S o l a r   f l a r e  on May 10 ,   1959;  b - S o l a r   f l a r e  on  Feb- 
ruary  23,   1956;  c - Maximum of t h e   i n n e r   z o n e  of t h e   e a r t h .  
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T h e   f o r m   o f   t h e   s p e c t r u m   c h a n g e s   w i t h   a n   i n c r e a s e   i n   t h e   s h i e l d i n g  
t h i c k n e s s ,   w i t h  i t s  s o f t   p a r t   u n d e r g o i n g   t h e   g r e a t e s t   d e f o r m a t i o n .  
A s  a r e s u l t   o f   t h i s ,   t h e   p r o t o n   s p e c t r u m  becomes   harder   as   the  
s h i e l d i n g   t h i c k n e s s   i n c r e a s e s ,   a n d   t h e  maximum is disp laced   toward  
t h e   r e g i o n   o f   l a r g e   e n e r g i e s .   F o r  a l i g h t   s h i e l d i n g   h a v i n g  a 
th i ckness   o f  10 g/cm2 , t h e  maximum was c l o s e   t o   t e n s  of mega- 
e l e c t r o n v o l t s   f o r   t h e   s o l a r   f l a r e  on May 10,   1959,   and  about  100 Mev 
f o r  tne s o l a r   f l a r e  on February 23 ,  1956  and f o r   t h e   i n n e r   z o n e   o f  
t h e   e a r t h .   I f   t h e   p r o t o n   s p e c t r u m   c h a n g e  as a func t ion   o f   t he  
s h i e l d i n g   t h i c k n e s s  is  known, i t  is  p o s s i b l e   t o   d e t e r m i n e   t h e  
d e g r e e   t o   w h i c h   t h e   r a d i a t i o n   d o s e   i s * a t t e n u a t e d   i n   t h e   s h i e l d i n g  
s h e l l .  

1207 

a 
13 

13 

Proton  Energy,  Mev 

F igure  7 .4  

S p e c t r u m  fo r   P ro tons   f rom  So la r   F l a re s   and   t he   Inne r  Zone o f   t he   Ea r th  
Eeh ind   D i f f e ren t   Th icknesses   o f   Sh ie ld ing  Made of Water: 
""" C a l c u l a t i o n   b a s e d  on  approximate  formula;   Accurate  
c a l c u l a t i o n s ;  a - S o l a r   f l a r e  on May 1 0 ,  1959; b - S o l a r   f l a r e  on 
February 2 3 ,  1956; c - Maximum o f   i n n e r   z o n e   o f   t h e   e a r t h .  
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L e t  us  examine  (Ref. 2 )  t h e   p r o c e d u r e   t o   b e   f o l l o w e d   i n  
c a l c u l a t i n g   t h e   d o s e  of  p r o t o n s   f r o m   s o l a r   f l a r e s   i n   t h e   i n n e r  
zone  of   the  ear th   beyond a s h i e l d i n g  made of aluminum  and 
wa te r .  L e t  t h e   s u r f a c e   o f   t h e   s h i e l d i n g   s h e l l   f o r   t h e   i n h a b i t e d  
compartment  of t he   spacec r -a f t   be   g iven   by   t he   equa t ion  

I 2 0 8  

where r ,  8 and 9 r e p r e s e n t   t h e   s p h e r i c a l   c o o r d i n a t e s   w i t h   t h e  
o r ig in   j o ined   t o   t he   cen te r   o f   t he   compar tmen t .   The   number  of 
p ro tons  dX (p ro ton /cm2*sec ) ,   hav ing   ene rg ie s   be tween  T and 
Tp + .dTp,  which move w i t h i n   t h e  limits of t h e   s o l i d   a n g e e  dR a n d  

which i n t e r s e c t  a s u r f a c e   e l e m e n t   o f   t h e   s h i e l d i n g   s h e l l  dA 
h a v i n g   t h e   t h i c k n e s s  & ( e ,  'P) - which i s  l o c a l i z e d   a t   t h e   p o i n t  r -- 
is determined by t h e   e x p r e s s i o n  

where K ( E )  i s  t h e   f u n c t i o n   w h i c h   d e s c r i b e s   t h e   c h a n g e   i n   t h e  
p a r t i c l e   s t r e a m   w i t h  t i m e ,  and F(Tp,6,6) r e p r e s e n t s   t h e   s p e c t r a  
p r o t o n   d i s t r i b u t i o n   b e y o n d  a s h i e l d l n g   h a v i n g   t h e   t h i c k n e s s  6 . 

(7 .10)  

where  Qp(Tp,6) = 1.6*10-8  (E) , r a d * c m 2 / p r o t o n   r e p r e s e n t s   t h e  
t is  

a b s o r b e d   d o s e   i n   t i s s u e   ( r a d ) ,   w h i c h   c o r r e s p o n d s   t o  1 proton/cm2.  
I n t e g r a t i n g   e x p r e s s i o n  (7 .10)  w i t h   r e s p e c t   t o   t h e   s h i e l d i n g   s u r f a c e  
a n d   w i t h   r e s p e c t   t o   t h e   e n t i r e   p r o t o n   s p e c t r u m ,   f o r   t h e   d o s e  ra te  
wi th in   t he   i nhab i t ed   compar tmen t  w e  o b t a i n  

>: COS 0 dT,, 6 d8 d q ,  - r a d  
s ec 

(7.11) 

I n   o r d e r   t o   d e t e r m i n e   t h e   b i o l o g i c a l   d o s e ,  i t  is n e c e s s a r y   t o   t a k e  
i n t o   a c c o u n t   t h e  re la t ive b i o l o g i c a i   e f f e c t i v e n e s s  of p r o t o n s   b e h i n d  
t h e   s h i e l d i n g ,   w h i c h  - a c c o r d i n g   t o   p r e s e n t   o p i n i o n s  - depends  on  the 
m a g n i t u d e   o f   t h e   l i n e a r   e n e r g y   l o s s e s  i n   t h e   t i s s u e   a n d   t h e  

n a t u r e   o f   t h e   d e p t h   d i s t r i b u t i o n   o f   t h e   a b s o r b e d   d o s e   i n   t h e   b o d y .  
(E) 
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I n   t h i s   c o n n e c t i o n ,   t h e   f o l l o w i n g  re la t ive  b i o l o g i c a l   e f f e c t i v e n e s s  
s h o u l d   b e   i n t r o d u c e d   i n   t h e   i n t e g r a n d  ( 7 . 1 1 ) :  

11 == 7 [(Sy 3 = (Tp,*).  
U 

The f i n a l   e x p r e s s i o n   f o r   t h e   b i o l o g i c a l   d o s e  ra te  i s  /209 

The dose rates i n   t h e   c e n t e r   o f   a n  aluminum s p h e r i c a l   s h e l l  f o r  
d i f f e r e n t   p r o t o n   s p e c t r a :  

which are c a l c u l a t e d   a c c o r d i n g   t o   e q u a t i o n   ( 7 . 1 2 )   ( R e f .  2), are 
shown i n   F i g u r e   7 . 5 .  

It  s h o u l d   b e   n o t e d   t h a t   t h e   d o s e   r a t e ,   w h i c h  i s  determined  by 
e q u a t i o n   ( 7 . 1 2 ) ,   c o r r e s p o n d s   t o   t h e   e n e r g y   a b s o r b e d   p e r   u n i t   o f  time 
i n  1 g o f   t i s s u e   w h i c h  i s  surrounded  by a i r  ( " l o c a l "   d o s e   r a t e ) .  
This q u a n t i t y   c a n   s e r v e   o n l y   f o r   a p p r o x i m a t e   e s t i m a t e s   o f   t h e   r a d i a -  
t i o n   a c t i o n   o f   p r o t o n s   b e y o n d  a s h i e l d i n g .  

For small s h i e l d i n g   t h i c k n e s s e s ,   t h e   d o s e   r a t e   r e a c h e d   h u n d r e d s  
of   thousands rem p e r  1 h o u r   f o r   t h e   f l a r e  on May 1 0 ,  1 9 5 9 ;   f o r  
t h e   f l a r e  on  February  29,  1956 - a lmost  a thousand rem p e r  1 hour ;  
and f o r   t h e   p r o t o n   z o n e  - t e n s  of  r e m  p e r  1 hour.   With  an 
i n c r e a s e   i n   t h e   s h i e l d i n g   t h i c k n e s s  , t h e   p r o t o n   d o s e   r a t e '   f r o n   t h e  
s o l a r   f l a r e  on May 10 , 1959  dropped  very  rapidly:   wi th a change  from 
an aluminum t h i c k n e s s  of 6 = 0 .1  g/cm2 t o  a th i ckness   o f  6 = 1 g/cm2, 
t h e   d o s e  ra te  decreased  by  more  than 1000 times. For  an  aluminum 
s h i e l d i n g   t h i c k n e s s   o f  6 = 10 g/cm2 , t h e   d o s e   r a t e  was about  1 rem/hour.  
P r o t o n s   f r o m   t h e   f l a r e  on  February  23,   1956,   and  the  inner   zone were 
r e d u c e d   i n   t h e   s h i e l d i n g   t o  a lesser e x t e n t ,   w h i c h  w a s  r e l a t e d   t o  
the   ha rde r   p ro ton   spec t rum.   Wi th  a change  from 6 = 0 . 1  g/cm2  of 
aluminum t o  6 = 10 g/cm2 , t h e   d o s e  rate d e c r e a s e d   i n  a l l  by  only 
a few f a c t o r s .   F o r   a n  aluminum t h i c k n e s s   o f  6 = 10  g/cm2,   the 
p ro ton   dose  rate f r o m   t h e   f l a r e  on  February  23,  1956 was about  32 r e m /  
hour ,   and   f rom  the   inner   zone  - about  6 rem/hour.  Even f o r  a 
s h i e l d i n g   t h i c k n e s s   o f  6 = 100 g/cm2,   the  dose ra te  amounted to   / 210  
12  rem/hour  and 1 r e m / h o u r   f o r   p r o t o n s   f r o m   t h e   s o l a r   f l a r e  on 
Februa ry   23 ,   1956 ,   and   t he   i nne r   zone   o f   t he   ea r th ,   r e spec t ive ly .  
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Aluminum t h i c k n e s s  g/cm2 

Figure   7 .5  

Rad ia t ion  Dose Rate i n   t h e   C e n t e r   o f  a S p h e r i c a l  
S h e l l  made of Aluminum: 

1 - Maximum o f   i n n e r   z o n e   o f   t h e   e a r t h ;  2 - S o l a r   f l a r e  on 
February 2 3 ,  1956; 3 - S o l a r   f l a r e  on May 10 ,   i 959 .  

I n t e g r a t i n g   e x p r e s s i o n   ( 7 . 1 2 )   w i t h   r e s p e c t   t o   t h e   f l i g h t  time 
of  a s p a c e c r a f t   a l o n g  a d e f i n i t e   t r a j e c t o r y ,   o n e   c a n   o b t a i n   t h e  
t o t a l   r a d i a t i o n   d o s e .  The t o t a l   r a d i a t i o n   d o s e s   d u r i n g   t h e  
f l i g h t   ( R e f .  2 )  are c a l c u l a t e d  as a f u n c t i o n   o f   t h e   t h i c k n e s s   o f  
an  aluminum s h e l l ,  and the   fo l lowing   a s sumpt ions  are made i n   t h e  
c a l c u l a t i o n s  : 

1 )  The p ro ton  stream d u r i n g   t h e   s o l a r   f l a r e  on May 10 ,   1959,  
was k e p t   a t   t h e   l e v e l   o f  maximum i n t e n s i t y   f o r  30 h o u r s ;  

2 )  The p r o t o n   s t r e a m   d u r i n g   t h e   s o l a r   f l a r e   o n   F e b r u a r y  23, 1956,  
d e c r e a s e d   a c c o r d i n g   t o   t h e   l a w  t-2 ; 

3)  The p ro ton  stream i n   t h e   i n n e r   z o n e   o f   t h e   e a r t h   i n f l u e n c e s  
t h e   s p a c e c r a f t   f o r  1 hour  a t  a l e v e l   o f  maximum i n t e n s i t y .  

The l o c a l   r a d i a t i o n   d o s e   i n   t h e   c e n t e r   o f  a s p h e r i c a l   s h e l l  
does   t hus   no t   exceed   10  r e m  f o r   t h e   i n n e r   z o n e   ( F i g u r e  7.6).  Because 
i t  t a k e s   t h e   s p a c e c r a f t   a b o u t  5 - 1 5   m i n u t e s   t o   c r o s s   t h i s   z o n e   o f  
t h e   e a r t h ,   a n d   s i n c e   o n l y  a small p o r t i o n   o f   t h i s  time w i l l .  occu r  i n  
t h e   r e g i o n   w i t h  maximum i n t e n s i t y ,   t h e   r a d i a t i o n   d o s e  w i l l  b e  small. 
However, i f   s p a c e c r a f t s a n d   a r t i f i c i a l   e a r t h  s a t e l l i t e s  r e m a i n   f o r  a 1211 
long   pe r iod   o f  time on o r b i t s   c l o s e   t o   t h e   i n t e n s i t y  maximum of t h e  
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i n n e r   z o n e ,   s u b s t a n t i a l   s h i e l d i n g   t h i c k n e s s e s  w i l l  b e   r e q u i r e d  
(Ref.  2 ) .  Thus, i n   o r d e r   t o  make s u r e   t h a t   t h e   t o t a l   r a d i a t i o n  
dose i s  n o t   g r e a t e r   t h a n  1 rem f o r  a l - h o u r   f l i g h t   a l o n g   t h e s e  
o r b i t s ,  a sh i e ld ing   o f   abou t   100  g/cm2 o f  aluminum i s  r e q u i r e d  
(iief. 2 ) .  

Aluminum t h i c k n e s s  , g/cm2 

F igure  7 .6  

R a d i a t i o n  Dose i n   t h e   C e n t e r   o f  a S p h e r i c a l   S h e l l  made of  
Aluminum: 

1 - Maximum o f   t h e   I n n e r  Zone o f   t h e   E a r t h ;  2 - S o l a r   F l a r e  
on  February  23,  1956;  3 - S o l a r  Flare on May 10, 1959.  

R a d i a t i o n   d o s e s   w h i c h   a r e   p r o d u c e d   b y   s o l a r   f l a r e s   a r e   r a t h e r  
l a r g e ,   e s p e c i a l l y   f o r   s m a l l   s h i e l d i n g   t h i c k n e s s e s   ( s e e   F i g u r e  7 . 6 ) .  
For a sh ie ld ing   t h i ckness   o f   abou t  2 - 3 g/cm2 , t he   p ro ton   dose  
f o r   s o l a r   f l a r e s  on May 1 0 ,  1959,  and  February 23 ,  1956,  was  about 
100 - 1000 r e m  (Ref . 2 ) .  

T h u s ,   a n   e s t i m a t e   o f   t h e   r a d i a t i o n   d a n g e r  on t h e   b a s i s  o f  
l o c a l   d o s e s   l e a d s   t o   t h e   c o n c l u s i o n   t h a t  a s h i e l d i n g  on t h e   o r d e r  
of   t ens ,   and   even   hundreds ,   o f   g rams  per  1 cm2 i s  r e q u i r e d   t o  
s h i e l d   t h e  cosmonaut   f rom  pro tons   coming  f rom  so la r   f la res   and   the  
i n n e r   z o n e   o f   t h e   e a r t h .  

L e t  us f u r t h e r   e x a m i n e   t h e   b a s i c   d r a w b a c k s   o f   t h i s   m e t h o d   € o r  
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des ign ing  a s h i e l d i n g   f r o m   p r o t o n s .  The o r i g i n a l   p r e m i s e  of t h i s  
method c o n s i s t s   o f   t h e   a s s u m p t i o n   t h a t   t h e   d o s e   b e y o n d   t h e   t h i c k n e s s  
o f   t h e   s h i e l d i n g ,   w h i c h   e q u a l s   t h e   r a n g e   o f   i n c i d e n t   p r o t o n s ,  
equa l s   ze ro .  The  meaning  of   proton  range  should  be  pointed  out  
h e r e .  The p ro ton   r ange ,   wh ich  is de termined  by t h e   e q u a t i o n  

i s  t h e  mean r a n g e   d u e   t o   f l u c t u a t i o n s   i n   i o n i z a t i o n   l o s s e s  - i . e . ,  
h a l f   o f   t h e   p r o t o n s   t r a v e r s e  a p a t h   i n   t h e   s u b s t a n c e   w h i c h  i s  
l a r -ge r   t han  R ,  a n d   h a l f  - less t h a n  R. T h u s ,   t h e   a s s e r t i o n   t h a t  
the  dose  beyond a t h i c k n e s s   w h i c h   e q u a l s   t h e   r a n g e  i s  e q u a l   t o  zero 
cannot   be  regarded as c o r r e c t .  

We s h a l l   t r y   t o  estimate t h e   d o s e   o f   p r o t o n   r a d i a t i o n   b e y o n d  
a s h i e l d i n g   t h i c k n e s s   w h i c h   e q u a l s   t h e  mean r a n g e .   I n   t h e   g e n e r a l  
c a s e ,   t h e   f a c t   m u s t   b e   t a k e n   i n t o   a c c o u n t   t h a t  - due t o  m u l t i p l e  
s c a t t e r i n g  - t h e  mean range o f  a p r o t o n   i n   t h e   s h i e l d i n g   d o e s   n o t  
c o i n c i d e   w i t h   t h e   d i s t a n c e  R* b e t w e e n   t h e   p l a n e   a t   w h i c h   t h e  
b u n d l e   e n t e r s   t h e   s h i e l d i n g   a n d   t h e   p l a n e   t h r o u g h   w h i c h   h a l f  of t h e  
i n i t i a l   p r o t o n  stream p a s s e s .  It  i s  c l e a r   t h a t  R* is  less than  
t h e  mean range R . L e t  us  d e t e r m i n e   t h i s   e f f e c t   a p p r o x i m a t e l y  
(Ref .  11). L e t  u s  d i v i d e   t h e   r a n g e  R i n t o  a l a r g e  number o f  small 
l e n g t h s  zi ,  which make  up t h e   a n g l e  Bi w i t h   t h e   d i r e c t i o n  of t h e  
i n c i d e n t   b u n d l e .  We then   have  

n n 

If e are s u f f i c i e n t l y  small, then  

n R 

If w e  u t i l i z e   t h e   a p p r o x i m a t e   r e l a t i o n s h i p  

R a T:75, 
w e  t h e n   o b t a i n  

(R"R*)IR = -. Z 
6 - 400 

/212  

I t  c a n   b e   s e e n   t h a t   m u l t i p l e   s c a t t e r i n g   d o e s   n o t   l e a d   t o  a s i g n i f i c a n t  
d i f f e rence   be tween  R* and R . Consequent ly ,  i f   t h e   s h i e l d i n g   t h i c k -  
n e s s   e q u a l s   t h e  mean p r o t o n   r a n g e ,   t h e n   p r a c t i c a l l y   h a l f  of t h e   i n i t i a l  
p ro ton   bundle  - w h i c h   i m p a c t s   o n   t h e   s h i e l d i n g   i n  a n o r m a l   d i r e c t i o n  - 
e n t e r s   t h e   s h i e l d e d   r e g i o n .  In o r d e r   t o  estimate t h e   d o s e   c a u s e d  by 
t h e s e   p r o t o n s ,  l e t  u s   u t i l i z e   t h e   r e s u l t s   w h i c h  are g i v e n   i n   w o r k  
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(Ref. l l ) ,  w h i c h   p e r t a i n   t o  a proton  energy  of   340 MeV.  It fo l lows  
f r o m   t h e   r e s u l t s   d e r i v e d   i n   t h i s  work t h a t   t h e   d o s e   o f   p r o t o n s   b e y o n d  
a s h i e l d i n g   t h i c k n e s s   w h i c h   e q u a l s  R* amounts t o  82% of   t he   dose  
a t   t h e  Bragg m a x i m u m ,  w h i c h ,   i n  i t s  turn ,   can   cons iderably   exceed  
(up t o  1.5, - 2 t i m e s )   t h e   i n i t i a l   p r o t o n   d o s e .  

T h u s ,   t h e   u t i l i z a t i o n   o f   t h e   r a n g e - e n e r g y   r e l a t i o n s h i p   i n  
d e s i g n i n g   s h i e l d i n g   f r o m   p r o t o n s   c a n   l e a d   t o  a d e f i n i t e   u n d e r e s t i m a t i o n  
o f   t h e   d o s e   b e y o n d   t h e   s h i e l d i n g .   I n   t h i s   c o n n e c t i o n ,   i n   s h i e l d i n g  
des igns  i t  is  n e c e s s a r y   t o   u t i l i z e  more   comprehens ive   da ta   on   the  
p e n e t r a t i o n   o f   p r o t o n s   t h r o u g h   t h e   s h i e l d i n g   s u b s t a n c e .   S u c h   d a t a ,  
o b t a i n e d   e x p e r i m e n t a l l y ,  are g i v e n   i n   t h e   f o l l o w i n g   c h a p t e r ,   w h e r e  a 
q u a n t i t a t i v e  estimate o f   t h e   e r r o r   i n v o l v e d   i n   u t i l i z i n g   t h e   r a n g e -  
e n e r g y   r e l a t i o n s h i p   f o r   s h i e l d i n g   d e s i g n s  i s  p r e s e n t e d .  

The f a c t   t h a t   t h e s e   r e s u l t s   p e r t a i n   t o   t h e   l o c a l   a b s o r b e d   d o s e  
i n   t i s s u e ,   o r   i n  a t i s s u e - e q u i v a l e n t   m a t e r i a l ,   r e p r e s e n t s  a subsequent  
d i s a d v a n t a g e ,   w h i c h   s i g n i f i c a n t l y   r e d u c e s   t h e   v a l u e  of  t h e   r e s u l t s  
o b t a i n e d   i n   s h i e l d i n g   d e s i g n s   b a s e d   o n   t h e   r a n g e - e n e r g y   r e l a t i o n s h i p s  
(Ref.  2 - Ref.  lo). A c a l c u l a t i o n   o f   t h e  mean t i s s u e   d o s e s   a n d   t h e  
d e p t h   d i s t r i b u t i o n   o f   t h e   a b s o r b e d   d o s e   i n   t h e  human body is  more 
c o r r e c t .   T h e s e  t w o   a p p r o a c h e s   p r o v i d e   e s s e n t i a l l y   d i f f e r e n t   r e s u l t s ,  
w h i c h   c a n   b e   i l l u s t r a t e d   w i t h   c a l c u l a t i o n s   ( R e f .  4 )  whose resul ts  a r e  
g i v e n   i n   T a b l e  7 . 1 .  

The dose ra te  on t h e   s u r f a c e   o f   t h e  body was c a l c u l a t e d   u n d e r  
the   a s sumpt ion   t ha t   t he   body   comple t e ly   s c reens   ha l f   o f   t he  non- 
d i r e c t i o n a l   p r o t o n   s t r e a m .  The dose  ra te  i n   t h e   c e n t e r   o f   t h e  body 
w a s  c a l c u l a t e d   b y   t a k i n g   i n t o   a c c o u n t   t h e   a t t e n u a t i o n   o f   t h e   p r o t o n  
stream i n   t i s s u e .   A l t h o u g h   t h e s e   r e s u l t s  do n o t   g i v e  a comprehensive 
i d e a  o f   t h e   d e p t h   d i s t r i b u t i o n   o f   t h e   a b s o r b e d   d o s e   i n   t h e   b o d y ,   t h e y  
can s t i l l  b e   u t i l i z e d   f o r   q u a l i t a t i v e   e s t i m a t e s  as t o   t h e   r o l e   o f  
t h e   d e p t h   d i s t r i b u t i o n ,  whose n a t u r e  i s  e s s e n t i a l l y   d e p e n d e n t  on 
t h e   s h i e l d i n g   t h i c k n e s s .   F o r  small s h i e l d i n g   t h i c k n e s s e s ,   t h e  
d e p t h   d i s t r i b u t i o n   h a s  a c l e a r l y - e x p r e s s e d   d r o p   f r o m   t h e   s u r f a c e   t o  
t h e   c e n t e r   o f   t h e   b o d y .   F o r   l a r g e   t h i c k n e s s e s ,   t h e   a b s o r b e d   d o s e  
w i t h i n   t h e  limits o f   t h e  body   changes   ve ry   s l i gh t ly   (Re f .   ‘12 ) .   Th i s  
is connec ted   w i th   t he   rugged iza t ion  of the   p ro ton   spec t rum  wi th   1213  
a n   i n c r e a s e   i n   t h e   s h i e l d i n g   t h i c k n e s s .  The conclusion,   which 
can  be  drawn  on  the  basis   of  data p r e s e n t e d   i n   T a b l e  7 . 1 ,  con- 
s ists  o f   t h e   f a c t   t h a t   t h e   l o c a l   a b s o r b e d   d o s e   c a n n o t  serve as a 
c r i t e r i o n   f o r   d e s i g n i n g  a s h i e l d i n g .  

7 .3 .   Exper imenta l  Data on the   Penet ra t ion   o f   Pro tons   Through 
a S h i e l d i n g  

The p r e c e d i n g   c h a p t e r   d i s c u s s e d  a method f o r   d e s i g n i n g   s h i e l d i n g  
f r o m   p r o t o n s   c o m i n g   f r o m   t h e   i n n e r   z o n e   o f   t h e   e a r t h   a n d   f r o m   s o l a r  

244 



TABLE 7 .1  

DOSE RATE BEIiIND DIFFERENT SIiIELDIILG  LAYERS FOR PROTONS 
FROM THE INXER ZONE OF THE EARTH (2.10~ proton/cm'*sec) 

-__ - . . " ~  

S h i e l d i n g  
Thickness ,  

c m  I 

4 
Q1 
aJ 
U 
m I 5  

Plh 

4 m 
0 
u 
c-1 

" 7.0 i 

"" ~- "- 

Thickness  
cm 

4 
a, 
a, 
U cn 

0.10 
0.10 
0.10 
0.10 
0.10 
0 .25  

Rate rem/hr 

22 .5  

10.0 4.8  
5 . 2  3.6 
2.4 2.2 

25 .0  6.7 
~ ~ . .  ~ 

f l a r e s ;   t h i s  method  was  based on t h e   r a n g e e n e r g y   r e l a t i o n s h i p ,   a n d  
t h e   n e c e s s i t y   o f   i n c l u d i n g   e x p e r i m e n t a l   d a t a  on t h e   p e n e t r a t i o n   o f  
p r o t o n s   t h r o u g h   t h e   s h i e l d i n g  w a s  i n d i c a t e d .   F o r   t h i s   p u r p o s e ,  
model   experir .ents  were c a r r i e d   o u t  on a synchrocyc lo t ron   be long ing  
t o   t h e   J o i n t   I n s t i t u t e   f o r   N u c l e a r   R e s e a r c h   ( J I N R ) .  The c h a r a c t e r i s -  
t i c s   o f   t he   p ro ton   bund le   Ceve loped  by t h e  J I N R  c y c l o t r o n  made i t  
p o s s i b l e   t o  form a xode l  o f  t h e  mos t   impor t an t   pa r t  of t h e   e n e r g y  
s p e c t r m  f o r   p r o t o n s   f r o m   t h e   i n n e r   z o n e   o f   t h e   e a r t h   a n d   s o l a r  
f l a r e s .  The a c c e l e r a t o r   e m i t t e d  a narrow  proton  bundle   having a 
ciiameter of 8 cn: a t  a d i s t a n c e   o f  7 m f r o m   t h e   o u t p u t   a p e r t u r e ,  
having a d i spe r s ion   o f   abou t  40 ' .  The t o t a l   p r o t o n  stream i n   t h e  
bundle  am.ounted t o  (1 - 4 ) 0 1 0 ~ ~  p r o t o n / s e c .  The p ro ton   ene rgy  
spectrum w a s  Ci is t inguished  by a high  energy  homogenei ty:  23 Mev f o r  
a  mean proton  energy  of   about   660 >lev (Ref.  13). The f requency  of 
t h e   a c c e l e r a t i o n   c y c l e s   i n   t h e   s y n c h r o c y c l o t r o n  w a s  1 0 0   c y c l e s .  The 
d u r a t i o n   o f   t h e   p r o t o n  momentum w a s  about  500 microseconds .  Due L O  

t h e   f a c t   t h a t   p r o t o n s   h a v i n g   d i f f e r e n t   a n g u l a r   a n d   e n e r g y   d i s t r i b u t i o n s  
w i l l  be   encoun te red   i n   cosmic   space ,   mode l   s tud ie s   mus t  make i t  
p o s s i b l e   t o   i n v e s t i g a t e  a s h i e l d i n g   f r o m  a w i d e   p a r a l l e l   b u n d l e  of 
m o n o e n e r g e t i c   p r o t o n s   f o r   d i f f e r e n t   b u n d l e   e n e r g i e s   a n d   a n g l e s   o f  
i n c i d e n c e   o n   t h e   s h i e l d i n g .  

The b a s i c   m e t h o d o l o g i c a l   p r o b l e m s   i n v o l v e d   i n   u t i l i z i n g  a /214 
pro ton   bundle   f rom a synchrocyc lo t ron   can   be   r educed  t o  s i m u l a t i n g  a 
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wide   pro ton   bundle   wi th  a n a r r o w   b u n d l e ,   t o   d e t e r m i n i n g   t h e   r o l e  
o f   i n c l i n e d   b u n d l e   i n c i d e n c e  on t h e   s h i e l d i n g ,   t o   e s t i m a t i n g   t h e  
c o n t r i b u t i o n  made b y   s e c o n d a r y   r a d i a t i o n   f o u n d   i n   t h e   s h i e l d i n g ,  
and t o   o b t a i n i n g   m o n o e n e r g e t i c   p r o t o n   b u n d l e s   h a v i n g   d i f f e r i n g  
e n e r g y   i n   t h e  50 - 700 Mev region  (Ref .  1 4 ) .  

The r eason ing   deve loped   fo r   t he   p rob lem  o f   y - r ay   pene t r a t ion  
through  mat te r   (Ref .  15) c a n   b e   u s e d   t o   s i m u l a t e  a wide  monodirec- 
t i o n a l   b u n d l e   o f   p r o t o n s .  A s  can   be   seen   f rom  F igure  7 . 7 ,  p ro tons  
from a na r row  bund le ,   wh ich   a r r ive  a t  t h e   d e t e c t o r s   l o c a t e d   a t  
p o i n t s  A g ,  A l ,  D2 ... e t c . ,   c o r r e s p o n d   u n e q u i v o c a l l y   t o   e a c h   p r o t o n  
i n   t h e   n a r r o w   b u n d l e   w h i c h   e n t e r s   t h e   d e t e c t o r  A . The angles   of  
d e f l e c t i o n   a n d   t h e   p a t h s   t r a v e r s e d  i n  t h e   s h i e l d i n g   b e f o r e   a n d   a f t e r  
t h e   i n t e r a c t i o n  are i d e n t i c a l   f o r   t h e s e   p r o t o n s .  I t  c a n   a l s o   b e  
s e e n   t h a t   t h e   c o n d i t i o n s   u n d e r   w h i c h   t h e   s h i e l d i n g  i s  p e n e t r a t e d  by  
p r o t o n s ,   w h i c h   a r e   n o t   s c a t t e r e d ,   a r e   i d e n t i c a l   i n   b o t h   c a s e s .  

F igu re  7 . 7  

Diagram fo r   t he   Conver s ion   f rom a Narrow  Bundle t o  
a Wide Bundle.  

Thus, i f  a narrow  bundle  i s  used   t o   measu re   t he   abso rbed  
r a d i a t i o n   d o s e   n o t   o n l y  a t  t h e   p o i n t  A g ,  b u t  a t  a s u f f i c i e n t  
n u m b e r   o f   o t h e r   p o i n t s   w h i c h   a r e   l o c a t e d   i n  a p l a n e  pa ra l l e l  t o  
t h e   s h i e l d i n g   i t s e l f ,   t h e n  on t h e   b a s i s   o f   t h e s e   d a t a  i t  i s  p o s s i b l e  
t o   o b t a i n   c o m p l e t e   i n f o r m a t i o n   r e g a r d i n g   t h e   a t t e n u a t i o n  o f  a wide 
p a r a l l e l   p r o t o n   b u n d l e   i n   t h e   s h i e l d i n g .  

A s  w a s  i n d i c a t e d   i n   t h e   p r e c e d i n g   c h a p t e r ,  when p r o t o n s   p e n e t r a t e  
t h e   s h i e l d i n g ,   t h e y   l o s e   t h e i r   e n e r g y   i n   c o l l i s i o n s   w i t h   a t o m   e l e c t r o n s  
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( i o n i z a t i o n   l o s s e s ) ,   a n d   t h e y   e x p e r i e n c e  e l a s t i c  (Coulomb  and 
d i f f r a c t i o n )   s c a t t e r i n g  and i n e l a s t i c   i n t e r a c t i o n   w i t h   n u c l e i  
o f   t he   subs t ance .  A s  t h e   r e s u l t ,   t h e r e  i s  a g radua l   dec rease  
i n   t h e   p r o t o n   e n e r g y ,  a d e v i a t i o n   f r o m   t h e   d i r e c t i o n   o f  
i n i t i a l   m o t i o n ,   p a r t i a l   a b s o r p t i o n  o f  t he   p ro ton   bund le   by  
n u c l e i   o f   t h e   s u b s t a n c e ,   a n d   t h e   f o r m a t i o n  of secondary   par -  
t i c les  i n   t h e   s h i e l d i n g .   I f   t h i s  i s  t a k e n   i n t o   a c c o u n t ,   t h e  
i n t e g r a l   a b s o r b e d   d o s e  ra te  Q ( g * r a d / s e c )   i n  a t h i n   l a y e r   h a v i n g  
the   th ickness   do(g /cm2) ,   which  is  p a r a l l e l   t o   t h e   s h i e l d i n g  
p l a n e   o n   w h i c h   t h e   n a r r o w   p r o t o n   b u n d l e   f a l l s   i n  a no rma l   d i r ec -  
t i on ,   can   be   de t e rmined   by   t he   expres s ion  

( 7 . 1 3 )  

I 2 1 5  

where I7 i s  t h e   t o t a l   p r o t o n   s t r e a m   i n   t h e   b u n d l e ,   p r o t o n / s e c ;  
I\ - t h e   c o n v e r s i o n   f a c t o r ;  N - t h e  number of   a toms  per  1 g of  
s h i e l d i n g   s u b s t a n c e ;  y - t h e   d i s t a n c e   i n   t h e   s h i e l d i n g   w h i c h  
i s  measured   f rom  t ,he   loca t ion   of   the   bundle   ou tput ;  6 - s h i e l d i n g  
th ickness ,   g /cm2;  o - c r o s s - s e c t i o n   o f   i n e l a s t i c   i n t e r a c t i o n  

be tween   p ro tons   and   t he   sh i e ld ing   subs t ance ;  

e f f e c t i v e   d i f f e r e n t i a l   c r o s s - s e c t i o n   w h i c h   t a k e s   i n t o   a c c o u n t   a l l  
p r o c e s s e s   i n v o l v e d   i n   t h e   e l a s t i c   s c a t t e r i n g   o f   p r o t o n s   a n d   t h e  
s h i e l d i n g   s u b s t a n c e ;  S ( G ,  y ,  TP) - t h e   d o s a g e   c o n t r i b u t i o n   o f  

s e c o n d a r y   p a r t i c l e s   f o r m e d   i n   t h e   s h i e l d i n g   d u r i n g   n u c l e a r   p r o t o n  

i n t e r a c t i o n s ;  

a v e r a g e d   f o r   p r o t o n s   w h i c h   a r e   s c a t t e r e d  a t  t h e   a n g l e  8 ,  Mev.cm2;g. 

._ 

d o ( @ ,  Y ,  Tp) - 
dR" 

(-2) Q ,  
- t h e  mass ene rgy   l o s ses   o f   p ro tons ,  

I n   a d d i t i o n ,  l e t  us  examine  the case when a wide   p ro ton   bundle ,  
h a v i n g   t h e   s t r e a m   d e n s i t y   @ ( p r o t o n / c m 2 . s e c )   f a l l s  on t h e   s h i e l d i n g  
i n  a n o r m a l   d i r e c t i o n .   I n   t h i s   c a s e ,   t h e   a b s o r b e d   d o s e  ra te  D ( r a d l s e c )  
beyond   t he   sh i e ld ing  i s  

( 7 . 1 4 )  

I n  a d e t e r m i n a t i o n  of t h e   i n t e g r a l   a b s o r b e d   d o s e  ra te  Q f o r  a narrow 
bund le   and   t he   abso rbed   dose  ra te  D f o r  a w i d e   b u n d l e ,   t h e   b a s i c  
d i f f i c u l t i e s   w h i c h  are encountered  are r e l a t e d   t o   d e t e r m i n i n g   t h e  
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f u n c t i o n s  

Iiowever,   from  the  point o f  view  of t h e   p r o c e d u r e   e n t a i l e d   i n  
a n   e x p e r i m e n t a l   s t u d y   o f   t h e   s h i e l d i n g   p r o p e r t i e s   o f   t h e   m a t e r i a l s  
f o r  a pro ton   bundle   f rom  the   synchrocyclo t ron ,  i t  i s  s u f f i c i e n t  
t h a t   t h e s e   f u n c t i o n s  are i d e n t i c a l   i n   b o t h  of t h e   c a s e s   u n d e r  
cons idera t ion .   Thus ,  w e  o b t a i n   t h e   f o l l o w i n g   f r o n   e x p r e s s i o n s  
(7.13)  and ( 7 . 1 4 ) :  

(7 .15)  

i . e . ,  t he   abso rbed   dose  rate p e r   o n e   p r o t o n   s t r e a m   i n  a w i d e  bundle  
e q u a l s   t h e   i n t e g r a l   a b s o r b e d   d o s e   r a t e   p e r   o n e   p r o t o n   s t r e a m   i n  a 
narrow  bundle,   which is  t r a n s m i t t e d  by a l aye r   o f   subs t ance   hav ing  
t h e   t h i c k n e s s  of 1 g/cm2. From t h i s   p o i n t   o n ,  w e  s h a l l   u s e   t h e  
q u a n t i t y  q t o   d e s i g n a t e   t h e   s p e c i f i c   a b s o r b e d   d o s e .  I t  fo l lows  
f r o m   r e l a t i o n s h i p   ( 7 . 1 5 )   t h a t  D = q @ .  On t h e   o t h e r   h a n d ,   t h e  
abso rbed   dose   r a t e  D from a w i d e  p ro ton   bund le   hav ing   t he   s t r eam 
d e n s i t y  @, which i s  formed  beyond a s h i e l d i n g   l a y e r   h a v i n g   t h e  
t h i c k n e s s  6 , c a n   b e   w r i t t e n   i n   t h e   f o r m  

(7.16) 

where f ( 6 ,  E o )  i s  t h e   d o s a g e   f a c t o r   o f   a t t e n u a t i o n   a n d   b u i l d u p ;   t h e  
index  ”0” r e f e r s   t o  a p r o t o n   b u n d l e   b e f o r e   t h e   s h i e l d i n g .  I t  i s  
a p p a r e n t   t h a t  

(7 .17)  

In   measurements   wi th  a nar row  bundle ,  w e  have 

where Q ( 0 )  and Q ( S )  are t h e   i n t e g r a l   a b s o r b e d   d o s e   r a t e   i n   t h e   a b s e n c e  
o f   sh i e ld ing ,   and   beyond   sh i e ld ing   hav ing  a t h i c k n e s s  6 , r e s p e c t i v e l y .  

A study  of  a s h i e l d i n g   f r o m  a wide   p ro ton   bundle   can   be   reduced  
to   an   expe r imen ta l   de t e rmina t ion   o f  q o r  Q . A s  fol lows  f rom  for-  
mu la   (7 .13 ) ,   i n   o rde r   t o   de t e rmine  Q i t  i s  necessa ry   t o   pe r fo rm 
i n t e g r a t i o n   w i t h   r e s p e c t   t o   t h e   d e t e c t o r   v o l u m e ,   w h i c h  i s  p a r a l l e l  
t o   t h e   s h i e l d i n g   l a y e r .   I n t e g r a t i o n   c a n   a l s o  b e  per formed  exper imenta l ly  
by   spac ing   ou t  a s u f f i c i e n t  number  of   recorders  - dosimeters ,   and by 
t o t a l l i n g   t h e i r   r e a d i n g s .   T h i s  method i s  a d v a n t a g e o u s   d u e   t o   t h e   f a c t  
t h a t   t h e   e r r o r s   a r i s i n g   f r o m   t h e   f i n i t e   d i m e n s i o n s   o f   t h e   s u r f a c e  on 
w h i c h   t h e   d e t e c t o r s  are loca ted   can   be   de t e rmined  by t h e   r a t i o   o f   t h e  
r e a d i n g s   g i v e n   b y   t h e   o u t e r m o s t   d e t e c t o r s   t o   t h e   r e a d i n g s   g i v e n   b y  
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d e t e c t o r s   l o c a t e d   i n   t h e   c e n t e r   o f   t h e   d o s a g e   f i e l d .  The d i s t r i b u t i o n  
o f   t h e   a b s o r b e d   d o s e   b e h i n d   t h e   s h i e l d i n g ,   i n  a plane  which is per- 
p e n d i c u l a r   t o   t h e   b u n d l e ,  is de te rmined   expe r imen ta l ly  up t o   l a r g e  
d i s t a n c e s   f r o m   t h e   b u n d l e   a x i s .  The e r r o r   w h i c h  is e s t i m a t e d   i n   t h i s  
way, dur ing   measurements   wi th   de tec tors   which  are l o c a t e d   a t  selected 
d i s t a n c e s   f r o m   t h e   a x i s ,   d o e s   n o t   e x c e e d  5%. 

Another   method  for   determining Q i s  b a s e d   o n   u t i l i z i n g   d o s i -  
meters wi th  a r a t h e r   l a r g e   s u r f a c e  - f o r   e x a m p l e ,   f l a t  ce l l s  w i t h  a 
s o l u t i o n  of Mohr's s a l t .  The  advantage of t h e s e   d o s i m e t e r s  l ies  i n  
t h e   m e a s u r e m e n t   s i m p l i c i t y .   I n   a d d i t i o n ,  a chemica l   dos imeter  
d i f f e r s   v e r y  l i t t l e  f r o n   w a t e r   i n  terms of   composi t ion .   Therefore ,  
t h e   a b s o r p t i o n   o f   d i f f e r e n t   t y p e s   o f   r a d i a t i o n   a n d   e n e r g y   o c c u r s   b y  
means o f   i n t e r a c t i o n   p r o c e s s e s   w h i c h  are similar t o   t h e   p r o c e s s e s  
o c c u r r i n g   i n   t i s s u e   o r   i n   l i q u i d s  of t h e   o r g a n i s m .   I n   t h i s   c o n n e c t i o n ,  
t h i s   t y p e   o f   d o s i m e t e r   h a s  a s l i g h t   " h a r d   b e h a v i o r ' ' .  

Lhen  an i n v e s t i g a t i o n  i s  made of  t h e   i n c l i n e d   i n c i d e n c e   o f  a 
wide   p ro ton   bund le   beh ind   t he   sh i e ld ing ,  i t   i s  a l s o   p o s s i b l e   t o  
u t i l i z e   t h e   d o s a g e   f a c t o r  of a t t e n u a t i o n  and  bui ldup,   which - by / 2 1 7  
ana logy   wi th   the   case   o f   normal   inc idence  - c a n   b e   w r i t t e n   i n   t h e  
form 

Q,(O) and Q ( 6 )  r e p r e s e n t   t h e   i n t e g r a l   a b s o r b e d   d o s e   r a t e   f r o m  
a na r row  bund le   g i thou t  a sh i e ld ing ,   and   beh ind  a s h i e l d i n g   h a v i n g  
t h e   t h i c k n e s s  6 , which i s  l o c a t e d   a t   t h e   a n g l e  CL t oward   t he  
d i r e c t i o n   o f   t h e   p r o t o n   b u n d l e   ( F i g u r e   7 . 7 ) .  Q,(6) is  measured i n  
the   p lane   which  i s  p a r a l l e l   t o   t h e   s h i e l d i n g .  

L e t  us d e a l   w i t h   t h e   p r o b l e m   o f   o b t a i n i n g   p r o t o n   b u n d l e s  
having   lower   energ ies .   Pro tons   f rom a synchrocyc lo t ron   pene t r a t e   an  
abso rbe r  made of p o l y e t h y l e n e ,   i n   w h i c h   t h e y   l o s e   p a r t   o f   t h e i r  
energy .  The a b s o r b e r   t h i c k n e s s  was s e l e c t e d   i n   a c c o r d a n c e   w i t h  
t h e   d a t a   g i v e n   i n   t h e  work  (Ref. 13) .  I n   o r d e r   t o   i m p r o v e   t h e  
ene rgy   homogene i ty   o f   t he   bund le   and   t o   pu r i fy  i t  from  secondary 
r a d i a t i o n   e m a n a t i n g   f r o m   t h e   a b s o r b e r ,   t h e   b u n d l e  w a s  d e f l e c t e d  
by  a magnet  and p a s s e d  through a c o l l i m a t o r   b e h i n d  a s h i e l d i n g  
wal l   o f   th ree   meters .   The   magni tude   o f   the   neut ron   s t ream was 
de te rmined   by   compar ing   the   readings   f rom  de tec tors   which   had  
e s s e n t i a l l y   d i f f e r e n t   s e n s i t i v i t y   t o   n e u t r o n s   a n d   p r o t o n s .   F o r  
t h i s   p u r p c s e ,   d e t e c t o r s  were u t i l i z e d   w h i c h   m e a s u r e d   t h e   a b s o r b e d  
energy  - such as chemica l   dos ime te r s ,   t he   l uminescen t   dos ime te r  
( IN) ,   and   the   thermoluminescent   dos imeter  made o f   g l a s s  (IKS) - 
and a l s o   i n d i c a t o r s  made of carbon  and  aluminum,  which  recorded 
t h e   n e u t r o n s   a n d   p r o t o n s   w i t h   t h e   a i d   o f   t h e   r e a c t i o n s :  

C ( / I ,  p /z )C I I ;  AI (p ,  3ptz)Naz4, 
C (tz ,  21z)CII; A I  ( n ,  a)Na** 
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A s  t h e   e x p e r i m e n t a l  test s h o w e d ,   t h e   s e n s i t i v i t y   o f   t h e  ILC 
and t h e  IKS d o s i m e t e r s   t o   n e u t r o n s  was more than  one  order   of  
magnitude less t h a n   t h e   s e n s i t i v i t y   t o   p r o t o n s .  By compar ing   the  
r ead ing   f rom  dosage   de t ec to r s   ( chemica l ,  I L C ,  and IKS)  and  from 
stream i n d i c a t o r s  ( C  and A l ) ,  i t  was found   t ha t   t he   admix tu re   o f  
a n e u t r o n   s t r e a m   i n   t h e   b u n d l e  coming  from t h e   c o l l i m a t o r   d i d  
not   exceed 5 - 6 %  i n   t h e   p r o t o n   e n e r g y   r e g i o n   o f  100 -600 MeV. 
C o n s e q u e n t l y ,   t h e   u t i l i z a t i o n   o f   t h e   m e t h o d  by  which  the  proton 
energy was d i s c a r d e d  made i t  p o s s i b l e   t o   o b t a i n  a f a i r l y   p u r e  
p r o t o n   r a d i a t i o n .  

The p ro ton   ene rgy   beh ind   t he   abso rbe r  w a s  determined by 
m a g n e t i c   a n a l y s i s   a n d   w i t h   t h e   a i d   o f   t h e   r a n g e - e n e r g y   r e l a t i o n s h i p  
i n  l e a d  and  aluminum.  The  divergence  between  these  two  methods i n  
the   de t e rmina t ion   o f   ene rgy   d id   no t   exceed  6 % .  

The s h i e l d i n g   p r o p e r t i e s   o f   s e v e r a l   m a t e r i a l s   ( p o l y e t h y l e n e ,  
p o l y c a r b o n a t e ,   p o l y v i n y l c h l o r i d e ,   g l a s s   t e x t o l i t e ,   a l u x i n u m ,   l e a d ,  
and   o thers )  were i n v e s t i g a t e d   i n  model s t u d i e s  on  a pro ton   bundle .  
The b a s i c   c h a r a c t e r i s t i c s   o f   t h e s e  materials a r e   p r e s e n t e d   i n   T a b l e  
7 . 2 .  Out  of t h e s e   m a t e r i a l s ,   p o l y e t h y l e n e   h a s   t h e   l a r g e s t   h y d r o g e n  
c o n t e n t   a n d ,   c o n s e q u e n t l y ,   t h e   l a r g e s t   i o n i z a t i o n   l o s s e s .  On t h e  
b a s i s   o f   i t s . s h i e l d i n g   p r o p e r t i e s ,   p o l y e t h y l e n e  i s  q u i t e   s i m i l a r   t o  
w a t e r ,   a n d   a l s o   l i q u i d   r o c k e t   f u e l .   T h i s   f a c t  i s  ve ry   impor t an t ,  
because   t he   wa te r   and   fue l   r e se rves   can   be   u sed  as s h i e l d i n g  
e l e D e n t s .   P l a s t i c s  and  aluminum r e p r e s e n t   l i g h t   m a t e r i a l s   w h i c h  
h a v e   g o o d   c o n s t r u c t i o n   q u a l i t i e s .  

/21% 

Figure  7 . 8  p r e s e n t s   t h e   c o n d i t i o n s   f o r   t h e   d e s c r i b e d   e x p e r i -  
ments.  The p ro ton   bund le   pas sed   t h rough   t he   co l l ima to r   hav ing  a 
d iameter   o f  2 cm;  then   th rough  the   ion iza t ion   char .ber -moni tor  6 ,  
and f e l l  o n   t h e   a b s o r b e r   l a y e r  7 i n  a n o r m a l   d i r e c t i o n .  The 
d e t e c t o r  8 was l o c a t e d   c l o s e   t o   t h e   m a t e r i a l   b e i n g   s t u d i e d ,  whose 
t h i c k n e s s  was increased   f rom  the   end  o f  t h e   c o l l i m a t o r .  Lumines- 
cent   and   chemica l   dos imeters ,   as  well  as i o n i z a t i o n   c h a n b e r s ,   w e r e  
used as t h e   d e t e c t o r   f o r   m e a s u r i n g   t h e   i n t e g r a l   a b s o r b e d   d o s e   b e -  
h i n d   t h e   s h i e l d i n g .  The readings  f rom  the  luminescent   and  chemical  /219 
dos ime te r s   gave   an   ave raged   abso rbed   dose .   The re fo re ,   i n   o rde r  t o  
o b t a i n  Q ( S ) ,  they  were m u l t i p l i e d   b y   t h e   e f f e c t i v e   s u r f a c e   o f   t h e  
dos imeter   c ross -sec t ion .   For   measurements   o f  Q ( 6 )  w i t h   t h e   a i d  
o f  l u m i n e s c e n t   d o s i m e t e r s ,   t h e   l a t t e r  were l o c a t e d   c l o s e   t o   e a c h   o t h e r  
on a s u r f a c e   o f  40 x 30 cm’. 

A s e c t i o n a l  chamber  with a n a r r o w   o u t p u t   a p e r t u r e   ( a b o u t  3.8 
mg/cm’, w h i c h   c o r r e s p o n d s   t o   t h e   p r o t o n   r a n g e   w i t h   e n e r g i e s  o f  approxi -  
mately 1 . 4  MeV) was u t i l i z e d  as the   i on iza t ion   chamber .  The  chamber 
was f i l l e d   w i t h  a mixture   o f   gases  (35% argon  and 65% he l ium,   by   weight ) ,  
which made i t  poss ib l e   t o   ob ta in   t he   dependence   o f   t he   chamber  
s e n s i t i v i t y  on the   p ro ton   ene rgy ,   wh ich  w a s  ana logous   t o   t he   dependence  
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TABLE 7.2 

BASIC CHARACTERISTICS OF SHIELDING MATERIALS STUDIED 1218 

. .. . - . 

M a t e r i a l  Chemical  Formula 

". " _ "  - 

Polye thy lene  

G l a s s   T e x t o l i t e  on 

( C 2 t i 3 C 1 )  P o l y v i n y l c h l o r i d e  

(C1603H14) Polycarbonate  

(CH2) 

an EDF-6 r e s i n   b a s e  - 

Fibrous  wire g l a s s  
m a t e r i a l  (FWGM) 

A- 3 Aluminum A 1  

S-2 Lead Pb 
- - "_ - _ _ _  -" - 

- 1- 
. 

Densi ty  
g/cm2 

0.94 

1 . 2  

1 . 4  

1 . 8  

2 .o 

2 . 7  

11.37 

Composition o f  
Material, % (by 
Weight) 

- - "~ 

C H 
85.6 14 .4  

C 0 H 
75 - 5 3  18.96 5.51 

C H c1 
38.4 4 .8  56 .8  

0 S i  A 1  Ba 
37.5 17 .0  1.78  15.9 

Zn B C H 
2.72 3.22 20 .1  1 . 7 8  
0 S i  A I  Ba 

Zn B C H 

- -__ "_ ~ 

- 39.8 _" 19.62  2 .03 1 7 . 3  

2 .95  3 .5   13.6  1 .2  
n o t  less than  98.0 A 1  

n o t  less than   99 .95  Pb 

o f   i o n i z a t i o n   l o s s e s   i n   t i s s u e  on t h e   p r o t o n   e n e r g y .   W i t h   t h e   a i d  of 1219 
t h i s  chamber ,   the   dependence  of   the  absorbed  t issue  dose  on  the 
s h i e l d i n g   t h i c k n e s s  was  measured.  The r e s u l t s   d e r i v e d   f r o m   t h e  
e x p e r i m e n t s   a r e  shown i n   F i g u r e   7 . 9 ,   w h e r e   t h e   d e p e n d e n c e  of t h e  
f a c t o r  of a t t e n u a t i o n   a n d   b u i l d u p   o f   t h e   d o s e ,   i n  a wide   p ro ton  
bundle  f ( 6 )  , on t h e   s h i e l d i n g   t h i c k n e s s  6 i s  g iven .  

The c u r v e s   f o r   t h e   a t t e n u a t i o n  and  bui ldup of t h e   p r o t o n   d o s e  
i n   d i f f e r e n t  materials, i n   t h e   e n e r g y   r e g i o n  o f  130  and  280 MeV, are 
similar t o   t h e   c l a s s i c a l   c u r v e   g i v e n   b y   B r a g g .  The g r a d u a l  rise o f  
t h e   c u r v e   w i t h   a n   i n c r e a s e   i n   t h e   s h i e l d i n g   l a y e r   t h i c k n e s s   c a n   b e  
exp la ined   by   an   i nc rease  of t h e   i o n i z a t i o n   l o s s e s  as t h e   p r o t o n s  are 
damped; t he   sha rp   d rop   beyond   t he  maximum can   be   exp la ined  by t h e  
p ro tons   be ing   s topped   w i th  a t o t a l   l o s s  of k i n e t i c   e n e r g y .   F o r  
h igh -ene rgy   p ro tons ,   t he   bu i ldup  of s e c o n d a r y   r a d i a t i o n   i n   t h e  
s h i e l d i n g  - which is p r o d u c e d   d u r i n g   i n e l a s t i c   n u c l e a r   i n t e r a c t i o n s  - 
i s  c h a r a c t e r i s t i c .  A s  a r e s u l t  o f  t h e   b u i l d u p   o f   s e c o n d a r y   r a d i a t i o n ,  
a f l a t  maximum i s  formed  on the   dependence   cu rve  f = f ( 6 )  
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1218 

Figure   7 .8  

Diagram of  Model Experiments  on a S h i e l d i n g :  

1 - Synchrocyclo t ron;  2 - Focusing  Lens;  3 - Polye thy lene  
Absorber;  4 - Col l ima to r ;  5 - Deflec t ing   Magnet ;  6- Ion iza -  
t i o n  Chamber-Monitor; 7 - M a t e r i a l   b e i n g   S t u d i e d ;  8 - Detec- 
t o r .  

f o r  a sh i e ld ing   t h i ckness   o f   abou t   10  - 20 g / cm2;   t h i s  maximum I219 
i n d i c a t e s   t h a t   t h e r e  i s  equ i l ib r ium  be tween   t he   s econda ry   r ad ia t ion  
and   t he   p r imary   p ro tons .  I t  s h o u l d   b e   n o t e d   t h a t   t h e   b u i l d u p   o f  
s e c o n d a r y   r a d i a t i o n   d u e   t o   i n e l a s t i c   n u c l e a r   i n t e r a c t i o n s  becomes 
more s i g n i f i c a n t   w i t h   a n   i n c r e a s e   i n   p r o t o n   e n e r g y ,   a n d   t h e   B r a g g  
maximum a t  t h e  end  of t h e   r a n g e  i s  more d i f f u s e .  

The  form o f  t h e   c u r v e   f ( 6 )   f o r  a wide  proton  bundle   depends 
s l i g h t l y  on t h e   s h i e l d i n g  material. However,  due t o  t h e   d i f f e r e n c e  
i n   i o n i z a t i o n   l o s s e s ,   t h e   s h i e l d i n g   p r o p e r t i e s   o f   t h e   m a t e r i a l s   a r e  
n o t   i d e n t i c a l .   T h u s ,   f o r   p r o t o n s   h a v i n g   a n   e n e r g y  o f  130 M e V ,  t h e  
absorbed  dose  behind a s h i e l d i n g  made o f   po lye thy lene   dec reases  
a l m o s t   t o   z e r o   b e h i n d  a l a y e r   o f  6 = 16.5 g/cm2 , w h i l e   i n   t h e   c a s e  
o f   l e a d   t h e   t h i c k n e s s  of  t h i s   l a y e r  is 6 = 36 g/cm2. 

T h u s ,   i n   t h e   g i v e n  case the   we igh t   o f  a f l a t   l e a d   s h i e l d i n g  
is  s i g n i f i c a n t l y   g r e a t e r   t h a n   t h a t   o f   p o l y e t h y l e n e .  A t  t h e  same 
time, f o r   s h i e l d i n g   t h i c k n e s s e s   w h i c h  are less t h a n   t h e  mean range  
f o r   p r o t o n s   h a v i n g  a g i v e n   e n e r g y ,   t h e   p o l y e t h y l e n e   s h i e l d i n g   c a n  
b e  more e f f e c t i v e   t h a n   l e a d .   T h u s ,   f o r  a s h i e l d i n g   t h i c k n e s s   o f  
8 g/cm2,   the  dose  behind a p o l y e t h y l e n e   s h i e l d i n g  w i l l  b e  1 .3  times 
g r e a t e r   t h a n   b e h i n d   l e a d .   T h i s   m u s t   b e   t a k e n   i n t o   a c c o u n t  when 
des ign ing  a s h i e l d i n g   f r o m   p r o t o n   r a d i a t i o n .   F o r   h i g h e r   p r o t o n  
e n e r g i e s ,   t h e   d i f f e r e n c e   i n   t h e   s h i e l d i n g   p r o p e r t i e s  of t h e  
materials i s  r e l a t e d   t o   t h e   b u i l d u p   o f   s e c o n d a r y   p a r t i c l e s ,   w h i c h  / 2 2 l  
are f o r m e d   d u r i n g   n u c l e a r   i n t e r a c t i o n s   o f   p r i m a r y   p r o t o n s   w i t h  
t h e   s h i e l d i n g   s u b s t a n c e .  
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Figure  7.9 

A t t e n u a t i o n  of T i s s u e   P r o t o n  Dose i n   t h e   S h i e l d i n g :  

a - Lead(o - 130 MeV; L! - 280 Xev; x - 405 MeV; - 660 MeV) ; 
b - CI.12 ( s e e  a ) ; c - For   Inc iden t   P ro ton   Ene rgy  of 
130 MeV; ( 0  - Polye thy lene ;  A - Carbon; x - A1uminum;C - Lead) .  

I n   c o n c l u s i o n ,  l e t  us  compare t h e   v a l u e s   f o r   t h e  .mean ranges  R 1 2 2 1  
w i t h   t h e   e x p e r i m e n t a l   d a t a   o n   t h e   s h i e l d i n g   t h i c k n e s s ,   w h i c h  
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c o r r e s p o n d   t o   d i f f e r e n t   r a t i o s   f o r   t h e   d o s e   b e h i n d  a s h i e l d i n g   a n d  
wi thou t  a s h i e l d i n g   ( T a b l e   7 . 3 ) .  

TABLE 7 . 3  

SHIELDING THICKNESSES WHICH CORRESPOND TO DIFFERENT VALUES 
OF THE FACTOR FOR ATTENUATION AND BUILDUP OF DOSE f ( 6 )  

S h i e l d i n g  
M a t e r i a l  

Po lye thy lene  

Aluminum 

Lead 

Energy 
T min, P 

Mev 

130 
250 
405 
130 
250 
400 
130 
250 
40 5 

11.3 
36 .O 
93.0 
15.9 
48.6 

105.0 
26.8 
79.6 
94.0 

T S h i e l d i n g  
Thickness  , 
correspon-  
d i n g   t o  a 
Dose  of 8251 
o f   t h e  Maxi- 
mum, g/cm 2 

11 
32 

10 3 
16  
” 

” 

24 
70 
” 

j h i e ld ing   Th ickness ,  
Zorresponding   to  a 
given  Value o f  

0.5 

12.5 
39 .O 

105.0 
18.8 
” 

” 

27.0 
79 .O 
” 

0.1 

f ,  

0.01 

18 
4 3  

115 
2 4  
” 

” 

34 
90 
” 

On t h e   b a s i s   o f   t h e  d a t a  p r e s e n t e d   i n   t h e   T a b l e ,   t h e   c o n c l u s i o n   c a n  
be  drawn t h a t   t h e   m e t h o d   f o r   d e s i g n i n g  a p r o t o n   s h i e l d i n g   u s i n g   t h e  
r a n g e - e n e r g y   r e l a t i o n s h i p   n e e d s   t o   h a v e   s i g n i f i c a n t   r e f i n e m e n t s   w i t h  
r e s p e c t   t o   t h e   e x p e r i m e n t a l   d a t a .  

7 .4 .   Experimental  Data on  the  Outf low of 
Neutrons  from a S h i e l d i n g  

Neutrons  predominate  among t h e   s e c o n d a r y   p a r t i c l e s   w h i c h   a r e  
formed as a r e s u l t   o f   n u c l e a r   i n t e r a c t i o n s   b e t w e e n   p r o t o n s   a n d   t h e  
sh i e ld ing   subs t ance   (Ref .   2 ) .  The fo rma t ion   o f   neu t rons   i n   e l emen ta ry  
i n e l a s t i c   i n t e r a c t i o n   b e t w e e n   p r o t o n s   a n d   n u c l e i   o f   t h e   s u b s t a n c e  was 
examined i n   t h e   p r e c e d i n g   C h a p t e r .   H o w e v e r ,   t h i s   i n f o r m a t i o n   c a n n o t  
b e   u s e d   d i r e c t l y   i n   d e s i g n i n g   s h i e l d i n g s ,   d u e   t o   t h e   f a c t   t h a t  i t  i s  
n e c e s s a r y   t o  .know t h e   s p e c t r a l - a n g u l a r   d i s t r i b u t i o n s  of  t h e   p a r t i c l e s  
formed i n   c a l c u l a t i n g   t h e   o u t f l o w  of  neut rons   f rom a s h i e l d i n g .  Very 
few data o f   t h i s   t y p e  are a v a i l a b l e .   T h e o r e t i c a l   d a t a   o n   t h e  forma- 
t i o n   o f   n e u t r o n s   i n   e l e m e n t a r y   i n e l a s t i c   i n t e r a c t i o n s   d o   n o t   e n c o m p a s s  
a s u f f i c i e n t l y   w i d e   r a n g e   o f  materials a n d   p r o t o n   e n e r g i e s .   T h e r e f o r e ,  
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i t  i s  i n t e r e s t i n g   t o   i n c l u d e   e x p e r i m e n t a l   d a t a  on t h e   o u t f l o w   o f  
n e u t r o n s   f r o m   t h i c k   t a r g e t s .  The r e s u l t s   d e r i v e d   f r o m   m e a s u r i n g  
neu t ron   ou t f lows   f rom  th i ck   t a rge t s ,   wh ich  were bombarded  by  pro- 
t o n s ,   a r e   g i v e n   i n   s e v e r a l   w o r k s   ( R e f .  16 - 2 3 ) .  

I n   t h e   r e g i o n   o f   c o m p a r a t i v e l y  small p r o t o n   e n e r g i e s   ( u p   t o  
32   ? l ev ) ,   t he   ou t f low  o f   neu t rons   f rom  th i ck   t a rge t s   has   been   s tud ied  
f o r  a l a r g e  number  of  elements  (Ref. 2 2 ) .  The t o t a l   n e u t r o n  stream, 
emerging  from a t a r g e t ,  w a s  de te rmined  by m e a s u r i n g   t h e   a c t i v a t i o n  
of a MnS04 so lu t ion ,   wh ich   occup ied  a tank  of  1 x 1 x 1 m and  which 
surrounded a c a v i t y   i n   w h i c h   t h e   t a r g e t  was p laced .  

.The out f low  of   neut rons  w a s  d e t e r m i n e d   f o r   t h r e e  cases: t h e  
t o t a l   b r a k i n g   o f   p r o t o n s   h a v i n g   a n   e n e r g y   o f  32 M e V ;  t h e   b r a k i n g  of 
protons  having  energies   f rom  32 Mev t o  18 MeV; a n d   t h e   t o t a l   b r a k i n g  
of   p ro tons   having   an   energy   of  18 MeV. Table  7 . 4  p r e s e n t s   t h e  re- 
s u l t s  der ived  f rom  the  measurements .  We s h o u l d   n o t e   t h a t   t h e   o u t f l o w  
v a l u e s   p r e s e n t e d   i n   t h i s   T a b l e   p r o v i d e   t h e   t o t a l  number o f   neu t rons  
e s c a p i n g   f r o m   t h e   t a r g e t  on a l l   s i d e s .  

The n e u t r o n   o u t f l o w   d e p e n d s   e s s e n t i a l l y   o n   t h e   t y p e   o f   t a r g e t  
nuc leus ,   and   th i s   dependence  i s  not   monotonic .  When materials f o r  
a p r o t o n   s h i e l d i n g   a r e   b e i n g   c h o s e n ,  i t  s h o u l d   b e   n o t e d   t h a t   t h e  
out f low of  secondary   neut rons  i s  a t  a minimum f o r  several m a t e r i a l s .  
T h e s e   i n c l u d e   c a r b o n ,   s i l i c o n ,   s u l f u r ,   a n d   c a l c i u m .   T h u s ,   f o r   c a r b o n  
the   neu t ron   ou t f low  amoun t s   t o  0 .567 .1010 n e u t r o n / m i l l i m i c r o n  - i . e . ,  
approximate ly   one   neut ron  p e r  1000 p r o t o n s   f a l l i n g   o n   t h e   t a r g e t   w i t h  
an   energy  of 32  ? l ev .   Fo r   ca l c ium,   t h i s   quan t i ty  is of t h e  same o r d e r  
o f   m a g n i t u d e ,   w h i l e   f o r   s i l i c o n   a n d   s u l f u r  i t  i s  approximate ly  twice 
a s   l a r g e .  We s h o u l d   a l s o   n o t e   t h a t   f o r   a l l   p r i m a r y   e l e m e n t s ,   w h i c h  
c o n s t i t u t e   b i o l o g i c a l   t i s s u e ,   t h e   o u t f l o w  of   secondary   neut rons  i s  
compara t ive ly  small: about  1 - 4 n e u t r o n s   p e r  1000 i n c i d e n t   p r o t o n s .  
A t  t h e  same time, f o r   s e v e r a l   l i g h t   e l e m e n t s   w h i c h  are  s u i t a b l e   ( f r o m  
t h e   p o i n t   o f   v i e w   o f   t h e   r a n g e - e n e r g y   r a t i o )   f o r   u s e  as s h i e l d i n g  
m a t e r i a l s ,   t h e   o u t f l o w   o f   s e c o n d a r y   n e u t r o n s  i s  f a i r l y   l a r g e .   T h e s e  
e l emen t s   i nc lude ,   fo r   example ,   be ry l l i um,   fo r   wh ich   t he   ou t f low  o f  
secondary   neut rons  i s  about  30 p e r  1000 i n c i d e n t   p r o t o n s  - i . e . ,  30 
times g r e a t e r   t h a n   f o r   c a r b o n .   F o r  a m a j o r i t y  of medium-weight  and 
heavy  e lements ,   the   ou t f low  of   secondary   neut rons   ranges   f rom  10   to  
20 neu t rons  p e r  1000 p r o t o n s .  

It is a p p a r e n t   t h a t   t h e   e x p e r i m e n t a l   d a t a   w h i c h   h a v e   b e e n   p r e -  
s e n t e d   o n   t h e   o u t f l o w  of secondary   neu t rons   mus t   be   t aken   i n to   accoun t  
when c h o o s i n g   p r o t o n   s h i e l d i n g  materials and when d e s i g n i n g   s h i e l d i n g s .  
It s h o u l d   a l s o   b e   n o t e d   t h a t   t h e   o u t f l o w   o f   s e c o n d a r y   p r o t o n s   d e c r e a s e s  
c o n s i d e r a b l y   w i t h   a n   i n c r e a s e   i n   t h e   i n c i d e n t   p r o t o n   e n e r g y .   T h u s ,  
f o r   i n c i d e n t   p r o t o n s   h a v i n g   a n   e n e r g y  of 18 MeV, t he   ou t f low  o f   s econ-  
d a r y   n e u t r o n s   d e c r e a s e s   f o r   b e r y l l i u m   b y  a f a c t o r   o f  2 .5 ;  f o r  aluminum, 
by a f a c t o r  of  7 ;  f o r   s i l i c o n ,   b y  a f a c t o r   o f  10 ,  e tc .  Secondary 
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n e u t r o n s   a r e   n o t   p r e s e n t   i n   c a r b o n ,   f o r   i m p a c t i n g   p r o t o n   e n e r g i e s  
which are less t h a n  18 MeV. T h i s   f a c t  i s  ve ry   impor t an t ,   because  
a s i g n i f i c a n t   p a r t   o f   t h e   s p e c t r u m   f o r   p r o t o n s   f r o m   t h e   i n n e r  
r a d i a t i o n   z o n e   o f   t h e   e a r t h   a n d   f r o m   s o l a r   f l a r e s   f a l l s   i n   t h e  
energy  region  which i s  less than  18 - 20 MeV.  S i n c e   t h e   p r o t o n  
ranges  a t  s u c h   e n e r g i e s  are s m a l l ,   f o r  a s h i e l d i n g   t h i c k n e s s   o f  
more than  1.0 - 2 .O  g / c m 2 ,   t h e   r a d i a t i o n   d o s e   b e h i n d   t h e   s h i e l d i n g  
w i l l  b e   e n t i r e l y   c a u s e d  by s e c o n d a r y   p a r t i c l e s   w h i c h  are formed 
i n   t h e   s h i e l d i n g .  

It s h o u l d   b e   n o t e d   t h a t ,   s i n c e   t h e   p r o t o n   s p e c t r u m   o f   t h e  
i n n e r   r a d i a t i o n   z o n e  o f  t h e   e a r t h   e x t e n d s  up t o   s e v e r a l   h u n d r e d s  
o f   megae lec t ronvo l t s  - and i n   t h e   c a s e   o f   s o l a r   f l a r e s ,  UP t o  
s e v e r a l   t h o u s a n d s   o f   m e g a e l e c t r o n v o l t s  - i t  i s  ext remely   impor tan t  
t o   have   expe r imen ta l   i n fo rma t ion  on the   ou t f low  o f   s econda ry  
p a r t i c l e s   a l s o   f o r   p r o t o n s ,   h a v i n g   e n e r g i e s  on t h e   o r d e r   o f  
hundreds   o f   megaelec t ronvol t s   and   h igher .   Unfor tuna te ly ,   exper i -  
menta l  data  on the   ou t f low  o f   s econda ry   neu t rons   f rom  t a rge t s ,  
which are bombarded  with  protons  having  energi .es   of   about  100 Mev 
and   h igher ,  are r e s t r i c t e d   b o t h   w i t h  respect t o   t h e   p r o t o n   e n e r g y  
r e g i o n ,   a n d   w i t h   r e s p e c t   t o   t h e   s e l e c t i o n   o f   t a r g e t   m a t e r i a l s  - 
p a r t i c u l a r l y   l i g h t   e l e m e n t s .   D e t a i l e d   i n f o r m a t i o n   o n   t h e   o u t f l o w  
o f   s econda ry   neu t rons   f rom  t a rge t s   wh ich  are bombarded  with 
p r o t o n s ,   h a v i n g   e n e r g i e s  of 250 - 900 M e V ,  i s  g iven   i n   ano the r   work  
(Ref .   23) ,   a l though  the   ou t f low  of   neut rons   f rom  only   heavy   e lements  
w a s  s t u d i e d   i n  i t  ( t i n ,   t u n g s t e n ,  l e a d ,  and  uranium).   This   type 
o f   d a t a   c a n   b e   u s e f u l   f o r   p l a n n i n g   s h i e l d i n g   f r o m   p r o t o n s .  The 
c r u x   o f   t h e  matter i s  t h a t   i n   s e v e r a l   c a s e s   ( f o r   e x a m p l e ,   r a d i a t i o n  
s h e l t e r   h a v i n g  a sma l l   i nne r   vo lume)   t he   heavy   ma te r i a l s   a r e  
p r e f e r a b l e   t o   t h e   l i g h t   o n e s .   T h e r e f o r e ,  i t  i s  n e c e s s a r y   t o  know 
t h e   n e u t r o n   o u t f l o w   f o r   s u c h  materials (Ref .  7 ) .  

With t h e   a i d   o f  a s e l e c t o r ,   i n   t h e   f o r m   o f  a t e l e scope   o f  
G e i g e r ,   s c i n t i l l a t i o n ,   a n d   C h e r e n k o v   c o u n t e r s , g r o u p s   o f   p r o t o n s  were 
se l ec t ed   f rom  p r imary   cosmic   r ad ia t ion   wh ich   had  mean e n e r g i e s   o f  
300, 4 1 5 ,   5 6 0 ,   6 9 0 ,  and  820 MeV ( R e f .   2 3 ) .   I n   o r d e r   t o   r e c o r d  
neu t rons   coming   f rom  the   t a rge t  (22  - 44 glcmz) ,   boron   counters  were 
used,  which were l o c a t e d   i n  a paraf f in   modera tor ,   in   the   form of  a 
v a t   w i t h  a s i d e   o f   a b o u t  120cm.  The mean number  of  neutrons  which 
were formed i n  a t a r g e t   o f   u n i t   t h i c k n e s s  (1 g/cm2)  was  determined 
p e r   o n e   i n c i d e n t   p r o t o n   ( T a b l e  7.5) (Ref .   23) .  

Comparing t h e   r e s u l t s   d e r i v e d   f r o m   m e a s u r e m e n t s   f o r   d i f f e r e n t  
t a r g e t   t h i c k n e s s e s  (Pb o r  U) , w h i c h   p e r t a i n   t o  1 g/cm2, w e  can see 
t h a t   t h e   v a l u e s   f o r   d i f f e r e n t   t h i c k n e s s e s  are c l o s e   t o   e a c h   o t h e r .  
The e x i s t i n g   d i f f e r e n c e   c a n   b e   c a u s e d   b y   d i s s i m i l a r   a b s o r p t i o n   o f  
an i n c i d e n t   p r o t o n   b u n d l e   ( i t   l e a d s  t o  a d e c r e a s e   i n   t h e   n e u t r o n   o u t -  
f l o w   f r o m   t h i c k e r   t a r g e t s ) ,   a n d   a l s o   b y   n u c l e a r   i n t e r a c t i o n s   o f  

1 2 2 4  

/225 

256 



T M L E  7 . 4  

NEUTRON OUTFLOW FROM THICK  TARGETS, BOMBARDED  BY PROTONS ( I N  1 2 2 3  
UNITS OF 10' '   neutron/microcoulomb) 

" . 

Na 

A1 
h\g 

Si 
P 

Ag 
Cd 
Sn 
Ta 

" 

I7.8-C I ,2 
9,69 

17,70 
4,21 

0,567+0.037 
1,985 0.33 
1,302 0.08 
4,1550,5 

3.81 
1.98 

0,98 
3,16 

2.41 
1 . 0 7 ~ 0 . 1 0  
3,74&0;19 

0.51 1 0.08 
1,4650.15 

6,342 0,49 
7.61 . ," 
9.24 

6.6950.44 
7, I6 
6,OO 

S,20% 0.50 
3,06 
8,30 
7, I6 

11.0 
11.5 
11;5 
12,2 
12.8 
12.1 
12.6 
12,5 
11.4 

10,l 
10.8 

10,o 
23,3 

4,78+-  0,99 
3,164 0.20 

6,95 
1,14+-0,10 

0 
0 2  0.07 

0.08-t_0.06 
01961 0;  1 7  
0,51 2 0.07 
0,25_+ 0.08 
0.465  0,06 

0.351 0.06 
0.10~0.06 

0.0082 0.05 
0,52&0;10 

0 2  0.26 
0 2  0.13 

1.091 0.17 
1;7620;i3 
2,30+  0.15 
1,262 0.16 
1,27& 0,11 
1.0010.09 
1,6220.18 
0.321 0:06 

1,6710.13 

2,02+-  0,13 
2.10k0.15 
2,14*0.15 
1,9410.19 
1,402 0,23 
1,302 0.19 
l . l l t 0 , l O  
1,052 0.09 
0,86+-0,09 
0,855 0.09 
2,28& 0,15 

- 

MeV 
18-32 

- 
,46 

0,5673Z 0,037 
- 
- 
- 

1,743~ 0,lO 
2,64 

- 

- 

4,78 

2,68 
6,45 

8,67 
5,85 

9,80 
9,65 

- 
- 

- 

10.5 
10.0 
10,4 
10.2 
9,26 
9,48 

9,15 
- 

18,O 

I n  those   cases   where   the   neut ron   ou t f low w a s  de te rmined  for a 
given  e lement  on t h e  basis of measurements   for  a compound, t h e  
co r re spond ing  compound is i n d i c a t e d   i n   t h e   p a r e n t h e s e s .  

I n   t h o s e   c a s e s  when the   measu remen t   e r ro r  is n o t   i n d i c a t e d ,  i t  
amounts t o  4 . 5 % .  
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TABLE 7 .5  

MEAN NUMBER OF NEUTRONS FORMED I N  A TARGET PER ONE 
INCIDENT PROTDN (RELATIVE TO 1 g/cm2) 

Ta rge t  I Mean Proton  Energy,  Mev 
- .  

Sn (33) 
\v (3.1) 

Pb (22) 
Pb (34)  
u (22) u (4.1) 

0,028 
0,027 
0,o 10 

0,051 
0,035 

0,017 

_" 
415 

0,030 
0,056 
0.059 

0,060 
0,051 

0,074 

. "_ 
690 

0,o-11 
0,069 
0,057 
0,061 
0,054 
0,091 

620 
" 

0,059 
0.013 
0.0;1 
O,Q96 
0,035 
0,111 

secondary par t ic les  ( i t   l e a d s   t o   a n   i n c r e a s e   i n   t h e   n e u t r o n  
o u t f l o w   f r o m   t h i c k e r   t a r g e t s ) .  

The i n t r o d u c t i o n   o f   c o r r e c t i o n s   f o r   t h e   a b s o r p t i o n  of  an 
i n c i d e n t   p r o t o n   b u n d l e   i n   t h e   t a r g e t  somewhat d e c r e a s e s   t h e  
d i f f e r e n c e   i n   t h e   o u t f l o w s   o f   s e c o n d a r y   n e u t r o n s   f r o m   t a r g e t s  
h a v i n g   d i f f e r e n t   t h i c k n e s s .  The r e l a t i o n s h i p   b e t w e e n   t h e  
outf lows  of   neutrons,   which are  c o r r e c t e d   f o r   a b s o r p t i o n  of  
i n c i d e n t   p r o t o n s   i n   t a r g e t s   h a v i n g  a th i ckness   o f  44 and 22 g/cm2, 
is  c l o s e   t o   u n i t y .  H o w e v e r ,   d u r i n g   t h e   c h a n g e   t o   l a r g e   e n e r g i e s ,  
t h i s   r e l a t i o n s h i p   i n c r e a s e s ,   w h i c h   p o i n t s   t o   t h e   s i g n i f i c a n t  
c o n t r i b u t i o n  made by s e c o n d a r y   n u c l e a r   p r o c e s s e s ,   w h i c h   i n c r e a s e  
t h e   n e u t r o n   o u t f l o w   f r o m   t h e   t a r g e t .  It c a n   b e   s e e n   t h a t   t h i s  
e f f e c t   e x i s t s   f o r   t h i n n e r   t a r g e t s .  

It  i s  i m p o r t a n t   t o   t a k e   t h e   f o l l o w i n g   f a c t   i n t o   a c c o u n t   i n  
d e s i g n i n g   s h i e l d i n g   f r o m   p r o t o n s .  The t h e o r e t i c a l   d a t a   w h i c h  
e x i s t  a t  t h e   p r e s e n t  time o n   t h e   n e u t r o n   o u t f l o w   p r i m a r i l y   p e r t a i n  
t o   e l e m e n t a r y   i n t e r a c t i o n   o f   p r o t o n s ,   a n d   t h e   e x p e r i m e n t a l   d a t a   f o r  
t h i c k   t a r g e t s  - as was i n d i c a t e d   a b o v e  - are v e r y   s p a r s e . ,  The 
s ign i f i can t   ro l e   o f   " ex t r anuc lea r "   ca scade   p rocesses ,   wh ich  was 
p o i n t e d   o u t   i n   t h e  work  (Ref. 2 3 ) ,  s i g n i f i c a n t l y   c o m D l i c a t e s  a 
d e s i g n   f o r   s h i e l d i n g   f r o m   h i g h - e n e r g y   p r o t o n s ,   e s p e c i a l l y   f o r  
l a r g e   s h i e l d i n g   t h i c k n e s s e s .  An a t t e m p t  w a s  made i n   t h i s  same 
s t u d y   t o   d e t e r m i n e   t h e   c o n t r i b u t i o n  made by   s econda ry   p rocesses   i n  
t a r g e t s   h a v i n g  a t h i c k n e s s  of  22 and 44 g/cm2,  which was based   on   the  
r e s u l t s   d e r i v e d   f r o m   c a l c u l a t i o n s  by Metropol i s   and   o thers   (Ref .  2 4 ) .  
The fo l lowing   bas i c   a s sumpt ions  were t h u s  made: a )   t he   ene rgy   and  
a n g u l a r   d i s t r i b u t i o n   o f   c a s c a d e   n e u t r o n s  are j u s t   t h e  same as f o r  
cascade  protons;   b)   the   outf low  of   low-energy  neutrons,   formed  by 
cascade   p ro tons ,  i s  j u s t   t h e  same as f o r   i n c i d e n t   p r o t o n s  of  
c o r r e s p o n d i n g   e n e r g y ;   c )   t h e   i n t e r a c t i o n s   o f   h i g h e r   o r d e r   c a n   b e  

I 2 2 4  
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d i s r e g a r d e d   ( c a s c a d e   p a r t i c l e s   o f   t h e   s e c o n d   g e n e r a t i o n   h a v e  a 
p r o b a b i l i t y   o f   a b o u t  5 0 % ,  on t h e   a v e r a g e ,   € o r   n u c l e a r   i n t e r a c t i o n  
be fo re   t he   ou t f low  f rom a t a r g e t   o f  44  g /cm2) ;   d )   t he   c ros s - sec t ion  
of  i n e l a s t i c   i n t e r a c t i o n  is  c o n s t a n t   i n   t h e  50  - 500 Mev region ,   and  
t h e   c o r r e s p o n d i n g   e f f e c t i v e  mean f r e e   p a t h s  amount t o  180  g/cm2 f o r  
t i n ;  187 g/cm2 f o r   t u n g s t e n ;  195 g/cm2 f o r   l e a d ;   a n d  206 g/cm2 f o r  
uranium. 

Table  7.6  p r e s e n t s   t h e   r e s u l t s   d e r i v e d   f r o m   c a l c u l a t i n g   t h e  
ou t f low  o f   neu t rons   fo rmed   du r ing   s econda ry   p rocesses   i n  a t a r g e t  
( N s e c ) ,   a n d   a l s o   t h e   t o t a l   o u t f l o w   o f   n e u t r o n s   f r o m  a t a r g e t   ( N t o t ) ,  
as we l l  a s   t h e   o u t f l o w   o f   n u e t r o n s   f o r m e d   i n   t h e   e l e m e n t a r y   i n e l a s t i c  
i n t e r a c t i o n   o f  a p r o t o n   ( N f i r s t ) .  

I t  can   be   s een   t ha t   neu t rons ,   wh ich  are formed as t h e   r e s u l t   o f  
s e c o n d a r y   i n t e r a c t i o n   p r o c e s s e s   i n   t h e   t a r g e t ,  make  up a c o n s i d e r a b l e  
p a r t   o f   t h e   t o t a l   n e u t r o n   o u t f l o w .  W i t h   a n   i n c r e a s e   i n   t h e   t a r g e t  
t h i c k n e s s ,   t h e   c o n t r i b u t i o n  made by   s econda ry   neu t rons   i nc reases  
s i g n i f i c a n t l y .   T h i s   e f f e c t ,   a p p a r e n t l y ,  mus t   be   t aken   i n to   accoun t  
when c a l c u l a t i n g   t h e   d o s e   f r o m   p r o t o n s   b e h i n d  a s h i e l d i n g   h a v i n g  a 
th i ckness   o f   abou t  100 g/cm2. 

I n  c o n c l u s i o n ,  l e t  us compare t h e   d a t a  on t h e   n e u t r o n   o u t f l o w  
f o r   t h e   p r o t o n   e n e r g y   r e g i o n   o f  18 - 32 MeV, w h i c h   p e r t a i n   t o   t h e  
t o t a l   n e u t r o n   o u t f l o w   i n   a l l   d i r e c t i o n s   @ e f .  2 2 ) ,  and 300 - 820 M e V ,  / 2 2 6  
w h i c h   p r o v i d e   t h e   n e u t r o n   o u t f l o w   o n l y   i n   t h e   l e a d i n g   h e m i s p h e r e ,  
w i t h   r e s p e c t   t o   t h e   d i r e c t i o n   o f   t h e   p r o t o n   b u n d l e   ( R e f .  2 3 ) .  

TABLE 7.6  

OUTFLOK OF PRIMARY AND SECONDARY CASCADE NEUTRONS FROM 
TARGETS BOMBARDEJ BY HIGH-ENERGY PROTONS 

Ta rge t   ( t h i ck -  
ness   g /cm2j  

. .  ~. 

. .  

" f i r s t  

4 .8  
4.6 
8.0 
6 .5  

1 0 . 7  
- P;.?. 

. ~ ." 

30 9 
sec 

1 . 0  
1.6 
1 .2  
2.1 
1.7  

mr 
L* 

5 . 3  2.6 
5 .4  2 .0  

12.7 3 .5  
15 .0  2.9 
11.5 5 . 1  - 

P ~- 

% o t  

5 . 8  
6 . 2  
9 .2  
8.6 

12 .4  
.KG!c . 

8 . 1  
7 .9  
7 . 4  

1 6 . 2  
17.9 
16.6 

I Iton- Energy, Nev 
4 15 

' f i r s t  

4.7 
1 0 . 4  
11 .8  

9 . 4  
11 .9  
14 .5  -~ 
- 

6 . 1  
11.9  
10.1 

9.9 
9 .0  

15 .9  _ -  
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1 .4  6 . 1  
2 . 1  12 .5  
1 . 6  13 .4  
2.8 1 2 . 2  
2 . 3  14 .2  
4=.~0 I 1 8  .5 

3-9 0 
I 

1 .9  

21.9 6 . 0  
12 .4  3 .4  
14.4 4 .1  
12 .4  2 . 3  
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I n   v i e w   o f   t h e   f a c t   t h a t   e v a p o r a t i v e   n e u t r o n s   h a v e   a n   a n g u l a r  d i s -  
t r i b u t i o n   w h i c h  i s  c l o s e   t o   a n   i s o t r o p i c   d i s t r i b u t i o n ,   o n e   m u s t  make 
a reduct ion   by  two i n  c o m p a r i n g   t h e   r e s u l t s  s e t  f o r t h   i n   T a b l e  7 . 4 .  
I n   a d d i t i o n ,  i t  is n e c e s s a r y   t o   c o m p a r e   t h e   n e u t r o n   o u t f l o w s   f o r  
i d e n t i c a l   t a r g e t   t h i c k n e s s e s .   T h i c k n e s s e s  of  t i n ,   t u n g s t e n ,   l e a d ,  
and  uranium - 1.22;  1 . 4 5 ;  1 .53   and   1 .62   g / cm2 ,   r e spec t ive ly  - 
correspond  to   damping  of   protons  f rom 32 t o  18 MeV.  This   comparison 
shows t h a t ,   w i t h  a c h a n g e   t o   h i g h   e n e r g i e s   f o r   p r o t o n s   w h i c h   a r e  
i n c i d e n t   t o   t h e   t a r g e t ,   t h e   n e u t r o n   o u t f l o w s   i n c r e a s e  by a f a c t o r  
of 5 - 10. 

7 .5   ? le thod   for   Des igning  a Sh ie ld inp   f rom  P ro tons   i n   t he  
I n n e r  Zone  of t he   Ea r th   and   f rom  So la r   F l a re s  

Af t e r   ana lyz ing   t he   works   wh ich   have   been   pub l i shed   (Ref .  2 - 
lo), o n e   c a n   r e a c h   t h e   c o n c l u s i o n   t h a t   t h e   d e s i g n   p r o c e d u r e   u t i l i z e d  
i n   t h e s e   w o r k s   h a s   s e v e r a l   s i g n i f i c a n t   d r a w b a c k s ,   a n d   t h e r e f o r e   c a n -  
no t   p rov ide  a r e l i a b l e   d e t e r m i n a t i o n  of s h i e l d i n g   f o r   s p a c e   v e h i c l e s .  
Consequent ly ,  a p rocedure   wh ich   e l imina te s   t hese   bas i c   d rawbacks  
must   be   deve loped   for   des igning   sh ie ld ing   f rom  pro tons   in   the   inner  
r a d i a t i o n   z o n e   o f   t h e   e a r t h   a n d   f r o m   s o l a r   f l a r e s .  The development 
of  such a procedure  i s  f a r  f rom  comple te ,   due   to   the   l ack   of   in forma-  
t i o n   o n  many problems,  which are r e l a t e d   t o   t h e   p e n e t r a t i o n  of  pro- 
t o n s   t h r o u g h   t h e   s h i e l d i n g   s u b s t a n c e   a n d   b i o l o g i c a l   t i s s u e ,   a n d   a l s o  
due t o   t h e   l a c k   o f   i n f o r m a t i o n  on p r o t o n s   i n   c o s m i c   s p a c e .   I n   t h i s  
connec t ion ,   on ly   t he   bas i c   p remises   and   spec i f i c   examples   o f  a 
p r o t o n   s h i e l d i n g   d e s i g n   f o r   c o s m i c   s p a c e  w i l l  b e   p r e s e n t e d   h e r e .  

The p roposed   p rocedure   fo r   des ign ing  a p r o t o n   s h i e l d i n g   c o n s i s t s  
of t h e   f o l l o w i n g   b a s i c   p r e m i s e s :  

1. I n f o r m a t i o n   a b o u t   f l i g h t   c o n d i t i o n s  are  u t i l i z e d   a s   t h e  
i n i t i a l   d a t a   f o r   d e s i g n i n g   t h e   s h i e l d i n g   ( t r a j e c t o r y  and f l i g h t  
du ra t ion ,   cons t ruc t ion   o f   t he   spacec ra f t ,   and   a r r angemen t  'of i t s  
c o m p a r t m e n t s ,   e t c . ) .   T h i s   i n f o r m a t i o n   a l s o   i n c l u d e s   p r o t o n   s t r e a m s  
i n   c o s m i c   s p a c e   ( s p a t i a l   l o c a t i o n   o f   t h e   i n c r e a s e d   r a d i a t i o n   z o n e ,  
i n t e n s i t y ,   s p e c t r a l   c o m p o s i t i o n ,   a n d   a n g u l a r   p a r t i c l e   d i s t r i b u t i o n s ,  
f r e q u e n c y   a n d   d u r a t i o n   o f   s o l a r   f l a r e s ,   e t c . ) .  The p e r m i s s i b l e  
d o s e   f o r   t h e   g i v e n   f l i g h t   c o n d i t i o n s  is de termined   on   the   bas i s   o f  
r a d i o   b i o l o g i c a l   d a t a ,   t a k i n g   t h e   i n d i c a t e d   i n i t i a l   d a t a   i n t o  
account .  

I 2 2 7  

2.  The r a d i a t i o n   d a n g e r  i s  e s t i m a t e d  by  comparing  the mean 
t i s s u e   a b s o r b e d   d o s e   i n   t h e   c o s m o n a u t ' s  body w i t h   t h e   p e r m i s s i b l e  
dose  which i s  e s t a b l i s h e d   f o r   t h e   g i v e n   f l i g h t   c o n d i t i o n s .  The 
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mean t i s s u e   a b s o r b e d   d o s e   d e s i g n a t e s   t h e   t o t a l   e n e r g y   w h i c h  i s  t r a n s -  
m i t t e d  by r a d i a t i o n   t o   t h e  b o d y   ( i n t e g r a l   d o s e ) ,   d i v i d e d   b y   t h e  mass 
of t he   body .   The   f ac t  i s  t h u s   t a k e n   i n t o   a c c o u n t  that  t h e   p e r m i s s i b l e  
dose i s ,  i n   e s s e n c e ,   t h e  mean t i s s u e   d o s e   c r e a t e d   i n   t h e  body  during 
g e n e r a l   i r r a d i a t i o n .  A s  is  known, t h e   l o c a l   t i s s u e   d o s e  - i . e . ,  t h e  
d o s e   a b s o r b e d   i n   t h e  mass of  1 g o f   t f s s u e   w h i c h  i s  surrounded  by 
a i r  - c a n n o t   s e r v e  as t h e   r e f e r e n c e   c r i t e r i o n   i n   s h i e l d i n g   d e s i g n s .  

3 .  Along   w i th   t he  mean t i s s u e   d o s e ,   t h e   d e p t h   d i s t r i b u t i o n   o f  
t he   abso rbed   dose   i n   t he   cosmonau t ' s  body is determined.  The 
rcagni tude  of   the mean t i s s u e   d o s e   c h a r a c t e r i z e s   t h e   e f f e c t   a v e r a g e d  
o v e r   t h e   e n t i r e   b o d y .  The u t i l i z a t i o n   o f   t h i s   q u a n t i t y   i n   d e t e r -  
m i n i n g   t h e   d e g r e e   o f   r a d i a t i o n   d a n g e r ,   s t r i c t l y   s p e a k i n g ,  i s  v a l i d  
o n l y  when the   dep th   d rop   o f   t he   dose   does   no t   exceed  a c e r t a i n  
l i m i t i n g   v a l u e .   B a s e d  on t h e   r e l a t i o n s h i p   o f   t h e  maximum p e r m i s s i b l e  
l e v e l s  of  i r r a d i a t i o n   u n d e r  t e r r e s t r i a l  cond i t ions   (0 .1   r emlweek   fo r  
t h e   e n t i r e   b o d y ,   a n d  0 .6  r e n / w e e k   f o r   t h e   s k i n ) ,   a n d   t a k i n g   t h e   f a c t  
i n t o   a c c o u n t   t h a t   t h e   s u r f a c e   d o s e  - as a r u l e  - is  maxirnur, f o r  
c o s m i c   s p a c e   r a d i a t i o n ,   o n e   c a n   c o n c l u d e   t h a t   t h e   a d m i s s i b l e   d r o p  
from  the maximum t o   t h e  mean t i s s u e   d o s e   m u s t   b e   n o   g r e a t e r   t h a n  6.  
I f   t h i s   d r o p   e x c e e d s   t h e   a d m i s s i b l e   v a l u e ,   t h e   c o n c e p t   o f   t h e  mean 
t i s s u e   d o s e   m u s t   b e   u t i l i z e d   v e r y   c a r e f u l l y   i n   e s t i m a t i n g   t h e  
r a d i a t i o n   d a n g e r  - i n c l u d i n g   i n f o r m a t i o n   o n   t h e   d e p t h   d i s t r i b u t i o n s  
and on t h e   b i o l o g i c a l   e f f e c t   o f   i r r a d i a t i o n   o f   o r g a n s   l o c a t e d  a t  a 
d i f f e r e n t   d e p t h   i n   t h e   b o d y .  

S i n c e   t h e   d e p t h   d i s t r i b u t i o n   o f   t h e   a b s o r b e d   d o s e  i s  determined 
by  t h e   p e n e t r a t i n g   a b i l i t y   o f   p r i m a r y   r a d i a t i o n   a n d   o f   s e c o n d a r y  
r ad ia t ion   fo rmed  i n  t h e   s h i e l d i n g   a n d   i n   t h e   b o d y ,   t h e   n a t u r e   o f  
t h i s   d i s t r i b u t i o n  w i l l  depend on t h e   f o r m   o f   t h e   i n i t i a l   s p e c t r u m  
f o r   p r o t o n s ,   t h e   t h i c k n e s s   a n d  material  of  t h e   s h i e l d i n g .   F o r   t h i s  
r eason ,   t he   dep th   d i s t r ibu t ion   o f   t he   abso rbed   dose   i n   t he   body   can -  
n o t  b e  o b t a i n e d   f r o m   g e n e r a l   c o n s i d e r a t i o n s ,   a n d   a p p r o p r i a t e   c a l c u -  
l a t i o n s   a r e   r e q u i r e d .  

4 .  The mean t i s s u e   d o s e   a n d   t h e   a b s o r b e d   d e p t h   d o s e  Tnust be 
e x p r e s s e d   i n  rem u n i t s ,  i . e . ,  t h e   r e l a t i v e   b i o l o g i c a l   e f f e c t i v e n e s s  
o f   p r imary   r ad ia t ion   and  a l l  s e c o n d a r y   r a d i a t i o n   f o r m e d   i n   t h e   s h i e l -  
d i n g   a n d   i n   t h e  body  of   the   cosmonaut .   At ten t ion   mus t   thus   be  
g i v e n   t o   t h e   f a c t   t h a t   t h e   m a g n i t u d e   o f   t h e  RBE c o e f f i c i e n t   d e p e n d s  
o n   t h e   n a t u r e   o f   t h e   r a d i a t i o n   a c t i o n   ( a c u t e   o r   c h r o n i c ) .  A s  a p p l i e d  
t o   s p a c e f l i g h t   c o n d i t i o n s ,   t h i s  means t h a t   t h e  FBE c o e f f i c i e n t  w i l l  
d i f f e r   f o r  cases when t h e   s p a c e c r a f t   r e m a i n s   f o r  a l o n g   p e r i o d   o f  
t i ne  i n   t h e   i n n e r   z o n e ,  when t h e   i n n e r   z o n e  i s  c r o s s e d   f o r  a s h o r t  
p e r i o d   o f  t i m e ,  o r  when the   zone  of i n t e n s e   p r o t o n  streams of 
s o l a r   o r i g i n  is c r o s s e d .  

1228  

An a l te rna t ive  method f o r  d e t e r m i n i n g   t h e   r a d i a t i o n   d a n g e r  
would be  t o  compare the c a l c u l a t e d  mean t i s s u e   a b s o r b e d   d o s e s   w i t h  
t h e   e x p e r i m e n t a l   v a l u e s  f o r   t h e   a d n i s s i b l e   d o s e ,   o b t a i n e d  i n  
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b i o l o g i c a l   e x p e r i m e n t s   u n d e r  similar cond i t ions   ( t he   p ro ton   spec t rum 
f a l l i n g  on t h e   b i o l o g i c a l   s u b j e c t s ,   t h e   d e p t h   d i s t r i b u t i o n   o f   t h e  
dose ,   t he  time c h a r a c t e r i s t i c s  of t h e   r a d i a t i o n   a c t i o n ,   e t c . ) .  The 
u n u s u a l   n a t u r e   o f   t h e   o r i g i n a l   c o n d i t i o n s   a n d   t h e   a p p a r e n t   d i f f i c u l t y  
e n t a i l e d   i n   t h i s   t y p e  of b i o l o g i c a l   e x p e r i m e n t s   s i g n i f i c a n t l y  l i m i t  t h e  
p o s s i b i l i t i e s  of t h i s  method. 

5. The   dosage   cont r ibu t ion  made  by each  component  of  the 
i n i t i a l   p r o t o n   s p e c t r u m   t o   t h e   d e p t h   d o s e   b e y o n d   t h e   s h i e l d i n g  i s  
d e t e r m i n e d   w i t h   t h e   a i d   o f   t h e   a t t e n u a t i o n   a n d   b u i l d u p   f u n c t i o n s  of 
t h e   t i s s u e   d o s e .  The b u i l d u p   o f   t h e   t i s s u e   d o s e ,   c a u s e d   b y   a n  
i n c r e a s e   i n   t h e   i o n i z a t i o n   l o s s e s  as t h e   p r o t o n s   a r e  damped i n   t h e  
s h i e l d i n g ,   m u s t   b e   k e p t   i n  mind h e r e .  The a t t e n u a t i o n  and  bui ldup 
f u n c t i o n s   o f   t h e   t i s s u e   d o s e   c a n   b e   e i t h e r   c a l c u l a t e d ,  by t a k i n g  
i n t o   a c c o u n t   n u l t i p l e   s c a t t e r i n g   a n d   s t a t i s t i c a l   s c a t t e r   o f   t h e  
r a n g e s ,   o r   c a n   b e   d e t e r m i n e d   e x p e r i m e n t a l l y   w i t h   t h e   a i i  o f  t i s s u e -  
e q u i v a l e n t   i o n i z a t i o n   c h a m b e r s .   I f   t h e   a t t e n u a t i o n   a n d   b u i l d u p  
f u n c t i o n   o f   t h e   t i s s u e   d o s e  i s  known, i t  i s  p o s s i b l e   t o   d e t e r m i n e  
t h e   a d d i t i o n   t o   t n e   v a l u e   f o r   t h e   F r o t o n  rnean f r e e   p a t h  A, , which 
c o r r e s p o n d s   t o   a t t e n u a t i o n   o f   t h e   p r o t o n   r a d i a t i o n   d o s e   i n   t h e  
s h i e l d i n g  by n times. Thus ,   i n s t ead   o f   t he   r ange  - energy 
r e l a t i o n s h i p  R = f (Ep) ,   t he   dependence  6, = R + (in = f(Ep)  must 
b e   u s e d   i n   s h i e l d i n g   d e s i g n s .   I f   t h e   e n e r g y   o f   t h e   p r o t o n s   w h i c h  
a r e   i n c i d e n t   t o   t h e   s h i e l d i n g  i s  s u c h   t h a t   t h e   s h i e l d i n g   t h i c k n e s s  
is  6, < <  R , the   consumpt ion  o f  pro ton   enerpy  by i o n i z a t i o n  
l o s s e s   i n   t h e   s h i e l d i n g  i s  t a k e n   i n t o   a c c o u n t  when c a l c u l a t i n g   t h e  
depth  dose.  

6 .  A l o n g   w i t h   t h e   i o n i z a t i o n   l o s s e s   o f   p r o t o n   e n e r g y   i n   t h e  
g e n e r a l   c a s e ,  i t  i s  n e c e s s a r y   t o   t a k e   i n t o   a c c o u n t   t h e   b u n d l e  
a t t e n u a t i o n   d u e   t o   p r o t o n   a b s o r p t i o n   i n   t h e   s h i e l d i n g   a n d   i n   t h e  
body d u r i n g   i n e l a s t i c   n u c l e a r   i n t e r a c t i o n s .   T h i s   e f f e c t  i s  
s i g n i f i c a n t  f o r  a s h i e l d i n g   t h i c k n e s s  on t h e   o r d e r   o f   s e v e r a l  
tens  of  grams p e r  1 c m 2 ,  and   can   be   ca l cu la t ed   bo th  on t h e  
bas i s   o f   expe r imen ta l   da t a ,   and   by   computa t iona l   p rocedures .  

7 .  The fo rma t ion  of  s e c o n d a r y   p a r t i c l e s   d u r i n g   n u c l e a r  
i n t e r a c t i o n   i n   t h e   s h i e l d i n g   s u b s t a n c e   a n d   i n   b i o l o g i c a l   t i s s u e  
mus t   be   t aken   i n to   accoun t  when c a l c u l a t i n g   t h e  mean t i s s u e  and 
d e p t h   d o s e s   b e h i n d   t h e   s h i e l d i n g .   S i n c e   t h e   r e l a t i v e   b i o l o g i c a l  
e f f e c t i v e n e s s  m u s t   t h u s   b e   t a k e n   i n t o   a c c o u n t ,  i t  i s  n e c e s s a r y   t o  
i n c l u d e   a d d i t i o n a l   i n f o r m a t i o n  on t h e   s p e c t r a l - a n g u l a r   d - i s t r i b u t i o n  
of s e c o n d a r y   p a r t i c l e s   l e a v i n g   t h e   s h i e l d i n g ,   t h e   s p e c t r a l  com- 
p o s i t i o n   o f   s e c o n d a r y  par t ic les  a t  d i f f e r e n t   d e p t h s   i n   t h e   b o d y ,  
e t c .  
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8. The i n c l i n e d   p e n e t r a t i o n  of r a d i a t i o n   t h r o u g h   t h e  
s h i e l d i n g  i s  t a k e n   i n t o   a c c o u n t  when c a l c u l a t i n g   t h e  mean t i s s u e  
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and   dep th   doses ,   and   a t t en t ion  is  g i v e n   t o   t h e   a n g u l a r   d i s t r i b u t i o n s  
o f  t h e   p r o t o n s   i m p a c t i n g   o n   t h e   s h i e l d i n g ,   a n d   t h e   a r r a n g e m e n t   o f   t h e  
i n h a b i t e d ' c o m p a r t m e n t   o f   t h e   s p a c e c r a f t .  An i d e a l i z e d   s h i e l d i n g  
model i s  s e l e c t e d   f o r   e a c h  variant i n   t h e   a r r a n g e m e n t  o f  t h e   i n h a b i t e d  
compartment. I n  many cases, i t  i s  a d v a n t a g e o u s   t o   u t i l i z e   t h e  
model  of a s p h e r i c a l   s h i e l d i n g   s h e l l ,   w h i c h   c o n s i s t s   o f   s e c t i o n s  
h a v i n g   d i f f e r e n t   t h i c k n e s s   a n d  made o f   d i f f e r e n t  materials. The 
r a d i u s   o f   t h e   e q u i v a l e n t   s p h e r e  i s  s e l e c t e d  so t h a t   t h e   t o t a l  mass 
o f   t h e   s h i e l d i n g   s u b s t a n c e  i s  r e t a i n e d .  

The   d imens ions   o f   t he   s ec t ions   and   t he   sh i e ld ing   t h i ckness  
cor responding   to   them are de te rmined   on   t he   bas i s   o f   i n fo rma t ion  
on the   compar tment   a r rangement ,   and   on   the   bas i s   o f   da ta   regard ing  
t h e   a n g u l a r   d i s t r i b u t i o n   o f   p r o t o n s   w h i c h   i m p a c t   u p o n   t h e   s h i e l d i n g .  
The d e p t h   d i s t r i b u t i o n   o f   t h e   d o s e   i n   t h e  body is de te rmined   fo r   each  
s e c t i o n   o f   t h e   s p h e r e ,   a n d   t h e   r e s u l t i n g   d e p t h   d i s t r i b u t i o n   a n d  
mean t i s s u e  d o s e   a r e   o b t a i n e d  by s u p e r p o s i t i o n   o f   t h e   d i s t r i b u t i o n s .  
I f  the  dependence  of   the mean t i s s u e   d o s e  on the   t h i ckness   o f   each  
s p h e r e   s e c t i o n ,  and t h e   r e l a t i v e   c o n t r i b u t i o n  of t h e   s h i e l d i n g  
s e c t i o n s ,   a r e  known, i t  i s  p o s s i b l e   t o   d e t e r m i n e   t h e  optimum 
shielding  arrangement ,   which  would  guarantee  no  more  than  the 
a d m i s s i b l e   i r r a d i a t i o n   d o s e   f o r  a minimum t o t a l   w e i g h t   o f   t h e  
s h i e l d i n g .  The s h i e l d i n g   d e s i g n   m u s t   b e   c h e c k e d   f o r   t h e   s e l e c t e d  
arrangement .  

L e t  us  examine i n   g r e a t e r   d e t a i l   t h e  manner i n  wh ich   t he  
mean t i s s u e  d o s e   a n d   t h e   d e p t h   d i s t r i b u t i o n   a r e   c a l c u l a t e d .   F o r  
purposes  of  s i m p l i c i t y ,  l e t  us  u t i l i z e  a mode l   o f   t he   body   i n   t he  
form of  a s h e r e ,   h a v i n g   t h e   r a d i u s  R = 25  c m ,  w i t h  a dens i ty   o f  
t h e  t i s sue  e q u i v a l e n t   s u b s t a n c e  p = 1 g / c n 3 ,   l o c a t e d   i n   a n   i s o t r o p i c  
pro ton   s t ream.  L e t  us se t  

f o r  a stream o f   p a r t i c l e s   h a v i n g   e n e r g i e s   r a n g i n g   f r o m  T t o  Tp + dT P P '  

The d o s e   r a t e  dP,  formed i n   t h e   s p h e r e   b y   p r o t o n s   p e n e t r a t i n g  
t h e   s u r f a c e  dS a t   t h e   a n g l e  8 , w i l l  e q u a l  

(7 .18)  

where W i s  t h e   e n e r g y   t r a n s m i t t e d   t o   t h e  body  by p a r t i c l e s   w h i c h  / 2 3 0  
h a v e   t h e   i n i t i a l   e n e r g y  T p , 0 .  I f   t h e   p a t h   t r a v e r s e d  by t h e   p a r t i c l e s  
i n   t h e   t i s s u e   s u b s t a n c e   d o e s   n o t   e x c e e d  2 R  cos  0 ,  t h e n  W = T 

I n   t h e   g e n e r a l  case, w e  have 
P ,O '  

2R cos 9 

W =  5 - d x = T p , O - T P , l  d E  
0 

tin 

2 6 3  



The p a r t i c l e   e n e r g y  a t  t h e   e n d   o f   t h e   p a t h   i n   t h e   b o d y  T can 
be   found  f rom  the   range-energy   re la t ionship .  

P ,  1 

The c o e f f i c i e n t   o f  relative b i o l o g i c a l   e f f e c t i v e n e s s  i s  5 (T ) ,  
a v e r a g e d   o v e r   t h e   p a t h   t r a v e r s e d  by t h e   p a r t i c l e   i n   t h e  body - i . e . ,  

P 

E" 

I n t e g r a t i n g   e x p r e s s i o n   ( 7 . 1 8 )   w i t h   r e s p e c t   t o  a s o l i d   a n g l e ,  
t h e   s u r f a c e  o f  t h e   s p h e r e ,   a n d   t h e   e n e r g y   s p e c t r u m   o f   t h e   i n c i d e n t  
p a r t i c l e s ,  w e  o b t a i n  

where T ~ ,  min and T 
P ,  max 

o f   i n c i d e n t   p r o t o n s .  

a r e   t h e   e n e r g y  limits f o r   t h e   s p e c t r u m  

The mean t i s s u e   d o s e  rate Pm. tis e q u a l s  

I f   t h e   e n e r g y  T is  e x p r e s s e d   i n  M e V ,  then  Pm 
remfsec.  

P . t is  i s  i n  

S i n c e   t h e r e  are b o t h   p a r t i c l e s   w h i c h   p e n e t r a t e   t h e   b o d y ,   a n d  
p a r t i c l e s  whose  range f a l l s   w i t h i n   t h e  body limits, i n   t h e   s p e c t r u m  
of i n c i d e n t   p r o t o n s ,   t h e   e x p r e s s i o n   f o r   t h e  mean t i s s u e  dose r a t e  
c a n   b e   c o n v e n i e n t l y   w r i t t e n   i n   t h e   f o r m  

where T p ( 2 R  cos 0 )  i s  the   p ro ton   ene rgy   w i th  a range  which  equals 
2R cos  0 i n  t h e   t i s s u e .  

F igu re   7 .10   shows   t he   va lues   fo r   t he  mean t i s s u e   d o s e   r a t e ,  1231 
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c a l c u l a t e d   i n   t h i s  w a y ,  as a f u n c t i o n   o f   t h e   e n e r g y   f o r   p r o t o n s   w h i c h  
a r e   i n c i d e n t   t o   t h e   b o d y .  The   dependence   o f   t he   l oca l   dose  on t h e  
pro ton   energy  is g i v e n ,   f o r   p u r p o s e s  of comparison. The maximum mean 
t i s s u e   d o s e   c o r r e s p o n d s   t o   t h e   p r o t o n   e n e r g y   r e g i o n   o f   2 0 0  - 250 MeV. 
I f   t h e   d e p e n d e n c e   o f   t h e  mean t i s s u e   d o s e  on t h e   p r o t o n   e n e r g y  is 
u t i l i z e d  and i f   t h e   p r o t o n   s p e c t r u m   b e h i n d   t h e   s h i e l d i n g  i s  known, 
i t  is  p o s s i b l e   t o   d e t e r m i n e   t h e  mean t i s s u e   d o s e   b e h i n d   t h e   s h i e l d i n g  
f o r   d i f f e r e n t   i n i t i a l   s p e c t r a .  

The d e p t h   d i s t r i b u t i o n   o f   t h e   a b s o r b e d   d o s e   i n   t h e  body  can  be 
o b t a i n e d   i n   t h e   f o l l o w i n g  way. L e t  us  examine a volume  element  which 
i s  l o c a t e d   a t  a d i s t a n c e  h f r o m   t h e   c e n t e r   o f   t h e   s p h e r e ,   a n d  l e t  
us  de t e rmine   t he   abso rbed   dose   i n   t h i s   vo lume .  The absorbed   dose  
r a t e  w i l l  e q u a l  

X dT,,,, sin OdOtfcp. 

P e r f o r m i n g   i n t e g r a t i o n   w i t h   r e s p e c t  t o   t h e   p r o t o n   s p e c t r u m  
behind t h e  s h i e l d i n g  and t h e   a n g l e s  8 and , w e  o b t a i n  

(7.22)  

(7.23) 

E x p r e s s i o n   ( 7 . 2 3 )   d e s c r i b e s   t h e   d e p t h   d i s t r i b u t i o n   o f   t h e  
a b s o r b e d   d o s e   r a t e   i n   t h e   b o d y .   U t i l i z i n g   t h i s   e x p r e s s i o n ,  w e  can 
a l s o   c a l c u l a t e   t h e  mean t i s s u e   d o s e  

The mean t i s s u e   d o s e   v a l u e s ,   c a l c u l a t e d  by the   g iven   i ndependen t  / 2  32 
m e t h o d s ,   c o i n c i d e   w i t h i n   t h e  limits o f   computa t iona l   accu racy .  

Wnen the   dose   which  is formed  by  protons  beyond a s p h e r i c a l  
s h e l l  i s  c a l c u l a t e d ,   i n   t h e   g e n e r a l   c a s e  i t  i s  n e c e s s a r y   t o   t a k e  
t h e   f a c t   i n t o   a c c o u n t   t h a t   t h e   e f f e c t i v e   p a t h   f o l l o w e d   b y   t h e  
p a r t i c l e s   i n   t h e   s h i e l d i n g   c a n   d i f f e r   f r o m   t h e   t h i c k n e s s  of  t h e  
s p h e r i c a l   l a y e r .  An e x a c t   c a l c u l a t i o n   o f   t h i s   e f f e c t   r e q u i r e s  
a k n o w l e d g e   o f   t h e   a n g u l a r   d i s t r i b u t i o n   f o r   p r o t o n s   w h i c h  are 
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I 2 3 1  

" 1 100 Ep,Mev 

F igure  7 .10  

Mean T i s s u e  Dose Rate  as a Function  of  Proton  Energy: 

Rate, microrad-cm2 
MeV-proton 

"""""""" Rate ,  microrem-cm2 
MeV-proton 

i n c i d e n t   t o   t h e   s h i e l d i n g .  However, i t  is. p o s s i b l e   t o  make an 1 2 3 2  
approx ima te   de t e rmina t ion  of t h e   e r r o r   e n t a i l e d  when t h e   i n c l i n e d  
p e n e t r a t i o n   o f   p r o t o n s   t h r o u g h   t h e   s h i e l d i n g  i s  d i s r e g a r d e d .  L e t  
u s   d e t e r m i n e   t h e   q u a n t i t y  A = &,ax- 6 , where 6 i s  t h e   t h i c k n e s s  

o f   t h e   s p h e r i c a l   s h i e l d i n g ,  and 6,,, i s  t h e  maximum d i s t a n c e  

t r a v e r s e d  by p r o t o n s   i n   t h e   s h i e l d i n g ,   w h i c h   e a n   b e   d e t e r m i n e d   f r o m  
t h e   c o n d i t i o n s   u n d e r   w h i c h   t h e   p r o t o n   e n t e r s   t h e  body - whose 
e q u i v a l e n t   r a d i u s  i s  assurred t o   b e  r = 2 5  cm. F igu re  7 . 1 1  shows 
the  dependence on t h e   s h i e l d i n g   t h i c k n e s s   f o r   d i f f e r e n t   r a d i i  o f  t h e  
s p h e r i c a l   s h e l l  R . It can   be   s een   t ha t   t he   e f f ec t   p roduced   by   an  
i n c l i n e d   p e n e t r a t i o n   o f   p r o t o n s   t h r o u g h   t h e   s h i e l d i n g  is r a t h e r  
s i g n i f i c a n t   f o r   s m a l l   s p h e r i c a l   s h i e l d i n g   r a d i i .   I f   t h i s   e f f e c t  i s  
d i s r e g a r d e d   i n   d e s i g n i n g  a s h i e l d i n g   a d j a c e n t   t o   t h e  body  of t h e  
cosmonaut ( r a d i a t i o n   s h e l t e r  of r e l a t i v e l y  small i n t e r n a l  volume 
[Ref .  71 , s p a c e   s u i t ,   e t c . )  , i t  c a n   l e a d   t o   s e r i o u s   e r r o r s .  I t  can 
b e  a s s u r t e d   t h a t   t h i s   e f f e c t  i s  i n s i g n i f i c a n t  when des ign ing  a 
s h i e l d i n g   f o r   t h e   i n h a b i t e d   c o m p a r t m e n t   w h i c h   h a s   r a t h e r   l a r g e  

6 
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dimens ions .   Thus ,   for  a sphe re   r ad ius   o f   abou t  200 c m  and a 
s h i e l d i n g   t h i c k n e s s   n o t  less than  20 g/cm2, i t s  e f f e c t i v e   t h i c k n e s s  
e x c e e d s   t h e   s h e l l   t h i c k n e s s  by n o t   F o r e   t h a n  2%.  

In  a d d i t i o n ,  l e t  us   examine   t he   r e su l t s   de r ived   f rom  ca l cu la -  
t i o n s  of t n e   d o s e   o f   p r o t o n   r a d i a t i o n   i n   t h e   i n n e r   z o n e   o f   . t h e   e a r t h  
and  from s o l a r   f l a r e s ,   f o r  a s p h e r i c a l   s h e l l  made of  aluminum.  The 
b a s i c  premises o f   t h e   g i v e n   p r o c e d u r e   a r e   t a k e n   i n t o   a c c o u n t   i n   t h e s e  
c a l c u l a t i o n s .  

F igu re  7 . 1 1  

The E f f e c t   o f   I n c l i n e d   P r o t o n   P e n e t r a t i o n  of t h e   S h i e l d i n g  

The p ro ton   spec t rum  g iven   i n   Chap te r  I V  w a s  u t i l i z e d   i n   c a l c u l a -  1233 
t i n g   t h e   p r o t o n   d o s e s   o f   t h e   i n n e r   z o n e   o f   t h e   e a r t h .  The c a l c u l a t i o n  
showed tha t   the   e f fec t   o f   the   anomalous   component   o f   the   p ro ton   spec-  
t r u m  i n   t h e   i n n e r   z o n e  i s  a p p a r e n t   o n l y   f o r   s m a l l   s h i e l d i n g   t h i c k -  
n e s s e s  (less than  2 g/cm2  a luminum).   Table   7 .7   presents  some r e s u l t s  
d e r i v e d   f r o m   c a l c u l a t i n g   t h e   d o s e   r a t e   f o r m e d   b y   p r o t o n s  a t  t h e  
i n t e n s i t y  maximum o f   t h e   i n n e r   z o n e ,   b e h i n d  a s h i e l d i n g  made of  
aluminum. 

On t h e   b a s i s   o f   t h e s e   d a t a ,  i t  c a n   b e   c o n c l u d e d   t h a t   t h e   e s t i m a t e  
o f   t h e   d o s e ,   b a s e d   o n   t h e   e n e r g y   t r a n s m i t t e d   t o  1 g of t i s s u e   ( l o c a l  
d o s e ) ,  i s  q u i t e   e x a g g e r a t e d :   f o r  small s h i e l d i n g   t h i c k n e s s e s ,   t h e  
mean t i s s u e   d o s e  i s  approximate ly  3 - 5 times less t h a t   t h e   l o c a l  
dose.  Thus , t h e   n a t u r e   o f   d e p t h   d i s t r i b u t i o n s   o f   p r o t o n   d o s e s   i n   t h e  
body i s  such   (F igu re   7 .12 )   t ha t  i t  is f u l l y   j u s t i f i e d   t o   u s e   t h e  
mean t i s s u e   d o s e  as a c r i t e r i o n  f o r  r a d i a t i o n   d a n g e r .  

Table  7 .8  p r e s e n t s   t h e   r e s u l t s   d e r i v e d   f r o m   c a l c u l a t i o n s  of t h e  
mean t i s s u e   p r o t o n   d o s e s   f o r   d i f f e r e n t   c i r c u l a r   o r b i t s ,   f o r  a s h i e l -  
d ing   t h i ckness   o f   7 .5  g/cm2  aluminum. 
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T U L E  7.7 

ABSORBED DOSE U T E  AT TEE INTENSITY MAXIMUN OF TEIE IIL'KER ZONE 
OF THE EARTH 

"- - 

6 = 1.0  glcm 2 7.5  glcm2 20 g/cm2 
Dose - 

mrad/sec  mrem/sec mrad/sec mrem/sec 
"- 

Local  

0.31 0.38  0.68  0.56 1.1 0.88 Mean T i s sue  
1 . 3  1.1 3 . 3  2.8 Sur face  
2 . 1  1 . 7  5.6 4.4 

_ _ -  

F l i g h t s   a l o n g   c i r c u l a r   o r b i t s ,   w h i c h  are l o c a t e d  a t  a n   a l t i t u d e   o f  
up t o  1000 km and  more than  7500 km a b o v e   t h e   s u r f a c e  of  t h e   e a r t h ,  
l a s t i n g  up t o   1 0   d a y s   l e a d   t o   a n   i r r a d i a t i o n   d o s e   o f   n o t  more  than 
approximate ly  1 rem f o r   t h e  cosmonaut. A t  t h e  same t ime, f l i g h t s   w h i c h  
are c l o s e   t o   t h e   i n t e n s i t y  maximum of t h e   i n n e r   z o n e ,   f o r  a s h i e l d i n g  / 2 3 4  
t h i c k n e s s   o f   a b o u t   7 . 5   g / c m 2   l e a d   t o   i r r a d i a t i o n   d o s e s   f o r   t h e  cosmo- 
n a u t s  o f  7.5 - 50  rem/day as a f u n c t i o n   o f   t h e   a n g l e  o f  i n c i n a t i o n  
f o r  t h e   o r b i t   p l a n e .  It can   thus   be   assumed  tha t  i t  i s  f a i r l y   s a f e  
i f   t h e   i n n e r   z o n e  i s  c r o s s e d   f o r  a s h o r t   p e r i o d   o f  t i m e .  

The da ta   p re sen ted   above   mus t   be   supp lemen ted   by   e s t ima t ing   t he  
c o n t r i b u t i o n   w h i c h   s e c o n d a r y   r a d i a t i o n   f o r m e d   i n   t h e   s h i e l d i n g   n a k e s  
t o   t h e   d o s e .   T h e s e  estimates were made by u t i l i z i n g   r e s u l t s  which 
have   been   g iven   prev ious ly ,   and   a l so   da ta   f rom  another   work  (F.ef. 2 ) .  
The abso rbed   dose   f rom  secondary   pa r t i c l e s   wh ich  are formed i n  a 
s h i e l d i n g ,  made o f .  aluminum  with a t h i c k n e s s  o f  up t o  20 g/cm2, 
amounts t o   a b o u t  5 - 1 0 %   o f   t h e   t o t a l   d o s e .   I n   t h e   c a s e  of heavy 
s h i e l d i n g ,   t h i s   c o n t r i b u t i o n   c a n   r e a c h  30 - 40%.  The re la t ive 

TABLE 7 . 8  

MEAN TISSUE DOSE OF  PROTONS  PER DAY FOR A FLIGHT ALONG 
DIFFERENT CIRCULAR ORBITS (mremlday) 

A n g l e   o f   I n c l i n a t i o n   f o r  

h ,  tin( . 

250 
500 

1000 
:?500- 3500 

7500 

I I I I ~~. - . "  ". 

<0,3 

17 18 
7500 

23 
9000 12 000 

115 

23 
50 000 

-0.7 
25 

-0,7 
32 

-0,7 
92 

-0,7 
<0,3 <0,3 <03 
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c o n t r i b u t i o n  c a d e  b y   s e c o n d a r y   p a r t i c l e s   i n c r e a s e s   w i t h  an i n c r e a s e  
i n   t h e   s h i e l d i n g   t h i c k n e s s .   T h e   c o n t r i b u t i o n  made by  secondary 
par t ic les ,  which were formed  by  protons'  i n   t h e  body  of   the  cosmonaut ,  
was e s t i m a t e d   o n   t h e   b a s i s   o f   e x p e r i m e n t a l   d a t a   o b t a i n e d   f o r  a p ro ton  
bundle  from a JINR* synchrocyc lo t ron .  It showed t h a t   t h i s   c o n t r i b u -  
t i o n   d o e s   n o t  amount t o  more   than   20%.   Consequent ly ,   due   to   the  
secondary  par t ic les  formed i n   t h e   s h i e l d i n g   a n d   i n   t h e  body  of   the 
cosmonau t ,   t he   abso rbed   dose   mus t   i nc rease   by   approx ima te ly   30%.   I235  

1234 

F igure  7 .12  

Depth D i s t r i b u t i o n   o f   t h e   A b s o r b e d  Dose f o r   P r o t o n s  
i n   t h e   I n n e r  Zone of t h e   E a r t h :  

~~ mrem/sec; --------- rc:rad/sec; t h e  Sub- 
s t a n c e   T h i c k n e s s  i s  P lo t t ed   A long   t he   Abc i s sa   Ax i s ,  
g/cm2. 

Th i s  estimate is  a l s o  v a l i d   f o r   p r o t o n s  from s o l a r   f l a r e s ,   e s p e c i a l l y  1235 
f o r   f l a r e s   w i t h  a ha rd   p ro ton   spec t rum.  

The p r o t o n   s p e c t r a   f o r  two f l a r e s  on  November 12,   1960  and Feb- 
ruary  23,   1956 were used i n   c a l c u l a t i n g   t h e   d o s e s   o f   p r o t o n s   f r o m  
s o l a r   f l a r e s   b e h i n d  a s h i e l d i n g .  The p o s s i b i l i t y   t h a t   t h e  cosmonaut 
m i g h t   b e   i r r a d i a t e d  by p r o t o n s   f r o m   s e v e r a l   s o l a r   f l a r e s  - which  can 
occur   du r ing  a f l i g h t  - w a s  n o t   t a k e n   i n t o   a c c o u n t   i n   t h e   d e s i g n s  
which   have   been   publ i shed   for  a sh ie ld ing   f rom  p ro tons   coming   f rom 
s o l a r   f l a r e s   ( R e f .  2 - 7,  R e f .  9 ,   R e f .   l o ) .   T h i s   f a c t   c a n n o t   b e  
d i s r e g a r d e d   f o r   l o n g   s p a c e f l i g h t s   ( R e f .  8,  Ref .   26) .  

The  dose,  which w a s  ob ta ined   by   the   cosmonaut   due   to   p ro tons  
_ _ _  
*Note: J I N R  d e s i g n a t e s   J o i n t   I n s t i t u t e   o f   N u c l e a r  Research. 
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from a s i n g l e   s o l a r   f l a r e  - o f   t h e   t y p e  on  February  23,   1956,   or  
November 12,   1960 - , w a s  c a l c u l a t e d  as a f u n c t i o n   o f   t h e   s h i e l d i n g  
t h i c k n e s s .  The r e s u l t s   o f   t h e s e   c a l c u l a t i o n s  are g i v e n   i n   T a b l e   7 . 9 ,  
w h e r e   t h e   m a g n i t u d e   o f   t h e   l o c a l   d o s e s  are g i v e n ,   f o r   p u r p o s e s  of 
compar i son ,   a long   w i th   t he  mean t i s s u e   d o s e s .  

TABLE 7.9 

ABSORBED DOSE FOR SOLAR FLARES ON 11/12/1960 AND 2/23/1956 
FOR DIFFEREhT SHIELDING TIiICmESSES. 

S h i e l d i n g  
Thickness  , 
g/cm2 ~1 

11/12/1960  2/23/1956 

Local  Mean T i s sue  

40 000 
16  500 
9 700 
6 700 
5 000 
4 000 
3 300 
2 700 
2 350 
2 050 
1 200 
810 
600 
4 70 
320 
230 
I75 
140 
1 I5 
95 
80 
28 
7 

230 
172 
145 
130 
1 I8 
1 I O  
102 
98 
93 
88 
73 
63 
56, 
50 
40 
34 
30 
26 
24 
21.5 
19,9 
10,7 
3,3 

520 
350 
273 
232 
203 
182 
167 
154 
I44 
1 35 
107 
89 
75 
65 
51 
42 
36 
32 
28 
25.5 
23 
l2,2 
3,7 

2300 
1500 
1200 
1000 

780 
720 
660 
610 
570 
4 20 
340 
290 
250 
I98 
165 
137 
120 
104 
93 
83 
4 0 
133 

a80 

100 
100 
98 
94 
91 
88 
85 
84 
82 
80 
74 
70 
65 
62 
56 
50 
45 
41 
38 
36 
34 
20 
11,6 

142 
135 
127 
120 
116 
1 I O  
107 
102 
100 
98 
89 
83 
79 
73 
65 
58 
53 
48 
44 
41 
39 
24,5 
12.7 

Two i m p o r t a n t   f a c t s   s h o u l d   b e   n o t e d .   / 2 3 6  

F i r s t ,   t h e   l o c a l   d o s e s   a r e   s i g n i f i c a n t l y   l a r g e r   t h a n   t h e  mean 
t i s s u e   d o s e s ,   p a r t i c u l a r l y   f o r  small t h i c k n e s s e s ,   w h e r e   t h e i r   r a t i o  
amounts t o  20 - 2 0 0 .   W i t h   a n   i n c r e a s e   i n   t h e   s h i e l d i n g   t h i c k n e s s  
up t o   t e n s   o f  grams p e r  1 c m 2 ,  t h e   p r o t o n   s p e c t r u m   b e h i n d   t h e  
s h i e l d i n g  i s  s o  h a r d   t h a t   t h e   d i f f e r e n c e   b e t w e e n   t h e   l o c a l   d o s e  and 
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t h e  mean t i s s u e   d o s e   d i s a p p e a r s .  

S e c o n d l y ,   i n   s p i t e   o f   t h e   u t i l i z a t i o n   o f   t h e  RBE c o e f f i c i e n t s  
i n   c a l c u l a t i n g   t h e   d e p t h   d i s t r i b u t i o n s   i n   t h e   b o d y ,   f o r   c o n d i t i o n s  
o f   c h r o n i c   i r r a d i a t i o n ,   t h e   e f f e c t i v e  RBE v a l u e s ' f o r   t h e  mean t i s s u e  
d o s e s   b a r e l y   d i f f e r   f r o m   o n e .   F o r   t h e   s o l a r   f l a r e   o n  November 12 ,   1960,  
i t  was n o t  more t h a n   2 . 5 ,   f o r  a t h i ckness   o f   0 .1   g / cm2;   and   fo r   t he  
f l a r e  on  February  23,  1956, i t  was n o t  more t h a n  1.5, r e s p e c t i v e l y .  
For a s h i e l d i n g   t h i c k n e s s  on t h e   o r d e r   o f  5 - 10 g/cm2,   the RBE v a l u e  
f o r   t h e   e n t i r e  body i s  v e r y   c l o s e   t o   o n e .   I n   t h i s   c o n n e c t i o n ,   t h e  
e s t i m a t e s   o f   t h e   d o s e s   i n   u n i t s  of  rads  and rems p r a c t i c a l l y   c o i n c i d e  
- w h i c h ,   i n   g e n e r a l ,   c o r r e s p o n d s   t o   t h e   n a t u r e   o f   t h e   r a d i a t i o n   e f f e c t  
o f   p r o t o n s   f r o m   s o l a r   f l a r e s   ( " a c u t e   e f f e c t " ) .   H o w e v e r ,  i t  must  be 
k e p t   i n  mind t h a t   t h e r e   a r e   n o t   e n o u g h   d a t a  on t h e   b i o l o g i c a l   e f f e c t  
o f   secondary   par t ic les   formed  in   the   sh ie ld ing   and   the   body  of   the  
cosmonaut ,   and   a l so   about   the   so-ca l led  l a t e  a f t e r e f f e c t s   o f   r a d i a t i o n  
from s o l a r   f l a r e s .  The r a d i a t i o n   d o s e s   f o r   t h e  two  most i n t e n s e  
p ro ton   f l a r e s   wh ich   have   occu r red  up t o   t h e   p r e s e n t  t i m e  (February 
23,  1956,  and November 12,   1960)   should  not   exceed  50  and  35 r e m ,  
r e s p e c t i v e l y ,   f o r  a s h i e l d i n g   t h i c k n e s s  on the   o rde r   o f   7 .5  g/cm2 A 1  
- which is 2 - 3 times less t h a n   p r e v i o u s   e s t i m a t e s   b a s e d   o n   l o c a l  
doses .  

L e t  us  a l s o   e x a m i n e   t h e   p r o b a b i l i t y   t h a t   t h e   c o s m o n a u t   m i g h t  
b e   r a d i a t e d  by p r o t o n s   f r o m   s e v e r a l   s o l a r   f l a r e s .   S i n c e   i n f o r m a t i o n  
on the  mechanism o f  s o l a r   f l a r e s  is  q u i t e   l i m i t e d   a t   t h e   p r e s e n t  t i m e ,  
i t  c a n   b e   a s s u m e d   t h a t   s o l a r   f l a r e s   r e p r e s e n t   s t a t i s t i c a l l y   i n d e p e n d e n t  
e v e n t s .  The p r o b a b i l i t y   t h a t   d u r i n g   t h e   f l i g h t   o f   t h e   s p a c e c r a f t   n o t  
any f l a r e s ,   o n l y   o n e   f l a r e ,   o n l y  two f l a r e s ,  e t c .  w i l l  t a k e   p l a c e  i s  
a f i n i t e   q u a n t i t y ,   w h i c h   c a n   b e   d e t e r m i n e d   b y   t h e   P o u s s i n   d i s t r i b u t i o n  

where PK i s  t h e   p r o b a b i l i t y   f o r   t h e   o c c u r r e n c e   o f  K f l a r e s   d u r i n g  
t h e   f l i g h t  t i m e  t ; n i s  t h e   f r e q u e n c y   o f   s o l a r   f l a r e s .  The 
p r o b a b i l i t y   t h a t   n o t   o n e   f l a r e  ( K = 0 ) w i l i  o c c u r   d u r i n g   t h e   f l i g h t  
t i m e  e q u a l s  

P 0 -  - e-'. 

I t  can   be   assumed  tha t   the   f requency   of   f la res ,   such  as t h a t  on 
November 1 2 ,  1960 ,   equa l s  

n = 0.03 l / d a y .  

T a b l e   7 . 1 0   p r e s e n t s   t h e   r e s u l t s   d e r i v e d   f r o m   e s t i m a t i n g   t h e   1 2 3 7  
p r o b a b i l i t y   f o r   t h e   c o n c u r r e n c e   o f  several s o l a r   f l a r e s   d u r i n g   t h e  
f l i g h t  t ine  as a f u n c t i o n   o f   t h e   f l i g h t   d u r a t i o n .  
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TABLE 7.10 

PROBABILITY FOR SOLAR FLARES, OF THE TYPE ON NOVEMBER 12 ,  1960, 
FOR DIFFERENT  SPACEFLIGHT DURATIONS. 

- . . . - - - - 
Number of  

. .  

I F l i g h t   D u r a t i o n ,  Days F l a r e s ,  , " I 
"_____ 

I K I ' I  2 P o  

I 
99.70 86,lO 

, 2.99 12,90 
0,45 0,97 - >0,10 

74.10 
22,20 
3,33 
0,40 
- 
- 

I 20 1 50 
." 

54,90 22.30 
32,90 33.40 
9,88 25.10 
1.98 12.50 
0.30 4.70 - 1.41 
- 0,35 

1 " - 

I 
" 

"___ - 
100 1 200 

14.90 
0,20 5,OO 
1,49 

22,40 4,46 
22.30 8,92 
16.80 

11.80 2,16 
16,lO  5.04 
16,lO  10.10 
13.40 

- 10.30 
- 6,90 

The f r equency   o f   f l a r e s ,   such  as t h a t  on  February 2 3 ,  1956,  can 
be  assumed t o   e q u a l  

n = 0 .0011   l / day .  

Th i s   va lue  was u s e d   i n   c a l c u l a t i o n s ,  whose r e s u l t s   a r e  shown i n  
Table  7.11. 

Thus ,   t he   dange r   t ha t   t he   cosmonau t  may b e   i n f l u e n c e d  by p r o t o n  
streams from several s o l a r   f l a r e s ,   s u c h  as t h a t  on  Novenber 1 2 ,  1960, 
mus t   be   t aken   i n to   accoun t   du r ing   space f l igh t s   wh ich  l a s t  more than  
10 days.   For  a f l i g h t   d u r a t i o n   o f   a b o u t  20 d a y s ,   t h e   p r o b a b i l i t y  
t h a t   s u c h  a f l a r e   d o e s   n o t   o c c u r  i s  o n l y   a b o u t   5 1 %   i n   a l l .  A t  t h e  
same time, t h e   p r o b a b i l i t y   t h a t   o n l y   o n e   f l a r e  w i l l  occu r  i s  3 4 % ;  
two f l a r e s  - 11%; t h r e e   f l a r e s  - 2.5%.  It is a p p a r e n t   t h a t   a t  least  
two s o l a r   f l a r e s ,   s u c h  as t h a t  on  November 12,   1960  must   be  taken 
i n t o   a c c o u n t  when d e s i g n i n g   s h i e l d i n g s   f r o m   p r o t o n s ,   f o r   f l i g h t s  
l a s t i n g   t h i s   p e r i o d   o f  time. I f   t h e   a d m i s s i b l e   r a d i a t i o n   d o s e  
d u r i n g   t h e   f l i g h t  i s  thus  assumed t o   e q u a l  50 r e m ,  t hen   t he   neces -  
s a r y   s h i e l d i n g   t h i c k n e s s  made of  aluminum  amounts t o   abou t   10  g/cm2 
i n   a c c o r d a n c e   w i t h   T a b l e  7 - 9  , i n s t e a d   o f  4 g/cm2, f o r   o n e   f l a r e  
of t h e  same type .  

/ 2 3 8  

F o r   s p a c e f l i g h t s   l a s t i n g  on the   o rde r   o f   s eve ra l   mon ths   and  
more ,   t he re  i s  a good p r o b a b i l i t y   t h a t   t h e   c o s m o n a u t  w i l l  b e   r a d i a t e d  
by p ro tons   f rom  no t   on ly  two f l a r e s ,   b u t   a l s o   t h r e e ,   f o u r ,  e tc .  Thus,  
f o r  a f l i g h t   o f   a b o u t   1 0 0   d a y s   t h e   p r o b a b i l i t y   t h a t   t h e r e  w i l l  b e   n o t  
o n e   s o l a r   f l a r e   d e c r e a s e s   t o   5 % , a n d   t h e   p r o b a b i l i t y   f o r   t h e   o c c u r r e n c e  
o f   o n e   f l a r e  - t o   1 5 % .  A t  t h e  same t i m e ,  t h e   p r o b a b i l i t y   f o r  two 

272 



TABLE 7 . 1 1  

PROBABILITY ( X )  OF  SOLAR FLARES, SUCH  AS  THE  TYPE ON 2/23/1956 
FOR  DIFFERENT  SPACEFLIGHT  DURATIONS 

Number of  
F l a r e s ,  

K 

0 
I 
2 

4 
3 

1 

F l i g h t   D u r a t i o n .  Days 

" .-  

91,60 
5.20 
0,14 
- 
" 

89.60 
9,80 
0 3 4  
0.02 - 

80,20 
17.70 

0,14 
I ,90 

- 

26.90 
66.90 

5,39 
0.72 
0.07 

730 

44.80 
36,OO 
14.40 
3.86 
0,78 

f l a r e s   i n c r e a s e s   t o   2 2 % ;   t h r e e   f l a r e s  - 2 2 % ;   f o u r   f l a r e s  - 1 7 % ;  
f i v e   f l a r e s  - 10%  and s i x  f l a r e s  - 5%.  The s h i e l d i n g   t h i c k n e s s  
of t h e   i n h a b i t e d   c o m p a r t m e n t   m u s t   t h u s   b e   i n c r e a s e d .   I n   a d d i t i o n ,  
i t  s h o u l d   b e   p o i n t e d   o u t   t h a t   t h e   p r o b a b i l i t y   f o r   s o l a r   f l a r e s ,  
such as t h a t  on   February   23 ,   1956,   becomes   grea t   for   f l igh ts   which  
l a s t  a l ong   pe r iod   o f  time. I f   t h e   p r o b a b i l i t y   o f  several f l a r e s  
(about  2 - 3 ) ,   s u c h  as t h a t   o n  November 1 2 ,  1960,  are t a k e n   i n t o  
a c c o u n t   i n   d e s i g n i n g   t h e   s h i e l d i n g  - i . e . ,  a s h i e l d i n g   t h i c k n e s s  
on t h e   o r d e r  of  10  15  g/cm2 is s e l e c t e d  - t h e n   t h e   r a d i a t i o n  
dose  f rom  protons , coning  from a f l a r e   s u c h  as t h a t   o n   F e b r u a r y  
23 ,   1956 ,   dec reases   t o  a s i g n i f i c a n t   e x t e n t .  

The s o - c a l l e d   l i m i t e d   r i s k   c r i t e r i o n   c a n   b e   u s e d  as a n o t h e r  
p o s s i b l e  method f o r   e s t i m a t i n g   t h e   r a d i a t i o n   d a n g e r   f r o m   p r o t o n s  
coming   f rom  seve ra l   so l a r   f l a r e s .   Such  a c r i t e r i o n   c a n   b e   t h e  
5%-probab i l i t y   t ha t   t he   cosmonau t  w i l l  b e   r a d i a t e d   b y  a dose   o f  
more than   50  rem, w i t h  a p r o b a b i l i t y   r e s t r i c t i o n  of 0 . 5 %   t h a t   t h e  
r a d i a t i o n   d o s e  w i l l  b e  more than  200 rem. U t i l i z i n g   t h i s   c r i t e r i o n  
a n d   t h e   d a t a   p r e s e n t e d   i n   T a b l e s   7 . 9 ,  7 . 1 0 ,  and 7 . 1 1  , one  can 
draw t h e   f o l l o w i n g   c o n c l u s i o n s  : 

d u r i n g   t h e   f l i g h t ,   t h e n  a s h i e l d i n g   t h i c k n e s s   o n   t h e   o r d e r   o f  7 g/cm2 
p r o v i d e s   f o r  a f l i g h t   d u r a t i o n  of 10 days ;  

t h e   s h i e l d i n g   t h i c k n e s s   m u s t   b e   i n c r e a s e d  up t o  10 g/cm2 f o r  a f l i g h t  
d u r a t i o n   o f  10 days ;  

3 )  I f   t h e   f l i g h t   d u r a t i o n  increases up t o  2 0   d a y s ,   t h e   s h i e l d i n g  
th i ckness   mus t   be   abou t  10 g/cm2, if t h e   p e r m i s s i b l e   d o s e  i s  assumed 
t o  e q u a l  50 rem - and  about  20  g/cm2, i f   t h e   p e r m i s s i b l e   d o s e  i s  
assumed t o   e q u a l  25 r e m ;  

1 )   I f  50 rem (Ref. 1) are used as t h e   p e r m i s s i b l e   d o s e  

2) I f  25 rem (Ref.  27) are used as t h e   p e r m i s s i b l e   d o s e ,  

4 )  I f   t h e   f l i g h t   d u r a t i o n  increases up t o  100 d a y s ,   t h e   s h i e l d i n g  
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t h i c k n e s s   m u s t   b e   a b o u t  2 0  g/cm2, i f   t h e   p e r m i s s i b l e   d o s e  is  
assumed t o   e q u a l  5 0  rem, and  about 40 g/cm2 f o r  25 rem. These   da t a  
p e r t a i n   t o  a p e r i o d   o f  maximum s o l a r   a c t i v i t y .   F o r   t h e   f o r t h c o m i n g  
p e r i o d  1 9 6 4  - 1 9 6 6 ,  t h e s e   d a t a   c a n   b e   r e g a r d e d  as upper  limits. 

I n   c o n c l u s i o n ,  i t  s h o u l d   b e   n o t e d   t h a t   t h e   e x i s t i n g   d a t a  on 
t h e   f r e q u e n c y   a n d   d u r a t i o n   o f   d i f f e r e n t   t y p e s   o f   s o l a r   f l a r e s ,  
as w e l l  as t h e   i n t e n s i t y   a n d   s p e c t r a l - a n g u l a r   p r o t o n   d i s t r i b u t i o n s ,  I 2 3 9  
are c o m p l e t e l y   i n a d e q u a t e   f o r   a n   a c c u r a t e   d e t e r m i n a t i o n   o f   r a d i a t i o n  
d a n g e r   a n d ,   c o r r e s p o n d i n g l y ,   t h e   n e c e s s a r y   s h i e l d i n g   t h i c k n e s s e s  
f o r   t h e   i n h a b i t e d   c o m p a r t m e n t s  of  t h e   s p a c e c r a f t s   w h i c h  w i l l  b e  
u n d e r t a k i n g   l o n g   f l i g h t s .   F u t u r e   s t u d i e s   i n   t h i s   a r e a  are n e c e s s a r y ,  
as w e l l  as the   deve lopmen t   o f   r e l i ab le   me thods   fo r   l ong- range  
f o r e c a s t s   o f   s o l a r   f l a r e s ,   r a d i a t i o n   w a r n i n g ,   a n d   d o s i m e t r y .  
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CI-TIAPTER 8 

SHIELDING FROM ELECTRONS AND ELECTROMAGXETIC 
RADIATION OF THE INNER RADIATION ZONE OF THE EARTH 

8.1. E l e c t r o r a g n e t i c   R a d i a t i o n  of  E l e c t r o n s  

A s  was  shown i n   C h a p t e r  5 ,  t h e   m a i n   r a d i a t i o n   d a n g e r   i n   t h e  
ou te r   zone   o f   t he   ea r th  i s  r e p r e s e n t e d  by e l e c t r o n s ,  whose  spectrum 
rap id ly   dec reases   w i th   ene rgy ,   and  i s  p r a c t i c a l l y   t e r m i n a t e d   i n   t h e  
region  of   about  5 Nev. The e l e c t r o n   s t r e a m   a t   t h e   i n t e n s i t y  maximum 
of   the   zone  i s  s o  g r e a t   t h a t  a l e t h a l   d o s e   c a n   b e   f o r m e d   i n   t h e  human 
o r g a n i s m   w i t h i n   s e v e r a l   m i n u t e s ,   i f   t h e r e  i s  n o   s h i e l d i n g .   R e a l i s -  
t i c   s h i e l d i n g   t h i c k n e s s e s  on s p a c e c r a f t s  ( 3  - 5 g/cm2 ) a r e   l a r g e  
enough t o   d e c r e a s e   t o  a s i g n i f i c a n t   e x t e n t   t h e   s t r e a m  o f  e l e c t r o n s  
r e a c h i n g   t h e   b i o l o g i c a l   t i s s u e ,   a n d   t h u s   t o  remove  any  immediate 
rad ia t ion   danger   f rom  e lec t rons .   However ,  when e l e c t r o n s   a r e  
a b s o r b e d   i n   m a t t e r ,   e l e c t r o m a g n e t i c   x - r a y   r a d i a t i o n  i s  famed, whose 
p e n e t r a t i n g   a b i l i t y   c o n s i d e r a b l y   e x c e e d s   t h e   p e n e t r a t i n g   a b i l i t y   o f  
e l e c t r o n s .  Under s p e c i f i c   c o n d i t i o n s ,   t h i s   r a d i a t i o n   c a n   c o m p r i s e  
a p r i m a r y   r a d i a t i o n   d a n g e r   d u r i n g   f l i g h t s   i n   t h e   o u t e r   z o n e   o f   t h e  
e a r t h .  

I t  i s  known t h a t   a n   e l e c t r o n   c a n   p e n e t r a t e   t h e   C o u l o r b   f i e l d  
o f   t he   nuc leus  when p e n e t r a t i n g   m a t t e r ,  as a r e s u l t  o f  w h i c h   t h e   t r a -  
j e c t o r y  i s  d i s t o r t e d  - i . e . ,  t h e   e l e c t r o n  i s  a c c e l e r a t e d   t o  a c e r t a i n  
e x t e n t .  The motion o f  a c h a r g e d   p a r t i c l e   h a v i n g   a c c e l e r a t i o n  i s  
accompanied   by   e lec t romagnet ic   rad ia t ion   (Ref .  l), t h e   s o - c a l l e d  
b remss t r ah lung   o r   x - r ay   r ad ia t ion ,   whose   spec t rum - a s  is known - 
is  c o n t i n u o u s   w i t h   q u a n t a   e n e r g i e s   i n   t h e   i n t e r v a l  0 - E O ,  
where EO i s  t h e   i n i t i a l   e n e r g y   o f   t h e   b r a k e d   e l e c t r o n .  

R a p i d   e l e c t r o n s  emit a bundle  o f  e l e c t r o m a g n e t i c   r a d i a t i o n   a t  
a cone ,   whose   ha l f - ang le   ape r tu re  0 i s  i n v e r s e l y   p r o p o r t i o n a l   i n  
o r d e r   o f   m a g n i t u d e   t o   t h e   e l e c t r o n   e n e r g y  

where mOc2 i s  t h e   e n e r g y   c o r r e s p o n d i n g   t o   t h e  mass of a n   e l e c t r o n  
" a t  rest". 

1240 

It  can   be   s een   f rom  the   cone   ang le   de t e rmina t ion   t ha t   t he  
a n g u l a r   d i s t r i b u t i o n  o f  e l e c t r o m a g n e t i c   r a d i a t i o n  i s  ''expanded" 
wi th  a d e c r e a s e   i n   t h e   e l e c t r o n   e n e r g y  E O  , and i n   t h e   f i r s t a p -  1 2 4 1  
p r o x i m a t i o n   t e n d s   t o w a r d   a n   i s o t r o p i c   d i s t r i b u t i o n   f o r   v e r y  low 
e n e r g i e s ,  i . e . ,  f o r  
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The s p e c t r a l   d i s t r i b u t i o n   o f   e l e c t r o m a g n e t i c   r a d i a t i o n  i s  
a r a t h e r  complex   func t ion   o f   t he   e l ec t ron   ene rgy  E O  and   t he  
braking  quantum  hv . The i n t e n s i t y   s p e c t r u m  of  e l e c t r o m a g n e t i c  
r a d i a t i o n   c a n   b e   c a l c u l a t e d   a p p r o x i m a t e l y   f r o m   t h e   f o l l o w i n g  
r e l a t i o n s h i p   ( R e f .   2 )  : 

F o r   n u m e r i c a l   c a l c u l a t i o n s ,  a T a b l e   s h o w i n g   t h e   r e l a t i v e  
c o n t r i b u t i o n  x of d i f f e r e n t   s p e c t r a l  components t o t h e   i n t e n s i t y  
of  e l e c t r o m a g n e t i c   r a d i a t i o n  i s  a l s o   s u i t a b l e   ( R e f .  3 )  (Table  8.1) ' .  

TABLE 8.1 

RELATIVE C O N T R I B U T I O N S  OF DIFFERENT SPECTRAL CONPONENTS TO 
INTENSITY OF ELECTROMAGNETIC UDIATIObi OF MONOENERGETIC 
LLECTRONS 

. .. . .  

i/ 
ti 

" 

hv, E ,  x (o io)  

The p e r c e n t i l e   i n t e n s i t y   f o r  a g i v e n   e n e r g y   i n t e r v a l   o u t  of 
t h e   t o t a l   e l e c t r o m a g n e t i c   r a d i a t i o n   i n t e n s i t y  i s  g i v e n   i n   T a b l e  8.1. 

The f o l l o w i n g   e x p r e s s i o n  i s  g i v e n   f o r   c a l c u l a t i n g   t h e   t o t a l  
i n t e n s i t y   o f   e l e c t r o m a g n e t i c   r a d i a t i o n  of  n o n o e n e r g e t i c   e l e c t r o n s  
when t h e y   a r e   t o t a l l y  damped o u t :  

C(E"2)  = 5,77. IO-JZE: - __ 
Me v 

e lec t r 'on  ' 

where Z i s  the   a tomic   number   o f   t he   b rak ing   subs t ance .  When t h e  
b r a k i n g   s u b s t a n c e   h a s  a complex   compos i t ion ,   t he   e f f ec t ive   a tomic  
". __ ~ " _  

Table  8.1 is given  f o r  m o n o e n e r g e t i c   e l e c t r o n s   ( c o n v e r s i o n  elec- 
t r o n s ,   a c c e l e r a t e d   l o w - e n e r g y   e l e c t r o n s   i n   a c c e l e r a t o r s ,   e t c . ) .  
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number i s  c a l c u l a t e d :  

Here a i  i s  the   po r t ion   o f   a toms   i n   t he   e l emen t   w i th   t he   a tomic  
number Z i .  

It can b e  seen  f rom  an  examinat ion  of   formula ( 8 . 4 )  t h a t   t h e  / 2 4 2  
i n t e n s i t y  o f  e l e c t r o m a g n e t i c   r a d i a t i o n  is p r o p o r t i o n a l   t o   t h e  
atomic number  of t h e   b r a k i n g  medium and t o   t h e   s q u a r e   o f   t h e   e l e c t r o n  
e n e r g y .   T h i s   f a c t   m u s t   b e   k e p t   i n  mind when c o n s t r u c t i n g  and 
d e s i g n i n g   s h i e l d i n g   f r o m   e l e c t r o n s .  

8 . 2 .  C a l c u l a t i n g   t h e  Dose o f   E lec t romagne t i c   Rad ia t ion  
With in  a S p a c E a f t   L o c a t e d   i n   t h e  O u t e r  Zone 

I n   o r d e r   t o   s o l v e   t h i s   p r o b l e m ,  w e  m u s t   d e f i n e   t h e   i n i t i a l  
cond i t ions   and   s eve ra l   s imp l i fy ing   a s sumpt ions .   Le t   t he   cab in ,  
having  a s p h e r i c a l   f o r m   w i t h   t h e  wal l  th ickness   d (g /cm2)  made 
from a m a t e r i a l   h a v i n g   t h e   a t o m i c  number Z ,  b e  a t   r e s t   i n   t h e  
ou te r   zone .  We must c a l c u l a t e   t h e   e l e c t r o m a g n e t i c   r a d i a t i o n   d o s e  
which  the  cosmonaut w i l l  o b t a i n   d u r i n g   t h e  time i n t e r v a l  t . I t  
i s  a p p a r e n t   t h a t   t h i s   r a d i a t i o n   d o s e   c a n   b e   e x p r e s s e d   a s   f o l l o w s ,  
i n  a general   form: 

where  P(d) i s  t h e   d o s e   r a t e   o f   e l e c t r o m a g n e t i c   r a d i a t i o n ,   w h i c h  
c a n   b e   u s e d   a s   t h e   c r i t e r i o n   f o r   r a d i a t i o n   d a n g e r .  

S i n c e   t h e   c a b i n   h a s  a s p h e r i c a l   f o r m ,   t h e   e l e c t r o m a g n e t i c  
r a d i a t i o n   w h i c h  i s  formed i n   t h e   c a b i n   w a l l  w i l l  a f f e c t   t h e  cosmo- 
naut  from a l l  s i d e s .  

I f   t h e   e l e c t r o n  stream i n   t h e   o u t e r   s e m i - s p a c e   a n d   t h e  
e l e c t r o m a g n e t i c   r a d i a t i o n   w h i c h  is  formed a r e   i s o t r o p i c ,   t h e n  we 
o b t a i n   a n   i s o t r o p i c   s o u r c e   o f   e l e c t r o m a g n e t i c   r a d i a t i o n   i n   t h e  
i n n e r   ( w i t h   r e s p e c t   t o   t h e   c a b i n   w a l l )   s e m i - s p a c e .  For  purposes  
of s i m p l i c i t y ,  w e  s h a l l  assume t h a t  a l l  o f   t h e   e l e c t r o m a g n e t i c  
r a d i a t i o n   a r i s e s   i n   t h e   u p p e r   l a y e r   o f   t h e   c a b i n  wal l .  

Based on such   s impl i fy ing   assum.pt ions ,  w e  a r r i v e  a t  t h e  
c o n c l u s i o n   t h a t  w e  h a v e   i s o t r o p i c   r a d i a t i o n   s o u r c e s   w h i c h  are 
d i s t r i b u t e d   u n i f o r m l y  on a s p h e r i c a l   s u r f a c e .  The  dose ra te  i n  
t h e   c e n t e r   o f   t h e   s p h e r i c a l   s o u r c e   h a v i n g   i s o t r o p i c   m o n o e n e r g e t i c  
s o u r c e s   o f   r a d i a t i o n ,   w h i c h  are d i s t r i b u t e d   u n i f o r m l y ,  i s  determined 
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f r o m   t h e   c o n d i t i o n  

where r a n d   d s   r e p r e s e n t   t h e   r a d i u s   a n d   s u r f a c e   e l e m e n t   o f   t h e  
s p h e r e ;  N1 is  t h e  number of  monoene rge t i c   quan ta   hav ing   t he  
e n e r g i e s  E which are e m i t t e d   p e r   u n i t   o f  time f r o m   u n i t s  o f  
s p h e r e   s u r f a c e ;  K is t h e   p r o p o r t i o n a l i t y   f a c t o r   b e t w e e n   t h e  
i n t e n s i t y  and   t he   dose  rate. 

I t  can   be   s een   f rom  equa t ion  (8 .7)  t h a t   i n   t h e   g i v e n  case 
t h e . d o s e  rate - w i t h i n   a n   a c c u r a c y   o f   t h e   c o n s t a n t   f a c t o r  - 
e q u a l s   t h e   t o t a l   e n e r g y   w h i c h  is e m i t t e d  by a u n i t  of t h e   s p h e r i c a l  
sou rce   su r f ace ,   and   does   no t   depend   on   t he   sphe re   r ad ius .  An I 2 4 3  
ana logous   equa t ion   fo r  a s p h e r i c a l   s o u r c e   w i t h  a con t inuous   r ad ia -  
t i o n   s p e c t r u m   h a s   t h e   f o r m  

P = J K ( E )  N,(E) E d E ,  
E 

where  Nl(E) dE is  t h e  n u m b e r   o f   q u a n t a ,   h a v i n g   e n e r g i e s   i n   t h e  
E - EdE reg ion ,   which  i s  e m i t t e d   b y   t h e   s o u r c e   p e r   u n i t   o f  t i m e  
f r o m   u n i t   o f   s u r f a c e .  

Ins tead   of   Nl (E)E,  w e  m u s t   s u b s t i t u t e '  

Ns)3c 4 ( E )  C (E,,, Z), 

f o r   t h e   e l e c t r o m a g n e t i c   r a d i a t i o n   s o u r c e   o f   e l e c t r o n s   h a v i n g   t h e  
energy E " ,  where  N(E0) i s  t h e   t o t a l   n o n d i r e c t i o n a l   s t r e a m   o f  
e l e c t r o n s   h a v i n g   t h e   e n e r g y  E O .  The  dose  ra te   f rom a cont inuous  
e l e c t r o n   s p e c t r u m  i s  

E o  max 

E o  min 0 

I Eo 
p T  x= s N ( E o ) C ( E o , Z ) d E o  j % ( E ) K ( E ! d E .  (8.9) 

I f   t h e   c a b i n  w a l l  h a s   t h e   t h i c k n e s s  d , t h e n  - t a k i n g   t h e  
a b s o r p t i o n   o f   e l e c t r o m a g n e t i c   r a d i a t i o n   a n d . a c c u m u l a t i o n   o f  
s c a t t e r e d   r a d i a t i o n   i n   t h e   s h i e l d i n g  - t h e   d o s e  ra te  i n   t h e   c e n t e r  
of t h e   c a b i n  is  

"_ " - ~ ~ _ _ _  

I n   t h i s   e x p r e s s i o n ,   t h e   t o t a l   n o n d i r e c t i o n a l  stream of e l e c t r o n s  
i s  d iv ided   by  4 ,  s i n c e  i t  is a s s u m e d   t h a t   e l e c t r o n s   i n   t h e   z o n e  
h a v e   a n   i s o t r o p i c   d i s t r i b u t i o n .   T h e r e f o r e ,   o n l y   o f   t h e   t o t a l  
n o n d i r e c t i o n a l  stream f a l l s  on a u n i t  area of t h e   s h i e l d i n g   s u r f a c e ,  
t a k i n g   t h e   s o l i d   a n g l e   i n t o   a c c o u n t .  
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EO max 
P ,  (d) == $ J A/ (E,) C (Eo,  Z) dE,  X 

E o  min 
E, 

X , r x ( E ) B ( E , d , 2 ) e - ~ ' ( E ' d K  ( E ) d E ,  
0 (8.10) 

where  B(E,  d, Z )  is  t h e   a c c u m u l a t i o n   f a c t o r   o f   s c a t t e r e d   e n e r g y ,  
p ( E )  - i s  t h e   a t t e n u a t i o n   c o e f f i c i e n t   o f   y - r a y s   h a v i n g   t h e   e n e r g y  
E i n   t h e  wal l  m a t e r i a l .   S u b s t i t u t i n g  K(E) - 1 .6*10-8y(E) ( to  
e x p r e s s   t h e   d o s e  ra te  i n   r a d / s e c )   i n   e x p r e s s i o n   ( 8 . 1 0 ) ,  w e  o b t a i n  

€ 0  max 

EO min 
PT (d) =< 0,4* lo-* ) N (E,) C (Eo,  2) d E ,  X 

(8.11) 

where y ( E )  i s  t h e   e l e c t r o n   c o n v e r s i o n   f a c t o r   i n   b i o l o g i c a l  
t i s s u e ,  cm2!g. F o r   p u r p o s e s   o f   c o m p u t a t i o n a l   s i m p l i c i t y ,   t h e  
d e p t h   d i s t r i b u t i o n   o f   t h e   d o s e   i n   b i o l o g i c a l   t i s s u e  i s  n o t  
t a k e n   i n t o   a c c o u n t   h e r e .  

Equat ion  (8 .11)  is  i n t e g r a t e d   n u m e r i c a l l y ,   i n   v i e w   o f   t h e   I 2 4 4  
f a c t   t h a t   s u c h   f u n c t i o n s  as p(E)  and  y(E)  do  not  have  an 
a c c e p t a b l e   a n a l y t i c a l   e x p r e s s i o n .   I n   a d d i t i o n ,   f o r   c e r t a i n  
s h i e l d i n g   m a t e r i a l s   a n d   e n e r g i e s   o f   y - r a y s ,   n o t   o n l y   a r e   a n a l y t i c a l  
e x p r e s s i o n s   l a c k i n g   f o r   a c c u m u l a t i o n   f a c t o r s  B ( E ,  d ,  Z )  , b u t   a l s o  
t h e i r   n u m e r i c a l   v a l u e s  - f o r   e x a m p l e ,   d a t a  are l a c k i n g  on t h e  
a c c u m u l a t i o n   f a c t o r s   f o r   s m a l l   e n e r g i e s .  

A procedure   fo r   so lv ing   t h i s   p rob lem,   wh ich  was similar t o  
t h a t   d e s c r i b e d   a b o v e ,  w a s  u t i l i z e d   i n   a n o t h e r   w o r k   ( R e f .   4 ) .  The 
p r i m a r y   d i f f e r e n c e   c o n s i s t s   o f   t h e   f a c t   t h a t   i n   t h i s  work t h e  
f o l l o w i n g   e x p r e s s i o n  is  u s e d   t o   c a l c u l a t e   t h e   t o t a l   e l e c t r o m a g n e t i c  
r a d i a t i o n   i n t e n s i t y ,   i n s t e a d   o f  C(E0, Z ) :  

Formula  (8.12)  was  obtained  (Ref. 5) by i n t e g r a t i o n   o f   t h e  
B e t h e - H e i t l e r   c r o s s - s e c t i o n   ( R e f .   6 )   f o r   e l e c t r o m a g n e t i c   r a d i a t i o n  
t h r o u g h o u t   t h e   e n t i r e   e n e r g y   r e g i o n   o f   t h e   e m i t t e d   q u a n t a .  The 
f o l l o w i n g   e x p r e s s i o n   f o r   i o n i z a t i o n   l o s s e s  was  used t o   c a l c u l a t e  
t he   ene rgy  l o s s  by e l e c t r o n s   d u r i n g   c o l l i s i o n s :  

( - g) ~7 csnst 2 1 - I -  0,35 Ig 
i n i t i a l  I 
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i . e . ,  i t  w a s  assumed t h a t   t h e   i o n i z a t i o n   l o s s e s  do not   depend  on 
t h e   e l e c t r o n   e n e r g y .   T h i s  i s  c o r r e c t   i n  a r a t h e r   n a r r o w   e n e r g y  
i n t e r v a l   ( R e f .  7 )  f o r   t h e   e n e r g y  EO % q c ' .  I n   t h e   r e g i o n  of 
low e l e c t r o n   e n e r g i e s  ( E O  < mot'), formula ( 8 . 1 2 )  y i e l d s   a n  
exagge ra t ed   r e su l t   a s   compared   w i th   fo rmula  ( 8 . 4 ) .  I n   o r d e r   t o  
v e r i f y   t h e   c o r r e c t n e s s   o f   e i t h e r   r e s u l t   i n   t h e   l o w - e n e r g y  
r eg ion ,  a f o r m u l a ,   w h i c h   h a s   b e e n   v e r i f i e d   i n   p r a c t i c e   ( R e t .  8 ) ,  
can  be u s e d :  

( 8 . 1 4 )  

Table 8.2 p r e s e n t s   t h e   r e s u l t s   d e r i v e d   f r o m   c a l c u l a t i n g   t h e  
ou t f low o f  e l e c t r o m a g n e t i c   r a d i a t i o n ,   a c c o r d i n g   t o   f o r m u l a s  ( 8 . 4 ) ,  
( 8 . 1 2 ) ,  and ( 8 . 1 4 )  f o r ,   c e r t a i n   v a l u e s   o f   t h e   i n i t i a l   e l e c t r o n  
energy Eo. 

I t  can  be  seen  f rom  Table  8 . 2  t h a t   i n   t h e   e n e r g y   r e g i o n   o f  
0 . 3  - 1 Mev t h e  resul ts  de r ived   acco rd ing   t o   Fo rmulas  ( 8 . 4 )  and 
( 8 . 1 2 )  a r e   s i p i l a r   t o   e a c h   o t h e r   a n d ,   a p p a r e n t l y ,   c o r r e c t l y  
r e f l e c t  t h e  t r u e  p i c t u r e .   I n   t h e   e n e r g y   r e g i o n  E O  Q, 0 . 2  M e V ,  t h e  
r e s u l t s   d e r i v e d  on t h e   b a s i s   o f   f o r m u l a   ( 8 . 1 2 )   a r e  3 - 10 times 
l a r g e r   t h a n  t h e  c o r r e s p o n d i n g   r e s u l t s   d e r i v e d   w i t h   f o r m u l a  ( 8 . 4 ) .  
It can b e  seen  from a compar ison   of   the   ob ta ined   va lues   wi th   the  
r e s u l t s   d e r i v e d  by  formula ( 8 . 1 4 )  t h a t   t h e   r e s u l t s   d e r i v e d   w i t h  

' formula ( 8 . 4 )  a r e   c l o s e s t   t o  them.  Thus,  formula ( 8 . 4 )  is  most 
s u i t a b l e   f o r   c a l c u l a t i n g   t h e   o u t f l o w   o f  
i n   t h e   o u t e r   z o n e .  The d i s t r i b u t i o n   o f  
i n t e n s i t y   w i t h   r e s p e c t   t o   e n e r g y   c a n   b e  
d a t a   g i v e n   i n   T a b l e  8.1. 

Turning now to   fo rmula  ( 8 . 1 1 )  , l e t  

e l e c t r o m a g n e t i c   r a d i a t i o n  
t h e   e l e c t r o m a g n e t i c   r a d i a t i o n  
c a l c u l a t e d   w i t h   t h e   a i d  o f  

us c a l c u l a t e   t h e   d o s e   r a t e  1245 
of  e l e c t r o m a g n e t i c   r a d i a t i o n   i n   t h e   f o l l o w i n g   s t e p s :  1) f o r   e a c h  
energy EO wi th  a c o n s t a n t  stream : < ( E O ) ,  l e t  u s   c a l c u l a t e   t h e  
i n t e n s i t y   o f   e l e c t r o m a g n e t i c   r a d i a t i o n  i n  t e n t h s   o f   e n e r g y   i n t e r v a l s  
c o r r e s p o n d i n g   t o   t h e   r a t i o s  hu/EO i n   t e n t h s   ( s e e   T a b l e   8 . 1 ) ;  
2 )  f o r   t h e   i n t e n s i t y   i n   e a c h   e n e r g y   i n t e r v a l ,  l e t  us   i n t roduce   an  
e x p o n e n t i a l   l a w   f o r   r a d i a t i o n   a t t e n u a t i o n   f o r   s e v e r a l   t h i c k n e s s e s  
o f   t h e   s h i e l d i n g   w a l l ;  3) l e t  u s   c o n v e r t   t h e   d a t a   w h i c h  are o b t a i n e d  
to   t he   abso rbed   dose  rate i n   u n i t s   o f   r a d / s e c ;  4 )  l e t  us i n t r o d u c e  a 
c o r r e c t i o n   f o r   t h e   b u i l d u p  of scat tered r a d i a t i o n   i n   t h e   s h i e l d i n g ,  
u t i l i z i n g   t h e   d o s a g e   b u i l d u p   f a c t o r   B ( d ,  E ,  Z ) ,  and l e t  us sum  up t h e  
r e s u l t s   o v e r   a l l   t h e   q u a n t a   e n e r g i e s   f r o m   t h e   f i r s t  t o  t h e   t e n t h  
i n t e r v a l ;  5 )  l e t  u s   c o n v e r t   t h e   r e s u l t s   o b t a i n e d   t o   t h e  known 
e l e c t r o n  __ spectr-um-in " t h e   o u t e r   z o n e l ( C h a p t e r s  5 and 6 ) ,  and l e t  US 

S e c t i o n s  1 and 5 are l i s t e d   s e p a r a t e l y ,   i n  view o f   t h e   f a c t   t h a t  
f u t u r e   s t u d i e s  on t h e   o u t e r   z o n e   c a n   p r o v i d e  more a c c u r a t e   i n f o r m a -  
t i o n   r e g a r d i n g   t h e   e l e c t r o n   s p e c t r u m .  When t h e   r a d i a t i o n   d a n g e r  is 
t h e n   d e t e r m i n e d , \ i t  w i l l  b e   s u f f i c i e n t  t o  r e c a l c u l a t e   a l l   o f   t h e  
r e s u l t s ,   b e g i n n i n g   w i t h   S e c t i o n  5 ,  r e t a i n i n g   t h e   r e s u l t s  from t h e  
o t h e r   i n t e r v e n i n g   c a l c u l a t i o n s .  
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TABLE 8.2  

RESULTS DERIVED FROM CALCULATING OUTFLOW OF ELECTRO- 
MAGNETIC RADIATION ACCORDING TO FORMULAS ( 8 . 4 )  , ( 8 . 1 2 )  , 
AND ( 8 . 1 4 )  

Energy E o ,  S h i e l d i n g  Material 
Me v 

Lead 
1 Aluminum 

G r a p h i t e  

Aluminum 
G r a p h i t e  

A 1  umin um 
G r a p h i t e  

" 

A 1  umin um 
G r a p h i t e  

I 

0.05  1 Aluminum 
G r a p h i t e  

Z 

82 
1 3  

6 

1 3  
6 

____ 

1 3  
6 

1 3  
6 

1 3  
6 

1 

Me v 
I n t e n s i t y  X 10-2 e l e c t r o n  
C a l c u l a t e d   a c c o r d i n g   t o  

formula 

( 4 )  ( 1 4 )  ( 1 2 )  

475 

54 .6  34 .4  34.6 
1 1 8  8 1 . 2   7 5  
750   650  

6 .75   15 .8   10 .6  
3.1 6.7 

0 . 5 4  1.9 0 . 3 5  
1 . 2  4 .5   0 .75  

2 . 2  4 . 1  1 . 4  
4.75  9.7 3 

4 .9  

" 

" 

0 .187   0 .296  
0 . 0 8 6   0 . 1 3 6  

perform a g r a p h i c   i n t e g r a t i o n   o f   t h e   o b t a i n e d   d o s e  rates w i t h   r e s p e c t  
t o   t h e   e n t i r e   e l e c t r o n   e n e r g y   r e g i o n   f r o m  EOmin max 

t o  Eo . 

F o r   p u r p o s e s   o f   c o m p u t a t i o n a l   s i m p l i f i c a t i o n ,   i n t e g r a t i o n  i s  
r e p l a c e d  by  summation i n   P a r t  4 .  It  i s  thus   assumed  tha t  a l l  o f   t he  
b rak ing   quan ta   i n   each   ene rgy   i n t e rva l   have   an   ene rgy   wh ich   equa l s  
t h e  mean e n e r g y   i n   t h e   g i v e n   i n t e r v a l .  

The r e s u l t s   d e r i v e d   f r o m   c a l c u l a t i n g   t h e   i n t e n s i t y   o f   e l e c t r o -  /246 
m a g n e t i c   r a d i a t i o n   o f   e l e c t r o n s   a c c o r d i n g   t o  P a r t  1 are shown i n  
F i g u r e  8 .1 .  The c a l c u l a t i o n s  were c a r r i e d   o u t   f o r   a n   e l e c t r o n   s t r e a m  
1 * 1 0 7  cm-2.sec-1 f o r  a material hav ing   t he   e f f ec t ive   a tomic   number  

'eff - - 6 ( g r a p h i t e ) .   I n   o r d e r   t o   c h a n g e   t o  materials hav ing   o the r  
atomic  numbers Zef  i t  i s  s u f f i c i e n t   t o   m u l t i p l y   t h e   r e s u l t s   o b t a i n e d  
by t h e   r a t i o  Z e f f  5;. It can   be   seen   f rom  F igure  8 . 1  t h a t   t h e   i n t e n s i t y  
o f   e l e c t r o m a g n e t i c   r a d i a t i o n   g r e a t l y   i n c r e a s e s   w i t h   a n   i n c r e a s e   i n   t h e  
e l e c t r o n   e n e r g y  E o  f o r   i d e n t i c a l   e l e c t r o n  streams. I t  is appa ren t  
t h a t  a q u a d r a t i c   i n c r e a s e   w i t h   t h e   e n e r g y  E O  must   be   observed   for   the  
t o t a l   e l e c t r o m a g n e t i c   r a d i a t i o n   i n t e n s i t y ,   i n   a c c o r d a n c e   w i t h   f o r m u l a  
( 8 . 4 ) .  
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Figure  8.1 

Outf low  of   E lec t romagnet ic   Radia t ion   of   Monoenerge t ic  Elec- 
t rons   hav ing   D i f f e ren t   Ene rg ie s  E O ,  as a F u n c t i o n   o f   t h e  
R2la t ive   Energy   of   Braking   Quanta   hv /Eo.   The   Tota l   E lec t ron  
Stream i s  1.10~ cm-2.sec-1. 

L e t  US now c a l c u l a t e   t h e   i n t e n s i t y   o f   e l e c t r o m a g n e t i c   r a d i a t i o n  
a f t e r   a t t e n u a t i o n   o f   t h e   s h i e l d i n g   s h e l l ,  whose  thickness  i s  d(g/cm2).  
The c a l c u l a t i o n s   a r e   c a r r i e d   o u t   a c c o r d i n g   t o   f o r m u l a  

(8.15)  

where p ( h v )  i s  t h e  mass a t t e n u a t i o n   c o e f f i c i e n t   i n  a material w i t h  
" t h e   a t o m i c  number Z e f f  = 6 ( g r a p h i t e )   f o r   y - r a y s ,   h a v i n g   t h e   e n e r g y  
hv . The va lues   o f  p were o b t a i n e d  by g r a p h i c   i n t e r p o l a t i o n   o f  
t h e   d a t a   o b t a i n e d   i n   t h e  work  (Ref .   8) .  The f o l l o w i n g   t h i c k n e s s e s   o f  
t h e   s h i e l d i n g   s h e l l  w e r e  s e l e c t e d ,   i n   o r d e r   t o  encompass- t h e   m a j o r i t y  
o f   r e a l   c a s e s :  0 .1 ;   0 .2 ;  0 .5;  1 .0 ;  3 .0;  5.0;  and  10.0  g/cm2.  The / 2 4 7  
small t h i c k n e s s e s   c o r r e s p o n d   t o   t h e   a c t u a l   t h i c k n e s s e s  of t he   no rma l  
wea r ing   appa re l   fo r   cosmonau t s .   F igu re   8 .2   shows   t he   r e su l t s   de r ived  
f r o m   c a l c u l a t i n g   e l e c t r o m a g n e t i c   r a d i a t i o n   i n t e n s i t y   b e h i n d  a s h i e l d i n g  
t h i c k n e s s   o f   0 . 1 ;  1.0 and  10  g/cm2 f o r   e l e c t r o n   e n e r g i e s  of  0 .1 ;   1 .0  
and  5.0 MeV. It  c a n   b e   s e e n   t h a t   e l e c t r o m a g n e t i c   r a d i a t i o n   i n t e n s i t y  
behind a s h i e l d i n g ,   f r o m   e a c h   e n e r g y   i n t e r v a l   o f   b r a k i n g   q u a n t a   f o r  
small e n e r g i e s  of E o ,  has a maximum which is c a u s e d   b y   t h e   f a c t   t h a t  
the   low-energy   components   o f   e lec t romagnet ic   rad ia t ion  are more 
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i n t e n s e l y   a b s o r b e d   i n   t h e   s h i e l d i n g   s h e l l   h a v i n g  a g iven   t h i ckness .  
It  i s  a l s o   c a u s e d   b y   t h e   f a c t   t h a t   t h e   b r a k i n g   s p e c t r u m   h a s  a 
d e c a y i n g   n a t u r e   ( w i t h   a n   i n c r e a s e   i n   e n e r g y ) ,   a n d   t h u s   t h e   e l e c t r o -  
m a g n e t i c   r a d i a t i o n  i s  f i l t e r e d .  It c a n   a l s o   b e   s e e n   t h a t  i t s  
i n t e n s i t y  maximum f o r  a given  energy d EO i s  s h i f t e d   t o   t h e   r e g i o n  
o f   l a r g e r   e n e r g i e s   o f   y - r a d i a t i o n  as t h e   s h i e l d i n g   t h i c k n e s s  
i n c r e a s e s  - i . e . ,  t h e   f i l t r a t i o n  i s  i n c r e a s e d .  However, f o r   l a r g e  
e n e r g i e s  of E 0 , t h e r e  i s  no  maximum,since a l l  t h e  components  of  the 
b rak ing   spec t rum  have   comparab le   pene t r a t ing   capac i ty ,   and   t he  
f i l t r a t i o n  is  weaker.  

F i g u r e  8 .2  

I n t e n s i t y   o f   E l e c t r o m a g n e t i c   R a d i a t i o n   f o r   E l e c t r o n s   h a v i n g  
t h e   E n e r g i e s  0.1;  1 . 0  and 5.0 Mev f o r   D i f f e r e n t   S h i e l d i n  
Th ickness .   The   To ta l   E lec t ron  Stream i s  1=107 cm-'*sec-. f 
I n   o r d e r   t o   c o n v e r t   t h e   o b t a i n e d   v a l u e s   f o r   e l e c t r o m a g n e t i c  

r a d i a t i o n   i n t e n s i t y   i n t o   t h e   a b s o r b e d   d o s e  ra te ,  l e t  u s   u t i l i z e  
a graph  showing  the  dependence  of   the mass c o e f f i c i e n t   o f   e n e r g y  
a b s o r p t i o n   i n   b i o l o g i c a l   t i s s u e  on the   ene rgy   o f   y - r ays   (Re f .  9 ) .  I 2 4 8  
Figure  8.3 shows t h e   r e s u l t s   d e r i v e d   f r o m   m u l t i p l y i n g   t h e   d a t a ,  
which are g i v e n   i n   F i g u r e  8 . 2 ,  by t h e   a b s o r p t i o n   c o e f f i c i e n t  
y ( E ) ,  f o r   t h e   t o t a l   e l e c t r o n  stream 1 * 1 0 7  cm-2*sec-1. It can 
b e  s e e n   f r o m   t h e   F i g u r e   t h a t   t h e   r e l a t i v e   c o n t r i b u t i o n   t o   t h e  
dose ra te  is somewhat i n c r e a s e d   i n   t h e   r e g i o n   o f  low  y-ray  ener- 
g i e s  (as compared w i t h  t h e   r e l a t i v e   c o n t r i b u t i o n   t o   t h e   e l e c t r o -  
m a g n e t i c   r a d i a t i o n   i n t e n s i t y ) .   T h i s  is  t r u e   b e c a u s e   t h e   e n e r g y  
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a b s o r p t i o n   c o e f f i c i e n t   h a s  a l a r g e r   v a l u e   i n   t h e   r e g i o n   o f  low 
y- ray   energ ies ,   as   compared   wi th   the   reg ion  of h igh   energy .   There  
i s  no r e l a t i v e   c h a n g e   i n   t h e   c o n t r i b u t i o n s   i n   t h e   r e g i o n   o f  
h i g h   e n e r g i e s ,   b e c a u s e   t h e   m a g n i t u d e   o f   t h e   e n e r g y   a b s o r p t i o n  
c o e f f i c i e n t   f o r   y - r a y s ,   h a v i n g   t h e   e n e r g y  E > 0.08 M e V ,  changes 
v e r y   s l i g h t l y   w i t h   e n e r g y   i n   b i o l o g i c a l   t i s s u e .  

L e t  us now c o n s i d e r   t h e   b u i l d u p   o f   s c a t t e r e d   y - r a y s   i n   t h e  
s h i e l d i n g   o f  a s p a c e c r a f t .  The b u i l d u p   o f   s c a t t e r e d   r a d i a t i o n  
i s  usua l ly   cons ide red  by i n t r o d u c i n g  a b u i l d u p   f a c t o r ' .  

Jose  Rate   of  
the  Energy 0 
0 . 1 ;  1 .0   and 

F igu re  8.3 

E l e c t r o m a g n e t i c   R a d i a t i o n   f o r   E l e c t r o n s   h a v i n g  

10.0 g/cm'. 
- 1 ;   1 . 0   a n d  5.0 MeV f o r  a S h i e l d i n g   T h i c k n e s s  

The e x t e n s i v e  da ta  w h i c h   e x i s t   o n   t h e   b u i l d u p   f a c t o r   o f  
y - - r a y s   i n   d i f f e r e n t   s h i e l d i n g  materials (Ref .  10) encompass  the 
energy   reg ion  E >, 0.5 MeV. F o r   o u r   p u r p o s e s ,   d a t a  are a l s o  
n e c e s s a r y  on t h e   b u i l d u p   f a c t o r   f o r   t h e   e n e r g y  E < 0.5 MeV. The 
a b s o r p t i o n   c o e f f i c i e n t s  of y - r a y s   i n   g r a p h i t e  ( Z  = 6)  a n d   t h e  
s h i e l d i n g   t h i c k n e s s   ( i n  mean f r e e   p a t h s  ) f o r  t h e s e   e n e r g i e s  / 2 4 9  
~" . - " -~ 

I n   t h e   g i v e n  case, i t  is  n e c e s s a r y   t o   i n t r o d u c e  a dosage   bu i ldup  
f a c t o r .  
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- which  correspond t o  t h e   s h i e l d i n g   t h i c k n e s s e s  10 g/cm2, 5 g / cn  
and 3 g/cm2  which w e  have  used - are g i v e n   i n   T a b l e   8 . 3 .  

TABLE 8 .3  

DEPENDENCE  OF  ABSORPTION COEFFICIENTS AN9 SHIELDING THICKNESS 
I N  NEAN FREE PATHS ON THE ENERGY OF y-RAYS 

- 
Absorpt ion  S h i e l d i n g   T h i c k n e s s   i n  Mean 

C o e f f i c i e n t s ,   F r e e   P a t h s  
E ,  Mev 

1-1, cm2/g I 10 g/cm2 1 5 g/cm* I 3 g/cm2 

0.02 0,3820 I 3,820 
0,05 i 1,780 
0 , l O  j 0,1190  1,390 
0,30 ' 0,1050 1,050 
0,50 0,0870 0.870 

1,00 I 0,0636 i 0,636 
2,oo 0,0143 ; 0,413 
3.00 ' 0,0354 I 0,354 
,4,00 I 0,0303 1 0,303 
5,OO 1 0,0269 

I 
I i 0,269 

1,15 

0.45 
0.53 

0.32 
- 
" 

" 

- 
~. 

It can  be  seen  f rom  Table  8.3 t h a t   f o r  E > 0.5 Mev t h e  maximum 
s h i e l d i n g   t h i c k n e s s  i s  less than   one  mean f r e e   p a t h .  It is  well-  
known t h a t   i n   l i g h t   e l e m e n t s   t h e   b u i l d - u p   d e c r e a s e s   w i t h   a n   e n e r g y  
i n c r e a s e   ( o t h e r   c o n d i t i o n s   b e i n g   e q u a l ) .   T h e r e f o r e ,   t h e   m o s t   s i g -  
n i f i c a n t   b u i l d - u p  w i l l  o c c u r   f o r   e n e r g i e s  of E < 0.5 MeV. where 
t h e   s h i e l d i n g   t h i c k n e s s  i s  l a r g e r   t h a n   o n e  mean f r e e   p a t h .  

The e x p e r i m e n t a l   d a t a  on t h e   d o s e   b u i l d u p   f a c t o r s   f o r   y - r a y s  
w i t h   t h e   e n e r g i e s  E < 0.5 Mev (Ref.   11) were u t i l i z e d  t o  de te rmine  
t h e   b u i l d u p   o f   s c a t t e r e d   r a d i a t i o n   i n   t h e   s h i e l d i n g .   T h e s e   d a t a  
were ob ta ined  by m e a s u r i n g   t h e   d o s e   r a t e   b e h i n d  a b a r r i e r   s h i e l d i n g  
made of  aluminum,  having a t h i c k n e s s   i n  1, 2 ,  3 ,  and 4 mean f r e e  
pa ths .   Ce l4 l (0 .145  MeV), Hgzo3(o.280  Mev),  and C ~ l ~ ~ ( O . 6 6 1  MeV) 
se rved  as t h e   s o u r c e s  of  r a d i a t i o n .  A s c i n t i l l a t i o n   y - d o s i m e t e r  
w i t h  a compensa ted   "hard   behavior"   se rved  as t h e   r a d i a t i o n   d e t e c t o r  
i n   t h e   e n e r g y   r e g i o n  E from  50 to   200kev   (Ref .   12 ) .  The r e s u l t s  
d e r i v e d   f r o m   t h i s   s t u d y  are g i v e n   i n   F i g u r e   8 . 4 .  The bu i ldup  
f a c t o r s   f o r  smaller ene rg ie s   o f   y - r ays  were o b t a i n e d   b y   e x t r a p o l a t i o n  
of  t h e   e x p e r i m e n t a l   d a t a   i n   F i g u r e   8 . 4 .  When c o r r e c t i o n s  are i n t r o -  
duced f o r   t h e   b u i l d u p   o f   s c a t t e r e d   y - r a y s   i n   g r a p h i t e  ( Z  = 6 ) ,  t h e  
use   o f   bu i ldup   f ac to r s   fo r   a luminum  does   no t   have   t o   l ead   t o  a 
s i g n i f i c a n t   e r r o r .   T h i s  i s  conf i rmed ,   fo r   example ,   by   t he   r e su l t s  
de r ived   f rom  measu r ing   t he   bu i ldup   f ac to r s   fo r   l ow-ene rgy   y - r ays  
i n   p l a s t i c .   F i g u r e   8 . 5   p r e s e n t s  a compar i son   o f   t he   da t a   ob ta ined  



on t h e   d o s e   b u i l d u p   f a c t o r s   i n   p l a s t i c ,  aluminum,  and  iron. Even 
f o r  a y-ray  energy  of  0.145 MeV,  t h e r e  i s  only  a small d i f f e r e n c e  / 2 5 0  
be tween   t he   bu i ldup   f ac to r s   i n   p l a s t i c   and   a luminum.  

When c o r r e c t i o n s  are i n t r o d u c e d   f o r   t h e   b u i l d u p   f a c t o r ,  i t  
i s  p o s s i b l e   t o  restrict o n e s e l f   t o   t h e   f o l l o w i n g  maximum e n e r g i e s  
of   y-rays:   0 .5  Mev f o r  a s h i e l d i n g   t h i c k n e s s   o f  10 g/cm2;  0.1 Mev 
f o r  a s h i e l d i n g   t h i c k n e s s   o f  5 g/cm2;  and 0.05 Mev f o r  a t h i c k n e s s  
of 3 g/cm2,  which  can  be  seen  from  Tables 8.3 and 8.4.  F o r   l a r g e r  

The 
t h e  
o f  

T 

I 

Figure  8.4  

Energy  Dependence o 
Dose Bui ldup   Fac tor  

y-Rays i n   B a r r i e r s  

€ 

made of  Aluminum having  
a D i f f e r i n g   T h i c k n e s s :  

t h e  Moment Method. 
* C a l c u l a t e d  by 

0 

Figure   8 .5  

Comparison o f  Dosage  Buildup 
F a c t o r s  of  y-Rays of  
Ce141(0.145 MeV) i n  P l a s t i c ,  
Aluminum, and   I ron .  

e n e r g i e s   a n d   s m a l l e r   s h i e l d i n g   t h i c k n e s s e s ,   t h e   c o r r e c t i o n   f o r   t h e  
b u i l d u p   f a c t o r  w i l l  n o t   b e   s i g n i f i c a n t .   T a b l e  8 . 4  p r e s e n t s   t h e  
r e s u l t s   d e r i v e d   f r o m   d e t e r m i n i n g   t h e   c o r r e c t i o n   f o r   t h e   b u i l d u p  
f a c t o r   w i t h   r e s p e c t   t o   t h e   t o t a l   d o s e  ra te  o f   e l e c t r o m a g n e t i c  
r a d i a t i o n   f o r   e l e c t r o n s   h a v i n g  a g iven   energy  E O .  The  magnitude 
of t h e   c o r r e c t i o n   f o r   b u i l d u p  is g i v e n   i n   p e r c e n t s   h e r e ,   w i t h  
r e s p e c t   t o   t h e   t o t a l   d o s e  rate of e l e c t r o m a g n e t i c   r a d i a t i o n  
t a k e n   w i t h o u t   c o r r e c t i o n .  

/251 

It c a n   b e   s e e n   f r o m   t h e   T a b l e   t h a t   t h e   c o r r e c t i o n  i s  q u i t e  
s i g n i f i c a n t   f o r   e l e c t r o n   e n e r g i e s   o f  E o  < 0.3 MeV. A f t e r   t h e  
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TABLE 8 .4  

DEPENDEilCE OF CORPUXTION FOR BUILDUP  FACTOR OF SCATTERED 
Y-RAYS ON ELECTRON ENERGY 

I 
E o ,  Mev C o r r e c t i o n  

% % 
Magnitude, 

E o  ' 
Magnitude, 

C o r r e c t i o n  

0 .05  

200 0.30 
15 5 .OO 650 0.10 

100 1 .00  2400 

f 250 

c o r r e c t i o n  was i n t r o d u c e d   f o r   t h e   b u i l d u p   f a c t o r ,   t h e   d o s e   r a t e  I 2 5 1  
v a l u e s  were t o t a l l e d   o v e r   a l l   t h e   e n e r g y   i n t e r v a l s   o f   e l e c t r o m a g n e t i c  
r a d i a t i o n   e n e r g y ,   f o r   e a c h   e l e c t r o n   e n e r g y  E o .  The r e s u l t s   d e r i v e d  
f r o m   t h i s   t o t a l i z i n g   p r o c e d u r e  are g i v e n   i n   T a b l e  8.5.  

TABLE 8.5 

DOSE RATE VALUES FOR THE TOTAL ELECTRON STPEAIY  WITti A G I V E N  
ENERGY 1-107 cm-2*sec-1,  mrad/hour 

EO 
Nev 

0,05 
0,lO 
0,30 
I ,oo 
2,oo 
3,OO 
4,OO 
5,OO 

4,46 
3 1 3  
35;5 

266,O 
1 18,O 

456,O 
697.0 

4,18 
27,20 
34,60 

235.00 
117,OO 

452,OO 
69 1,OO 

3150 
15.10 
32,80 

113.00 
227,OO 

675,OO 
447,OO 

3,81 
6 3 5  

30.70 
108,OO 
218,OO 

656,OO 
428,OO 

2,83 

25,30 
2,18 

88,OO 
210,oo 
368,OO 
570,OO 

1,34 0,375 
1,87 1,520 

21,80 

476,OO  495,OO 
240.00 319,OO 
144,OO 209.00 
67,60 76,90 
19,40 

The d a t a   g i v e n   i n   T a b l e  8 .5  were r e d u c e d   t o   t h e   e l e c t r o n  spec- 
trum i n   t h e   o u t e r  zone   by   mu l t ip ly ing   t he   dose  ra te  by the   magni tude  
of t h e   e l e c t r o n  stream having  a g iven   energy ,   which  was g i v e n   i n  
Table  5.1. The r e s u l t s   d e r i v e d   f r o m   t h e s e   c a l c u l a t i o n s  are g i v e n   i n  
Tab le  8 . 6 .  A s  c a n   b e   s e e n   f r o m   t h i s   T a b l e ,   e l e c t r o n s   h a v i n g   e n e r g i e s  
of  0.05,  0.10,  and 0.3 Mev make t h e   g r e a t e s t   c o n t r i b u t i o n s   t o   t h e  
dose ra te  o f   e l e c t r o m a g n e t i c   r a d i a t i o n   f o r   e l e c t r o n s   i n   t h e   o u t e r  
zone. A s h a r p   d e c r e a s e   i n   t h e   d o s e  ra te  was o b s e r v e d   i n   t h e   e n e r g y  
r eg ion   0 .10  - 1 .0  MeV,  and   t hen   t he re  was a s l o w   d e c r e a s e   t o   t h e  
maximum energy  o f  e l e c t r o n s   i n   t h e   o u t e r  zone. 

I 2 5 2  

G r a p h i c   i n t e g r a t i o n  of t h e   d a t a   g i v e n   i n   T a b l e  8 . 6 ,  i n   t h e  
ene rgy   r eg ion  of 0 .05  - 5.5  M e V ,  was c a r r i e d   o u t   i n   o r d e r   t o   o b t a i n  
t h e   t o t a l   d o s e  ra te  of e l e c t r o m a g n e t i c   r a d i a t i o n   f r o m  a l l  electrons 
i n   t h e   o u t e r   z o n e .  
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TABLE 8.6 

DOSE RATE OF ELECTROMAGNETIC RADIATION FOR 
OUTER ZONE (SEE TABLE 5.1) ,   mrad/hour  
" ~ - . .  . ~ .  .. 

d ,  g/cm2 ~~ 

Eo 
Mev 

. . . . -. . , . . . . - . - . . .. . -~ 
0.1 1 0 . 2  1 0 . 5  1 1.0 I 3.0 I 

- .~ 

0,05 

0,013 4,OO 
0,014 0,015 0,016 0,015 O,C18 3,OO 
0,020 0,024 0,025  0,026  0,027 2.00 
0,046 0,055 0,059 0,062 0,064 1.00 
0,146 0,460 1,010 1,820 2,130 0,30 
5,l I O  5,340 6,300 7,550 8,020 0.10 
1,980 3,600 6,540  11.050 15,500 

0,013 I 0,012 
0,012 0,010 

5,OO 0,010 0,010 0,010 0,009 0,008 
I 

ELECTRONS I N  THE 

5.0 I 10.0 

1.970 I 0.870 

.~ 

21420 

0,035 0.039 
0,102 0,125 
0;680 

0:017 1 0.015 
0[014 

0,006 0,007 
0,007 0,009 
0;OlO 

T a b l e   8 . 7   ( f i r s t  co lumn)   p re sen t s   t he   r e su l t s   de r ived   f rom 
p e r f o r m i n g   i n t e g r a t i o n  f o r  a l l  s h i e l d i n g   t h i c k n e s s e s .  The r e s u l t s  
de r ived   f rom  ana logous   ca l cu la t ions  are g i v e n   i n   t h e   s e c o n d   c o l u m n ,  
b u t  f o r  an e l e c t r o n   s p e c t r u m   w h i c h  was d e t e r m i n e d   f r o m   d a t a   i n   t h e  
work (Ref.  13)  , f o r  a t o t a l   e l e c t r o n   s t r e a m   h a v i n g   t h e   e n e r g y  
Eo  > 0.03 M e V ,  e q u a l i n g  1 0 l 1  crn-2-sec-1. 

The r a t i o s   o f   t h e   l a s t   q u a n t i t i e s   t o   t h e   c o r r e s p o n d i n g   f i r s t  
q u a n t i t i e s   f l u c t u a t e   w i t h i n   t h e  limits 0.5010~ ( f o r   l a r g e   t h i c k -  
n e s s e s )  up t o  2*102 ( f o r  small t h i c k n e s s e s ) .   T h i s   i n d i c a t e s   t h a t  
t h e r e  was  a g r e a t e r  amount  of e r r o r ,   p a r t i c u l a r l y   i n   t h e   s o f t   p a r t  
o f   t h e   s p e c t r u m ,   i n   e a r l i e r  estimates o f   t h e   s p e c t r u m   f o r   e l e c t r o n s  
i n   t h e   o u t e r  zone .   Ca lcu la t ions   o f   t he   dose  ra te  f o r   e l e c t r o m a g n e t i c  
r a d i a t i o n   ( R e f .  4 )  y i e l d e d   r e s u l t s   w h i c h   e x c e e d e d   o u r  estimate 
(second  column) - which was b a s e d   o n   e a r l i e r   i n f o r m a t i o n   r e g a r d i n g   t h e  
e l e c t r o n   s p e c t r u m  - by approximate ly  25 times. 

In   conc lus ion ,  i t  s h o u l d   b e   n o t e d   t h a t   t h e  da ta  ob ta ined   can   be  
r ead i ly   ex t ended   t o   o the r   sh i e ld ing   e l emen t s   ( fo r   example ,   a luminum,  
D u r a l ,   e t c . )  by m u l t i p l y i n g   t h e   v a l u e s   o b t a i n e d   b y   t h e   r a t i o   Z e f f / 6 .  
Th i s   shou ld   no t   cause  a l a r g e   e r r o r ,   s i n c e   t h e  mass a b s o r p t i o n  co- 
e f f i c i e n t s   f o r   y - r a y s   a n d   t h e   b u i l d u p   f a c t o r s ,   i n c l u d e d   i n   f o r m u l a  
( 8 . 1 1 ) ,   d i f f e r   v e r y  l i t t l e  f rom  each   o the r   fo r   subs t ances   hav ing  
s imi l a r   a tomic   numbers .  All o f   t h e   o t h e r   v a l u e s   i n   F o r m u l a   ( 8 . 1 1 )  
e i t h e r  do not  depend  on Z,ff o r  are p r o p o r t i o n a l   t o  i t .  

8.3. Determina t ion  O~f-~a-d- i -a -~ i~n-Da~n~e~ frgm P e n e t r a t i n g  
____ E l e c t r o n s   i n   t h e   O u t e r  Zone 

I t  was  shown i n   C h a p t e r  5 t h a t   t h e   e l e c t r o n   s p e c t r u m  i n  t h e  
o u t e r   z o n e  l ies  between 0.05 - 5 MeV. The d e t e r m i n a t i o n   g i v e n  
a b o v e   f o r   r a d i a t i o n   d a n g e r   a r i s i n g   f r o m   e l e c t r o m a g n e t i c   r a d i a t i o n  
can   no t   be   regarded  as e x h a u s t i v e ,   s i n c e   e l e c t r o n s   w i t h   t h i s   s p e c t r u m  
can f r e q u e n t l y   p e n e t r a t e   t h e   s h i e l d i n g   s h e l l   h a v i n g  a small t h i c k n e s s -  
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TABLE 8 .7  

CHANGE I N  THE TOTAL DOSE RATE  OF ELECTROMAGNETIC RADIATION 
WITH THE SHIELDING  THICKNESS FOR TWO DETERMINATIONS OF THE 
SPECTRUM  FOR ELECTRONS I N  THE OUTER ZONE 

The absorbed   dose  ra te  f r o m   e l e c t r o n s   h a v i n g   t h e   e n e r g y  EO, 
w h i c h   p e n e t r a t e  a s h i e l d i n g   s h e l l   h a v i n g   t h e   t h i c k n e s s  d ,  can b e  
c a l c u l a t e d   a c c o r d i n g   t o   t h e   f o r m u l a  

where  N(E0) is t h e   t o t a l   n o n d i r e c t i o n a l   s t r e a m  o f  e l e c t r o n s   h a v i n g  
t h e   e n e r g y  Eo p e r   u n i t   e n e r g y   i n t e r v a l ;  (-g) dxL is the   ene rgy  

l o s s e s  of  e l e c t r o n s   h a v i n g   t h e   e n e r g y  E o  i n  a l i v i n g   l a y e r   o f   b i o -  

l o g i c a l   t i s s u e ;  p ( E g )  = - 0 * 6 9 3  i s  t h e   a t t e n u a t i o n   c o e f f i c i e n t  f o r  

e l e c t r o n s   h a v i n g   t h e   e n e r g y  E o ;  A ( E 0 )  i s  t h e   l a y e r   o f   h a l f - a t t e n u a -  
t i o n   i n   t h e   s h i e l d i n g  material. 

A(E0) 

R e s u l t s   g i v e n   i n   t h e  work  (Ref. 1 4 )  were u s e d   t o   c a l c u l a t e   t h e  
magnitudes of  t h e   h a l f - a t t e n u a t i o n   l a y e r s .  The va lues  of  t h e   h a l f -  
a t t e n u a t i o n   l a y e r s  were taken   for   a luminum,   which   could   no t   p roduce  
a l a r g e   e r r o r ,   s i n c e   t h e   m a g n i t u d e s   o f   t h e   h a l f - a t t e n u a t i o n   l a y e r s  
a n d   t h e   e l e c t r o n   r a n g e s   i n   l i g h t   e l e m e n t s ,   e x p r e s s e d   i n   g / c m 2 ,   a r e  
q u i t e   c l o s e   t o   e a c h   o t h e r   [ s e e   ( R e f .   1 5 ) f o r   e x a n p l e ] .  

Table  8.8 p r e s e n t s   t h e   r e s u l t s   d e r i v e d   f r o m   c a l c u l a t i n g   t h e  
c o n t r i b u t i o n s   t o   t h e   d o s e  rate f rom  ind iv idua l   e l ec t ron   componen t s  
f o r   t h e   s p e c t r u m  of the   ou te r   zone   ( s ee   Chap te r   5 ) .  

The dose rates f r o m   t h e   t o t a l   e l e c t r o n   s p e c t r u m   f o r   t h e   o u t e r  1254  
zone were c a l c u l a t e d  b y   g r a p h i c   i n t e g r a t i o n  o f  d a t a   g i v e n   i n   T a b l e  8.8,  
f o r   d i f f e r e n t   s h i e l d i n g   t h i c k n e s s e s .  The r e s u l t s   o f   t h e   g r a p h i c  

* The e l e c t r o n   e n e r g y   c h a n g e   d u r i n g   a t t e n u a t i o n   i n   t h e   s h i e l d i n g  i s  
n o t   t a k e n   i n t o   a c c o u n t  i n  formula (8.15). 



i n t e g r a t i o n   a r e  

TABLE 8.8 

DOSE RATE OF ELECTRONS, mrad/hour 

3,2 
32,4 

288 
148 
72 
23,8 
16,2 
10,8 
5,7 

I 0 , 2  . ". 
- 

17.7 
82,s 
73 
41 
17.2 
1 l ,6  
8,25 
4.7 

I - "  

g i v e n   i n   T a b l e   8 . 9 .  

TABLE 8.9 

TOTAL ELECTRON DOSE RATE FOR THE OUTER ZONE FOR DIFFERENT 
SHIELDING THICKNESSES 

I t  can b e  s e e n   f r o m   T a b l e   8 . 8   t h a t   t h e   d e p e n d e n c e   o f   t h e   e l e c t r o n  
d o s e   r a t e  on the i r   ene rgy   pas ses   t hough  a maximum f o r   a l l   t h i c k n e s s e s .  
The l o c a t i o n  of  t h e  maximum i s  d i sp laced   t oward   t he   r eg ion  of  h igh  
e n e r g i e s   a s   t h e   s h i e l d i n g   t h i c k n e s s   i n c r e a s e s ,   w h i c h   p o i n t s   t o   f i l t r a -  
t i o n   o f   l o w - e n e r g y   e l e c t r o n s   b y   t h e   s h i e l d i n g .  

F i n a l l y ,  w e  would l i k e   t o   p o i n t   o u t   t h e   r a t h e r   s h a r p   d e c r e a s e  
i n   t h e   e l e c t r o n   d o s e   r a t e  as compared   wi th   the   e lec t romagnet ic   rad ia-  
t i o n  , when t h e   s h i e l d i n g   t h i c k n e s s   i n c r e a s e s .  

8 . 4 .   T o t a l   R a d i a t i o n  Dose i n   t h e o u t e r  Zone 

A f t e r  a c a l c u l a t i o n   o f   t h e   d o s e   r a t e   f r o m   e l e c t r o m a g n e t i c   r a d i a -  
t i o n  a n d   f r o m   p e n e t r a t i n g   e l e c t r o n s   i n   t h e   o u r e r   z o n e ,   t h e   t o t a l  
r a d i a t i o n   d a n g e r   c a n  be de termined .  The da ta   f rom  Tables   8 .7   and  8.9 
a r e  combined i n   T a b l e   8 . 1 0 ,   a n d   t h e   t o t a l   d o s e  ra te  i s  g iven .  

It  c a n   b e   s e e n   t h a t   f o r   s h i e l d i n g   t h i c k n e s s e s  G1.10 g/cm', 
e l e c t r o n s   p e n e t r a t i n g   t h e   s h i e l d i n g  m a k e  an   overwhelming   cont r ibu t ion  
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TABLE 8.10 

QUANTITIES PT,  Pel, AND THE  TOTAL  DOSE RATE P FOR 

DIFFERENT  SHIELDING  THICKNESSES 
" _" 

PT, " 
mrad 1 228 1 200 1 140 
hour  ~ 

I I I 

pe 1, 1 29 200 1 13  600 1 2340 

P, mrad - 1 29 430 1 13 800 1 2480 

hour- - . 

hour  

- 

I .o 1 3.0 j 5.0 1 
.. "_ 

107 I82,3 1 48.6 I 17,9 

394 1 0,08 1 0 1 0 

501 I82,4 1 48,6 I 17,9 

- 

t o   t h e   d o s e   r a t e .   E l e c t r o m a g n e t i c   r a d i a t i o n   p l a y s  a domina t ing   ro l e  
o n l y   f o r   t h i c k n e s s e s   w h i c h   a r e   l a r g e r   t h a n  1.0 g/cm2. 

F i g u r e   8 . 6   g r a p h i c a l l y   i l l u s t r a t e s   t h e   d e p e n d e n c e   o f   t h e   t o t a l  
d o s e   r a t e  on t h e   s h i e l d i n g   t h i c k n e s s .   W i t h   t h e   a i d   o f   t h i s   g r a p h ,  
i t  i s  p o s s i b l e   t o   e s t i m a t e   t h e   t o t a l   r a d i a t i o n   d o s e ,   w h i c h   t h e  
cosmonaut   can   rece ive   whi le   f ly ing   in   the   ou ter   zone   of   the   ear th .  
We shou ld  remember t h a t   t h e   d a t a   g i v e n   i n   F i g u r e   8 . 6   p e r t a i n  to 
t h e   r a d i a t i o n   i n t e n s i t y  maximum of   t he   ou te r   zone .   The re fo re ,  i t  
i s  p o s s i b l e   t o   e s t i m a t e   t h e  maximum p o s s i b l e   d o s e   i n   t h e   o u t e r  
zone on t h e   b a s i s   o f   t h e s e   d a t a  - i . e . ,  the   dose   dur ing  a f l i g h t  
i n   t h e   o u t e r   z o n e ,   e s t i m a t e d   a c c o r d i n g   t o   t h e   i n t e n s i t y  maximum 

I 2 5 5  

Onax (d) = .  P (d) f. (8 .17)  

I n   o r d e r   t o   o b t a i n   t h e  maximum d o s e ,   o n   t h e   b a s i s   o f  a  known 
s h i e l d i n g   t h i c k n e s s   d , i t  i s  s u f f i c i e n t   t o   f i n d   t h e   d o s e   r a t e  P on 
the   g raph ,   and   t hen   t he  maximum dose w i l l  be   de te rmined  by r e l a t i o n -  
s h i p   ( 8 . 1 6 ) .  

In   o rde r   t o   de t e rmine   t he   dose   wh ich  i s  a c t u a l l y   p o s s i b l e   d u r i n g  
a f l i g h t   i n   t h e   o u t e r  zone,  i t  i s  n e c e s s a r y   t o  know t h e   d o s e   r a t e  
d i s t r i b u t i o n   a l o n g   t h e   f l i g h t   t r a j e c t o r y  P(H)  and t h e  time a t  which 

t h e   o b j e c t  i s  l o c a t e d   a t  a g i v e n   l a t i t u d e  - dH . Then the  dose w i l l  b e  

d e t e r m i n e d   f r o m   t h e   r e l a t i o n s h i p  
v(H) 

H max 

D ( 4  = J' p ( d ,  w v(H)' d H  (8.18) 

H min  1256 
where H i s  t h e   p o i n t   c o o r d i n a t e ;  v(H) i s  t h e   v e l o c i t y   o f   t h e   s p a c e c r a f t  
a t  a g iven   po in t .  The q u a n t i t y   P ( d ,  H) can  be  found  f rom  Figure  8 .6  
b y   n o r m a l i z a t i o n   a t   t h e  re la t ive m a g n i t u d e   o f   r a d i a t i o n   i n t e n s i t y   i n  
t h e   o u t e r   z o n e ,   d u r i n g  a f l i g h t   a l o n g  a g i v e n   t r a j e c t o r y .  The r e s u l t s  
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Figure   8 .6  

Dependence  of  the E l e c t r o n  Dose Ra te   Pe l ,   E lec t romagne t i c  
Rad ia t ion  PT,  and t h e   T o t a l  Dose Rate  P o n   t h e   S h i e l d i n g  
T h i c k n e s s ,   a t   t h e  I n t e n s i t y  Maximum o f   t h e   E l e c t r o n  Zone. 

g iven   i n   t he   works   (Ref .  4 ,  16 ,  1 7 )  c a n   b e   u t i l i z e d   f o r   t h i s   p u r p o s e .  
With r e s p e c t   t o   t h e  time a t  which   an   ob jec t  i s  l o c a t e d   a t  a g iven  
p o i n t ,  i t  can b e  d e t e r m i n e d   f r o m   t h e   f l i g h t   c o n d i t i o n s  - i . e . ,   f r o m  
t h e   v e l o c i t y   o f   t h e   s p a c e c r a f t  and the   p rog ram  to   be   accompl i shed .  
I f  t h e  t i m e  a t  which   an   ob jec t  i s  l o c a t e d   a t   a l l   t h e   l a t i t u d e s  i s  
t h e  same ( i . e . ,   t h e   v e l o c i t y   a t   w h i c h  a g iven   1a . t i t ude  i s  c r o s s e d  
i s  c o n s t a n t ) ,   t h e n   t h e   t o t a l   d o s e   t h r o u g h o u t   t h e   e n t i r e   f l i g h t   c a n  
be  determined  as  

Ii ?ax 
L)  ( d )  .: /I( J -I' (d, H )  d H ,  

H min  (8.19) 

where t i s  t h e   t o t a l  time w h i c h   a n   o b j e c t   r e m a i n s   i n   t h e   o u t e r   z o n e ;  
K i s  t h e   c o n s t a n t ,   w h i c h  i s  d e p e n d e n t   o n   t h e   s e l e c t i o n  of u n i t s .  I f  
t h e   a d m i s s i b l e   r a d i a t i o n   d o s e   d u r i n g   f l i g h t s   i n   c o s m i c   s p a c e  DO i s  
known, i t  i s  p o s s i b l e   t o   v a r y   e i t h e r   t h e  time a t   which   the   cosmonaut  
i s  l o c a t e d   a t  a g i v e n   t r a j e c t o r y ,  o r  t h e   n e c e s s a r y   s h i e l d i n g   s h e l l  
t h i c k n e s s .  The c a l c u l a t i o n   m u s t   b e  made a c c o r d i n g   t o   e q u a t i o n  ( 8 . 1 9 ) ,  
a s suming   t ha t  D (d)  = D o .  
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8 . 5 .   P r a c t i c a l   C o n s i d e r a t i o n s  on Sh ie ld ing   f rom  Rad ia t ion  
i n   t h e   O u t e r -  yZ* 

The r a d i a t i o n   d a n g e r   a t   t h e   i n t e n s i t y  maximum o f   t h e   o u t e r   z o n e  
was determined  above.  I t  was shown t h a t   f o r   s m a l l   t h i c k n e s s e s   o f  
t h e   s h i e l d i n g   s h e l l  ( <  1.0 g/cm2),   heavy  e lectrons  which  can  pene-  
t r a t e   t h e   s h i e l d i n g  make t h e   p r i m a r y   c o n t r i b u t i o n   t o   t h e   r a d i a t i o n  
dose .   Fo r   t he   t h i cknesses  d > 1.0 g / cm2 ,   e l ec t romagne t i c   r ad ia t ion  
makes t h e   p r i m a r y   c o n t r i b u t i o n   t o   t h e   d o s e .   T h e r e   a r e   t h u s  two 
ma in   r equ i r emen t s   fo r   sh i e ld ing   f rom  r ad ia t ion   i n   t he   ou te r   zone :  
1) t h e   s h i e l d i n g   m u s t  be  made of a m a t e r i a l   h a v i n g  a smal l   a tomic  
number, i n   o r d e r   t o   d e c r e a s e   t h e   g e n e r a t i o n   o f   e l e c t r o m a g n e t i c  
r a d i a t i o n ,  and 2 )  t h e   s h i e l d i n g  m u s t  be  prepared  f rom a m a t e r i a l  
having  a h i g h   a t o m i c   n u m b e r ,   i n   o r d e r   t o   i n c r e a s e   t h e   a b s o r p t i o n  
o f   e l e c t r o m a g n e t i c   r a d i a t i o n .  

These two c o n d i t i o n s   a r e   s a t i s f i e d  by a combined s h i e l d i n g ,  
wh ich   cons i s t s ,   f o r   example ,   o f  a l a y e r   o f   m a t e r i a l   h a v i n g  a low 
2 ( e x t e r n a l   l a y e r )   a n d  a l a y e r   o f   m a t e r i a l   h a v i n g  a h igh  2 
( i n t e r n a l   l a y e r ) .   I f   t h e   f a c t  i s  t a k e n   i n t o   c o n s i d e r a t i o n   t h a t  
e l e c t r o n s   h a v i n g   e n e r g i e s   o f  0 .1  and 0 . 2  Mev make  a s i g n i f i c a n t  
c o n t r i b u t i o n   t o   t h e   d o s e   o f   e l e c t r o m a g n e t i c   r a d i a t i o n   ( t h e y   c a n n o t  
c a u s e   e l e c t r o m a g n e t i c   r a d i a t i o n   w i t h  a h i g h   e n e r g y ) ,   t h e   a d d i t i o n  
of a l a y e r   o f   l e a d ,   h a v i n g  a th i ckness   o f  0.25 g/cm2 , t o   t h e  
i n n e r   s i d e   o f   t h e   s h i e l d i n g   d e c r e a s e s   t h e   d o s e   o f   e l e c t r o m a g n e t i c  
r a d i a t i o n  by a f a c t o r   o f   a p p r o x i m a t e l y  3 - 4. A s i m i l a r   e s t i m a t e  
was  made, f o r   e x a m p l e ,   i n   t h e  work  (Ref. 4). I n   a d d i t i o n   t o   t h i s ,  
w e  mus t   po in t   ou t   t ha t  a combined s h i e l d i n g ,  whose   l ayers   a re  
a r r anged   a s   i nd ica t ed   above ,   cons ide rab ly   dec reases   t he   bu i ldup   o f  
s c a t t e r e d   r a d i a t i o n   ( R e f .  10,  Ref .   18 ) ,   r educ ing  i t  to   app rox ima te ly  1257 
t h e   b u i l d u p   i n  a m a t e r i a l   h a v i n g  a h igh   a tomic   number .   This   e f fec t  
i s   i n t e n s i f i e d   w i t h   a n   e n e r g y   d e c r e a s e .  A comparison  of   the 
b u i l d u p   f a c t o r s   f o r   y - r a y s   h a v i n g   a n   e n e r g y   o f  0 .145  Mev and 
aluminum  and i r o n   ( s e e   F i g u r e   8 . 2 )  shows t h a t  a d i f f e r e n c e  of 
1 .5  - 2 times c a n   b e   a t t a i n e d .  The use  of  a l e a d   l a y e r ,   i n s t e a d  
of i r o n ,   i n  a combined s h i e l d i n g   m u s t   i n c r e a s e   t h e   d i f f e r e n c e  
i n   t h e   b u i l d u p   e f f e c t  t o  a n   e v e n   g r e a t e r   e x t e n t .  

However, t he   cons ide ra t ions   expres sed   above   on   t he   cons t ruc t ion  
of  a r a d i a t i o n   s h i e l d i n g   m u s t   b e   a p p l i e d   w i t h i n   c e r t a i n  l imi t s .  For  
a t h i c k n e s s   o f   t h e   e x t e r n a l   l a y e r   w h i c h  i s  less than   1 .0  g/cm’, t h e  
s m a l l   a d d i t i o n   o f  a m a t e r i a l   h a v i n g  a h igh   a tomic  number  can  lead 
t o   c o n s i d e r a b l e   e l e c t r o m a g n e t i c   r a d i a t i o n .  L e t  us now t u r n   t o  
fo rmula   (8 .17 )   and   e s t ima te   t he   pe rmis s ib l e  t i m e  t h a t  a cosmonaut 
may remain i n   t h e   o u t e r   z o n e .   F o r   t h i s   e s t i m a t e ,  i t  i s  n e c e s s a r y   t o  
d e f i n e   t h e   p e r m i s s i b l e   r a d i a t i o n   d o s e   f o r   f l i g h t s   i n   s p a c e .  L e t  us 
d e f i n e  25 r a d   a s   t h e   p e r m i s s i b l e   d o s e   a n d  l e t  us set t h e   s h i e l d i n g  
t h i c k n e s s   a t  d = 5 g/cm2; w e  then   have  
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Thus, a s h i e l d i n g   t h i c k n e s s   w h i c h  i s  p e r m i s s i b l e   i n   p r a c t i c e   c a n  
b e   s e l e c t e d   f o r   f l i g h t s   w i t h i n   t h e  l imits  o f   t h e   o u t e r   z o n e .  
However, l e t  us  t a k e   i n t o   a c c o u n t   o n l y   r a d i a t i o n  o f  t h e   o u t e r   z o n e ,  
and n o t   r a d i a t i o n   f r o m   s o l a r   f l a r e s  - whose s h i e l d i n g   r e q u i r e s  a 
s p e c i a l   e x a m i n a t i o n .   I n   a d d i t i o n ,  a pe rmis s ib l e   dose  of 25 r ad  
was  assumed i n   t h e   e s t i m a t e s   w h i c h  i s  n o t   c o m p l e t e l y   v a l i d ,   s i n c e  
d u r i n g  a s p a c e f l i g h t   s e v e r a l   o t h e r   h a r m f u l   f a c t o r s   i n f l u e n c e  man - 
whose  combined  influence on  a l i v i n g   o r g a n i s m   r e q u i r e s  a s p e c i a l  
s tudy . 
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CHAPTER 9 

NUCLEAR ENERGY SOURCES ON SPACE VEHICLES 

~- 9.1 .   Necsss i ty  of-and Pro-spec tz . . ford l ica t ion  o f   Nuc lea r  
E n e r g y   m r i n p ,   S p a c e f l i g h t s  

One of t h e   b a s i c   p r o b l e m s ,   w h i c h  i s  a l s o   t h e  most  complex,  1259 
i n   r o c k e t   t e c h n o l o g y  is the   p rob lem  o f   deve lop ing  a h i g h l y - e f f e c t i v e  
eng ine .  The f o l l o w i n g   t y p e s   o f   r o c k e t   e n g i n e s   c a n   b e   u s e d   f o r  
i n t e r p l a n e t a r y   f l i g h t :   e n g i n e s   w h i c h   u t i l i z e   c h e m i c a l   e n e r g y   o f  
l i q u i d  o r  s o l i d   f u e l s ;   e n g i n e s   w h i c h   u t i l i z e   t h e   r e c o m b i n a t i o n  
e n e r g y   o f   f r e e   r a d i c a l s ;   e n g i n e s   w h i c h   u t i l i z e   s o l a r   e n e r g y ;  
n u c l e a r   e n g i n e s   w i t h  a r e a c t o r   o f   s o l i d   o r   l i q u i d   n u c l e a r   f u e l ;  
n u c l e a r   e n g i n e s   w i t h  a r e a c t o r   o f  a g a s - l i k e   n u c l e a r   f u e l ;  e l ec t r i c  
j e t  ( i o n   a n d   p l a s m a )   e n g i n e s ;   e n g i n e s   u t i l i z i n g  a series o f   nuc lea r  
explosions;   thermonuclear   and  photon  engines .  

The   ma in ,   cha rac t e r i s t i c   pa rame te r s  of e n g i n e s   a r e   t h e   s p e c i f i c  
i m p u l s e ,   t h e   r a t i o  of  t h e   t h r u s t   t o   t h e   i n i t i a l   w e i g h t ,  and t h e  
s p e c i f i c   w e i g h t  o f  t h e  power u n i t   ( R e f .  1). By way of  an  example,  
l e t  us   examine  the  operat ion  of  a r o c k e t   e n g i n e   ( R E ) ,   t h e   l a y o u t   f o r  
which i s  shown i n   F i g u r e  9 . 1  (Ref.  1 - 3 ) .  

Under p r e s s u r e ,   t h e   w o r k i n g  medium i s  s u p p l i e d   t o   t h e   e n g i n e  
r e a c t o r ,   w h e r e  - a s  a r e s u l t  o f  h e a t i n g  - t h e   l i q u i d   w o r k i n g  medium 
i s  evapora ted .  The gas - l ike   work ing  medium,  which i s  h e a t e d  up t o  
a h igh   tempera ture ,   expands   in to   the   nozz le   cana l   f rom  the   p ressure  
a t   t h e   o u t p u t   o f   t h e   a c t i v e   z o n e   t o   t h e   p r e s s u r e   a t   t h e   n o z z l e  
o u t p u t ,  a n d   f l o w s   i n t o   t h e   s u r r o u n d i n g  medium a t  a l a r g e   v e l o c i t y .  
Due t o   t h i s ,   t h e   r e a c t i v e   f o r c e   ( t h r u s t   f o r c e )  of t h e   e n g i n e  i s  
formed. 

Examining a l l   o f   t h e   f o r c e s   w h i c h  act  upon t h e   s o l i d  wal ls  o f  
t h e   e n g i n e ,  w e  c a n   r e a d i l y   d e t e r m i n e   t h e   f o r c e   r e s u l t i n g   f r o m  
t h e s e   f o r c e s  - i .e. , t h e   t h r u s t   f o r c e .  It  c a n   b e   r e a d i l y  shown 
t h a t   t h e   f o l l o w i n g   e x p r e s s i o n   c a n   b e   o b t a i n e d  as a r e s u l t   f o r   t h e  
t h r u s t   f o r c e :  

F =  - 2  
&? i - f ( P - P , , ) ,  k i l .  f o r c e ,  

where G is t h e   f u e l   c o n s u m p t i o n ,   k g / s e c ;  g is t h e   a c c e l e r a t i o n   o f  
g r a v i t y ,   m / s e c 2 ;  v is t h e   v e l o c i t y  a t  which   the   gas   escapes   f rom 
t h e   n o z z l e ,  m/sec; f i s  t h e  area o f   t h e   n o z z l e   o u t f l o w   c r o s s - s e c t i o n ,  1260 
cm2; p i s  t h e   p r e s s u r e  a t  t h e   n o z z l e   o u t p u t ,  a t m ;  p~ i s  t h e   o u t s i d e  
p r e s s u r e ,  a t m .  
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For a p r e s s u r e  a t  t h e   n o z z l e   o u t p u t   w h i c h   e q u a l s   t h e   p r e s s u r e  
o f   t h e   s u r r o u n d i n g  medium, t h e   t h r u s t   f o r c e   e q u a l s  

However, t h i s   a b s o l u t e   m a g n i t u d e  o f  t h e   d e v e l o p e d   t h r u s t  
d o e s   n o t   c h a r a c t e r i z e   t h e   p e r f o r m a n c e   o f   t h e  R E .  A q u a l i t a t i v e  
i n d e x   f o r  RE o p e r a t i o n  i s  t h e   s p e c i f i c   t h r u s t   ( o r   s p e c i f i c   i m p u l s e ) ,  
i . e . ,  t h e   t h r u s t  p e r  u n i t   o f   f u e l  consumed 

a t  Output of  

Cooler  
Inpu t  

(working 
m e  d i um) 

J " - F 
S G  

ream o f  
r k i n g  
d i  um 

a t  Output of  
_ I  - .  . 

(9 - 3)  

ac t ive   zone  

F i g u r e   9 . 1  

Layout of a Rocket  Engine: 

1- Source of Thermal  Energy,  Reactor;  2- Nozzle;  
3- Nozzle   Output .  

It  f o l l o w s   f r o m   t h e   l a t t e r   e q u a t i o n   t h a t   t h e   g r e a t e r   t h e  
s p e c i f i c   t h r u s t ,   t h e  less the   consumpt ion  of f u e l   w h i c h  i s  necessa ry  
t o   o b t a i n  a g i v e n   t h r u s t .   T h e r e f o r e ,   a t t e m p t s   s h o u l d   b e  made t o  
o b t a i n   t h e   l a r g e s t   p o s s i b l e   s p e c i f i c   t h r u s t .   I n  a vacuum, t h e  
t h r u s t   a n d   s p e c i f i c   t h r u s t  are q u a n t i t i e s   w h i c h  are not   dependent   on 
t h e   p r e s s u r e  of t h e   s u r r o u n d i n g  medium - i . e .  , q u a n t i t i e s   w h i c h  
c h a r a c t e r i z e   o n l y   t h e   e n g i n e  - and are f r e q u e n t l y   u s e d   t o   a p p r a i s e  
a rocke t   eng ine .  

A r o c k e t   e n g i n e  is  a type  o f  f u e l   e n g i n e   a n d ,   c o n s e q u e n t l y ,  
i t s  o p e r a t i o n  i s  connec ted   wi th  a change i n   p r e s s u r e ,   t e m p e r a t u r e ,  
and   ve loc i ty   o f   mo t ion   fo r   gases .  By examining  the  thermodynamic 
c y c l e  of t h e   e n g i n e ,   o n e   c a n   o b t a i n   t h e   f o l l o w i n g   r e l a t i o n s h i p  
b e t w e e n   t h e   c y c l e   o p e r a t i o n   a n d   t h e   s p e c i f i c   t h r u s t   ( f o r  a cal- 
cu la t ed   r eg ime   o f   eng ine   Opera t ion   i n  a vacuum, i . e . ,  when PH = 0) 
(Ref.  4 ) :  
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C 
where K = _E is  t h e   a d i a b a t i c   i n d e x ;  C i s  t h e   s p e c i f i c   h e a t ,  

which is t h e  mean i n t e g r a l   h e a t   w i t h   r e s p e c t   t o   t e m p e r a t u r e ,  
a t  a c o n s t a n t   p r e s s u r e   i n  the t e m p e r a t u r e   i n t e r v a l   f r o m  T2 t o  
T ;  Cv i s  t h e   s p e c i f i c   h e a t  a t  a constant   volume;  T2 is t h e  maximum 
g a s   t e m p e r a t u r e   a t   t h e   o u t p u t   o f   t h e   a c t i v e   z o n e ;  p 2  is  t h e   p r e s s u r e  
b e f o r e   t h e   n o z z l e   i n p u t ;  p i s  t h e   p r e s s u r e  a t  t h e   n o z z l e   o u t p u t ;  
R i s  t h e   g a s   c o n s t a n t ;  v2 i s  t h e   v e l o c i t y   o f   t h e   w o r k i n g  medium 
a t  t h e   o u t p u t   o f   t h e   a c t i v e   z o n e ;  M i s  t h e   m o l e c u l a r   w e i g h t   o f   t h e  
working medium. 

CV P 
1261 

I t  thus  fol lows  f rom  formula ( 9 . 4 )  t h a t   t h e   w o r k i n g  medium 
wi th  a low molecular   weight  w i l l  p rov ide  a l a r g e   s p e c i f i c   t h r u s t  
f o r  a given maximum tempera tu re .   Th i s   me thod   o f   u t i l i z ing   t he  
ene rgy   f rom  nuc lea r   r eac t ions   opens  up v e r y   g r e a t   p o s s i b i l i t i e s  
i n   t h e   s e l e c t i o n   o f   t h e   e n e r g y   c a r r i e r   i n   t h e   e n g i n e .  A s u b s t a n c e  
w i t h   t h e   s m a l l e s t   p o s s i b l e   m o l e c u l a r   w e i g h t   c a n   b e   s e l e c t e d  as t h e  
working medium w h i c h   r e c e i v e s   t h e   e n e r g y   f r o m   t h e   n u c l e a r   r e a c t i o n s  
and a p p l i e s  i t  i n   t h e  f o r m   o f   h e a t .   D a t a   o n   t h e   s p e c i f i c   t h r u s t ,  
which  can b e  ob ta ined  when a tomic   energy  is u t i l i z e d ,  show t h a t   t h e  
t h r u s t  - which i s  l a r g e r   t h a n   f o r   n o r m a l   f u e l s  - can   be   ach ieved  
o n l y   a t  a h i g h   t e m p e r a t u r e   i n   t h e   c h a m b e r ,   o r  by u t i l i z i n g   h y d r o g e n  
a s   t h e   w o r k i n g  medium f o r   t h e   e n g i n e .  

A p a r t   f r o m   t h e   b a s i c   c h a r a c t e r i s t i c   p a r a m e t e r s   o f   t h e  RE which 
were d i s c u s s e d   a b o v e ,   t h e r e   a r e   s e v e r a l   q u a l i t a t i v e   a n d   q u a n t i t a t i v e  
cha rac t e r i s t i c s   wh ich   de t e rmine   t he   pe r fo rmance   o f   t he   eng ine ,   bu t  
very  few  of   them  can   be   ana lyzed   wi th   the   necessary   degree   o f  relia- 
b i l i t y  a t  t h e   p r e s e n t  t i m e .  Such c h a r a c t e r i s t i c s   i n c l u d e   t h e   r e s o u r c e  
( o p e r a t i o n a l  time o f   t h e   e n g i n e   w i t h o u t   r e p a i r ) ;   t h e   v u l n e r a b i l i t y  
w i t h   r e s p e c t   t o   d i f f e r e n t   i n f l u e n c e s   i n  a sur rounding   cosmic   space  - 
f o r   e x a m p l e ,   m e t e o r i t e s ;   t h e   e f f i c i e n c y   o f   t h e  elements compr is ing  
t h e   e n g i n e ,   o r   t h e   e x t e n t   t o   w h i c h   t h e   g i v e n   p r i n c i p l e   f o r   c r e a t i n g  
t h r u s t   c a n   b e   a c t u a l l y   r e a l i z e d  a t  t h e   p r e s e n t  level  o f   o u r   s c i e n -  
t i f i c  and   technica l   knowledge .  

T a b l e   9 . 1   p r e s e n t s   s e v e r a l   p a r a m e t e r s   o f   d i f f e r e n t   t y p e s   o f  
rocke t   eng ines .  The c o m p a r a t i v e   c h a r a c t e r i s t i c s   o f   t h e   e n g i n e s  
are a l s o   g i v e n   i n   F i g u r e   9 . 2   ( R e f .  5 ,  Ref.  6 ) .  
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TABLE 9 . 1  

PARAMETERS  OF  DIFFERENT ROCKET ENGINES 

Engine S p e c i f i c  
Impulse 
( S p e c i f i c  
T h r u s t )  

R a t i o   o f   L i f e t i m e  
Thrus t  

t o  Weight 

Opera t ing  on  chemical 
f u e l  ................... 200 - 430 0 .01  - 200 Seve ra l   minu te s .  

Nuclear  ................ 500 - 1100  0.01 - 10 From s e v e r a l  

When the   deve lopment   o f   rocke t   t echnology w a s  i n  i t s  i n i t i a l  1262 
s t a g e s ,   t h e   p r o b l e m   o f   c r e a t i n g  a h i g h l y - e f f e c t i v e   e n g i n e   t e n d e d   t o  
b e   s o l v e d  by u t i l i z i n g   c h e m i c a l   f u e l   e n e r g y .  It i s  p o s s i b l e   t o  
l e a v e   t h e   g r a v i t a t i o n a l   f i e l d   o f   t h e   e a r t h ,   w h i c h  i s  n e c e s s a r y   f o r  
s p a c e f l i g h t ,   o n l y  by u t i l i z i n g   c h e m i c a l   r o c k e t   e n g i n e s   w i t h  m u l t i -  
s t a g e   r o c k e t s   d u e   t o   t h e   i n a d e q u a t e   s p e c i f i c   i m p u l s e .  

I n   s p i t e   o f   t h e   t r e m e n d o u s   s u c c e s s e s   w h i c h   h a v e   b e e n   a c h i e v e d  
r e c e n t l y   i n   t h e   d e v e l o p m e n t   o f   c h e m i c a l   e n g i n e s   ( b o t h   l i q u i d   r o c k e t  
e n g i n e s ,   a n d   s o l i d   f u e l   r o c k e t   e n g i n e s ) ,   t h e y   h a v e   s e v e r a l   d i s a d v a n -  
tages   which restrict t h e i r   a p p l i c a t i o n   f o r   i n t e r p l a n e t a r y   f l i g h t .  
A b a s i c   d i s a d v a n t a g e  i s  t h e   l i m i t e d   s p e c i f i c   i m p u l s e ,   w h i c h  - 
a l though i t  i n c r e a s e s   f r o m   y e a r   t o   y e a r  - does   no t   exceed  a l i m i t i n g  
v a l u e  of approximate ly  450 k g - s e c / k g   ( l i q u i d   h y d r o g e n   w i t h   l i q u i d  
f l u o r i n e ,   e t c . ) .  Wi th   respec t  t o  t h e  l i m i t e d  s p e c i f i c   i m p u l s e ,   i f  
even a s m a l l   e f f e c t i v e   l o a d  i s  p laced  on a r o c k e t   f o r   a n   i n t e r p l a n e t a r y  
f l i g h t ,  i t  l e a d s   t o   a n  enormous i n i t i a l   w e i g h t  a n d   c o l o s s a l   r o c k e t  
d i m e n s i o n s .   B e s i d e s   t e c h n i c a l   d i f f i c u l t i e s ,   t h i s   e n t a i l s  an  enormous 
c o s t   f o r   b u i l d i n g   s u c h  a r o c k e t .  

The s p e c i f i c   t h r u s t   o f   c h e m i c a l   e n g i n e s   c a n   b e   i n c r e a s e d   i n  
two ways :   by   increas ing   the   p ressure   in   the   combust ion   chamber  
and  by i n v e s t i g a t i n g  new,   h igh-energy   fue ls .  The p r e s s u r e   i n c r e a s e  
i n   t h e   c o m b u s t i o n   c h a m b e r   e n t a i l s   a d d i t i o n a l   d i f f i c u l t i e s   i n   t h e  
f u e l   s u p p l y   s y s t e m   a n d   a l s o   c a u s e s   v a r i o u s   o t h e r   c o n s t r u c t i o n   d i f f i -  
c u l t i e s .  

S o l i d   f u e l   r o c k e t   e n g i n e s   h a v e   s e v e r a l   a d v a n t a g e s   o v e r   l i q u i d  
f u e l s ,   i n  terms o f   s i m p l i c i t y ,   g r e a t e r   r e l i a b i l i t y ,   a n d  small 
s p e c i f i c   w e i g h t .  
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Thrus t IL i f t -o f f   Impu l se ,  
w e i g h t   k s - s e c l k g  

F igu re   9 .2  

Approximate   Compara t ive   Charac te r i s t ics  of E n g i n e s   f o r   I n t e r -  
p l a n e t a r y   F l i g h t :  

1- Modem l iqu id   and   powder   rocke t   engines ;  2- Best P o s s i b l e  
Chemical  Engine; 3- Customary  Nuclear  Rocket  Engine; 4- Com- 
b ina t ion   o f   Nuc lea r  a n d  Chemical  Engine; 5- S o l a r  Power 
Device;  6- Engine  of   Free  Radicals ;  7- Nuclear   Engine   wi th  
Gaseous  Fuel  Unit;  8- Ion  Engine;  9- Thermonuclear;  10-  Photon. 

However, i n  v i e w   o f   t h e   l i m i t e d   s p e c i f i c   i m p u l s e ,   b o t h   s o l i d   1 2 6 3  
f u e l   r o c k e t   e n g i n e s   a n d   l i q u i d   r o c k e t   e n g i n e s   b a r e l y  meet t h e  demands 
imposed on  an engine  which  can make a n   i n t e r p l a n e t a r y   f l i g h t .   T h e r e -  
fo re ,   t hey   can   be   r ega rded   on ly  as temporary   rep lacements   for   such   an  
e n g i n e   d u r i n g   t h e   f i r s t   s t a g e s   o f   i n t e r p l a n e t a r y   f l i g h t ,   o r  as s t a r t i n g  
e n g i n e s   f o r   t h e   f i r s t   r o c k e t   s t a g e s   f o r   t h e   l i f t - o f f   o f   a n   i n t e r p l a n e t a r y  
r o c k e t   a n d   e x i t   f r o m   t h e   g r a v i t a t i o n a l   f i e l d   o f   t h e   e a r t h .  

I n   o r d e r   t o  overcome t h e   b a r r i e r   o f   t h e   s p e c i f i c   i m p u l s e ,   w h i c h  i s  
imposed  by a chemica l   rocke t   eng ine ,  i t  is  n e c e s s a r y   t o   u s e   p r i m a r i l y  
new t y p e s   o f   e n g i n e s .   T h u s ,   t h e   u t i l i z a t i o n  of energy  which i s  l i b e r a t e d  
d u r i n g   t h e   r e c o m b i n a t i o n   o f   m e t a s t a b l e   f r e e   r a d i c a l s  makes a s i g n i f i c a n t  
c o n t r i b u t i o n   t o   t h e   s p e c i f i c   i m p u l s e .   F o r   e x a m p l e ,   a n   e n g i n e   w h i c h  
u t i l i z e s   e n e r g y   l i b e r a t e d   d u r i n g   t h e   r e c o m b i n a t i o n   o f   a t o m i c   h y d r o g e n  
p r o v i d e s  a s p e c i f i c   i m p u l s e  up t o   1 5 0 0   k g - s e c l k g .  The problem  which i s  
e n c o u n t e r e d   h e r e   c o n s i s t s   o f   o b t a i n i n g   a n d   s t o r i n g  on b o a r d   t h e   r o c k e t  
" f r o z e n 1 '   a c t i v e   m e t a s t a b l e   r a d i c a l s .  

However, t h e   l i m i t a t i o n  of chemica l   ene rgy   sou rces   mus t   be   c l ea r ly  
po in t ed   ou t ,   wh ich  makes r o c k e t s   b a s e d   o n   c h e m i c a l   f u e l   u n s u i t a b l e   f o r  
l o n g   s p a c e f l i g h t s .   A c t u a l l y ,  the ene rgy   capac i ty   o f   accumula to r s   equa l s  
1 . 3  s q . m . - h o u r   p e r  1 kg. The ene rgy   capac i ty  of no rma l   e l ec t rochemica l  
b a t t e r i e s   ( f o r   e x a m p l e ,  silver o x i d e  - z inc)   equa ls   0 .22   sq .m. .hour   per  
1 kg. When t h e   c h e m i c a l   o x i d a t i o n   r e a c t i o n  is  u s e d ,   t h e   e n e r g y   c a p a c i t y  
o f  1 k g   f u e l  i s  2.6  sq.m..hour. It  is p o s s i b l e   t o   o b t a i n   a p p r o x i m a t e l y  
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4 .105   sq .m. .hour   f rom  the   d i s in t eg ra t ion   o f  1 k g   r a d i o a c t i v e   i s o t o p e .  
2.10 sq.m.*hour   of   thermal   energy is  l i b e r a t e d   f r o m   t h e   f i s s i o n   o f  1 kg 
uranium.   The   grea tes t   advances   in   the   deve lopment  of a r o c k e t   e n g i n e  
f o r   i n t e r p l a n e t a r y   f l i g h t   c a n   b e   e x p e c t e d   f r o m   t h e   u s e   o f   n u c l e a r   e n e r g y  
i n   t h e   e n g i n e .  

7 

N u c l e a r   e n e r g y   s o u r c e s   c a n   b e   c o n d i t i o n a l l y   d i v i d e d   i n t o   t h r e e  
t y p e s ,   w i t h   r e s p e c t   t o   t h e i r   m e t h o d s   o f   a p p l i c a t i o n :  

1 )   Nuc lea r   rocke t   eng ines  (NRE) w i t h   t h e   w o r k i n g  medium b e i n g  
d i r e c t l y   h e a t e d   i n   t h e   a c t i v e   z o n e ,   w h i c h  are based  on  the 
t h e r m a l - e x c h a n g e   p r i n c i p l e .   I n   s u c h   e n g i n e s ,  a n u c l e a r  
r e a c t o r  is d i r e c t l y  employed f o r   h e a t i n g   t h e   g a s e s   f l o w i n g  
ou t   o f   t he   rocke t   eng ine   nozz le s   (Re f .  6 ,  Ref.  7 ) ;  

2 )  N u c l e a r - e l e c t r i c   r o c k e t   e n g i n e s  (NERE). I n   s u c h   e n g i n e s ,   t h e  
e n e r g y   f r o m   f i s s i o n ,   f u s i o n ,   o r   d i s i n t e g r a t i o n   o f   t h e   n u c l e i  
i s  converted  by a c e r t a i n  method i n t o  e l ec t r i c  energy,   which 
is u t i l i z e d   f o r   i o n i z a t i o n ,   h e a t i n g ,   a n d   a c c e l e r a t i o n   o f   t h e  
working  medium; 

3) Nuc lea r   eng ines   wh ich   u t i l i ze  a series o f   nuc lea r   exp los ions  
f o r   c r e a t i n g   t h r u s t  . 

The f a c t   t h a t   s u c h  a c l a s s i f i c a t i o n  is c o n d i t i o n a l  i s  a p p a r e n t   i n  
t h e   f a c t   t h a t   t h e r e  may be   eng ine   sys t ems   wh ich   combine   t he   d i f f e ren t  
t ypes   o f   eng ines   g iven   above .   In   eng ines   w i th   r eac to r s ,   ope ra t ing  on 
s o l i d  and   gaseous   nuc lea r   fue l ,   nuc lea r   ene rgy  i s  u s e d   f o r   h e a t i n g   t h e  1264 
working medium which i s  s t o r e d  on t h e   r o c k e t .  The  working medium 
t h e n   e x p a n d s   i n t o   t h e   n o r m a l   r o c k e t   n o z z l e ,   a n d   f l o w s   i n t o   s p a c e .   I f  
t h e   f a c t  is  t a k e n   i n t o   a c c o u n t   t h a t   t h e   s p e c i f i c   i m p u l s e  is  propor-  
t i o n a l   t o   t h e   s q u a r e   r o o t  of t h e   r a t i o   o f   t h e   t e m p e r a t u r e   i n   t h e  
chamber t o   t h e   m o l e c u l a r   w e i g h t   o f   t h e  e m i t t e d  gases   [ s ee   fo rmula  
( 9 . 4 ) ] ,  i t  i s  p o s s i b l e   t o   o b t a i n  a d o u b l e d   s p e c i f i c   i m p u l s e   i n  a 
n u c l e a r   r o c k e t   e n g i n e  - i f   h y d r o g e n  i s  used   a s   t he   work ing  medium 
(s ince   the   molecular   weight   o f   hydrogen  i s  2 ,  and   t he   l owes t   mo lecu la r  
weight  of t h e   g a s e s   e m i t t e d   f r o m   t h e   c h e m i c a l   e n g i n e  is  about  9 ) .  The 
r e a c t o r   o p e r a t e s   w i t h   s o l i d   n u c l e a r   f u e l   a t  a t empera tu re   o f   t he  
working  medium,  which i s  e q u i v a l e n t   t o   t h e   t e m p e r a t u r e   i n   t h e  chamber 
o f   t h e   l i q u i d   c h e m i c a l   e n g i n e .  

Methods f o r   I n c r e a s i n g   S p e c i f i c   I m p u l s e  

When a l i q u i d   o r   g a s e o u s   n u c l e a r   f u e l  i s  used ,  i t  i s  p o s s i b l e   t o  
u t i l i z e   t h e   e n e r g y   f r o m   n u c l e a r   r e a c t i o n s   m o r e   c o m p l e t e l y ,   b y   b r i n g i n g  
t h e   t e m p e r a t u r e   i n   t h e  chamber  up t o  25 000 - 30 000' C .  I f   h y d r o g e n  
i s  used   a s   t he   work ing  medium, which   breaks  down comple te ly  a t  t h e s e  
t empera tu res ,  i t  i s  p o s s i b l e   t o   o b t a i n  a s p e c i f i c   i m p u l s e  on t h e   o r d e r  
of 3000 kg- sec /kg .   However ,   t he   d i f f i cu l t i e s   wh ich  are  encountered  
w i t h  a r e a c t o r   o p e r a t i n g   w i t h  a g a s e o u s   n u c l e a r   f u e l  - w i t h   c o o l i n g  
of   the  chamber ,   nozzle ,  e t c .  - are s o  g r e a t   t h a t   t h e y   c a n n o t   b e  
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overcome a t  t h e   p r e s e n t  t i m e .  

One method f o r   s i g n i f i c a n t l y   i n c r e a s i n g   t h e   s p e c i f i c   i m p u l s e  
could  be a t e m p e r a t u r e   i n c r e a s e  of t h e   g a s  stream l e a v i n g   t h e  
r e a c t o r ,   b e f o r e  i t  e x p a n d s   i n t o   t h e   n o z z l e ,   w i t h   t h e   a i d   o f   a n  
e l e c t r i c   a r c   s u p p l i e d  by a cu r ren t   wh ich  i s  genera ted   by  
u t i l i z i n g   t h e   r e a c t o r   t h e r m a l   e n e r g y .   B u t   n u c l e a r   e n g i n e s   o f f e r  
t he   mos t   comprehens ive   u t i l i za t ion   o f   ene rgy   f rom  nuc lea r   r eac t ions  
f o r  j e t  mot ion .   In   t hese   eng ines ,  a stream of p r o d u c t s   r e s u l t i n g  
f r o m   n u c l e a r   r e a c t i o n s   ( w h i c h   a r e   e i t h e r   n u c l e a r   f i s s i o n   f r a g m e n t s  
o r   p r o d u c t s   o f   t h e r m o n u c l e a r   f u s i o n )   o c c u r r i n g   i n   t h e   n u c l e a r  
r eac to r   compr i se   t he   gas  j e t  stream; t h i s  stream o f   n u c l e a r  reac- 
t i o n   p r o d u c t s   c a n   b e   d i r e c t e d ,   f o r   e x a m p l e ,   b y   u t i l i z i n g   m a g n e t i c  
f i e   I d s .  

The ex t remely   h igh   tempera ture   which   deve lops   dur ing   nuc lear  
reac t ions ,   which   amounts   to   about  a b i l l i o n   d e g r e e s   p a r t i c u l a r l y  
f o r   t h e r m o n u c l e a r   r e a c t i o n s ,  makes i t  p o s s i b l e   t o   o b t a i n  a 
s p e c i f i c  i m p u l s e  of 1,000,000 k g - s e c / k g   i n   s u c h   a n   e n g i n e .  The 
e x i s t e n c e  o f  such   an   eng ine   i n   t he   nea r   fu tu re  i s  n o t   p o s s i b i e ,  
i f  on ly   due   t o   t he   unso lved   p rob lem  o f   t he   d i r ec t iona l i t y   o f  
p a r t i c l e s  - p r o d u c t s   r e s u l t i n g   f r o m   n u c l e a r   r e a c t i o n s ,   n o t   m e n t i o n i n g  
o ther   p roblems.  

V e r y  h i g h   v e l o c i t i e s   f o r  a d i r e c t i o n a l  stream o f  par t ic les ,  
and   consequent ly   very   h igh   spec i f ic   impulses ,   can   be   ach ieved   in  a 
r e l a t i v e l y  more simple  manner i n   a n   i o n   e n g i n e ,   w h e r e   t h e   i o n s  
and e l e c t r o n s  - w h i c h   a r e   o b t a i n e d   a s   t h e   r e s u l t   o f   i o n i z a t i o n   o f  
the  working medium i n   t h e   r e a c t o r  - a r e   a c c e l e r a t e d  by t h e   e l e c t r o -  1265 
m a g n e t i c   f i e l d  up to   eno rmous   ve loc i t i e s   and   e scape   i n to   space .  

For a p r a c t i c a b l e   i o n   e n g i n e   w i t h  a h i g h   s p e c i f i c   i m p u l s e  
on t h e   o r d e r  of  1 0 0 , 0 0 0   k g - s e c l k g ,   t h e   t o t a l   t h r u s t   w h i c h  i s  
developed by the   eng ine  i s  q u i t e  small - on t h e   o r d e r   o f   s e v e r a l  
k i log rams .  The r a t i o   o f   t h r u s t   t o   r o c k e t   w e i g h t  i s  c o n s i d e r a b l y  
l e s s   t han   un i ty ,   and   t he re fo re   t he   a scen t   and   e scape  of t h e   i n t e r -  
p l a n e t a r y   r o c k e t   f r o m   t h e   g r a v i t a t i o n a l   f i e l d   o f   t h e   e a r t h   m u s t   b e  
performed by a u x i l i a r y   e n g i n e s ,   w h i c h   c r e a t e   t h e   n e c e s s a r y   t h r u s t  
H o w e v e r ,   o u t s i d e   o f   t h e   g r a v i t a t i o n a l   f i e l d ,   a n d  i n  the   absence  of 
r e s f s t a n c e ,   t h e   t h r u s t   c r e a t e d  by t h e   i o n   e n g i n e  i s  s u f f i c i e n t   f o r  
t h e   a c c e l e r a t i o n   o f   t h e   i n t e r p l a n e t a r y   r o c k e t  up t o  t h e   r e q u i r e d  
ve l o c i   t y  . 

Thus,   an  ion  engine  can  be  regarded as one   of   the   mos t   p robable  
e n g i n e s   f o r   i n t e r p l a n e t a r y   f l i g h t  i n  t h e  near fu tu re .   The re  are 
a l s o   p o s s i b i l i t i e s   f o r   p l a s m a   e n g i n e s .  

F i n a l l y ,   t h e   p h o t o n   e n g i n e  w i l l  r e p r e s e n t   t h e  limits o f   p rog res s  
i n  jst m o t i o n .   I f  i t  were p o s s i b l e   t o   d i r e c t  a photon stream 
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h a v i n g   u l t r a h i g h   e n e r g y   i n   o n e   d i r e c t i o n ,  a l i m i t i n g   s p e c i f i c  
impu l se   on   t he   o rde r   o f   108   kg - sec lkg   wou ld   be   ob ta ined .  The r a t i o  
o f   t h r u s t   t o   r o c k e t   w e i g h t  w i l l  thus   be  extremely  low.  The c r e a t i o n  
of a p h o t o n   e n g i n e   b e l o n g s   i n   t h e   d i s t a n t   f u t u r e .  

9 . 2 .  Nuclear  Rocket  Engines  Based on the  Thermal  Exchange 
P r i n c i p l e   ( R e f .  6 - 22) 

I n t r o d u c t i o n  

S ince  a c o n t r o l l e d   f i s s i o n   r e a c t i o n  was f i r s t   c a r r i e d   o u t ,  
many p ro jec t s   have   been   p l anned   (Ref .  8 ,  9 a n d   o t h e r s )   f o r   u t i l i z i n g  
n u c l e a r   e n e r g y   t o   o b t a i n  j e t  t h r u s t .   R o c k e t   e n g i n e s   w i t h  a thermal- 
exchange   type   o f   nuc lear   reac tor   have   been   examined   in   o ther   works  
i n   s u f f i c i e n t   d e t a i l   ( R e f .  6 ,  1 0 ) .   I n   t h e s e   w o r k s ,   t h e   p r o b l e m s  
of such   engines  were d i s c u s s e d ,   i n c l u d i n g   a n   a n a l y s i s  of  t h e  con- 
s t r u c t i o n ,   a s p e c t s   o f   h e a t   t r a n s f e r ,   g a s  - and  hydrodynamic , thermo- 
dynamic, b a l l i s t i c   f l i g h t ,   p h y s i c s   o f   r e a c t o r s  and s h i e l d i n g   f r o m  
r a d i a t i o n ,   a n d   t h e   r e s u l t s   d e r i v e d   f r o m   c a r e f u l   m a t h e m a t i c a l   a n a l y s i s  
were p resen ted ,   a long   w i th  a j u s t i f i c a t i o n   f o r   t h e   p h y s i c a l   b a s e s  of 
t h e s e   r e s u l t s .  

In p r i n c i p l e ,   t h r e e   a r r a n g e m e n t s   o f   n u c l e a r   r e a c t o r s  w i l l  b e  
examined, i n  w h i c h   t h e   f i s s i o n a b l e   m a t e r i a l   c a n   b e   i n  a s o l i d ,   l i q u i d  
o r   g a s   s t a t e   ( R e f .   1 1 ) .  The s i m p l e s t   n u c l e a r   r e a c t o r   h a s  a s o l i d  
f i s s i o n a b l e   m a t e r i a l .  The geometry  for   thermal-   exchange,   rocket  
n u c l e a r   r e a c t o r s   c a n   b e   d i f f e r e n t .   N e v e r t h e l e s s ,   a l l   r e a c t o r s   c a n  
b e   d i v i d e d   i n t o  two b a s i c   c a t e g o r i e s ,  on t h e   b a s i s   o f   t h e   s t r u c t u r e  
o f   t he   ac t ive   zone :  homogeneous  and he te rogeneous .  

Homogeneous Reac tors  

The ac t ive   zone   of  a thermal-exchange  type  of  homogeneous I 2 6 6  
r e a c t o r s  i s  n o t   s t r i c t l y  homogeneous,  but i t  can  be  assumed t o   b e  
i f   t h e   d i m e n s i o n s   o f   t h e   s t r u c t u r a l   c o n n e c t i o n s   a r e   s m a l l   a s  com- 
p a r e d   w i t h   t h e   n e u t r o n   s c a t t e r i n g   l e n g t h   i n   t h e   a c t i v e   z o n e .   I n  
cons t ruc t ions   o f   thermal -exchange   rocke t   reac tors   having  a complex 
s t r u c t u r e ,   t h i s   c o n d i t i o n  i s  u s u a l l y   s a t i s f i e d .  

F o r   t h e   m o s t   o p t i m u m   c h a r a c t e r i s t i c s   ( f o r  minimum volume)  of 
hea t   exchange r s  , i n   t h e   o p e r a t i o n   o f   w h i c h   t e m p e r a t u r e   i s  a 
l i m i t i n g   f a c t o r ,  i t  i s  n e c e s s a r y   t h a t   t h e   h e a t   r e l e a s e   p e r   u n i t   o f  
time b e  maximum a t  a c e r t a i n   p o i n t   c l o s e   t o   t h e   i n p u t   s e c t i o n  
o f   t h e   c o o l a n t  stream, a n d   t h a t  i t  dec rease   mono ton ica l ly   a long  i t  
f rom  the   g iven   po in t .  
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Figure   9 .3  

R a d i a l   D i s t r i b u t i o n   o f  a Neut ron   S t ream  in   the  Homogeneous 
Act ive  Zone i n   t h e   P r e s e n c e   o f  a Thin  (a)   and  Thick  (b)  
R e f l e c t o r :  

1- Active  Zone; 2- R e f l e c t o r .  

The f i s s i o n   r a t e   d i s t r i b u t i o n   c a n   a p p r o x i m a t e   t h e   d i s t r i b u t i o n  
co r re spond ing   t o  maximum e f f i c i e n c y   o f   t h e   a p p a r a t u s ,   b y   v a r y i n g  
t h e   l o c a l   f u e l   c o n c e n t r a t i o n ,   o r  by s e l e c t i n g   t h e   a p p r o p r i a t e  
r e a c t o r   g e o m e t r y .   I n  terms o f   p r o v i s i o n a l   t e c h n o l o g y   f o r   p r o d u c i n g  
f u e l  e l emen t s ,  i t  i s  d e s i r a b l e   t o   h a v e   u n i f o r m   l o a d i n g   o f   t h e  
r e a c t o r  by a n u c l e a r   f u e l ,   a n d   t o   f o r m   t h e   f i s s i o n   i n t e n s i t y   d i s t r i -  
b u t i o n  by  v a r y i n g   t h e   n e u t r o n   s t r e a m   d i s t r i b u t i o n .  I n  each  homogeneous 
a c t i v e  zone wi thou t  a r e f l e c t o r ,   o r   w i t h  a f i n e   r e f l e c t o r   l a y e r ,   t h e  
neut ron   s t ream  drops  down t o w a r d   t h e   p e r i p h e r y ;   t h e r e f o r e ,   i n   s u c h  
r e a c t o r s  i t  i s  b e s t  t o  d i r e c t  the   coo lan t   a long   t he   r ad ius   t oward  
t h e   p e r i p h e r y .   U n f o r t u n a t e l y ,   s u c h  a d i r e c t i o n   f o r   t h e   c o o l a n t  i s  
n o t   a l w a y s   t h e   m o s t   d e s i r a b l e   f o r  several r e a s o n s .  

I n  a r e a c t o r   w i t h o u t  a c o o l a n t ,   i n   w h i c h   t h e   a c t i v e   z o n e   h a s  
good d e c e l e r a t i n g   p o w e r ,   t h e   n e u t r o n  stream a n d   t h e   f i s s i o n  rate 
decrease  toward i t s  p e r i p h e r y ;   i n  a r e a c t o r   w i t h  a t h i c k   r e f l e c t o r  
a n d   a n   a c t i v e   z o n e   w i t h   p o o r   d e c e l e r a t i n g   p o w e r ,   t h e   f i s s i o n  ra te  
i s  maximum a t   t h e   p e r i p h e r y   o f   t h e   a c t i v e   z o n e .  By s u p p l y i n g   t h e  
homogeneous a c t i v e   z o n e   w i t h   a n   o u t e r   r e f l e c t o r  made of a s u i t a b l e  
ma te r i a l   hav ing   t he   appropr i a t e   fo rm  and   t h i ckness ,   one   can  
approx ima te ly   ob ta in  a u n i f o r m ,   r a d i a l   d i s t r i b u t i o n   o f   t h e   n e u t r o n  
stream, w h i c h   r e p r e s e n t s   a n   a v e r a g e   d i s t r i b u t i o n   b e t w e e n   t h e   d i s t r i -  I 2 6 7  
b u t i o n s   i n   t h e  two  extreme cases g iven   above   (F igure   9 .3) .   Usual ly ,  
t h e   r e q u i r e d   r e f l e c t o r   w e i g h t  i s  t o o   l a r g e   t o   p r o d u c e  good eng ine  
per formance   wi th  a n u c l e a r   r e a c t o r .   T h e r e f o r e ,  a compromise  must 
b e  made b e t w e e n   v a r y i n g   t h e   f u e l   l o a d i n g   a n d   t h e   u s e   o f   r e f l e c t o r s .  
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Heterogeneous  Xeactors  

I n   r e a c t o r s   w i t h  a he te rogeneous   ac t ive   zone ,   a t t en t ion   mus t  
b e   p a i d   t o   t h e   n o n u n i f o r m   d i s t r i b u t i o n   o f   t h e   n e u t r o n   s t r e a m   w i t h i n  
t h e  l imits  o f   e a c h   i n d i v i d u a l   s e c t i o n  and   th roughout   the   ac t ive  
zone of  t h e   r e a c t o r   a s  a whole. 

The i d e a s   p r e s e n t e d  on t h e  homogeneous a c t i v e  zone a r e   v a l i d  
f o r   t h e   n e u t r o n   s t r e a m   d i s t r i b u t i o n   i n   t h e   a c t i v e   z o n e   a s  a whole,  
namely: i t  i s  p o s s i b l e   t o  s m o o t h   o u t   t h e   d i s t r i b u t i o n   c u r v e   f o r   t h e  
t o t a l   f i s s i o n   r a t e   s o l e l y  by u s i n g   t h e   a p p r o p r i a t e   o u t e r   r e f l e c t o r  
o r  by va ry ing   t he   fue l   l oad ing   f rom  one   s ec t ion   t o   ano the r ,   o r  by 
combining  both  methods  to  a c e r t a i n   e x t e n t .  The f i s s i o n   r a t e  d i s t r i -  
b u t i o n   w i t h i n   t h e  l imits  of  e a c h   i n d i v i d u a l   f u e l   u n i t   i n   t h e   m o d e r a t o r  
i s  determined  by t h e  same p h y s i c a l   c o n s i d e r a t i o n s .  Each f u e l   u n i t  
i s  i n  a c e r t a i n   s e n s e  a sys t em  ( r educed   s ca l e )   w i th  a s e l f - s u s t a i n i n g  
f i s s i o n   r e a c t i o n   i n   t h e   e n d l e s s   r e f l e c t o r - m o d e r a t o r   l o c a t e d   i n  a 
un i form  neut ron   s t ream.  The d e c e l e r a t i o n   o f   t h e   n e u t r o n s   i s   c a u s e d  
a l m o s t   e n t i r e l y   h e r e  by t h e   p r o p e r t i e s   o f   t h e   m o d e r a t i n g   m a t e r i a l  
i n   t h e   a c t i v e   z o n e .  The s t r eam  and   f i s s ion   r a t e   a lways   have  a maximum 
a t   t h e   o u t e r   b o u n d a r y   o f   t h e   f u e l   u n i t ,   a n d  i t  i s  p a r t i c u l a r l y  
e f f i c i e n t   t o   u s e  a r a d i a l   c o o l a n t   s t r e a m   i n   s u c h  a r eac to r ,   t oward  
t h e   c e n t e r   o f   e a c h   f u e l   u n i t .   I n   o r d e r   t o   p r o v i d e   t h e   a p p r o p r i a t e  
t h e r m a l   e x c h a n g e   e f f i c i e n c y   w i t h   a n   a x i a l   c o o l a n t   s t r e a m   ( a l o n g  
t h e   f u e l   u n i t )  i t  i s  n e c e s s a r y   t h a t   t h e   c o n c e n t r a t i o n  of t h e   f u e l  
change   a long   t he   r ad ius   w i th in   t he  l imits  o f   t h e   u n i t .  The f i s s i o n  
r a t e   d i s t r i b u t i o n   c u r v e s   i n   t h e   a c t i v e   z o n e  o f  a h e t e r o g e n e o u s   r e a c t o r  
a r e  shown i n   F i g u r e  9 . 4  f o r  two ext reme  cases .  It  i s  much more 
complex t o   c a l c u l a t e   t h e   s t a t i o n a r y   n e u t r o n   d i s t r i b u t i o n   f o r   r e a c t o r s  
having  a he t e rogeneous   ac t ive   zone ,   t han  i t  i s   f o r  homogeneous r e a c t o r s  
N e v e r t h e l e s s ,   r e a c t o r s   w i t h  a h e t e r o g e n e o u s   a c t i v e   z o n e   a r e   o f   g r e a t  
p r a c t i c a l   i n t e r e s t .   I n   t h e s e   r e a c t o r s ,   t h e   c r i t i c a l  mass i s  less 
a p p a r e n t   i n   t h e   f u e l   t h a n  i t  i s  i n  homogeneous   ones ,   fo r   r a the r   t h in  
s h e l l s  made o f   s l i g h t l y   a b s o r b e n t   m a t e r i a l .   I n   a d d i t i o n ,   h e t e r o g e n e o u s  
r e a c t o r s   c a n   o p e r a t e   a l m o s t   e x c l u s i v e l y  on   thermal   neut rons ,   wi th   those  
small   d imensions  for   which  homogeneous  reactors   with a non-hydrogenous 
modera to r   ( fo r   example ,   w i th  a be ry l l i um  o r   g raph i t e   modera to r )   mus t  
o p e r a t e  on r a p i d   n e u t r o n s .   F i g u r e  9.5 s c h e m a t i c a l l y   p r e s e n t s  two 
r e a c t o r s   o f   t h e  active zone  type  (Ref.  10 ,  Ref .  1 2 ) .  

I n  a homogeneous r e a c t o r   ( F i g u r e  9 . 5 ,  a ) ,   u ran ium i s  uniformly 
d i s t r i b u t e d   i n  a graphi te   modera tor   which  i s  p e r f o r a t e d  by c a n a l s  
i n   o r d e r   t o   h e a t   t h e   g a s e o u s   h y d r o g e n   w h i c h  i s  pumped through  them. 
The ac t ive   zone  o f  t h e   r e a c t o r  i s  surrounded  by a b e r y l l i u m   r e f l e c t o r  
150 mm t h i c k .  The t h e r m a l   s h i e l d i n g   a t t e n u a t e s   d i r e c t   r a d i a t i o n  
which i s  d i r ec t ed   t oward   t he   h igh -p res su re   chamber  wal ls ,  t h e   t u r b i n e  
pump u n i t ,   a n d   a l s o   t h e   w o r k i n g  medium, t h e   t a n k ,   a n d   t h e   p a y l o a d ,  
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which are l o c a t e d   i n   f r o n t   o f   t h e   n u c l e a r   a p p a r a t u s .  

F i g u r e  9 . 4  

R a d i a l   D i s t r i b u t i o n   o f  a Neutron 
Heterogeneous  Act ive Zone w i t h  a 
Thick   (b)   Ref lec tor :  

b 

S t r e a m  i n  t h e  
Thin  (a)   and 

1- R e f l e c t o r ;  2- Moderator;  3- Fuel  Element.  

I n  a he t e rogeneous   r eac to r   (F igu re  9 . 5 ,  b )  , uranium i s  con ta ined  
i n   t u n g s t e n  f u e l  elements  which are l o c a t e d   i n   t h e   a c t i v e   z o n e   w i t h  a 
moderator made of B e O ,  w h i c h   h a s   a d d i t i o n a l   c a n a l s  t o  c o o l  i t .  A l l  of  
t h e   o t h e r   c o n s t r u c t i o n   e l e m e n t s ,   i n c l u d i n g   t h e   b e r y l l i u m   r e f l e c t o r ,  are 
s i m i l a r   f o r   b o t h   t y p e s   o f   r e a c t o r s .  

The working medium - l i qu id   hydrogen  - i s  s u p p l i e d   t o   t h e   r e a c t o r  
w i t h  a t u r b i n e  pump u n i t  a t  a g i v e n   i n p u t   p r e s s u r e ,   a f t e r  i t  f i r s t  
c o o l s   t h e   n o z z l e ,   r e f l e c t o r ,   a n d   t h e r m a l   s h i e l d i n g .   I n  a r e a c t o r  
w i t h   t u n g s t e n   f u e l   e l e m e n t s ,   t h e   s y s t e m   f o r   c i r c u l a t i n g   h y d r o g e n  i s  
somewhat  more  complex: t h e   c o o l a n t   c u r r e n t   a r o u n d   t h e   f u e l   e l e m e n t s  
f i r s t   c o o l s   t h e   m o d e r a t o r ,   a n d   t h e n  - a f t e r   p a s s i n g   t h r o u g h   t h e  
f u e l   e l e m e n t s   i n   t h e   o p p o s i t e   d i r e c t i o n  - cools   them.   Af te r   be ing  1269,  
h e a t e d   t o  a h i g h   t e m p e r a t u r e   i n   t h e  act ive z o n e   o f   t h e   r e a c t o r ,  
hydrogen i s  e j e c t e d   t h r o u g h   t h e   n o z z l e   i n   o r d e r   t o  create t h e  
j e t  t h r u s t .  

T h u s ,   t h e   r e a c t o r   d e v i c e   i n c l u d e s   a n  act ive z o n e ,   r e f l e c t o r ,  
s h i e l d i n g ,   t u r b i n e  pump un i t ,   h igh   p re s su re   chamber ,   and   nozz le .  
F i g u r e  9 .6  shows t h e   a r r a n g e m e n t   f o r   p l a c i n g   t h e   r e a c t o r   a p p a r a t u s  
on a rocke t .   The   bas ic   components   o f   such  a n u c l e a r   r o c k e t  are: 
payload ,   cont ro l   and   gu idance   sys tem,   t ank   and   f rame,   working  medium 
and r e a c t o r   a p p a r a t u s .  I n  o r d e r   t o   i l l u s t r a t e   t h e   i n t e r c o n n e c t i o n  

30 7 



I 2 6 8  

a 
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"A) 
b 

F igure  9 . 5  

Arrangement   for  a Reactor   Energy  Device  for  Homo- 
geneous  (a)  and  Heterogeneous (b )  Reac to r s :  

1- Nozzle;  2- Act ive  Zone o f   t he   Reac to r ;  
3- R e f l e c t o r ;  4- High-pressure  chamber; 5- 
S h i e l d i n g ;  6- Pump; 7- Fue l   E lement ;  
8- Moderator .  

be tween   t he   r eac to r   pa rame te r s   and   t he   pe r fo rmance   o f  a n u c l e a r  I 2 6 9  
r o c k e t ,  w e  can c i t e  t h e   r e s u l t s   d e r i v e d   f r o m   c o m p u t a t i o n a l   s t u d i e s  
on d e t e r m i n i n g   t h e   p e r f o r m a n c e   o f   s i n g l e - s t a g e   n u c l e a r   r o c k e t s  
with  hydrogen as the   working  medium, which  employ  the  thermal- 
exchange  type o f  r e a c t o r s   ( R e f .  1 0 ) .  The  two  types o f  r e a c t o r s  
g iven   above   ( see   F igure  9 . 5 ) ,  hav ing   d i f f e ren t   d imens ions   and  
u n d e r   d i f f e r e n t   o p e r a t i o n a l   c o n d i t i o n s ,  were examined i n   t h e   s t u d y .  
A d e t e r m i n a t i o n  was made o f   t h e   c h a r a c t e r i s t i c   d e p e n d e n c e s   o f   t h e  
p a y l o a d   o n   t h e   f l i g h t   w e i g h t   o f   n u c l e a r   r o c k e t s   d e s i g n e d   t o   c a r r y  
p a y l c a d s   t o   o r b i t s  of a r t i f i c i a l   e a r t h  s a t e l l i t e s  h a v i n g   a n   a l t i t u d e   o f  
480 km. The r e a c t o r s ,   t h e  limits o f   t h e   r e s e a r c h   c o n d i t i o n s  , and t h e  
method of a n a l y s i s  w i l l  be   examined   a t  a l a t e r   p o i n t .  

Graph i t e  Homogeneous ~~ ~ Reactors  

Reactor  and i t s  O p e r a t i o n a l   P a r a m e t e r s .  It i s  assumed t h a t  
i n  a g r a p h i t e   r e a c t o r   t h e   n u c l e a r   f u e l   ( u r a n i u m )  i s  uniformly 
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Figure  9 .6  

Arrangement  of  Nuclear  Rocket:  

1- Reactor   Energy  Device;  2- Nozzle;  3- High- 
P r e s s u r e  Chamber; 4- R e f l e c t o r ;  5- Active  Zone; 
6- S h i e l d i n g ;  7- Turb ine  Pump U n i t ;  8- Working 
Medium; 9- Tank  and  Frame; 10- Control   and 
Guidance  Sys tern; 11- Payload.  

d i s t r i b u t e d  i n   t h e   g r a p h i t e   m o d e r a t o r   o f   t h e   a c t i v e   z o n e .  The g r a p h i t e  
a c t i v e   z o n e   c a n   c o n s i s t   o f   p l a t e s  , t u b e s ,   o r   s i m p l y   s o l i d   c y l i n d e r s  
w i t h   c a n a l s   w h i c h   i n t e r s e c t  i t .  The ac t ive   zone  i s  examined  below, 
i n   t h e  form of a s t a c k  o f  p a r a l l e l ,   f l a t   p l a t e s   w h i c h   a r e   d i v i d e d  by 
c a n a l s ,   i n   o r d e r   t o   h e a t   t h e   g a s e o u s   h y d r o g e n .   I n   o r d e r   t o   p r e v e n t  
e r o s i o n   d u e   t o   i n t e r a c t i o n   w i t h   s t r o n g l y -   h e a t e d   h y d r o g e n ,   t h e   b l o c k s  
of   graphi te   must   have  appropriate   covering.   The  geometry o f  t h e  
r e a c t o r ' s   a c t i v e   z o n e  i s  d e t e r m i n e d   b y   t h e   r e q u i r e m e n t s   f o r   h e a t  
t r a n s f e r   f o r   t h e   g i v e n   a c t i v e   z o n e   h e i g h t   a n d   b y   t h e   s e l e c t e d   c o o l a n t  
vo lume.   Such   fac tors   as   the   thermal  stress which i s  formed i n   t h e  
f u e l   p l a t e s   a n d   t h e   s t a b i l i t y  of t h e   a c t i v e   z o n e   d e s i g n   f o r   t h e  re- 
a c t o r  m u s t   b e   t a k e n   i n t o   a c c o u n t   i n   b u i l d i n g  a r e a c t o r .  

The d i m e n s i o n s   f o r   t h e   a c t i v e   z o n e   o f  a g r a p h i t e   r e a c t o r  were 1270 
c a l c u l a t e d ,   b a s e d  on t h e   u t i l i z a t i o n   o f  a b e r y l l i u m   r e f l e c t o r   1 5 0  rmn 
t h i c k .   S p e c i a l   s t u d y   s h o w e d   t h a t  t h i s  t h i ckness   app roaches   t he  
optimum t h i c k n e s s   w i t h   r e s p e c t   t o   t h e  minimum r e a c t o r   w e i g h t   p e r  
u n i t   o f  stream c r o s s - s e c t i o n   i n   t h e  active zone. I n   a d d i t i o n ,  i t  
was  assumed i n   t h e   c a l c u l a t i o n s   t h a t   t h e   r a t i o  of a tomic   concen t r a t ions  
f o r   g r a p h i t e   a n d   u r a n i u m   e q u a l s  500. Th i s   va lue  was s e l e c t e d ,   b e c a u s e  
i t  was d e s i r e d   t o   h a v e   t h e  maximum u r a n i u m   c o n c e n t r a t i o n   i n   g r a p h i t e  
w i t h o u t   s e r i o u s  damage t o   t h e   s t a b l e   p r o p e r t i e s  of t h e  l a t t e r .  The 



e f f e c t   o f   t h e   m a t e r i a l   f o r   t h e   g r a p h i t e   c o v e r i n g  was n o t   t a k e n   i n t o  
a c c o u n t   i n   t h e   r e a c t o r   c a l c u l a t i o n s .  

The c r i t i c a l   d i a m e t e r s   o f   t h e  active zone were determined on t h e  
b a s i s  of  t he   g iven   a s sumpt ions ,   u s ing  a c a l c u l a t i o n a l   p r o c e d u r e   b a s e d  
on  examining a t r i - p h a s e   r e a c t o r   w i t h   s i x   g r o u p s   o f   n e u t r o n s ,   w h i c n  
has   been   descr ibed  i n  d e t a i l   i n   o t h e r   w o r k s   ( R e f .  13, Ref.   14) .  
T a b l e   9 . 2   p r e s e n t s   t h e   n e c e s s a r y   d a t a  on g r a p h i t e   r e a c t o r s   w h i c h  
were s e l e c t e d   f o r   t h e   s t u d y .   F o r  a g i v e n   h e i g h t   o f   t h e   r e a c t o r   a c t i v e  
zone, i t s  d i ame te r ,   and   coo lan t   vo lume ,   t he   ope ra t iona l   pa rame te r s   a r e  
a l s o   g i v e n   i n   t h i s   T a b l e ,   w h i c h   m u s t   b e   g i v e n   i n   o r d e r  t o  de te rmine  
t h e   p e r f o r m a n c e   o f   t h e   r e a c t o r   h e a t   t r a n s f e r .  It  i s  assumed t h a t  
h y d r o g e n   e n t e r s   t h e   r e a c t o r   i n  a gaseous s t a t e  a t  a temperature   of  
56'K. I n   o r d e r   t o   d e t e r m i n e   t h e   e f f e c t  of t h e   o p e r a t i o n a l   p a r a m e t e r s  
on the   per formance  of  t h e   n u c l e a r   r o c k e t ,   t h e   f o l l o w i n g  l imits  were 
assumed f o r   t h e i r   c h a n g e :   h y d r o g e n   p r e s s u r e   a t   t h e   i n p u t  p 1  = 6 3  - 105 
a b s .   a t m . ,   t h e   e f f e c t i v e   w a l l   t e m p e r a t u r e   o f   t h e   r e a c t o r s  T,,eff = 1890- 
2780°K.  The h y d r o g e n   t e m p e r a t u r e   a t   t h e   o u t p u t   o f   t h e   r e a c t o r  T 2  was 
assumed t o   c o r r e s p o n d   t o   t h e   t h e r m a l   e x c h a n g e   e f f i c i e n c y  E *  = 0.85'. 

TABLE 9 .2  
DATA FOR THREE GRAPHITE REACTORS AN3 TEEIR OPERATIONAL 
PARAMETERS 

Reactor   Data  

Atomic   g raphi te -uranium  ra t io ,  Ra ..... 
Thickness   and   ma te r i a l   o f   r e f l ec to r ,  nm 
Active  zone  diameter D a . z  m .......... 
Act ive  Zone h e i g h t  H a , Z ,  ............ 
Coolant  volume, cx ..................... 
Load weight   of   uranium G u ,  kg ......... 

I 111 I1 

500 500 500 
150 150 

0.4  0 . 3   0 . 2  
0 .99 0 .85   0 .7  
1 . 2 3  1 .07   0 .94  

150 (Be) 

27.7 35  46.4 

Opera t iona l   Pa rame te r s  

E f f e c t i v e  wal l  t e m p e r a t u r e   o f   r e a c t o r  Tw, e f f , ° K  ..... 1890-2780 
Temperature a t  r e a c t o r   o u t p u t  T 2 ,  O K . . . . . . . . . . . . . . . . . .  1610-2370 
Temperature a t   r e a c t o r   i n p u t  T I ,  O K  .................. 56 
Number M1 a t   r e a c t o r   i n p u t  ........................... 0.05 
P r e s s u r e   a t   r e a c t o r   i n p u t   p 1 ,   a b s .  atm. ............. ___ 63-105 

A v a l u e  was c a l c u l a t e d   f o r   t h e  Mach number M1 which  would  approxi- 
mate t h e   c r i t i c a l   r e g i m e   a t   t h e   r e a c t o r   o u t p u t ;   i n   e v e r y   c a s e ,  i t  was 

I271  

/270 

~ 

1 E*  = (T2 - TI)  - t h e r m a l   e x c h a n g e   e f f i c i e n c y   i n   t h e   r e a c t o r .  
(Tw, e f f  - TI)  
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found   equa l   t o  0.05 .  

Analysis  Method. The c h a r a c t e r i s t i c s   o f   h e a t   t r a n s f e r  and 
p r e s s u r e   d r o p   i n   t h e   r e a c t o r  were c a l c u l a t e d   a l o n g   t h e   r e a c t o r  
a x i s   f o r   t h e   a s s u m e d   v a l u e s   o f   t h e   o p e r a t i o n a l   p a r a m e t e r s .  It  was 
n e c e s s a r y   t o   u s e   t h i s   c a l c u l a t i o n a l   m e t h o d   d u e   t o   t h e   g r e a t   c h a n g e s  
in   t he   gas   t empera tu re   and ,   consequen t ly ,  i t s  p h y s i c a l   p r o p e r t i e s  
w i t h i n   t h e   r e a c t o r  limits. T h u s ,   f o r   e x a m p l e ,   i f  the mean p r o p e r t i e s  
o f   t h e   c o o l a n t  are u s e d   f o r   c a l c u l a t i n g   t h e   c h a r a c t e r i s t i c s   o f   h e a t  
t r a n s f e r ,   t h e   o b t a i n e d   r e s u l t s   e x c e e d   t h e   a c c u r a t e   o n e s   b y  30%. 

The f i n a l   r e s u l t s   o f   t h e s e   c a l c u l a t i o n s   f o r   t h e   g i v e n   r e a c t o r  
are: hydrogen   pressure  a t  t he   r eac to r   ou tpu t   p2 ,   t he   number  M 2 ,  
t h e   r e q u i r e d   h y d r a u l i c   c a n a l   d i a m e t e r   f o r   t h e   g i v e n  T 2 ,  and   the  
assumed  \l.alues of   T l ,p lT , , , f f .   Then   the   cor responding   per formance   of  
a n u c l e a r   r o c k e t   u t i l i z i n g   t h e   g i v e n   r e a c t o r  i s  determined.  The 
f l i g h t   w e i g h t   o f   t h e   r o c k e t  i s  mainly a f u n c t i o n   o f   t h e  mass 
r a t i o   ( r a t i o  of  f u e l   w e i g h t   t o   f l i g h t   w e i g h t ) ,   w e i g h t   o f   t h e  
tank  and frame, weight   o f   the   power   device ,   and   the   payload .  The 
mass r a t i o  i s  a f u n c t i o n   o f   t h e   v e l o c i t y  a t  t h e   e n d   o f   t h e   a c t i v e  
phase   and   t he   spec i f i c  i m p u l s e ,  i f   t h e   e f f e c t   o f   g r a v i t y   a n d  
aerodynamic   res i s tance  i s  d i s r e g a r d e d .  The f o l l o w i n g  were determined:  
t h e   a c t i v e   z o n e   o f   t h e   r e a c t o r ,   t h e   n u e t r o n   r e f l e c t o r ,   t h e   h i g h - p r e s s u r e  
chamber ,   nozz le ,   t he rma l   sh i e ld ing ,   and   t u rb ine  pump uni t .   Apar t   f rom 
o t h e r  parameters, t h e   f l i g h t   w e i g h t  was c a l c u l a t e d   o n   t h e   b a s i s   o f  
t h e   r a t i o   o f   t h e   t h r u s t   t o   t h e   f l i g h t -   w e i g h t  x = 2 .  The mass r a t i o  

as a f u n c t i o n   o f   t h e   s p e c i f i c   i m p u l s e ,   t h e   r a t i o   o f   t h e   t h r u s t   t o   t h e  
f l i g h t   w e i g h t ,  a n d   t h e   r e q u i r e m e n t s   f o r   v e l o c i t y   i n c r e a s e  were d e t e r -  
mined  on  the  basis   of  a formula,   which w a s  fo rmula t ed   unde r   t he  
assumption  of a v e r t i c a l   f l i g h t   i n  a u n i f o r m   g r a v i t a t i o n a l   f i e l d ,  
w i t h o u t   t a k i n g   i n t o   a c c o u n t   a e r o d y n a m i c   r e s i s t a n c e .  I t  was assumed 
t h a t  Av equals  7.93  km/sec.   However,   very good agreement  was  found 
when the   va lues ,   wh ich  were t h u s   o b t a i n e d   f o r   t h e  mass r a t i o ,  were 
c o m p a r e d   w i t h   t h e   r e s u l t s   d e r i v e d   f r o m   c a l c u l a t i o n s   f o r   t h e   a c t u a l  
f l i g h t   t r a j e c t o r y .  

Gd 

On t h e   b a s i s   o f   t h e   r e s u l t i n g   r e q u i r e m e n t s   f o r   t h e   r a t i o  o f  f u e l  
r a t e ,  tank  and frame, r e a c t o r   d e v i c e ,   a n d   f l i g h t   w e i g h t ,   t h e   p e r m i s s i b l e  
payload was o b t a i n e d   f o r  a f l i g h t   i n t o   a n   a r t i f i c i a l  s a t e l l i t e  
o r b i t .  

F igure   9 .7  shows t h e   c h a r a c t e r i s t i c s   f o r   t h r e e   g r a p h i t e   r e a c t o r s  
w i t h  a coolan t   vo lume  of  a. = 0 . 2 ;  0 .3   and  0 . 4 .  In each case, t h e  
e f f e c t i v e  wal l  t e m p e r a t u r e   o f   t h e   r e a c t o r   c a n a l s  Tw, e f f  f l u c t u a t e d  
w i t h i n  1890-2780°K fo r   t he   co r re spond ing   change   i n   hydrogen   t empera -   / 273  
t u r e  a t  t h e   r e a c t o r   o u t p u t  T2 w i t h i n   t h e  limits o f  1610-2360°K.  The 
hydrogen   p re s su re  a t  t h e   r e a c t o r   i n p u t   c h a n g e d   w i t h i n   t h e  limits o f  
p 1  = 6 3  - 105 abs.  atm.. The hydrogen   tempera ture  a t  t h e   r e a c t o r  
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F igu re  9.7 

C h a r a c t e r i s t i c s   o f   G r a p h i t e   R e a c t o r s :  

Coolant  Volume ct = 0.20;  Ac t ive  Zone Diameter  0 . 9 4  m; Heighth   o f  
Active Zone, 0 . 7 5  m, and  Weight  of  Uraniun  Load 27.7 kg;  
Coolant  Volume c1 = 0 . 3 0 ;  Act ive  Zone Diameter, 1.07 m; Active 
Zone Heighth ,  0.85 m, and  Weight o f  Uranium  Load 35 kg;  
Coolant  Volume c1 = 0 . 4 0 ;  Act ive  Zone Diameter ,   1 .23 m; Act ive  
Zone Heighth ,  0 .99  m, and  ?leight  of  Uranium Load 46 .4  kg. 

i n p u t   e q u a l e d  T I  = 56"K,  and  the  M, number was assumed t o   e q u a l  
0 . 0 5 .  A t y p i c a l   v a l u e   f o r   t h e   r a t i o  of t h e   t o t a l   p r e s s u r e s   a t  
t h e   r e a c t o r   i n p u t   a n d   o u t p u t   e q u a l e d  0.66 f o r   t h e  number M2 = 0.70. 

The e n g i n e   t h r u s t   F ,   t h e   w e i g h t  o f  t h e   n u c l e a r   d e v i c e  G r . U . y  

a n d   t h e   s p e c i f i c   i m p u l s e  Js are shown i n   F i g u r e  9 .7  a s  a f u n c t i o n  
of t h e   p r e s s u r e   a t   t h e   r e a c t o r   i n p u t   p 1   a n d   t h e   e f f e c t i v e  wal l  
t e m p e r a t u r e   f o r   t h e   r e a c t o r  Tw,,ff. 

The i n c r e a s e   i n   t h e  
9 . 7 ,  a ,  as p 1   i n c r e a s e s ,  
caused by  an i n c r e a s e   i n  

t h r u s t ,   w h i c h   c a n   b e   o b s e r v e d   i n   F i g u r e  
a t  a cons t an t   t empera tu re  TW, , f f ,  i s  
t h e   h y d r o g e n   d e n s i t y   a n d   a n   I n c r e a s e   i n  

I S .  etm. 

f 2 7 3  
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i t s  consumption. The i n c r e a s e   i n   t h e   w e i g h t   o f   t h e   n u c l e a r   d e v i c e  
Gru ( i n c l u d i n g   t h e   e n t i r e   a c t i v e   z o n e   o f   t h e   r e a c t o r ,   n o z z l e ,   s h i e l d i n g ,  
and   tu rb ine  pump u n i t )   a s  p1 i n c r e a s e s  i s  c a u s e d   b y   a n   i n c r e a s e   i n  
t he   we igh t   o f   t he   h igh -p res su re   chamber ,   t he   nozz le ,   and   t he   t u rb ine  
pump u n i t .  The small i n c r e a s e   i n   t h e   s p e c i f i c   i m p u l s e   w i t h  an i n c r e a s e  
i n  p1 is caused by a n   i n c r e a s e   o f   t h e   e x p a n s i o n   r a t i o   i n   t h e   r . o z z l e .  

The i n c r e a s e   i n   t h r u s t   w i t h   t e m p e r a t u r e  T,,,ff a t  c o n s t a n t   p r e s -  
s u r e  p1 is  c a u s e d   e n t i r e l y  b y   a n   i n c r e a s e   i n   t h e   s p e c i f i c   i m p u l s e   f o r  
a c o r r e s p o n d i n g   i n c r e a s e   i n   t h e   g a s   t e m p e r a t u r e  a t  t h e   o u t p u t .   I n  
v i e w   o f   t h e   f a c t   t h a t  a c h a n g e   i n   t h e   n u c l e a r   d e v i c e   w e i g h t  i s  n e g l i g i -  
b l e   w i t h   a n   i n c r e a s e   i n   t h e   t e m p e r a t u r e  Tw, , f f ,  on ly   one   curve  i s  
shown f o r   a l l   t h e   t e m p e r a t u r e s .  

An a n a l o g o u s   p i c t u r e   c a n   b e   o b s e r v e d   i n   F i g u r e  9 . 7 ,  b and c f o r  
two o t h e r   r e a c t o r s .  I t  s h o u l d   b e   n o t e d   t h a t   w i t h   a n   i n c r e a s e   i n   t h e  
coolant  volume c1 f o r   t h e  same values  of  p1  and TW, , f f ,  t h e   t h r u s t  F 
i n c r e a s e s ,   w h i c h  is caused by a n   i n c r e a s e   i n   t h e   c o o l a n t   s t r e a m   c r o s s -  
s e c t i o n ,  and   consequen t ly   an   i nc rease   i n   t he   consumpt ion .  The  weight 
of  t h e   n u c l e a r   d e v i c e   i n c r e a s e s  when t h e   r e a c t o r   d i m e n s i o n s   i n c r e a s e ,  
w h i l e   t h e   s p e c i f i c   i m p u l s e   r e m a i n s   c o n s t a n t .  

Rocket  Performance. The c o r r e s p o n d i n g   e f f e c t   o f  p 1  and TW,,ff 
on t h e   p e r f o r m a n c e   o f   n u c l e a r   r o c k e t s   u t i l i z i n g   t h e s e   r e a c t o r s  i s  
shown i n   F i g u r e  9 .8 .  A s  was p o i n t e d   o u t   a b o v e ,   t h e   r a t i o  F/Gd w a s  
assumed t o   e q u a l  2 ,  and t h e  mass r a t i o   ( i . e . ,   t h e   r a t i o   o f   t h e   f u e l  
w e i g h t   t o   t h e   i n i t i a l   f l i g h t   w e i g h t )  was s e l e c t e d ,   b a s e d   o n   t h e  
r e q u i r e m e n t s   f o r   a n   a r t i f i c i a l   e a r t h   s a t e l l i t e   o n   a n   o r b i t  a t  a n  
a l t i t u d e  of 480 km. The f l i g h t   w e i g h t   o f   t h e   n u c l e a r   r o c k e t  Gd, 
t h e  mass r a t i o  m o ,  and   the   permiss ib le   payload  Gp - which   cor res -  
ponds t o   t h e   g i v e n   f l i g h t   w e i g h t  - a r e   g i v e n  as func t ions   o f  p1  and 
'I',,,ff. An i n c r e a s e   i n   t h e   f l i g h t   w e i g h t   f o r   a n   i n c r e a s e   i n  p1 o r  
T,,,ff ( s e e   F i g u r e  9 . 8 ,  a )   r e f l e c t s   a n   i n c r e a s e   i n   t h r u s t ,   w h i c h  is 
shown i n   F i g u r e  9 . 7 .  A d e c r e a s e   i n   t h e   r e q u i r e d  mass r a t i o  m g  w i t h  
a n   i n c r e a s e   i n   t e m p e r a t u r e  TW,,ff i s  t h e   r e s u l t   o f   a n   i n c r e a s e   i n  
t h e   s p e c i f i c   i m p u l s e   f o r   a n   i n c r e a s e   i n  TW,,ff  and ,   consequen t ly ,  
t h e   t e m p e r a t u r e   a t   t h e   o u t p u t .  The r e s u l t i n g   p a y l o a d  Gp i n c r e a s e s  
w i t h   a n   i n c r e a s e   i n  p 1  and TW, , f f ,  which i s  r e l a t e d   t o   a n   i n c r e a s e  1 2 7 5  
i n   t h e   f l i g h t   w e i g h t  and a d e c r e a s e   i n   t h e  mass r a t i o ,   r e s p e c t i v e l y .  
A s i m i l a r   i n t e r d e p e n d e n c e  i s  o b s e r v e d   i n   F i g u r e  9.8,  b and c f o r   t h e  
two o t h e r   r e a c t o r s .   I n   a d d i t i o n ,  i t  s h o u l d   b e   n o t e d   t h a t   w i t h   a n  
i n c r e a s e   i n   t h e   c o o l a n t   v o l u m e  ct a n d   t h e   c o n s t a n t s  p1  and T w , e f f ,  
t h e   f l i g h t   w e i g h t   i n c r e a s e s .   T h i s  i s  related t o   a n   i n c r e a s e   i n   t h e  
stream c r o s s - s e c t i o n   a n d   t h e   t h r u s t .  A s  a r e s u l t ,  a co r re spond ing  
i n c r e a s e   i n   t h e   p e r m i s s i b l e   p a y l o a d  is observed .  The mass r a t i o  
r ema ins   cons t an t .  

---____^__ 

E f f e c t   o f  OperatLoT-al-P&rameters. F i g u r e s  9 .9  - 9.11 show t h e  
e f f e c t   w h i c h   o p e r a t i o n a l   p a r a m e t e r s  - such as t h e   h y d r o g e n   p r e s s u r e  
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C h a r a c t e r i s t i c s   o f   R o c k e t s   w i t h   G r a p h i t e   R e a c t o r s :  

Coolant  Volume cx = 0 . 3 0 ;  Reactor   Act ive  Zone Diameter 0.94m;  Act ive  
Zone Heighth ,  0 .7  m and  Weight  of  Uranium  Load 27.7 kg;  
Coolant  Volume cx = 0.30; Act ive  Zone Diameter, 1.07 m; Act ive  
Zone Heighth 0.95  m and  \?eight  of  Uranium  Load 35 k g ;  
Coolant Volume a = 0 . 4 0 ;  Act ive  Zone Diameter, 1 .23  m; Act ive  
Zone Heighth ,  0 . 9 6  m ,  and  Weight  of  Uranium  Load 46 .3  kg. 

t h e   i n p u t ,   t h e   e f f e c t i v e   w a l l   t e m p e r a t u r e   o f   t h e   r e a c t o r   c a n a l s ,  1275 
and t h e   r a t i o  of t h r u s t   t o   f l i g h t   w e i g h t  - upon t h e   r e a c t o r   p e r -  
f ormance . 

Figure  9 .9  shows t h e   e f f e c t   o f   h y d r o g e n   p r e s s u r e   a t   t h e   i n p u t  
f o r  a g r a p h i t e   r e a c t o r .  The f l i g h t   w e i g h t   o f   t h e   r o c k e t  and t h e  
e f f e c t i v e   w a l l   t e m p e r a t u r e   o f   t h e   r e a c t o r   c a n a l s   r e m a i n   c o n s t a n t  
and  equal  Gd = 9 1  m and T,,eff = 2780°K r e s p e c t i v e l y .  The payload ,  
t h e   c o o l a n t   v o l u m e ,   a n d   t h e   d i a m e t e r   o f   t h e   r e a c t o r   a c t i v e   z o n e  
a r e  shown as a f u n c t i o n   o f   t h e   p r e s s u r e  a t  t h e   r e a c t o r   i n p u t .  

S i n c e   t h e   r a t i o  F/Gd = 2 r e m a i n s   c o n s t a n t ,   t h e   f a c t   t h a t   t h e ,  
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Figure  9 . 9  

E f f e c t   o f   P r e s s u r e  a t  t he   Reac to r   Inpu t   on   t he  
Per formance   of   Graphi te   Reac tors .  

f l i g h t   w e i g h t   d o e s   n o t   c h a n g e   p o i n t s   t o   s i g n i f i c a n t   u n i f o r m i t y   i n   t h e  
s t r e a m   r a t e   w i t h   a n   i n s i g n i f i c a n t   d e c r e a s e   i n   t h e   s p e c i f i c   i m p u l s e .  
The s t r eam  r a t e   r ema ins   cons t an t   due   t o   s imu l t aneous   p re s su re   i nc rease  
a t   t h e   i n p u t  p 1 ,  and a dec rease   i n   t he   coo lan t   vo lume  a and,  conse- 
q u e n t l y ,   t i l e   c r i t i c a l   d i a m e t e r   o f   t h e   a c t l v e   z o n e  Da, - as can   be   seen  

from  the  graph. A d e c r e a s e   i n   t h e   r e a c t o r   a c t i v e   z o n e   d i a m e t e r   l e a d s  
t o  a dec rease   i n   t he   we igh t   o f   s eve ra l   componen t s   o f   t he   nuc lea r  
d e v i c e   ( a c t i v e   z o n e ,   r e f l e c t o r ,   h i g h - p r e s s u r e   c h a m b e r ,   n o z z l e ,   a n d  
t u r b i n e  pump u n i t ) .  The t o t a l   r e s u l t s  are shown i n   t h e   f o r m   o f  a 
payload  curve.  An i n c r e a s e   i n   t h e   p a y l o a d  G w i t h   a n   i n c r e a s e  i n  t h e  
p r e s s u r e   a t   t h e   i n p u t   o f   g r e a t e r   t h a n  84 abs.  a t m . ,  d o e s   n o t   j u s t i f y  
t h e   d i f f i c u l t i e s   w h i c h   a r e   e n t a i l e d   w i t h  a h i g h   o p e r a t i o n a l   p r e s s u r e .  
The re fo re ,  p1 = 84 abs. a t m .  w i l l  be   used  as t h e   b a s i s   f o r   f u r t h e r  
comparisons.  

P '  

F i g u r e  9.10 s h o w s   t h e   e f f e c t   o f   t h e   e f f e c t i v e  wa l l  t empera tu re  1276 
o f   t h e   r e a c t o r .  The f l i g h t   w e i g h t   o f   t h e   r o c k e t  and the   hydrogen  
p r e s s u r e  a t  t h e   i n p u t   a r e   a s s u m e d   t o   b e   c o n s t a n t   a n d   t o   e q u a l  
Gd = 91 m and p 1  = 84  abs.  atrn.. The payload ,   the   coolan t   vo lume,  
t h e   d i a m e t e r   o f   t h e   r e a c t o r  active zone,   and  the mass r a t i o  are 
shown as a f u n c t i o n   o f   t h e   e f f e c t i v e  w a l l  t empera tu re  of the r e a c t o r .  

AS was n o t e d   p r e v i o u s l y  , i f  Gd and - are c o n s t a n t ,   t h i s  means r 
Gd 
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t h a t   t h e   t h r u s t  is  a l s o   c o n s t a n t .   W i t h  an i n c r e a s e   i n  T w , e f f ,  t h e  
t empera tu re  a t  t h e   r e a c t o r   o u t p u t   a n d ,   c o n s e q u e n t l y ,   t h e   s p e c i f i c  
impulse a l so  i n c r e a s e ;  a5 a r e s u l t  - as can   be   seen   f rom  F igure  9.10 - 
t h e  mass r a t i o  mo d e c r e a s e s .   I n   o r d e r   t h a t   t h e   t h r u s t   r e m a i n  con- 
s t a n t   w i t h  an i n c r e a s e   i n   t h e   s p e c i f i c   i m p u l s e ,  a co r re spond ing  
d e c r e a s e   i n   t h e   c o o l a n t   v o l u m e  a a n d ,   c o n s e q u e n t l y ,   t h e  c r i t i c a l  
d i a m e t e r   o f   t h e   a c t i v e   z o n e  Da, is  n e c e s s a r y .  The r e s u l t i n g   e f f e c t  
p roduced   by   decreas ing   the  mass r a t i o  and   weight   o f   the   nuc lear  
d e v i c e  i s  e x p r e s s e d   i n  a c o r r e s p o n d i n g   i n c r e a s e   i n   t h e   p a y l o a d   w i t h  
a n   i n c r e a s e   i n  T w , e f f '  

W i t h   a n   i n c r e a s e   i n  TW,,ff by 55"K, t he   pay load   i nc reases  by 
340 kg. It  is  as sumed   t ha t   t he   ope ra t iona l   t empera tu re   mus t   be   t he  
l a r g e s t   p o s s i b l e   o n e ,   t a k i n g   i n t o   a c c o u n t  t h e  l imi t a t ions   imposed  by 
t h e   r e a c t o r  materials. I n   o r d e r   t o   r e a l i z e   i d e a l   c o n d i t i o n s   w i t h  
respect t o  a uniform wall t empera tu re ,  a n o n - u n i f o r m   d i s t r i b u t i o n  
of  uranium  and  of  the  coolant  volume - b o t h   w i t h   r e s p e c t   t o   r a d i u s  
a n d   w i t h   r e s p e c t   t o   t h e   a x i s  - i s  necessary .   For   purposes   o f  l a t e r  
c o m p a r i s o n s ,   t h e   e f f e c t i v e  wal l  t empera tu re  of  t h e   r e a c t o r  was 
s e l e c t e d  as TW,,ff = 2780" K .  

F i g u r e  9 . 1 1  shows  the   e f fec t   p roduced  by t h e   r a t i o   o f   t h r u s t   t o  
f l i g h t   w e i g h t .  The e f f e c t i v e  wall  t e m p e r a t u r e  o f   t h e   r e a c t o r   c a n a l s  
and  hydrogen  pressure a t  t h e   i n p u t  were assumed t o   b e   c o n s t a n t  and t o  
equa l  2780" K and 84 a b s .  atm., r e s p e c t i v e l y .  The payload  and  the 
f l i g h t   w e i g h t  are shown as a f u n c t i o n   o f   t h e   c o o l a n t   v o l u m e   f o r   s e v e r a l  
v a l u e s   o f   t h e   r a t i o   o f   t h r u s t   t o   f l i g h t   w e i g h t .   F o r  a g i v e n   r e a c t o r  
o r   coo lan t   vo lume  a, t h e  maximum pay load   occu r s   fo r  = 1 . 6 .  The I 2 7 7  

i n t e r s e c t i o n   o f   t h e   g r a p h   i n   F i g u r e  9 . 1 1  a l o n g   t h e   l i n e   f o r   c o n s t a n t  
f l i g h t   w e i g h t  shows   even   more   c l ea r ly   t he   i nc rease   o f   t he   pay load  
f o r  F/Gd = 1 . 6 ,  a l t hough   an   i nc rease   i n   t he   f r ame   we igh t   and   t he  
a e r o d y n a m i c   r e s i s t a n c e   ( t h e  l a t t e r  i s  n o t   t a k e n   i n t o   a c c o u n t   i n   t h e  
p r e s e n t   s t u d y )   c a n   i n f l u e n c e   t h i s   r e s u l t .   F o r   t h i s   a n a l y s i s ,  t h e  
r a t i o  F/Gd was chosen as b e i n g   e q u a l   t o  2 ,  as a p o s s i b l e   v a l u e   w h i c h  
was compa t ib l e   w i th   t he   a s sumed   va lues   fo r   t he   t ank   and   f r ame   we igh t .  

Gd 

T o t a l   C h a r a c t e r i s t i c s .  The e x p e c t e d   c h a r a c t e r i s t i c s   o f   n u c l e a r  
r o c k e t s   e m p l o y i n g   g r a p h i t e   r e a c t o r s  are  summed up i n   F i g u r e  9 . 1 2 .  
Hydrogen  pressure a t  t h e   i n p u t   a n d   t h e   r a t i o  F/Gd were assumed t o  
b e   c o n s t a n t   a n d   t o   e q u a l  p1 = 84  a b s .  atm. and F/Gd = 2 .  The f l i g h t  
we igh t   o f   t he   rocke t   and   t he   pay load  are  shown as a f u n c t i o n   o f   t h e  
consumption of  hydrogen,  and  curves are shown f o r  a l l  t h r e e   v a l u e s  
of   Tw,eff-  

For  example, i f  a g r a p h i t e   r e a c t o r   w i t h  a coolant   volume c1 = 0 . 3  
o p e r a t e s  a t  a hydrogen   p re s su re  a t  t h e   i n p u t ,   w h i c h   e q u a l s  84  a b s .  atm., 
a n d   a n   e f f e c t i v e  wall p r e s s u r e   o f   t h e   r e a c t o r   c a n a l s   w h i c h   e q u a l s  
2780" K ,  t h e n   t h e   a n t i c i p a t e d   p a y l o a d  w i l l  b e  1 1 . 8  t o n s   f o r  a r o c k e t  
f l i g h t   w e i g h t   o f  113.5 tons   and   for   the   hydrogen   consumpt ion   which  / 2 7 8  
is  shown. I f   t h e   e f f e c t i v e  wall t e m p e r a t u r e   o f   t h e   r e a c t o r   c a n a l s  
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Figure  9 .11  

E f f e c t   o f   R a t i o   o f   T h r u s t   t o   F l i g h t  
Weight   on  Graphi te   Reactor 's   Per-  F igure   9 .10  

E f f e c t  of E f f e c t i v e   R e a c t o r   W a l l  formance.  Effective  Wall   Tempera- 
Temperature upon Performance  of t u re   o f   Reac to r   Cana l s  TW,.ff=2780"K, 
Graph i t e   Reac to r s .  P r e s s u r e   a t   t h e   R e a c t o r   I n p u t  

p1 = 84  abs .  a t m .  

is lowered   to  2340" K ,  then   the   payload  w i l l  e q u a l   e i t h e r  7 . 2 8  t o n s ,   w i t h  
a c e r t a i n   d e c r e a s e   i n   t h e   f l i g h t   w e i g h t   f o r   t h e  same r e a c t o r ,   o r  
Gp = 8 .64   t ons   fo r   t he  same f l i g h t   w e i g h t   b u t   f o r  a somewhat l a r g e r  
r e a c t o r ,   o r   f o r  a grea te r   hydrogen   consumpt ion .  

The r e s u l t s   d e r i v e d   f r o m   t h e   s t u d y   f o r  a g r a p h i t e   r e a c t o r  are a s  
fo l lows:  1) t h e   i n c r e a s e   i n   t h e   p a y l o a d ,   w i t h .   a n   i n c r e a s e   i n   t h e   h y d r o g e n  
p r e s s u r e   a t   t h e   i n p u t   o f   g r e a t e r   t h a n  8 4  abs.   a tm. ,  i s  appa ren t ly   i n -  
s u f f i c i e n t   t o   c o m p e n s a t e   f o r   t h e   d i f f i c u l t i e s   e n t a i l e d   w i t h   i n c r e a s e d  
p r e s s u r e ;  2 )  w i t h   a n   i n c r e a s e   i n   t h e   e f f e c t i v e   w a l l   t e m p e r a t u r e  of t h e  
r e a c t o r   c a n a l s  by 50" K ,  t he   pay load   i nc reases   by  400 kg ;   3 )   fo r   an  
e f f e c t i v e  w a l l  t empera tu re  of t h e   r e a c t o r   c a n a l s  T,,.ff = 2780" K ,  a 
p r e s s u r e   a t   t h e   r e a c t o r   i n p u t   o f   p 1  = 84 abs .  a t m . ,  and a f l i g h t   w e i g h t  
of  Gd = 113 t o n s ,   t h e   p a y l o a d   f o r  a r o c k e t   h a v i n g  a g r a p h i t e   r e a c t o r  i s  
G = 11.8 t o n s ;  4 )  t he   pay load   o f  a n u c l e a r   r o c k e t  i s  6 - 10%  of   the  
i n i t i a l   f l i g h t   w e i g h t .  

P 

BeO-TunRs t e n  Heterogen=us- Reac to r s  

We sha l l   examine   t he   p remises   and   t he   ana lys i s   me thod   employed   i n  
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ca lcu la t ing   t he   pe r fo rmance   o f  BeO-Tungsten r e a c t o r s   o n l y   w i t h  
r e spec t   t o   t he   manner   i n   wh ich  i t  d i f f e r s   f r o m   t h e   p e r f o r m a n c e   f o r  
g r a p h i t e   r e a c t o r s .  

s e c  

F igu re  9 . 1 2  

T o t a l   C h a r a c t e r i s t i c s  o f  Nuclear   Rocket   with 
Graph i t e   Reac to r .  The  Dashed  Lines  Designate 
t h e   P o i n t s   C o r r e s p o n d i n g   t o   R e a c t o r s   S t u d i e d .  

Act ive  zones  having a d i f f e r e n t   g e o m e t r y   c a n   b e   u t i l i z e d   f o r  
BeO-Tungsten r eac to r s .   Fo r   example ,   each   fue l   e l emen t   can  b e  made of  
s eve ra l   concen t r a t ed ,   t h in -wa l l ed   t ungs t en   t ubes   wh ich   con ta in   u ran ium,  
h a v i n g   r a d i a l   c l e a r a n c e s   w h l c h   s e r v e  as c a n a l s   f o r   h e a t i n g   g a s e o u s  
h y d r o g e n .   S e v e r a l   s u c h   f u e l   e l e m e n t s   c a n   b e   i n s e r t e d   i n   p a r a l l e l   c a n a l s ,  
wh ich   pene t r a t e  a c y l i n d e r  made of Be0 i n  a n   a x i a l   d i r e c t i o n .   O t h e r  
d e s i g n s   f o r   t h e   a c t i v e   z o n e   a r e   a l s o   p o s s i b l e  - f o r  example., c o n s i s t i n g  
of f l a t   p l a t e s .   D u r i n g   t h e   o p e r a t i o n   o f   t u n g s t e n   f u e l   e l e m e n t s   a t   t h e  
t e m p e r a t u r e s   u n d e r   c o n s i d e r a t i o n ,   a d d i t i o n a l   c o o l i n g  of t he   modera to r  
made of Be0 i s  necessa ry .  Under t h e   a s s u m p t i o n   t h a t  5% o f   t h e   e n t i r e  
f i s s i o n   e n e r g y  i s  g i v e n   o f f   i n   t h e   m o d e r a t o r ,  i t  was  found t h a t   t h e  
r e q u i r e d   a d d i t i o n a l   s t r e a m   c r o s s - s e c t i o n ,   w h i c h  was n e c e s s a r y   f o r  
coo l ing   t he   modera to r ,  was about 20% of t h e   c r o s s - s e c t i o n   f o r   t h e  main 
s t r e a m   p e n e t r a t i n g   t h e   f u e l   e l e m e n t s .   T h u s ,   i n   t h e   i n i t i a l   p a s s a g e  
t h r o u g h   t h e   a c t i v e   z o n e ,   t h e   t o t a l   h y d r o g e n   s t r e a m   c o o l s   t h e   m o d e r a t o r ,  
and in   t he   s econd   pas sage   t h rough   t he   ac t ive   zone  - pass ing   ma in ly  
th rough   t he   fue l   e l emen t s  - i t  abso rbs   t he   r ema in ing  95% o f   t h e   l i b e r a t e d  
h e a t .  An i n c r e a s e  by 20% i n   t h e   s t r e a m   c r o s s - s e c t i o n  was  assumed f o r  
c o o l i n g   t h e   m o d e r a t o r ,  when des ign ing  a l l  BeO-Tungsten r e a c t o r s .  
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The dimensions  of   the  BeO-Tungsten a c t i v e   z o n e  were c a l c u l a t e d  on 
the  assumption  of  a 150 millimeter b e r y l l i u m   r e f l e c t o r   a n d  a  BeO-Uranium 
a tomic   r a t io   wh ich   equa l l ed   250 .  The vo lumet r i c   U02- tungs ten   r a t io  was 1279 
s e l e c t e d   a s   3 0 . 0 % ,   w h i c h   c o r r e s p o n d s   t o   t h e  maximum p o s s i b l e   c o n t e n t   o f  
U 0 2  i n   t u n g s t e n ,   w h i c h   d e t e r m i n e s   t h e   s t r u c t u r e   o f   t h e   f u e l   e l e m e n t s .  
I t  was a l s o  assumed t h a t  U 0 2  c a n   b e   r e t a i n e d   i n   t u n g s t e n   w i t h i n   t h e  
tempera ture  l imits be ing   s tud ied .   Based  on t h e s e   a s s u m p t i o n s ,   t h e  
c r i t i c a l   d i a m e t e r s   f o r   t h e   a c t i v e   z o n e   o f  a BeO-Tungsten r e a c t o r  were 
ca lcu la ted ,   and   the   computa t iona l   method  which  was used was similar t o  
t h a t   d e s c r i b e d   i n   o t h e r   w o r k s   ( R e f .   1 2 ,  13, 1 4 ) .   I n   t h e   c a l c u l a t i o n s ,  
t he   he t e rogeneous   ac t ive   zone  was r ep laced   by  a zone  which was e q u i v a l e n t  
t o  i t  - c o n s i s t i n g   o f  a homogeneous m i x t u r e   o f   m a t e r i a l s ;   t h e   r e s o n a n c e  
e f f e c t s   i n   t u n g s t e n  were t h u s   d i s r e g a r d e d .   A t t e n t i o n   s h o u l d   b e   c a l l e d  
t o   t h e   f e a s i b l e   p o s s i b i l i t y   o f   s e p a r a t i n g  and u t i l i z i n g   t h e   i s o t o p e  W l S 4 ,  
i n s t e a d   o f   n a t u r a l   t u n g s t e n .   T h i s   p r e s e n t s   g r e a t e r   p o s s i b i l i t i e s ,  as 
compared to   dec reas ing   t he   d imens ions   and   we igh t   o f   t he   r eac to r ,   due   t o  
t h e   f a c t   t h a t  - when W 1 8 4  i s  employed - t h e   a b s o r p t i o n  of  neu t rons  
b o t h   i n   t h e   r e s o n a n c e   a n d   i n   t h e   t h e r m a l   e n e r g y   r e g i o n s   d e c r e a s e s  con- 
s i d e r a b l y .   T a b l e   9 . 3   p r e s e n t s   t h e   n e c e s s a r y   d a t a   f o r   h e t e r o g e n e o u s  
r e a c t o r s ,   w h i c h   h a v e   b e e n   c h o s e n   f o r   f u t u r e   s t u d y .  

TABLE 9 .3 .  

DATA FOR THREE BeO-TUNGSTEN REACTORS AND THEIR 
OPERATIONAL PARAMETERS 

I Reactor   Data  

BeO-Uranium Atomic  Ratio .............. 
T h i c k n e s s   a n d   Y a t e r i a l   o f   R e f l e c t o r ,  mm 
Ac t ive  Zone Diameter ,  D a z ,  m .......... 
Act ive  Zone He igh t ,  H a z ,  m ............ 
Coolant  Volume, c1 .................... 
Weight  of  Uranium  Load, G u ,  kg ......... 
- ~" ~~ . " ~ ~ 

I 
~. 

250 
150 
1.1 
0.75 
0.168 

64 .5  
- - .~ 

I1 

250 
150  150  (Be) 
1 .2  

0.315 0.276 
0.98  0 .85 
1.36 

76 I 96.4 
" 

O p e r a t i o n a l  Parameters 
. .- .~ ~- - " ~- - ~- ~ . ." . ". -__-_I 

Effect ive  Wall   Temperature   of   Reactor  TW,,ff ,OK .......... 2330-3060 
Temperature a t   t h e   R e a c t o r   O u t p u t ,  T 2 ,  OK ................ 1990-2630 
Tempera tu re   a t   Reac to r   Inpu t ,  T I ,  O K  ..................... 171-211 
M I  Number a t   t h e   R e a c t o r   I n p u t  ........................... 0.10 
P r e s s u r e   a t   t h e   R e a c t o r   I n p u t   p 1 ,   a b s .  a t m .  .............. 63-105 

. . . .  ~ .. - ~~ ~ 

The limits wi th in   wh ich   t he   ope ra t iona l   pa rame te r s   changed  were 
g iven  f i r s t ,  i n   o r d e r   t o   d e t e r m i n e   t h e i r   e f f e c t  upon the   pe r fo rmance   o f  
n u c l e a r   r o c k e t s .  The numer i ca l   va lues   fo r   t hese   pa rame te r s  are shown i n  
T a b l e   9 . 3 .   I n  view o f   t h e   f a c t   t h a t   t u n g s t e n   c a n   u n d e r g o  a much h i g h e r  
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t empera tu re   t han   g raph i t e ,   t he  level o f   t h e   e f f e c t i v e  wal l  t empera tu re  
f o r   t h e   r e a c t o r ' s  canals was somewha t   i nc reased   i n   t he   g iven   ca se ,  as 
compared   w i th   t he   t empera tu re   fo r  a g r a p h i t e   r e a c t o r .  The  hydrogen /280 
t empera tu re  a t  t h e   r e a c t o r   o u t p u t  was b a s e d ,   j u s t  as was done   prev ious ly  , 
on t h e   h e a t   e x c h a n g e   e f f i c i e n c y  E = 0.85. I n  t h i s   c a s e ,   t h e   i n p u t  
temperature   of   hydrogen i s  somewhat h i g h e r   t h a n   t h e   c o r r e s p o n d i n g  
t e m p e r a t u r e   i n  a g r a p h i t e   r e a c t o r ,   d u e   t o   p r e l i m i n a r y   c o o l i n g   o f   t h e  
moderator.  The MI number a t  t h e   i n p u t  was aga in   va r i ed ,   and  i t  was 
found   t ha t  i t s  optimum  value  must  equal 0.10 i n   e v e r y  case, i n   o r d e r  
t o   a p p r o x i m a t e   t h e   c r i t i c a l   r e g i m e  a t  t h e   o u t p u t .  The limits w i t h i n  
wh ich   t he   p re s su re   changed   a t   t he   i npu t  were assumed t o   b e   t h e  same 
as t h o s e   f o r  a g r a p h i t e   r e a c t o r .  

Wi th in   the  l i m i t s  o f   the   g iven   assumpt ion ,   the   s tudy   revea led   the  
fol lowing:  1) i n   o r d e r   t o   o b t a i n   t h e  same performance as i s  produced 
when a g r a p h i t e   r e a c t o r  i s  used ,  a BeO-Tungsten r e a c t o r   m u s t   o p e r a t e  a t  
temperatures  which are 10% h i g h e r   t h a n  a g r a p h i t e   r e a c t o r ;  2 )  t h e  
g r a p h i t e   r e a c t o r   r e q u i r e s  a small amount of  uranium,  and i t s  cons t ruc -  
t i o n  i s  cons ide rab ly   s imple r ;   3 )  a BeO-Tungsten r e a c t o r   c a n   a p p a r e n t l y  
o p e r a t e  a t  a h ighe r   t smpera tu re ,   a l t hough   t he   ac tua l   pe r fo rmance   o f  
any system  depends on t h e   t e m p e r a t u r e  l imits  o f   t h e  mater ia ls ,  which 
h a s   n o t   y e t   b e e n   e s t a b l i s h e d ;  4 )  t he   pay load   fo r  a n u c l e a r   r o c k e t  
u t i l i z i n g   o n e   o r   t h e   o t h e r   r e a c t o r  i s  1 0 %   o f   t h e   f l i g h t   w e i g h t ,   f o r  
the   examined   condi t ions .  

These   examples   p re sen t   an   i dea   o f   t he   p r inc ip l e s   unde r ly ing  a 
theo re t i ca l   app roach   t o   t he   p rob lem  o f   employ ing  N E  on s p a c e   v e h i c l e s .  

Experimental   Study  of  NRE 

Accord ing   t o  a statement made by t h e   p r e s i d e n t   o f  AEC, Seaborg,  
i n t e n s e   s t u d i e s  are b e i n g   c a r r i e d   o u t   i n   t h e   U n i t e d   S t a t e s  on b u i l d i n g  
a n u c l e a r   r o c k e t   e n g i n e   ( w i t h   c o n t i n u o u s   h e a t i n g   o f   t h e   w o r k i n g  medium 
i n   t h e  active zone),   and i t  i s  assumed t h a t   i n  1965 - 1 9 7 6   t h e   f i r s t  
rocke t  w i l l  be   l aunched   wi th  a n u c l e a r   e n g i n e   ( R e f .  15, Ref .   16) .  A 
n u c l e a r   r o c k e t   e n g i n e  i s  being  developed  by AEC - NASA unde-r  the I'RoverII 
p ro jec t   (Ref .   17 ,   Ref .  18).  Work i s  b e i n g   c a r r i e d   o u t  on t h e   b a s i c  
elements o f  t h e  NRE . Tests were made on t h e   e x p e r i m e n t a l   r e a c t o r s  
"Kiwi-A" ( J u l y  1, 1959) ,  " K i w i - A l "  ( J u l y  8 ,  1960) ,  "Kiwi-A3" 

" " 

This  assumption  must  be made v e r y   c a u t i o u s l y ,   a u e   t o   t h e   f a c t   t h a t  
g r a p h i t e   r e t a i n s  i t s  m e c h a n i c a l   s t r e n g t h  up t o  2500" C ,  w h i l e   t u n g s t e n  
can   lose  i t  a t  lower   t empera tures .  
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(November 19 ,   1960) ,  "Kiwi-B-lA",   "Kiwi-B-1B" (September,  1962),  and 
"Kiwi-B-4A" (November 30, 1962)  (Ref.  18). 

I n   t h e  "Kiwi-A" r e a c t o r ,   f u e l   e l e m e n t s  were used made o f   g r a p h i t e  
p l a t e s ,  which were impregnated  with  uranium,  and  they were l o c a t e d   i n  
a c i r c u l a r  zone   a round   t he   cen t r a l   pa r t   hav ing  a d i ame te r   o f  380 mm. 
The c e n t r a l   p a r t   c o n t a i n e d   c o n t r o l   s h a f t s ,   c o o l e d  by c i r c u l a t i n g  
heavy  water  D20. A g r a p h i t e   c y l i n d e r ,   w h i c h   s e p a r a t e d   t h e   c o o l a n t  
s t r e a m s   p a s s i n g   t h r o u g h   t h e   r e a c t o r ,  a g r a p h i t e   r e f l e c t o r ,  and a I281 
vesse l   unde r   p re s su re ,   wh ich  was cooled  by  water   and  which was made 
o f  aluminum  and  had  double  walls, were l o c a t e d   o u t s i d e   o f   t h e  
ac t ive   zone .  

The h e a t - r e l e a s i n g   p l a t e s  were l o c a t e d   i n  a c y l i n d r i c a l   g r a p h i t e  
chamber.  Each p l a t e  was impregnated   wi th   u ran ium  uni formly ,   bu t   the  
i m p r e g n a t i o n   o f   d i f f e r e n t   p l a t e s   d i f f e r e d   i n   a c c o r d a n c e   w i t h   c a l c u l a t e d  
r a t i o s   w i t h   r e s p e c t   t o   h e a t   t r a n s f e r   a n d   f i s s i o n  rate d i s t r i b u t i o n ,  
a n d   a l s o   i n   a c c o r d a n c e   w i t h   r a d i a l   o r   a x i a l   l o c a t i o n   o f   t h e   p l a t e s .  
A g r a p h i t e   d i s c ,   w h i c h  was p e n e t r a t e d  by c o o l i n g   c a n a l s ,   s e r v e d   a s  
t h e   r e f l e c t o r   o f   n e u t r o n s   a t   t h e   i n p u t   s i d e  of  t h e   r e a c t o r   a c t i v e  
zone. The c e n t r a l   p a r t   c o n t a i n e d   r e g u l a t i n g ,   c o m p e n s a t i n g ,  and 
s a f e t y   s h a f t s ,   w n i c h   w e r e  s e t  i n   m o t i o n  by d o u b l e - a c t i o n ,   h y d r a u l i c  
p i s t o n   d r i v e s   p a s s i n g   t h r o u g h  a s e a l   a t   t h e   e n d   o f   t h e   c e n t r a l   p a r t ;  
t h e s e   p i s t o n   d r i v e s  were l o c a t e d   o u t s i d e   o f   t h e   b o d y .  

LJ235 i s  t h e   f u e l .  The p l a t e s   a r e   d i v i d e d   b y   r i b b i n g ;   h y d r o g e n  
passes   be tween  the   p la tes   and  i s  h e a t e d .  The ou te r   fo rms   o f   t he  f i r s t  
t h r e e   t y p e s   o f   r e a c t o r s   a r e   i d e n t i c a l ,   b u t   t h e   g e o m e t r y   o f   t h e   a c t i v e  
zone i n   t h e  "Kiwi -A"  and "Kiwi-A3" r e a c t o r s  i s  d i f f e r e n t .  Gaseous 
hydrogen was used i n   t h e   f i r s t   e x p e r i m e n t s ,  and   the   nozz le   and  
r eac to r   were   coo led   w i th   wa te r .  The t e s t  r e s u l t s  were s u c c e s s f u l  
w i t h   r e s p e c t   t o   t h e   c o n s t r u c t i o n   p a r a m e t e r s   a n d   t h e   m a t e r i a l s .  The 
Los Alamos s c i e n t i f i c   l a b o r a t o r y   a t   J a c k a s s   F l a t s ,   N e v a d a , t e s t e d  
t h e   e x p e r i m e n t a l   r e a c t o r  "Kiwi-B-1A" under a program  which was 
developing  a nuc lear   engine   for   the   "Nerva"   rocke t .   Gaseous   hydrogen  
was u s e d   t o   c o o l   t h e   r e a c t o r .   T h i s  was t h e   . l a s t  t e s t  us ing   gaseous  
h y d r o g e n .   I n   a l l   t h e   s u b s e q u e n t   r e a c t o r s   o f   t h e  " K i w i "  se r ies ,  l i q u i d  
hydrogen was used   as   the   working  medium,  and d i f f e r e n t   d e s i g n s  were 
t e s t e d .   P a r a l l e l   w i t h   t h i s ,  a rocke t   sys t em i s  b e i n g   d e v e l o p e d   f o r  
t e s t i n g   t h e   r e a c t o r   d u r i n g   f l i g h t   ( R I F T " ) .  

Under t h e  "Feb" program, a r e a c t o r  w i l l  b e   d e v e l o p e d   f o r   r a p i d  
neut rons ,   which  w i l l  have  more  power  than  the "Kiwi-B" t y p e   o f   r e a c t o r .  
This   p rogram  represents  a s u b s e q u e n t   s t a g e   i n   t h e   d e v e l o p m e n t  o f  n u c l e a r  
r o c k e t   e n g i n e s   € o r   s p a c e   v e h i c l e s   ( R e f .   1 9 ,   R e f .   2 0 ) .  

When t h e   r e a c t o r s  "Kiwi-B" were t e s t e d   a t   J a c k a s s   F l a t s ,   d a t a  were 
o b t a i n e d  on t h e   o p e r a t i o n  of  t h e   r e a c t o r   a t   h i g h   t e m p e r a t u r e s   a n d  
stresses, a s  w e l l  as i n f o r m a t i o n   r e g a r d i n g   t h e  power o u t p u t ,   t h e   u s e  
o f   l i q u i d   h y d r o g e n ,   r a p i d   l a u n c h ,   a n d   s h u t t i n g   o f f   a n d   t u r n i n g   o n   t h e  

* Note: RIFT d e s i g n a t e s   R e a c t o r   I n - F l i g h t  T e s t  System. 
" 
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engine   repea ted ly .   For  a the rma l   power   equ iva len t   t o  1000 Mw, t h e  
"Nerva" NRE w i l l  p r o v i d e   t h r u s t  on t h e   o r d e r   o f  22 .7  t o n s .  It is  
assumed t h a t  a NRE i n  a series, which i s  d e s i g n e d   f o r   p i l o t e d   s p a c e  
v e h i c l e s ,  w i l l  produce a power  which i s  4 - 5 times g r e a t e r   t h a n   t h e  
"Nerval' NRE. 

P o s s i b i l i t i e s   f o r   N u c l e a r   R o c k e t   E n g i n e s  / 2 8 2  

A nuc lea r   rocke t   eng ine ,   wh ich  i s  t o   b e   u s e d  on f u t u r e   s p a c e  
v e h i c l e s ,   h a s  a performance  which i s  p o t e n t i a l l y  one  order  of  magni- 
t u d e  g r e a t e r   t h a n   s i m i l a r   e n g i n e s   u s i n g   c h e m i c a l   f u e l .  When such 
ERE a r e   u s e d   f o r   f l i g h t s  of  manned s p a c e   v e h i c l e s   a r o u n d   t h e  moon 
o r   t o   t h e  moon, t h e i r   p e r f o r m a n c e  i s  2 - 3 times g r e a t e r   t h a n   t h e  
pe r fo rmance   o f   rocke t   eng ines   u s ing   chemica l   fue l ,   wh i l e   fo r   f l i gh t s  
t o   p l a n e t s   t h e y   h a v e   t h e   g r e a t e s t   a d v a n t a g e s .   F o r   s p a c e   r o c k e t  
engines   which are d e s i g n e d   f o r   f l i g h t s   t o   o t l l e r   p l a n e t s ,   r e a c t o r s  
can   be   used   having   the  same power a s   t h o s e   f o r   t h e  NRE,  t o   b e   u s e d  
f o r   f l i g h t s   t o   t h e  moon, but   they  can  be  combined  into a b u n d l e   i n  
o r d e r   t o   o b t a i n e   g r e a t e r  power  (Ref. 2 1 ,  Ref .  2 2 ) .  

A n u c l e a r   r o c k e t   e n g i n e   h a s   s i g n i f i c a n t   a d v a n t a g e s   f o r   i n t e r -  
p l a n e t a r y   f l i g h t s .  I t s  performance i s  one  order   of   magni tude 
b e t t e r ,  and i t  h a s  much g r e a t e r   r e l i a b i l i t y .  I t  a l s o  makes i t  
p o s s i b l e   t o   i n c r e a s e   t h e   p a y l o a d ,   t h u s   p r o v i d i n g   b e t t e r   m a n e u v e r -  
a b i l i t y  and s a f e t y ,  and i n   a d d i t i o n  i t  e n l a r g e s   t h e   p o s s i b i l i t i e s  
f o r   f l i g h t s   i n   c o s m i c   s p a c e .  

F o r   f l i g h t s   t o   t h e  moon - i . e . ,  f l i g h t s   o v e r   s h o r t   d i s t a n c e s  
w h i c h   r e q u i r e  less v e l o c i t y   i n c r e a s e  - i t  i s  m o r e   e x p e d i e n t   a t  f i r s t  
t o   u s e   e n g i n e s   w h i c h   a r e   d e s i g n e d   f o r   o b t a i n i n g   i n t e r p l a n e t a r y  
in fo rma t ion .   Rocke t s   w i th   nuc lea r   eng ines   have   advan tages   fo r   t hese  
i n i t i a l   f l i g h t s ;   t h e s e   a d v a n t a g e s   c o n s i s t  of less weight ,   which 
equa l s   f rom  one -ha l f   t o   one - th i rd   o f   t he   rocke t   we igh t   w i th   chemica l  
f u e l ,  and a l s o   t h e y   h a v e   g r e a t e r   r e l i a b i l i t y   d u e   t o  less s t a g e s  
(Ref .  7 ) .  

The  development of r o c k e t   e n g i n e s   u s i n g   n u c l e a r   e n e r g y  i s  
p a r t i c u l a r l y   i m p o r t a n t ,   b e c a u s e   t h e s e   e n g i n e s  w i l l  h a v e   g r e a t e r  
advantages  when c o s m i c   s p a c e   r e s e a r c h   h a s   r e a c h e d   t h e   s t a g e   o f   i n t e r -  
p l a n e t a r y   j o u r n e y s  by man. 

9 .3  E l e c t r i c   E n e r g y  Nuclesr-Devices 

P o s s i b i l i t i e s   f o r   U t i l i z i n g  Elec t r ic  Energy  Nuclear 
Devices   on   Space   Vehic les  

Nuc lea r   ene rgy   can   be   u sed   no t   on ly   fo r   p roduc ing  j e t  t h r u s t  
d i r e c t l y ,   b u t   a l s o   f o r   p r o d u c i n g   e l e c t r i c   e n e r g y   w h i c h   s u p p l i e s   t h e  
equipment   and  apparatus   on a space   veh ic l e .   Nuc lea r   dev ices ,   wh ich  
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Power d e v i c e s   h a v i n g  a v e r y   g r e a t   o u t p u t  are n e c e s s a r y   f o r  elec- 
t r i c  j e t  eng ines .  The o u t p u t  limits a n d   t h e   l i f e t i m e s   f o r   d i f f e r e n t  
types   o f  power devices ,   which  are t o   b e   u s e d   o n   b o a r d   s p a c e c r a f t s ,  
a r e  shown i n   F i g u r e  9.13 (Ref.  24, Ref. 25). Although e l ec t r i c  j e t  
engines   have a low t h r u s t ,   t h e y  w i l l  n e v e r t h e l e s s   b e   p r i m a r i l y   u s e d  
f o r   i n t e r p l a n e t a r y   f l i g h t ,   s i n c e   t h e y   h a v e  a good l i f e t i m e   a n d   p e r m i t  
a s i g n i f i c a n t   i n c r e a s e   i n   t h e   p a y l o a d .  The  power  device  output  must 
be   computed   f rom  the   power   requi red   to   main ta in   contac t   wi th   the  
e a r t h ,   t o   m a i n t a i n   t h e   l i f e - s u p p o r t   s y s t e m s   f o r   t h e  crew, and t o  
supply   the   equipment ,   appara tus ,   and   engine .  

Spec ia l   equ ipmen t   can   be   u sed   i n   add i t ion   t o   t he   ma in   equ ipmen t ,  
which w i l l  s e r v e   t o   a c t u a t e   t h e   s p a c e c r a f t   e n g i n e ,   a n d   w h i c h  w i l l  
s e r v e   a s   a d d i t i o n a l   s o u r c e s   o f   e l e c t r i c   e n e r g y   f o r   s u p p l y i n g   t h e   d i f f e r e n t  
appa ra tus  on t h e   s p a c e c r a f t .  

The  power f o r   m a i n t a i n i n g   c o n t a c t   w i t h   t h e   e a r t h   ( R e f .  21, Ref.  22) 
depends on t h e   r e q u i r e d   r a t e   o f   i n f o r m a t i o n   t r a n s m i t t a l ,   t h e   q u a l i t y  
of   the  communicat ion  apparatus  on boa rd   t he   spacec ra f t   and   on   t he  
e a r t h ,   t h e   d i m e n s i o n s   a n d   q u a l i t y   o f   t h e   t r a n s m i t t i n g   a n d   r e c e i v i n g  
a n t e n n a ,   d i s t a n c e ,   e t c .  From 100 t o  1000 w ( a c c o r d i n g   t o   d i f f e r e n t  
e s t i m a t e s )  i s  r e q u i r e d  p e r  man t o   m a i n t a i n   t h e   l i f e - s u p p o r t   s y s t e m s .  
I n   a d d i t i o n ,   t h e   f o l l o w i n g  are typ ica l   va lues   fo r   t he   power   supp ly  
r e q u i r e d   f o r   d i f f e r e n t   d e v i c e s   i n   t h e   s c i e n t i f i c   e q u i p m e n t :   m a g n e t o m e t e r  
5 w ,  m ic rophone   o r   r eco rde r   o f   mic rometeo r i t e s   2 .5  w ,  c o s m i c   r a d i a t i o n  
d e t e c t o r s  2 w ,  and  mass-spectrograph 1 7  w.  The p o w e r   r e q u i r e d   f o r  
supp ly ing   t he   nav iga t iona l   equ ipmen t   and   gu idance   sys t em i s  approximately 
of   the  same order   (Ref .   21,   Ref .   22) .  

Appara tus   fo r   t he   c r ew  r equ i r e s  a power  ranging  between 280 w and 
1 - 5 kw o f   a u x i l i a r y   e n e r g y .  A power   o f   s eve ra l   k i lowa t t s  i s  re- 
q u i r e d   f o r   t e l e v i s i o n   t r a n s m i t t a l   f r o m   s p a c e .  A s o u r c e   o f  e l e c t r i c  1284 
ene rgy   hav ing   an   ou tpu t   o f   s eve ra l   hundreds   and   t housands   o f   k i lo -  
watts i s  n e c e s s a r y   f o r   a n   e l e c t r i c   r o c k e t   d e v i c e   ( R e f .  21, Ref.  22). 
Energy   f rom  the   sun ,   chemica l   ene rgy ,   and   nuc lea r   ene rgy   can   be   u sed  
a s   t he   sou rce   o f  e l e c t r i c  ene rgy .  

The u s e   o f   s o l a r   e n e r g y   t o   o b t a i n   e l e c t r i c i t y  on   boa rd   t he   space  
v e h i c l e  makes i t  p o s s i b l e   t o  manage wi thou t   compara t ive ly   heavy   sh i e l -  
d ing   f rom  r ad ia t ion   coming   f rom  nuc lea r   ene rgy   sou rces .  In t h i s  
c o n n e c t i o n ,   s o l a r   b a t t e r i e s ,   f o r   e x a m p l e ,  are e x t e n s i v e l y   u s e d   o n  
p r e s e n t - d a y   a r t i f i c i a l   e a r t h  s a t e l l i t e s .  A stream of   t he rma l   ene rgy  
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Ou tpu t   and   L i f e t ime   o f   D i f f e ren t  Types o f   E l e c t r i c  
Devices t o   b e  Used i n  E l e c t r i c   E n g i n e s .  

a t  1.4 kw/rn2 f a l l s  on a s u r f a c e   w h i c h  i s  p e r p e n d i c u l a r   t o   s o l a r   r a y s  
on an e a r t h   o r b i t .  However, t h e   u t i l i z a t i o n   o f   s o l a r   e n e r g y   f o r  a 
l a r g e  amount of  power i s  d i f f i c u l t   f o r   t h e   f o l l o w i n g   r e a s o n s :  i n  
manoeuver ing   t he   space   veh ic l e ,  it i s  n e c e s s a r y   t h a t   t h e   s o l a r   c o l l e c -  
t o r s   b e   r e g u l a t e d   i n  a s p e c i a l   m a n n e r ,   i n   o r d e r   t h a t   t h e y   . a l w a y s  
m a i n t a i n   t h e   m o s t   f a v o r a b l e   p o s i t i o n   w i t h   r e s p e c t   t o   t h e   s u n .  The 
f l i g h t   o f   t h e   v e h i c l e   i n   t h e   s h a d e   o f   t h e   e a r t h   o r   a n o t h e r   p l a n e t   m u s t  
b e  provided  by a sys t em  o f   power fu l   accumula to r s   o f   so l a r ,   t he rma l ,   o r  
e l e c t r i c   e n e r g y ,   w h i c h   c a n   c a u s e   s i g n i f i c a n t   w e i g h t   p e n a l t i e s ,  
p a r t i c u l a r l y   i n   t h e   c a s e   o f   e l e c t r i c   e n e r g y   a c c u m u l a t o r s .  

T h u s ,   t h e   s p e c i f i c   w e i g h t  of N i  - Cd accumula tors ,   which   a re  
usua l ly   used  on t h e   o r d e r   o f   h u n d r e d s   o r   t h o u s a n d s  of times f o r  a 
number  of d i scharges ,   amounts   to   approximate ly  500 kg/kw-hour.  For a 
small number   o f   d i scha rges   ( s eve ra l   t imes )  Zn - Ag accumula to r s   a r e  
used  with a s p e c i f i c   w e i g h t  of  about  10 kg/kw-hour.   Therefore,  a t  
t h e   p r e s e n t  time i t  a p p e a r s   t h a t   t h e   u s e  of so l a r   ene rgy   on   boa rd  
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s p a c e   v e h i c l e s  w i l l  be   l imi t ed   by   t he   power   r equ i r ed   fo r   pu rposes  
o t h e r   t h a n   p r o p u l s i o n .   I n   o r d e r   t o  exp,and t h e  power  range, a s i g -  
n i f i c a n t   i n c r e a s e   i n   t h e   e f f i c i e n c y   o f   t h e   c o n v e r t e r   c h a n g i n g   t h e r m a l  
e n e r g y   i n t o   e l e c t r i c   e n e r g y ,  as compared  with  present-day  values  
(5  - IS%) ,  i s  necessa ry .  

Nuclear   sources   o f  e l e c t r i c  energy  are based  on t h e   a p p l i c a t i o n  
o f   r a d i o a c t i v e   i s o t o p e s   a n d   n u c l e a r   r e a c t o r s .  The   u se   o f   r ad ioac t ive  
i s o t o p e s  w i l l  p r o b a b l y   b e   l i m i t e d   b y  a power on t h e   o r d e r   o f  1 kw, 
s ince,when i t  i n c r e a s e s , t h e   r a d i o a c t i v e   t h r e a t   g r e a t l y   i n c r e a s e s   f o r  
the  launch crew. A n u c l e a r   r e a c t o r   r e p r e s e n t s  a l i g h t e r   S o u r c e   f o r  
e l e c t r i c  power  on t h e   o r d e r   o f   s e v e r a l   t e n s  of k i lowa t t s   and   above .  

E l e c t r i L R o c k e t   E n g i n e s  

P a r t   o f   t h e   e l e c t r i c   e n g i n e   s y s t e m ,   w h i c h   c o n v e r t s   e l e c t r i c  
e n e r g y   i n t o   t h r u s t ,   c a n   b e   c a l l e d   t h e   e l e c t r i c   r o c k e t   e n g i n e s .  They 
c a n   b e   c o n d i t i o n a l l y   d i v i d e d   i n t o   t h r e e   t y p e s :   e l e c t r o t h e r m a l   r o c k e t  
eng ine ,   i n   wh ich  a gaseous  working medium i s  h e a t e d   e l e c t r i c a l l y ,  and 
then  i s  a c c e l e r a t e d   t h e r m o d y n a m i c a l l y   i n   o r d e r   t o   o b t a i n   t h r u s t .  /285 
Examples  of t h i s   t y p e   o f   e n g i c e   a r e   t h e   e l e c t r i c   a r c   d e v i c e ,   w h i c h  
forms a s t ream  of   the   working  medium which i s  h e a t e d   i n   t h e   a r c ,  and 
a device  which  forms a s t ream  of   working  medium which i s  hea ted   due  
t o   t h e   e l e c t r i c   r e s i s t a n c e   o f   t h e   l a t t e r ;   a n   e l e c t r o m a g n e t i c   r o c k e t  
eng ine ,   i n   wh ich   i on ized   gas   (p l a sma)  - w h i c h   c o n s i s t s  of a mix tu re  
o f   e l ec t rons   and   i ons  - i s  a c c e l e r a t e d   i n   a n   e l e c t r o m a g n e t i c   f i e l d ;  
an e l e c t r o s t a t i c   r o c k e t   e n g i n e ,   i n   w h i c h   i o n s   a r e   a c c e l e r a t e d   i n   t h e  
e l e c t r i c   f i e l d ,  and - when an   i on   bund le   l eaves   t he   eng ine  - e l e c t r o n s  
a r e   i n j e c t e d   i n t o   t h e   b u n d l e .  

Systems f o r   C o n v e r t i n g g i f f e r e n t  
Types o f  E n e r g y   i n t o  "- E l e c t r i c  Enerpy 

The s t r u c t u r a l   f e a t u r e s   o f   a n  e l ec t r i c  ene rgy   sou rce  on a space  
v e h i c l e   a r e   d e t e r m i n e d   t o  a c o n s i d e r a b l e   e x t e n t   b y   t h e   a r r a n g e m e n t  
by  which  the  given  type  of   energy i s  c o n v e r t e d   i n t o  e lectr ic  ene rgy .  
F igu re  9 .14  i l l u s t r a t e s   s y s t e m s   f o r   c o n v e r t i n g   d i f f e r e n t   t y p e s  of 
e n e r g y   i n t o   e l e c t r i c   e n e r g y .  

I n   o r d e r   t o   d e v e l o p   s o u r c e s   w h i c h   c a n   b e   u t i l i z e d  on space  
veh ic l e s   and   wh ich   s a t i s fy   t he   r equ i r emen t s   o f  economy, l i g h t n e s s ,  
and s m a l l n e s s ,   i n   r e c e n t   y e a r s   i n t e n s e   s t u d i e s   h a v e   b e e n   u n d e r t a k e n  
t o   p r i m a r i l y   d e t e r m i n e  new p h y s i c a l   m e t h o d s   f o r   c o n v e r t i n g   d i f f e r e n t  
t y p e s   o f   e n e r g y   i n t o  e l e c t r i c  energy;   these   methods  are based   on  
u t i l i z i n g   m a g n e t o h y d r o d y n a m i c ,   p h o t o e l e c t r i c ,   f e r r o e l e c t r i c   p h e n o m e n a ,  
t h e  phenomena o f   r a d i o a c t i v e   d e c a y ,   a n d   o t h e r s .   A l o n g   w i t h   t h i s ,  
i n t e r e s t   h a s   a g a i n   b e e n   d e v e l o p e d   i n   t h e   u t i l i z a t i o n   o f   t h e r m o e l e c t r i c  
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F igure  9.14 

Main  Methods for   Convert ing  Chemical ,   Atomic,  
and   Solar   Energy   in to  E l e c t r i c  Energy. 

phenomena f o r   t h i s   p u r p o s e .   I d e a s   f o r   u t i l i z i n g   t h e r m o e l e c t r o n i c  
e m i s s i o n   f o r   c o n v e r t i n g   t h e r m a l   e n e r g y   i n t o   e l e c t r i c   e n e r g y   a r e   a t  
t h e   s t a g e   o f   t e c h n i c a l   r e a l i z a t i o n .   T u r b o g e n e r a t o r   d e v i c e s  con- 
t i n u e   t o   r e c e i v e  a g r e a t   d e a l   o f   a t t e n t i o n .  

/286 

Cosmic   nuc lear -energy   devices   mus t   sa t i s fy   the   fo l lowing  
requi rements :  1) t o   o p e r a t e   a t  a h i g h   t e m p e r a t u r e ,   w h i c h   f a c i l i t a t e s  
t he   hea t   r emova l   u s ing  a condenser - rad ia tor   which   has  a s m a l l   s u r f a c e ,  
and ,   consequent ly ,  low we igh t ;  2 )  t o   u s e  a m a t e r i a l   h a v i n g  a h igh  
e n e r g y   d e n s i t y   a s   t h e   h e a t   s o u r c e  - f o r   e x a m p l e ,   u r a n i u m   c a r b i d e   i n  
r e a c t o r s   u s i n g   r a p i d   a n d   i n t e r m e d i a t e   n e u t r o n s ;  3 )  t h e   s h i e l d i n g   w h i c h  
i s   r e q u i r e d   f o r   t h e   v e h i c l e  m u s t   h a v e   t h e   l e a s t   p o s s i b l e   w e i g h t ;  4 )  t o  
h a v e   r e l i a b i l i t y   a n d   s t r e n g t h ;  5) t o   c o n t a i n  as few  moving p a r t s   a s  
poss ib l e ;   6 )   t o   have  a minimum t r a n s f e r   o f   h e a t   t o   o t h e r   p a r t s   o f   t h e  
c r a f t   ( R e f .   2 6 ) .  A t  t h e   p r e s e n t  time there   a re   f ive   wel l -known  methods  
f o r   c o n v e r t i n g   t h e r m a l   e n e r g y   i n t o   e l e c t r i c   e n e r g y :   u s i n g   t h e r m o e l e c t r i c  
and   t he rmoemiss ion   conve r t e r s ,   f ue l   e l emen t s ,   t u rbogene ra to r s ,   and  
magnetohydrodynamic  generators.  

It  i s  assumed t h a t   t h e r m o e l e c t r o n   g e n e r a t o r   s y s t e m s   c a n   s a t i s f y  
t h e   r e q u i r e m e n t s   g i v e n   a b o v e   i n   t h e   b e s t  way (Ref 25 ) .  I n  low-power 
gene ra to r   sys t ems ,   t he   hea t   f rom  the   decay   o f   r ad io f so topes  w i l l  b e  
used; i n  more   power fu l   gene ra to r s   ( f rom  seve ra l   t ens   o f   k i lowa t t s   t o  
t ens   o f   megawa t t s   ou tpu t )   t he   hea t  w i l l  be  produced  by  small   compact 
r e a c t o r s .  

Turbogenerator,   Nuclear-Power Devices (NPD) 

Br ie f   Data .  A t u r b o g e n e r a t o r  NPD can   be  made w i t h  a gas t u r b i n e  
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o r   w i t h  a s t eam  tu rb ine   a r r angemen t .   In   t u rbogene ra to r   sys t ems  , t h e  
thermal   energy  i s  t r a n s f o r m e d   i n t o  e l ec t r i c  ene rgy ,  wi th  i n t e r m e d i a t e  
t r ans fo rma t ion   i n to   mechan ica l   ene rgy  of vapor   o r   gas   wh ich  sets t h e  
t u r b i n e   i n   m o t i o n .   T u r b o g e n e r a t o r   d e v i c e s  can g e n e r a t e  an e l ec t r i c  
cu r ren t   bo th   o f   cons t an t   and   o f   va r i ab le   h igh -power   vo l t age ,   wh i l e  
b o t h   t h e r m o e l e c t r i c   a n d   t h e r m o e l e c t r o n i c   g e n e r a t o r s ,  as w e l l  as s o l a r  
e l e m e n t s ,   a r e  low-power sou rces   o f  a c o n s t a n t   c u r r e n t   w i t h  low 
vo l t age .   Turbogene ra to r   dev ices   have  a more  complex  design. 

A t  t h e   p r e s e n t  time, several f i r m s   i n   t h e   U n i t e d   S t a t e s ,   t h e  
U.S. A i r  Force,   the  Atomic  Energy  Commission,  and  the  National 
Aeronau t i c s   and   Space   Admin i s t r a t ion   a r e   acce le ra t ing   t he   p rog ram 
f o r   d e v e l o p i n g   n u c l e a r - p o w e r e d   d e v i c e s   f o r   s p a c e f l i g h t s .  The e l e c t r i c  
power sources ,   deve loped   under   the  SNAP p r o g r a m ,   s h o u l d   f i n d   e x t e n s i v e  
a p p l i c a t i o n  on s a t e l l i t e s  and o t h e r   s p a c e   v e h i c l e s .  The  program 
a l s o   i n c l u d e s   t h e   d e v e l o p m e n t   o f   e l e c t r i c   p o w e r   s o u r c e s   w h i c h  are / 2 8 7  
smal l ,   which   can   be   used   on   underwater   c ra f t   in   remote   reg ions  (SNAP-4). 

The tu rbogene ra to r   dev ices   wh ich   have   been   deve loped   t o   t he  
g r e a t e s t   e x t e n t  a t  t h e   p r e s e n t  t i m e  are SNAP-1, SNAP-2, SNAP-4, 
SNAP-8, SSAP-50 (Ref. 2 7 - 2 9 ) .  

SSAP-1. SNAP-1 w i t h  a t u rbogene ra to r   u ses   mercu ry  as the   working  
s u b s t a n c e ,  and a capsule   conta in ing   cer ium-144  rad io iso topes ,   which  i s  
l o c a t e d   i n  a c y l i n d e r   h a v i n g  a d i ame te r  o f  100 mm and a h e i g h t   o f  300 mm, 
i s  used   a s   t he   hea t   sou rce .  Tne dev ice   p rov ides  a power  of 500 w f o r  
60 days.  

SXAP-2.  I n   t h i  
of  thermal  energy us  
e u t e c t i c   m i x t u r e  o f  

s d e v i c e ,  a n u c l e a r   r e a c t o r  i s  used as t h e   s o u r c e  
i n g   e n r i c h e d   u r a n i u m .   I n   t h e   f i r s t   c i r c u i t ,   a n  
sodium  and  calcium i s  used as t h e   h e a t - t r a n s f e r  

a g e n t ;   i n   t h e   s e c o n d   c i r c u i t ,   t h e   w o r k i n g   s u b s t a n c e  i s  mercury.  The 
nuclear-power  device SNAP-2 was des igned   fo r   ope ra t ion   unde r   cond i t ions  
of high   vacuum,   h igh   tempera tures ,   l a rge   t empera ture   d rops  a t  t h e  
moment of l aunch ,   and   a l so   unde r   cond i t ions  of  w e i g h t l e s s n e s s   a n d   i n  
the   p resence   o f   cosmic   rad ia t ion   and   bombardment   by   micrometeor i tes .  
I t  i s  assumed t h a t   t h e   c i e v i c e  w i l l  s u s t a i n   s t r o n g   i m p a c t s   o n   t h e   o r d e r  
o f  60 g ,   v i b r a t i o n s  up t o   1 5  g ,  and a c c e l e r a t i o n s  up t o  10 g (Ref.  30) .  
The o u t g o i n g   e l e c t r i c  power of  t h e   d e v i c e  i s  3 kw w i t h   o n e   t u r b i n e ;  
i f  two t u r b i n e s  are u t i l i z e d   w i t h   o n e   r e a c t o r ,   t h e   t o t a l   p o w e r   c a n   b e  
doubled. The thermal  pcwer of t h e   r e a c t o r  i s  5 0  kw; t h e   e f f i c i e n c y  of 
t h e   e n t i r e   s y s t e m  as a whole i s  6%, t h e   v o l t a g e  i s  110 v, the   f requency  
i s  2000 c p s .  With a power  of 6 kw, t h e   d e v i c e   w e i g h s   ( w i t h   s h i e l d i n g )  
approximately 400 kg.  The we igh t   o f   t he   mercu ry -vapor   t u rb ine  i s  
135 kg. The r e a c t o r   w e i g h t  i s  90-100kg. The r e a c t o r   h e i g h t  is 45 cm, 
t he   d i ame te r  i s  35 cm. The s u r f a c e  of  t h e   c o n d e n s e r - r a d i a t o r ,   d i f f u s i n g  
a power of  40 kw a t  a temperature   of   315"  Cyequals  9 m2.  The heat- 
t r a n s f e r   a g e n t   t e m p e r a t u r e  a t  t h e   r e a c t o r   i n p u t  i s  538" C ;  a t  t h e  
r e a c t o r   o u t p u t  - 650" C.  The r o t a t i o n   s p e e d   o f   t h e   t u r b i n e  i s  
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40,000 r o t a t i o n l m i n ;   l i f e t i m e   o f   t h e   a p p a r a t u s  i s  1 y e a r ;   s p e c i f i c  
power i s  11 w / k g ;   s p e c i f i c   e n e r g y   ( p e r  1 y e a r ' s   o p e r a t i o n )  i s  
110 kw-hourlkg. 

SNAP-8. Output  power i s  30 kw; the rma l   power   c f   t he   r eac to r ,  
300 kw; v o l t a g e ,  43.6175.6 v; f requency,  1,000 c p s ;   t o t a l   w e i g h t  
o f   t he   dev ice  675 k g ;   s u r f a c e   o f   t h e   c o n d e n s e r - r a d i a t o r   d i f f u s i n g  a 
power  of 255 kw i s  3 2 . 4  m 2 ;  l i f e t i m e  i s  1 y e a r .   I f  a second  turbo-  
g e n e r a t o r  i s  a d d e d ,   t h e   e l e c t r i c  power   genera ted   f rom  one   reac tor  
can   be   i nc reased  up t o  60 kw. The w e i g h t   o f   t h i s   d e v i c e  w i l l  b e  
1125 kg. 

SNAP-50. A t u r b o g e n e r a t o r   d e v i c e   h a v i n g   a n   e l e c t r i c   p o w e r  of  
300 kw - 1 Mw, w i t h   l i t h i u m  as t h e   h e a t - t r a n s f e r   a g e n t   a n d   b o i l i n g  po- 
t a s s ium as the   working   subs tance   (Ref .  3 1 ) .  For  a thermal  power 
o f  8 - 10 Mw, t h e   w e i g h t   o f   t h e   d e v i c e   ( w i t h o u t   s h i e l d i n g )  - i n c l u d i n g  
t h e   r e a c t o r ,   c o n v e r t e r ,   a n d   r a d i a t o r  - must  be 4.5 kg p e r  1 kw 
thermal   power .   The   mos t   impor tan t   c r i te r ion   for   the   device  i s  1288  
r e l i a b l e   o p e r a t i o n   w i t h o u t   a t t e n d a n t s   f o r  10,000 h o u r s .  It i s  assumed 
that   uranium  monocarbide i s  used as t h e   r e a c t o r   f u e l ,   s i n c e  i t  has  
a h igh   dens i ty   and   t he rma l   conduc t iv i ty .   Fue l   e l emen t s  made of  
u ran ium  ox ide   and   be ry l l i um  ox ide   can   a l so   be   u sed ;   t hey   have  a long 
l i f e t ime ,   and   t he   d imens ion   and   we igh t   o f   t he   r eac to r   i nc reases  some- 
what  with  them.  High-melting metals w i l l  be   w ide ly   u sed   i n   cons t ruc -  
t i n g   t h e   r e a c t o r ,   i n   v i e w   o f   t h e   h i g h   o p e r a t i o n a l   t e m p e r a t u r e   ( R e f .  
32, Ref. 33) .  

Other   types  of   power  devices  are p lanned   under   th i s   p rogram,  
i n c l u d i n g   t h e   f o l l o w i n g :  a SNAP-50 type   o f   dev ice   w i th   t he rmoe lec t ron  
c o n v e r t e r s   l o c a t e d   i n   t h e   h e a t   e x c h a n g e r   o r   t h e   c o n d e n s e r - r a d i a t o r ;  
a SNAP-50 type   o f   device   wi th   magnetohydrodynamic   conver te rs ;  a 
v a r i a t i o n   o f   t h e  SNAP-50 type  of  b o i l i n g   r e a c t o r ;   r e a c t o r s   w i t h  
g a s   c o o l i n g ;   s y s t e m s   o f   b o i l i n g   r e a c t o r s   h a v i n g   a n   e l e c t r i c  power 
of 100 - 300 kw, ope ra t ing   a t   t empera tu res   be low  1100"  C (Ref .  31, 
Ref.  32 ) .  

Thermoemission  Nuclear  Power  Devices 

Genera l   Informat ion .  The thermal   emission  method o f  c o n v e r t i n g  
h e a t   i n t o   e l e c t r i c i t y  i s  based   on   the  phenomenon o f   t he rmoe lec t ron  
emission,   which was d i s c o v e r e d  i n  1883 by  Edison  and  consis ts  of t h e  
f a c t   t h a t ,  when m e t a l l i c   b o d i e s   a r e   h e a t e d   i n  a vacuum, e l e c t r o n s  
l e a v e   t h e i r   s u r f a c e .  However,  only i n   t h e   l a s t  few years   has   thermo- 
e l e c t r o n   e m i s s i o n   b e e n   r e g a r d e d  as a p o s s i b i l i t y   f o r   c o n v e r t i n g   t h e r m a l  
e n e r g y   i n t o   e l e c t r i c   e n e r g y .  

F igu re  9.15 i l l u s t r a t e s   t h e   p r i n c i p l e   u n d e r l y i n g   t h e   a c t i o n  of  a 
t he rma l   emis s ion   conve r t e r .  
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Figure  9 .15 

Diagram  of a Thermal  Emission Con- 
v e r t e r .  

Under t h e   i n f l u e n c e   o f   h e a t   w h i c h  i s  c o n d u c t e d   t o   t h e   c a t h o d e ,  
t h e   e l e c t r o n   e n e r g y  of  t h e   c a t h o d e   m a t e r i a l   i n c r e a s e s   f r o m   t h e  
Fermi  l e v e l '   t o  a c e r t a i n   h i g h e r   l e v e l .  The e l e c t r o n s  whose  energy 
i s  h ighe r   t han   t he  work func t ion   o f   t he   ca thode  material  Ox l e a v e  
t h e   c a t h o d e   a n d   e n t e r   s p a c e   c l o s e   t o   t h e   c a t h o d e .  When t h e r e  i s  no 
s p a c e   c h a r g e ,   t h e   e l e c t r o n s   e n t e r   t h e   r e l a t i v e l y   c o l d   a n o d e  - due 
to   t he   p re sence   o f  a r a t h e r   l a r g e   k i n e t i c   e n e r g y  - w h e r e   t h e i r  1289 
ene rgy   dec reases   t o   t he   work   func t ion   o f   t he   anode   ma te r i a l  O a ,  
which  heats   the  anode.  The r e s i d u a l   p o t e n t i a l   e n e r g y   o f   a n  
e l ec t ron ,   wh ich   equa l s   t he   d i f f e rence   be tween   t he   work   func t ion  
fo r   t he   ca thode   and   t he   anode  ( O  - Oa), can b e  d e l i v e r e d   t o   t h e  
o u t e r   e l e c t r o n   c i r c u i t   ( F i g u r e  9 . 1 6 ) .  IZ 

The t h e r m a l   e m i s s i o n   c o n v e r t e r   a c t s   l i k e  a c o n s t a n t - c u r r e n t  
g e n e r a t o r ,  whose maximum o u t p u t   v o l t a g e   e q u a l s  OK - 9a- T h u s ,   p a r t  
o f  the   thermal   energy   which   compels   the   e lec t rons   to  leave t h e   c a t h o d e  
c a n   b e   c o n v e r t e d   i n t o   e l e c t r i c   e n e r g y .  The o u t p u t   v o l t a g e   o f   o n e  
c o n v e r t e r   u s u a l l y  is  on t h e   o r d e r   o f  1 v ,   a n d   t h e r e f o r e  i t  i s  necessa ry  
t o  combine a l a r g e  number   o f   conve r t e r s   i n  series, which  causes   addi-  
t i o n a l   l o s s e s .  I t  shou ld   be   no ted   t ha t   by   modu la t ing   t he  stream in -  
t e n s i t y   o f   e l e c t r o n s   f a l l i n g  on t h e   a n o d e ,  i t  i s  p o s s i b l e   t o   o b t a i n  
an a l t e r n a t i n g   c u r r e n t .  

I n   o r d e r   t h a t   t h e   t h e r m o e m i s s i o n   c o n v e r t e r   h a v e  a h igh   f r equency ,  
i t  is n e c e s s a r y   t o  decrease o r  remove t h e   e f f e c t   o f   t h e   s p a c e   c h a r g e  
and t o  s e l ec t  the   ca thode   and   anode  materials i n   s u c h  a way t h a t   t h e i r  
w o r k   f u n c t i o n s   d i f f e r   s i g n i f i c a n t l y .  The cathode  must  have a l a r g e  

The Fermi l e v e l  i s  t h e  maximum e l e c t r o n   e n e r g y  i n  a g iven  metal 
a t  a b s o l u t e   z e r o   t e m p e r a t u r e .  
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work func t ion .   Three   types   o f   thermoemiss ion   conver te rs   can  
b e  developed:  vacuum c o n v e r t e r s   w i t h  a small (on t h e   o r d e r   o f  
s e v e r a l   t e n s   o f   m i c r o n s )   d i s t a n c e   b e t w e e n   e l e c t r o d e s ,   m a g n e t i c  
t r a n s i s t o r s ,  and g a s - f i l l e d   c o n v e r t e r s .  A cesium  element  i s  
one  of   the  most   f requent ly   examined  forms  of   the l a t t e r  
type  o f  c o n v e r t e r .  

Level  of 
Fermi  Cathodr. 

F igu re  9 . 1 6  

S i m p l i f i e d  Scheme f o r   t h e   D i s t r i b u t i o n   o f   P o t e n t i a l  
Lne rgy   Leve l s   fo r   E lec t rons   i n  a Thermoemission Con- 
v e r t e r .  

Combination of Thermoemission  Elements  with a Reactor   Device.  
The re   a r e   t h ree   bas i c   me thods   fo r   i nc lud ing   t he rmoemiss ion   conve r t e r s  
i n   r e a c t o r  s y s t e m s :  t h e   c o n v e r t e r s   c a n   b e   p l a c e d   w i t h i n   t h e   r e a c t o r ,  
s e p a r a t e l y   f r o m  i t  b u t   w i t h  a m u t u a l   c o o l a n t   c i r c u i t ,   o r  on t h e  re- 
a c t o r   s u r f a c e   ( R e f .  3 4 ) .  

The t h e r m o e m i s s i o n   e l e m e n t   w i t h i n   t h e   r e a c t o r  i s  cocbined   wi th  
t h e   f u e l   e l e m e n t ,   a s  i s  shown i n   F i g u r e  9 . 1 7 ,  us ing   the   example  o f  a 
conver t e r   e l emen t   hav ing  a c y l i n d r i c a l   f o r m .  

T h e r e   a r e   o t n e r   p o s s i b l e   d e s i g n s   f o r   t h e r m o e m i s s i o n   c o n v e r t e r s ,  
f o r   e x a m p l e ,   t h e   f l a t  t y p e .  The a c t i v e   z o n e   o f   t h e   r e a c t o r  can be  
comprised  of a se t  of s i m i l a r   u n i t s   w i t h   t h e   c o o l a n t   c i r c u l a t i n g   b e t w e e n  
them i n   o r d e r   t o   c o o l   t h e   a n o d e .   T y p i c a l   d i m e n s i o n s   o f   t h e  emitter 1290 
a r e :  a diameter   range  between 6 - 25 mm; l e n g t h ,  25 - 250 nn; i n t e r -  
e l e c t r o n i c   p l a s m a   i n t e r v a l ,  0 . 1  - 1 mm; and   anode   th ickness ,   0 .12  - 
0.75 mm (Ref .  3 4 ) .  The l ayou t   o f   t he   ac t ive   zone   i n   t he   t he rmoemis -  
s i o n   r e a c t o r   d i f f e r s  f rom  the   l ayou t   o f   t he   cus tomary   r eac to r ,w i th   r e spec t  
t o   t h e  method f o r   f a s t e n i n g   t h e   e l e m e n t s ,   t h e   n e c e s s i t y   o f   a n  
e l e c t r i c  b o n d   b e t w e e n   t h e   t h e r m a l   e l e m e n t s ,   a n a   t h e   i n s u l a t i o n  
be tween  the   anodes .  

The c o e f f i c i e n t   o f  a thermoemiss ion   conver te r ,   which   equals  
t h e   r a t i o  of t h e   o u t p u t  power t o  the   input   power ,   can   be   expressed  
by t h e   f o l l o w i n g   e q u a t i o n   ( f o r  a vacuum regime  wi th   compensa t ion   for  

330 



t h e   s p a c e   c h a r g e )  : 

w h e r e   t h e   n u m e r a t o r   e q u a l s   t h e  
t h e   l o s s e s  a t  t h e   e l e c t r o d e s   a n d   t h e  

t h e   e n e r g y   r e q u i r e d   f o r   t h e   v a p o r i z a t i o n   o f   e l e c t r o n s   f r o m ' t h e  
c a t h o d e   s u r f a c e   a n d   f o r   s u r m o u n t i n g   t h e   b a r r i e r   c r e a t e d   b y   t h e  
space   charge ;  I, ( Pa + 2keTa. ) - t h e   e n e r g y   r e s t o r e d   t o   t h e  

ca thode   by   t he   r e tu rn   cu r ren t   f rom  the   anode ;   I I r ad  - r a d i a t i o n  
losses; 11con - conduc tance   l o s ses ;  B i o n  - the e n e r g y   f o r  
i o n i z a t i o n  of cesium; e - e l e c t r o n   c h a r g e ;  k - Boltzmann  constant ;  
TK - ca thode   t empera tu re ;  Ta - anode   tempera ture ;  IK, a - e l e c t r o n  
cu r ren t   f rom  the   ca thode   o r   anode .  

I n  any r e a c t o r ,   t h e   e f f e c t i v e   o u t p u t  i s  

where V i s  the   vo lume   o f   t he   r eac to r   ac t ive   zone ;  qmax is t h e  
maximum p e r m i s s i b l e   s p e c i f i c   h e a t   o u t p u t   f r o m  a u n i t  volume  of  the 
r e a c t o r   a c t i v e   z o n e ;  Kv - t h e   r a t i o   o f   t h e  mean o u t p u t   t o   t h e  
maximum ou tpu t   gene ra t ed  p e r  u n i t  volume  of   act ive  zone;  T-I - t o t a l  
e € f i c i e n c y  . 

I n   t h e   u s u a l   r e a c t o r s ,   e f f i c i e n c y   d e p e n d s  on the   t empera tu re  
o f   t h e   i n p u t   a n d   o u t p u t   o f   t h e   r e a c t o r .   I f   t h e   c o o l a n t   f l o w  is 
diaphragmed i n   t h e   f u e l   c h a n n e l s ,  i t  i s  p o s s i b l e   t o  make t h e  
e f f i c i e n c y   i n d e p e n d e n t   o f  Kv,  and   t he   ou tpu t   mus t   dec rease  
l i n e a r l y  from Kv. however, i n  a thermoemission  reactor   which  con-  
s is ts  o f   i d e n t i c a l   t h e r m a l   e m i s s i o n   e l e m e n t s ,   t h e   o u t p u t   c a n  
s t r o n g l y   d e c r e a s e   w i t h  a change i n   t h e  power d i s t r i b u t i o n ,   a n d  
t h e   e f f i c i e n c y   d e p e n d s   v e r y   g r e a t l y  on Kv. I t  can   be  made independent  
of  K v ,  i f  t h e   e m i t t e r   t e m p e r a t u r e  i s  c o n s t a n t   i n   t h e   e n t i r e   r e a c t o r  
a c t i v e  zone - fo r   example ,   by   chang ing   t he   r a t io   o f   t he   ac t ive   zone  
s u r f a c e   t o  i t s  volume ( f o r  a c y l i n d r i c a l   u n i t  - by  changing i t s  
d iame te r ) .  Thus K, c an   approx ima te   un i ty   by   chang ing   t he   fue l  con- 
c e n t r a t i o n   w i t h   r e s p e c t   t o   t h e   i n d i v i d u a l   e l e m e n t s   o r  by   appropr i a t e  
r e g u l a t i o n   o f   t h e   e l e m e n t s .  I t  can   be   s een   f rom  these   s t a t emen t s  
t h a t   i f  i t  i s  d e s i r a b l e   t o   h a v e   u n i f o r m   p o w e r   d i s t r i b u t i o n   i n   t h e   1 2 9 1  
u s u a l   r e a c t o r ,   t h i s   r e q u i r e m e n t  i s  a lmost   compulsory   in  a thermo- 
e m i s s i o n   r e a c t o r .  

One s e r i o u s   p r o b l e m   i n  a the rmoemiss ion   r eac to r  is contaminat ion  
of   the   anode   and   the   p lasma  by   f i s s ion   products   which  leave t h e  
emitter s u r f a c e .   I n   o r d e r   t o   o b t a i n  a h i g h   e f f i c i e n c y ,   a n   a n o d e  
s u r f a c e   w i t h   h i g h   t h e r m a l   r e f l e c t i v i t y  i s  r e q u i r e d ,   i n   o r d e r   t o  
d e c r e a s e   t h e   t h e r m a l   l o s s e s  of t h e  emitter d u r i n g   r a d i a t i o n .  However, 
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i n   t h e   p r e s e n c e   o f   c o n d e n s i n g   f i s s i o n   p r o d u c t s   o r   d u r i n g   c h e m i c a l  
r e a c t i o n s ,  i t  i s  d i f f i c u l t   t o   m a i n t a i n   h i g h   s u r f a c e   r e f l e c t i v i t y  
be tween   t he   f i s s ion   p roduc t s   and   t he   anode .   In   o rde r   t o   i nc rease  
t h e   o p e r a t i o n a l  time o f   t he   t he rma l   e l emen t s ,  i t  i s  d e s i r a b l e   t o  
remove t h e   g a s e s   w h i c h   c o n t a i n   f i s s i o n   p r o d u c t s ,   e i t h e r   i n   s p e c i a l  
f u e l   e l e m e n t  cavi t ies ,  p u r i f y i n g   d e v i c e s ,   o r   i n   c o s m i c  space - 
which  can e n t a i l  a s t u d y  of s e v e r a l   p r o b l e m s   o n   b i o l o g i c a l   d a n g e r .  

I n  a t h e r m o e m i s s i o n   r e a c t o r , w i t h i n   t h e   a c t i v e   z o n e  i t  i s  
necessa ry   t o   u se  materials which   t rap   neut rons   and   which  d i l u t e  
t h e   a c t i v e   z o n e .   T h e s e   m a t e r i a l s  are n e c e s s a r y   i n   o r d e r   t o  
p r e v e n t   v o l a t i l i z a t i o n   o f   t h e  emitter - which i s  h e a t e d   t o  a h igh  
tempera ture  - f o r   e l e c t r i c   i n s u l a t i o n   o f   t h e   i n d i v i d u a l   e l e m e n t s ,  
f o r   t h e   r e m o v a l   o f   l a r g e   e l e c t r i c   c u r r e n t s   f r o m   t h e   a c t i v e   z o n e ,  
and for   mechanica l   main tenance   o f   the   e lements .   Consequent ly ,  
r a p i d   o r   i n t e r m e d i a t e   r e a c t o r s  are t h e  most s u i t a b l e   t y p e s   o f  
r e a c t o r s   f o r   t h e r m a l   e m i s s i o n   d e v i c e s .  

F igu re  9 . 1 7  

Schematic  Drawing  of a S e c t i o n  of  Thermal 
Emission  Fuel  Elements  with  the  Combination 
and U t i l i z a t i o n   o f  Cesium  Vapors i n  Series: 

1- Hot Conductor;  2- Fuel   Element;  E m i t t e r ;  3- Anode; 
4 -  Cross-connector ;  5- Space   F i l led   wi th   P lasma;  
6- Rese rvo i r   w i th   Ces iua ;  7- Cold  Conductor; 8- Removal 

10- Outer   She l l   o f   Ces ium Washed wi th   Coo lan t .  
o f   Gaseous   F iss ion   Products ;  9- E l e c t r i c   I n s u l a t o r ;  

An i n t e r r e a c t o r   t h e r m o e m i s s i o n   d e v i c e   h a s   t h e   g r e a t e s t   p o s s i b i l i -  
t ies fo r   sys t ems   w i th   h igh   ene rgy   power   (g rea t e r   t han  100 kw) , s i n c e  
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i t  has  a minimum tempera tu re   d rop   be tween   t he   t empera tu re  a t  t h e  
e m i t t e r   s u r f a c e   a n d   t h e   h i g h e s t   p e r m i s s i b l e   f u e l   t e m p e r a t u r e .  I t  
i s  p o s s i b l e   t o   o b t a i n  a l a r g e  emitter s u r f a c e   p e r  unit o f   r e a c t o r  
volume,  which  produces a h igh  power d e n s i t y .  It  is p o s s i b l e   t o  
avoid  a h i g h - t e m p e r a t u r e   c i r c u i t   a n d   u n i t s   o p e r a t i n g  a t  h igh  
t empera tu res .  

S i n c e   r a d i a t i o n  is t h e   o n l y   m e t h o d   o f   h e a t   t r a n s f e r   i n   c o s m i c  
space, h i g h - t e m p e r a t u r e   h e a t   t r a n s f e r ,   w h i c h  i s  n e c e s s a r y   f o r  a 
d e v i c e   w i t h   c o n v e r t e r   e l e m e n t s   w i t h i n   t h e   r e a c t o r ,  makes t h e  I 2 9 2  
u t i l i z a t i o n   o f   t h i s   n u c l e a r   d e v i c e ,   v e r y   p r o m i s i n g   u n d e r   s p a c e  con- 
d i t i o n s .  The d imens ions   o f   t he   condense r - r ad ia to r ,   wh ich  is t h e  
h e a v i e s t  p a r t  o f   the   nuc lear -powered   device ,   can   be   reduced   s ig-  
n i f i c a n t l y .   I n   a d d i t i o n ,   t h e   e l i m i n a t i o n   o f  a l l  moving p a r t s   f r o m  
t h e   d e v i c e   g r e a t l y   i m p r o v e s  i ts  r e l i a b i l i t y .  L e t  us   examine   the  
c h a r a c t e r i s t i c s   o f   t h e   r e a c t o r - g e n s r a t o r   u s i n g   u r a n i u m   c a r b i d e   ( R e f .  
3 4 )  . 

E l e c t r i c   O u t p u t  
Reac tor  Type 

Coolant  
R e f l e c t o r  
Act ive  Zone Heighth 
Ac t ive  Zone Diameter 
Number of   Fuel   Elements  
Uranium-235  Load 
T o t a l   E f f i c i e n c y  o f  Thermal  Element 
E lec t r ic  Losses   in   Thermal   Element  
&et  Eff ic iency  of   Thermal   Element  
Rat io   of  Maximum Power t o  Mean Power 
Mean Anode Temperature  
Nean E m i t t e r  Temperature 
Input   Coolant   Tempera ture  
Output   Coolsn t   Tenpera ture  
Coolant  Consumption 

300 kw 
Reac to r   u s ing  
Rapid  Neutrons 
Li th ium 
Bery l l ium ( 5  cm) 
28 c m  
34 c m  
5 46 
131 kg  
20% 
0.28 kw 
1 4 %  
1.1 
830" C 
2000" c 

760" C 
870" C 
750 l /min  

It s h o u l d   b e   n o t e d   t h a t   t h e s e   d a t a  are n o t  optimum w i t h   r e s p e c t  
t o   t h e   h e i g h t h   a n d   d i a m e t e r   o f   t h e   r e a c t o r .  The r e a c t o r   d i a m e t e r  
s h o u l d   b e   r e d u c e d   i n   o r d e r   t o   d e c r e a s e   t h e   w e i g h t   o f   t h e  shadow 
sh ie ld ing .   Thus ,  a r e a c t o r   d i a m e t e r   r e d u c t i o n  of 75  mm r e d u c e s   t h e  
shadow sh ie ld ing   we igh t   by   225  kg, f o r  a r e a c t o r  power  of  1000 kw 
and a d i s t a n c e   f r o m   t h e   c a b i n   o f  30 m (Ref .  35). T h e r e f o r e ,   t h e  
optimum r e l a t i o n s h i p   b e t w e e n   t h e   h e i g h t h   a n d   d i a m e t e r   o f   t h e   r e a c t o r  
i n  a thermoemiss ion   reac tor -genera tor  i s  t h e   s u b j e c t   o f   s p e c i a l  
s t u d i e s  . 

When t h e   c o n v e r t e r s   a r e   l o c a t e d   o n   t h e   p e r i p h e r y ,   t h e y  are 
s e p a r a t e d   f r o m   t h e  active zone  and are h e a t e d   b y   t h e   h e a t - t r a n s f e r  
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a g e n t   w h i c h   p a s s e s   t h r o u g h   t h e   r e a c t o r .  The c o n s t r u c t i o n  i s  
b a s i c a l l y  similar t o   t h e   c o n s t r u c t i o n   w i t h   t h e   b u i l t - i n   c o n v e r t e r ,  
e x c e p t   t h a t   t h e   f u e l   e l e m e n t  i s  rep laced   by  a t u b e   c o n t a i n i n g   h o t  
l iqu id .   For   an  e l ec t r i ca l  c o n d u c t i n g   h e a t - t r a n s f e r   a g e n t ,   a d d i t i o n a l  
i n s u l a t i o n  i s  n e c e s s a r y   b e t w e e n   t h e   h e a t   t r a n s f e r   a g e n t   a n d   t h e   t u b i n g  
I n   o r d e r   t o   o b t a i n   t h e   d e s i r e d   c u r r e n t   a n d   v o l t a g e ,  a c i r c u l a t i n g  
sys tem i s  r e q u i r e d   f o r   t h e   h e a t - t r a n s f e r   a g e n t ,   o p e r a t i n g  a t  a 
tempera ture   f rom 1400 t o  2000" C. 

When t h e   t h e r m o e m i s s i o n   c o n v e r t e r s   a r e   l o c a t e d  on t h e   r e a c t o r  
s u r f a c e   ( F i g u r e   9 . 1 8 ) ,   t h e   h e a t - t r a n s f e r   a g e n t   w i t h i n   t h e   r e a c t o r  
i s  not   used .  

The heat   can  be  withdrawn  f rom  the  anodes by r a d i a t i o n ,   t h e r m a l  
c o n d u c t i v i t y ,   o r   c o n v e c t i o n .   T h i s   m e t h o d   o f   i n s t a l l i n g   t h e   t h e r m a l  
e m i s s i o n   c o n v e r t e r s  i s  s u i t a b l e   f o r  low  power l e v e l s   o f  10 - 50 kw. 1293 

G 
The r a t i o   o f   w e i g h t   t o  power i s  Em Q D. The  power l i m i t a t i o n s  
a r i s e  due t o   t h e  maximum p e r m i s s i b l e   t e m p e r a t u r e   a t   t h e   c e n t e r   o f  
o f  t h e   a c t i v e   z o n e   a n d   d u e   t o   t h e   l i m i t a t i o n  on t h e   t r a n s f e r   o f  
h e a t   t h r o u g h   t h e   s u r f a c e .  

Comparison  of  Cosmic  Nuclear  Power  Devices  with a Turbogenera tor  
and  Thermoemission  Reactor - G e n e r a t o r .   I n   o r d e r   t o   e v a l u a t e   n u c l e a r  
power d e v i c e s ,  a d e t a i l e d   s t u d y   m u s t   b e  made o f   t h e   e f f i c i e n c y ,   t h e  
ene rgy   dens i ty ,   t he   d imens ions   and   we igh t   o f   t he   r eac to r ,   d imens ions  
and   we igh t   o f   t he   shadow  sh i e ld ing ,   and   t he   l i f e t ime   and   r e l i ab i l i t y  
o f   t h e   d e v i c e .  A comparison i s  u s u a l l y  made  on t h e   b a s i s   o f   t h e  
G I N  kg/kw r a t i o .   F o r   d e v i c e s   w i t h  a ru rb ine   conve r t e r   and  a power 
of 300 - 2000  kw, t h e   s p e c i f i c   w e i g h t   r a n g e s   b e t w e e n  5 . 7  kg/kw  and 
3.8  kg/kw. A t h e o r e t i c a l   a n a l y s i s  shows t h a t   t h e   t h e r m a l   e m i s s i o n  
p r i n c i p l e  i s  c o m p a r a b l e   t o   t h e   t u r b i n e   p r i n c i p l e ,   a n d   h a s   a n  ad- 
v a n t a g e   i n   t h e   d e n s i t y   o f   t h e   c a t h o d e   c u r r e n t  , which i s  about 10 amp/cm2. 

The geometr ic   d imens ions   o f   the   ac t ive   zone   and   the   composi t ion  
o f   t he  active m a t e r i a l   a r e   s e l e c t e d  s o  as t o   o b t a i n   s u f f i c i e n t   e n e r g y  
dens i ty   and  s o  a s   t o   f u l f i l l   t h e   r e q u i r e m e n t s   o f   c r i t i c a l i t y .   F i g u r e  
9.19  shows a t y p i c a l   r e l a t i o n s h i p   b e t w e e n   t h e   f u e l   p o r t i o n '   ( u r a n i u m  
ca rb ide )   and   t he  volume  of t h e   a c t i v e   z o n e   f o r  a r e a c t o r   w i t h  a 
t he rma l   emis s ion   conve r t e r .  

Figure  9 .20  shows  the  weight   of  a uranium-235  load  for a r a p i d  
r e a c t o r   i n   d i f f e r e n t   c o n v e r s i o n   a r r a n g e m e n t s .  It i s  assumed t h a t  
f o r  a t u rb ine   a r r angemen t ,   t he   vo lumet r i c   po r t ion  of  f u e l   i n   t h e  
ac t ive   zone  i s  two times g r e a t e r   t h a n   f o r  a thermoemission  reactor-  
g e n e r a t o r .  A compar i son   o f   t he   spec i f i c   we igh t s   o f   t he rma l   emis s ion  
and t u r b i n e   s y s t e m s  i s  shown i n  F igures   9 .21   and   9 .22 .  

The weight  of t h e  shadow s h i e l d i n g  i s  c a l c u l a t e d   f r o m   t h e  
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Figure   9 .18  

Diagram  Showing  Location  of 
Thermal Ion Elements on t h e  
Reac tor   Sur f   ace :  

1- Anode; 2- C o n t a i n e r ;  3- Plasma  Space; 4- I n s u l a t o r ;  
5- Hot E l e c t r o d e ;  6- Cathode; 7- I n s u l a t f o n ;  8- Evacua- 

t i on   o f   Gaseous   F i s s ion   P roduc t s ;  9- C y l i n d e r   w i t h  
Cesium; 10- Cold   E lec t rode ;  11- Reac to r .  

c o n d i t i o n   o f   t e n f o l d  stream a t t e n u a t i o n   d u e   t o   m a t e r i a l   s c r e e n s   a n d  
f i f t y f o l d   a t t e n u a t i o n  due t o   d i s t a n c e .  I t  i s  assumed t h a t   t h e  con- 
d e n s e r - r a d i a t o r   e s t a b l i s h e s  a s h i e l d i n g   f r o m   p u n c r u r e s   b y   m e t e o r i t e s .  
A l l  t h e   r a d i a t o r s   a r e   o p t i m i z e d   w i t h   r e s p e c t   t o   s p e c i f i c   w e i g h t ,  
t a k i n g   t h e   e f f i c i e n c y  of t he   sys t em  in to   accoun t   (Re f .  3 6 ) .  

Wi th   an   i nc rease   i n   t he   ove ra l l   power ,  a d e v i c e   w i t h   d i r e c t  
conve r s ion  i s  more advantageous.  A compar ison   of   the   tu rb ine-  
thermoemiss ion ,   and   thermoelec t r ic   devices   for  a d i f f e r i n g  level  
o f   e l e c t r i c  power  (Ref. 18) i s  shown i n   F i g u r e   9 . 2 3 .  

E l e c t r i c   j e t   e n g i n e s   t o   b e   u s e d   i n   s p a c e   f o r   i n t e r p l a n e t a r y   1 2 9 5  
f l i g h t s   p r o v i d e  a s i g n i f i c a n t   i n c r e a s e   i n   t h e   p a y l o a d  up t o  
40 - 50% o f  the i n i t i a l   f l i g h t   w e i g h t   i n   o r b i t   ( R e f .   1 ) .  

9 . 4 .  Rocket Engine-s- _ I JL i l i z ing  Enzrgy. &om Nuc lea r  
Explosions 

The "Xart in"  Company h a s   i n t r o d u c e d  a p r o j e c t   t o   d e v e l o p   a n  
e n g i n e   f o r   s p a c e   r o c k e t s ,   w h o s e   o p e r a t i o n  i s  based   on   t he   u se   o f  
small  a tomic   bombs ,   exploding   in  a spec ia l   chamber   and   hea t ing   t he  
working   subs tance  up t o  a h igh   t empera tu re .   Three   t ypes  of a 
nuc lea r   emul s ion   rocke t   have   been   p roposed   by   Coy le  ( R e f .  37).   Under 
very   modes t   assumpt ions ,   the   s imples t   model  I c a n   t r a n s p o r t  twice 
as much payload as a c h e m i c a l   r o c k e t   h a v i n g   t h e  same we igh t .  On 
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Figure   9 .19  

E f f e c t  of  Fue l   Concen t r a t ion   on  
Active Zone Dimensions. 
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Figure   9 .21  
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Figure   9 .20  

Weight  of U-35 Fue l  Load i n   D i f -  
fe ren t   Convers ion   Arrangements  : 

1- Thermoelectron j c  = 3 amp/cm2 
2- Thermoelectron j c  = 10 arnp/cm2; 
3- Turbine  Conversion.  

a 
VI a VI b 

Reactor  Power,  Mw 

Figure  9 .22 

Spec i f ic   Weight   o f   Devices   wi th  Thermo- 
e l e c t r o n   C o n v e r t e r s   a n d  UC + Z r C  Fuel  
f o r  a S p e c i f i c  Power  of 30 w / c m 2  ( a )  
and 20 w / c m 2  ( b ) :  

1- Speci f ic   Weight   o f   Turb ine   Device  
rl = 1.5%; 2- Total   Weight   of  Thermo- 

Compar ison   of   Spec i f ic   Weights   for  e l e c t r o n   D e v i c e  (Tc = 2100" C y  Q = 11.7%, 
Turbogenera tor  Device and Thermo- = 0.8) ; 3- Total   Weight   of  Conden- 
e l ec t ron   Reac to r -Genera to r :  s e r - R a d i a t o r ;  4- Shie ld ing   Weight ;  5- 

1- For  j ,  = 3 amp/cm2; 2- For 
j = 10 amp /cm2 ; 3- Turbine  Con- 
v e r s i o n   f o r  n = 15%. 

Reactor   Weight ;  6- Auxil iary  Equipment  
Weight;  7- Tota l   Weight   o f   Thermoelec t ron  
Device (Tc = 2100°C,  q=9%, = 0.8) .  
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E l e c t r i c  Power, kw 

Figure   9 .23  

Spec i f i c   Weigh t   a s  a Funct ion  of  O u t p u t   f o r   N u c l e a r  
Powered  Devices: 

1- Thermoe lec t r i c   Conver t e r s ;  2- Turbogenera tor   ( In-  
d i r e c t  Mercury  Cycle);  3- Turbogene ra to r   (D i rec t  
Rubidium  Cycle); 4- Thermoelec t ron   Conver te r   in   Act ive  
Zone;  Lower C u r v e s ,   f o r  Devices Without   Shie ld ing;  
Upper   Curves ,   Wi th   Shie ld ing   of   Payload   (Trans is tors ) .  

t h e   b a s i s  o f  i t s  c h a r a c t e r i s t i c s ,   t h e   r o c k e t   p r o p o s e d   b y   C o y l e  i s  
s i m i l a r   t o  a nuc lear   rocke t   o f   the   thermal -exchange   type   wi th  a 
r e a c t o r   e n g i n e .   A c c o r d i n g  t o  c a l c u l a t i o n s ,  i t  p rov ides  a s p e c i f i c  
impulse o f  930 s e c ,   w h i c h   c a n   p o t e n t i a l l y   r e a c h  3000 sec. I n   o r d e r  
t o   be   economica l ly   advan tageous ,  a nuc lear   impulse   rocke t   mus t   have  
a weight  o f  1000 t o n s ,  i . e . ,  o f   app rox ima te ly   t he  same dimensions 
as  a sys t em  wi th  a g a s   r e a c t o r   a n d   a s   o t h e r   l o n g - r a n g e   n u c l e a r  
rocke ts   sys tems  which   have   been   advanced   prev ious ly .  AS compared 
w i t h   o t h e r   n u c l e a r   s y s t e m s ,   t h e   a d v a n t a g e s   o f   t h e   i m p u l s e   r o c k e t  
l i e  i n   t h e   f a c t   t h a t  a much h i g h e r  mean tempera ture   can   be   reached  
i n  i t s  operat ional   chamber   and  that   magnet ic   confinement  i s  n o t  
r e q u i r e d   i n   t h e   o p e r a t i o n a l   c h a m b e r .  

P r i m a r y   a t t e n t i o n   h a s   b e e n   d i r e c t e d   t o w a r d   p o s s i b l e   c o n s t r u c t i o n  
and s i m p l i c i t y   i n   t n e   p r o d u c t i o n   o f   t h e   f i r s t   o f   t h e   t h r e e   r o c k e t s .  
The eng ine  i s  d e s i g n e d   t o   o p e r a t e  i n  i n t e r p l a n e t a r y   s p a c e ,   i n   o r d e r   / 2 9 6  
t o   a v o i d   t h e   p r o b l e m   o f   r a d i o a c t i v e   c o n t a m i n a t i o n   o f   t h e   a t m o s p h e r e  
d u r i n g   l i f t - o f f   f r o m   t h e   e a r t h ,   a l t h o u g h   C o y l e  is  c o n f i d e n t   t h a t   t h i s  
problem w i l l  be   so lved   w i th   t he   deve lopmen t   o f   "pu re"   nuc lea r  bombs. 
Model I of   the   nuc lear   impulse   rocke t   (F igure   9 .24)   wi th  a h e i g h t  of 
90 m h a s  a s p h e r i c a l   o p e r a t i o n a l   c h a m b e r ,   w i t h  a d i a m e t e r   o f  39 m and 
a weight   o f  454 t o n s .  The s t ee l  chamber walls are 1.27 cm t h i c k .  
The t o t a l   r o c k e t   w e i g h t  i s  1600  tons  (934  tons of  water and 159 t o n s  
o f   pay load) .  When l a u n c h e d   f r o m   t h e   o r b i t ,   s u c h  a r o c k e t   c a n   f l y   t o  
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t h e  moon and  back  with a l a n d i n g  on t h e  moon. 

S m a l l  (w i th  a power of 0.01 k i l o t o n s )   a t o m i c  bombs s e r v e   a s  
t h e   e n e r g y   s o u r c e   i n   t h e   r o c k e t ,   i n   t h e   f o r m  of  s m a l l   c a p s u l e s .  A 
s t o c k p i l e  of the   working   subs tance  i s  l o c a t e d   i n   t h e   r o c k e t   s e c t i o n  
ove r   t he   ope ra t iona l   chamber ;  a pneumatic  gun i s  a l s o   l o c a t e d   h e r e ,  
which   shoots   the   capsules   wi th   the  bombs i n t o   t h e   o p e r a t i o n a l   c h a m b e r .  
When t h e r e  i s  a de tona t iona l   f r equency  of one   exp los ion   pe r  1 s e c ,  
t h e  mean t h r u s t  i s  3600 t o n s .  The t h r u s t   c a n   b e   i n c r e a s e d  by 
i n c r e a s i n g   t h e   e x p l o s i o n   f r e q u e n c y .  

The w o r k i n g   s u b s t a n c e   i n   t h i s   c o n s t r u c t i o n  i s  assumed t o  b e  
water ,   which  can  be  used  s imultaneously as a c o o l a n t   f o r   t h e   w a l l s  
o f  t he   ope ra t iona l   chamber .  390  kg  of  water w i l l  b e   e j e c t e d   f o r  
each   impu l se .   Coy le   has   ca l cu la t ed   t ha t   w i th   t he  power  of 2400 a tomic  
bombs, w i t h  0 .01  k i l o t o n s  and  934 tons   o f   water ,   Nodel  I c a n   t r a n s p o r t  
a pay load   w i th   t he   we igh t  of 159 t o n s   a t  a v e l o c i t y  of 7.93  km/sec. 
It i s  thus  assumed  that  40% o f   t h e   l i b e r a t e d   e n e r g y  i s  conver ted  
i n t o   k i n e t i c   e n e r g y  of t h e   e j e c t e d   g a s e s .  

F igu re  9 .24  

Model of Nuclear  Impulse Rocket -  
1- Cabin; 2- Payload;  3- Shock  Absorber; 
4- Capsules  and  Working  Substance; 
5- Pneumatic Gun; 6- O p e r a t i o n a l  Chamber. 

The p r i n c i p a l   p r o b l e m   ( a n d   t h e   f e a s i b i l i t y   o f   t h i s   p r o j e c t  
d e p e n d s   o n   t h e   s o l u t i o n   o f   t h i s   p r o b l e m )   l i e s   i n   c o n s t r u c t i n g  an 
o p e r a t i o n a l  chamber  which i s  s t a b l e  enough t o   s u s t a i n   a t o m i c  ex- 
p l o s i o n s   a n d ,   a t   t h e  same time, l i g h t  enough t o   b e   p a r t   o f   t h e  
a i r c r a f t .   C o y l e   h a s   c a l c u l a t e d   t h a t  a s t e e l  chamber  of 450 t ons  
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s a t i s f i e s   t h e s e   r e q u i r e m e n t s .  The p r o b l e m   o f   i n s u l a t i n g   t h e   f o r w a r d  
p a r t   o f   t h e   r o c k e t   f r o m   s h o c k   d u r i n g   t h e   e x p l o s i o n s   i n   t h e   o p e r a t i o n a l  
chamber  can b e  s o l v e d   b y   b u i l d i n g   t h e   o p e r a t i o n a l  chamber  out  of 
two c o n c e n t r i c   s h e l l s .  The s p a c e   b e t w e e n   t h e s e   s h e l l s   c a n   b e   f i l l e d  
w i t h  a gas   wh ich   ex t ingu i shes   t he   shock .  The problem  can   a l so   be  
s o l v e d  by p l a c i n g  a shock   absorbent   sys te 'm  over   the   opera t iona l  
chamber. 

I n  Model I1 o f   t h e   n u c l e a r   i m p u l s e   r o c k e t ,   t h e   s a f e t y   f a c t o r  i s  
decreased   f rom 20 t o  4 i n   c a l c u l a t i n g   t h e . w e i g h t   o f   t h e   o p e r a t i o n a l  
chamber.  The s p h e r i c a l  s t e e l  ope ra t iona l   chamber ,   w i th  a d i a m e t e r   o f  30 m ,  
i n   t h i s   c a s e   w e i g h s  9 1  tons ,   i n s t ead   o f   454   t ons .  It i s  assumed t h a t  1297 
t h e   r o c k e t   p a r a m e t e r s   a r e   t h e   f o l l o w i n g :   e s c a p e   v e l o c i t y ,   1 1 . 3 5   k m / s e c  
( s p e c i f i c   i m p u l s e   1 1 5 0   s e c ) ;   p a y l o a d   1 3 2 5   t o n s ;   t o t a l   r o c k e t   w e i g h t  
3050 t o n s ;  amount  of  explosions,   5800;  weight  of  working medium 
e j e c t e d   i n  one  explosion,   253  kg.  

Model I I - A  i s  even   more   economica l   (an   en larged   var ia t ion   o f  
Xodel 11); i t  employs bombs w i t h  a power   o f   0 .1   k i lo tons .  The 
o p e r a t i o n a l   c h a m b e r   d i a m e t e r   i n   t h i s   v a r i a t i o n  i s  86 m,  and a we igh t  
of  907  tons.  The t o t a l   r o c k e t   w e i g h t  i s  30 ,480   tons ,   and   the   payload  
weight  i s  13,245  tons.  

I n   c o n t r a s t   t o   t h e   p r e c e d i n g   m o d e l s ,  Model I11 does  not   have 
a r o c k e t   a n d   a i r - j e t   e n g i n e .  I t s  purpose  i s  t o   f l y   w i t h  a load  
f r o m   t h e   s u r f a c e   o f   t h e   e a r t h   i n t o   o r b i t .  

I n   a d d i t i o n   t o   t h i s   f i r m ,   " G e n e r a l   A t o m i c s ' '  i s  c a r r y i n g   o u t  
work  on a s i m i l a r   p r o j e c t ,   ' ' O r i o n ' ' .   F i g u r e   9 . 2 5  shows t h e   p r i n c i p a l  
a r rangement   for  a pu l sed   nuc lea r   rocke t   eng ine ,   deve loped   unde r   t he  
"Or ion"   p ro j ec t .  The p r i n c i p l e   u n d e r l y i n g   t h e   o p e r a t i o n   o f   t h e   n u c l e a r  
rocke t   engine ,   o f   the   "Or ion"   type ,  i s  v e r y   s i m p l e :   p e r i o d i c a l l y ,  
(every  0.1-1 sec )   sma l l   a tomic  bombs (0.01 k i l o t o n s )   a r e   d r o p p e d   f r o m  
t h e   s p a c e   v e h i c l e ,   w h i c h   e x p l o d e   a t  a d i s t a n c e   o f  30 - 300 m f rom  the  
v e h i c l e .  Besides t h e   n u c l e a r   c h a r g e ,   t h e  bomb i n c l u d e s  a working 
s u b s t a n c e   ( s u b s t a n c e   w i t h  low molecu la r   we igh t ) .   Dur ing   t he   exp los ion  
o f   t h e  bomb, t h e   e x p l o s i o n   e n e r g y   o f   t h e   n u c l e a r   c h a r g e   c h a n g e s   i n t o  
k ine t i c   ene rgy   o f   t he   work ing   subs t ance ,   wh ich  i s  t r a n s f o r m e d   i n t o  
e n e r g y   o f   m o t i o n   f o r   t h e   s p a c e   v e h i c l e   w i t h   t h e   a i d  of  a pushrod.  
The pushrod i s  made of a we lded   ma te r i a l   and  i s  a t t a c h e d   t o   t h e  
s p a c e   v e h i c l e  by  means o f   s p r i n g s   o r   b u f f e r   d e v i c e s   w i t h   c o o l i n g .  
The maximum o v e r l o a d s   d u r i n g   t h e   f l i g h t   o f  a s p a c e   v e h i c l e   w i t h   t h i s  
eng ine  i s  2 - 3 g. 

Th i s   t ype   o f   rocke t   eng ine   can   b r ing  a, space v e h i c l e   t o  
t h e   s e c o n d   s p a c e   v e l o c i t y   s e v e r a l   m i n u t e s   a f t e r   l a u n c h .  The 
n u c l e a r   d e v i c e s ,   d e s c r i b e d   a b o v e   r o r   u s e   o n   s p a c e   v e h i c l e s ,   a n d  
t h e i r   p e r f o r m a n c e   p r o v i d e  a g e n e r a l   i d e a   o f   t h e   s o u r c e s   o f  I' i n n e r "  
r a d i o a c t i v e   r a d i a t i o n   i n  a s p a c e   v e h i c l e .  They a l s o  make i t  p o s s i b l e  
t o   c l a r i f y   t h e   s p e c i f i c   p r o p e r t i e s   o f   p r o b l e m s   i n v o l v e d   i n   s h i e l d i n g  
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A- Electromagnet ic   Shock  Front  
B- Cloud of E v a p o r a t e d   P a r t i c l e s  

, s o l i d  

bQV 
\ I  
$ 1 - VG 

-?I\+ 

Figure  9 .25 

P r inc ipa l   Ar rangemen t  of P u l s e d  NRE 

1- Payload;  2- F l i g h t   A p p a r a t u s ;  
3- Shock  Absorbent  Layer.  

f o r   e a c h   e x p l i c i t   t y p e  of n u c l e a r  device. 
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CHAPTER 10 

NUCLEAR REACTOR SHIELDING ON BOARD SPACE VEHICLES 

10.1 Reac tor   as   Radia t ion   Source   /300  

A n u c l e a r   r e a c t o r  i s  t h e   s o u r c e   o f   i n t e n s e   n u e t r o n   a n d   y - r a d i a t i o n .  
Neu t rons ,   emana t ing   f rom  the   r eac to r  active zone ,   a re   formed  dur ing   the  
f i s s i o n   r e a c t i o n ,   a n d  more than  99% of  t h e   n e u t r o n s  are e m i t t e d   i n s t a n -  
t a n e o u s l y   i n  less than   seconds .   0 .73% o f  t h e   n e u t r o n s   ( f o r  
uranium - 2 3 5 )   a r e   e m i t t e d   d u r i n g   t h e   @ - d i s i n t e g r a t i o n   o f   f i s s i o n   f r a g -  
men t s .   P rompt   f i s s ion   neu t rons   have   an   ene rgy   d i s t r ibu t ion   r ang ing  
from  0.075 Mev to   approximate ly   17  MeV. The e n e r g y   d i s t r i b u t i o n   o f  
t hese   neu t rons  i s  d e s c r i b e d   f a i r l y   a c c u r a t e l y  by the  formula  of   Watt :  

where  N(E)dE i s  t h e   r e l a t i v e  number   o f   neut rons   wi th   energ ies   f rom 
E t o  E + dE; E i s  t h e   n e u t r o n   e n e r g y ,  MeV. In   t he   ene rgy   r eg ion   f rom 
4 t o  1 2  M e V ,  t h i s   d i s t r i b u t i o n  i s  descr ibed   by   the   approximate  
expres s ion  

N ( E )  d E  = 1,8e-0s75EdE (10.2)  

w i t h   a n   e r r o r   n o t   g r e a t e r   t h a n   1 5 % .  The measured  energy  spectrum 
o f   f i s s i o n   n e u t r o n s   f o r   p l u t o n i u m - 2 3 9   c l o s e l y   c o i n c i d e s   w i t h   e x -  
p r e s s i o n  (10.1), a l t h o u g h   i n   t h e   h i g h - e n e r g y   r e g i o n   f o r   n e u t r o n s   t h e r e  
a r e   c e r t a i n   d e v i a t i o n s   f r o m   t h i s   f o r m u l a .  

I f   t h e   f u n c t i o n  of t h e   s p a t i a l   d i s t r i b u t i o n   o f   s p e c i f i c  power i s  
known i n   t h e   a c t i v e  zone  W(r) w / c m 3 ,  t h e n   t h e   r a d i a t i o n   i n t e n s i t y  of 
prompt   neutrons  with a u n i t  volume  can  be  determined  in   the  fol lowing 
way ( t a k i n g   t h e   f a c t   i n t o   a c c o u n t   t h a t   p e r  1 w of power r e l e a s e ,  on 
the  average,   3 .1 .  1 O 1 O  f i s s i o n / s e c   o c c u r s )  : 

q n ( r >  = ~ . I - I o ~ " v w ( ~ )   n e u t r o n / c m 3 * s e c ,  \ (10.3> 

where v i s  t h e  number  of   prompt   neutrons  emit ted  per   one  f iss ion 
(v = 2.47 in   t he   t he rma l   r eg ion   fo r   u ran ium-235 ,   and  v = 2 . 9 1   f o r  
plutonium-239  [Ref. 11). 

Gamma-radia t ion ,   emanat ing   f rom  the   reac tor ,  i s  formed  during  /301 
t h e   f i s s i o n  of u ran ium  (p rompt   y - r ad ia t ion ) ,   and   a l so   du r ing   t he  
c a p t u r e   o r   i n e l a s t i c   s c a t t e r i n g   o f   f i s s i o n   n e u t r o n s   i n   t h e   r e a c t o r  
ac t ive   zone .   In   add i t ion ,   y -quan ta  are e m i t t e d   d u e   t o   r a d i o a c t i v e  
d i s i n t e g r a t i o n   o f   f i s s i o n   p r o d u c t s   a n d   t o   r e s i d u a l   a c t i v i t y   o f   t h e  
a c t i v a t e d   m a t e r i a l s .  The  mean energy  of y - r ad ia t ion ,   wh ich  i s  
e m i t t e d   d u r i n g   t h e   f i s s i o n   r e a c t i o n ,  i s  about  7 .46  MeV p e r   f i s s i o n ,  
T r a c s l a t o r ' s   N o t e :   s h ( x )  = s i n h ( x ) .  
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(Ref.  1). On t h e   a v e r a g e ,   7 . 5 1   q u a n t a   a r e   e m i t t e d   p e r  1 f i s s i o n .  
The e n e r g y   d i s t r i b u t i o n   o f   f i s s i o n   q u a n t a   i n   t h e   e n e r g y   i n t e r v a l  
of  0.2 t o  7 Mev i s  desc r ibed   w i th   an   accu racy  of up t o  +30% by t h e  
fo l lowing   formula :  

lV ( E )  = 7,5 e--E, (10.4) 

where I (E) i s  t h e  number  of   quanta   having  the  energy E which are 
e m i t t e d Y   i n   t h e   e n e r g y   i n t e r v a l   o f  1 MeV; E is  the  quantum  energy,  
MeV. We s h o u l d   n o t e   t h a t   t h e  mean energy  of y-quanta i s  E = 0.9 MeV. 
The re fo re ,on   t he   ave rage ,   app rox ima te ly  8 quan ta  are e m i t t e d   p e r  
1 f i s s ion ,   bu t   t he   ene rgy   o f   t he   ma in   ene rgy   g roup   o f   y -quan ta   can  
be   assumed  to   equa l   2 .3  Mev (0.85 q u a n t a / f i s s i o n )   ( R e f .  2 ) .  The 
mean i n t e n s i t y  of p rompt   y - r ad ia t ion   pe r   un i t  of volume is 

‘Y, prompt 
(1)  = 2.48*1011W(r)  y-quanta/cm3*sec.  (10.5)  

The e n e r g y   o f   y - r a d i a t i o n   a n d   t h e   c o r r e s p o n d i n g   h a l f - l i f e  
p e r i o d   o f   t h e   f i s s i o n   p r o d u c t s   c h a n g e   w i t h i n   v e r y  w i d e  limits. 
F i g u r e   1 0 . 1   p r e s e n t s   c e r t a i n   d a t a   ( R e f .   1 )  on  y-energy release of  
uranium-235 f i s s i o n   p r o d u c t s ,   d i v i d e d   i n t o   s e v e n   e n e r g y   g r o u p s .  
The energy  release o f   t h e  ith group  of  ri(m, Td)  i s  g i v e n   f o r   a n  
i n f i n i t e   o p e r a t i o n a l  time o f   t h e   r e a c t o r   f o r  Td d a y s   a f t e r  i t  h a s  
s topped .   For   any   o ther  t i m e  i n t e r v a l  T O  o f   t h e   r e a c t o r   o p e r a t i o n ,  
t h e   e n e r g y   r e l e a s e  i s  (Ref .   2)  : 

For a mean energy E = 0 . 7  MeV,  6 MeV energy  of  y-rays of  

d i s i n t e g r a t i o n   p r o d u c t s  is e m i t t e d  p e r  1 f i s s i o n .  The rate a t  
which  energy is r e l e a s e d   d e c r e a s e s   w i t h  t i m e  i n   a c c o r d a n c e   w i t h  
t h e   e x p r e s s i o n  

Y 

r = 1 . 3 t - l e 2   M e v / s e c * f i s s i o n   f o r  t > 10 sec,  (10 .7)  

where t i s  t h e  time which   passes  a f t e r  t h e   f i s s i o n ,  sec. 

The i n t e n s i t y   o f   y - r a d i a t i o n   f r o m   f i s s i o n   p r o d u c t s ,   a f t e r   t h e  
r e a c t o r   h a s   s t o p p e d   f o r   t h e  t i m e  t > 10 sec,  can   be   de te rmined  
a c c o r d i n g   t o   t h e   f o r m u l a  

(10.8) 

where t o  is  t h e   r e a c t o r   o p e r a t i o n a l  time per   cons tan t   power  W ,  sec. 
If t h e  power W is e x p r e s s e d   i n  w a t t s ,  and P i n  Mev/sec, formula  
(10.8) c a n   b e   r e w r i t t e n  as fo l lows :  Y 

P v -  - 2. 101w [ f - O s Z -  ( t  -+ t0)-0*2].  (10.9) 
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The energy  release rate  d u r i n g   t h e   f i r s t  10 seconds  is somewhat 
h i g h e r   t h a n   f o r  t >/ 10 sec. The   spec t rum  for   y -quanta ,   which  
are e m i t t e d   d i r e c t l y   a f t e r   t h e   r e a c t o r   h a s   s t o p p e d ,   h a s  a peak 
f o r  E = 0.8 M e V  and  extends  approximately  up t o  3 MeV. 

Y 

/ 302  

3 

? 

n 

T i m e  a f t e r   S t o p p i n g ,   d a y s  

F igu re  1 0 . 1  

D i s i n t e g r a t i o n   o f   F i s s i o n   P r o d u c t s   a f t e r  Long Reac tor  
Opera t ion .  

I - E f f e c t i v e   E n e r g y ,   E q u a l l i n g  0 . 4  MeV; 11- 0.8 M e V ;  111- 19 M e V ;  
Iv-1.7 MeV; V- 2 . 2  MeV; V I -  2 .5  MeV;  VII- 2.8 MeV. 

y-quanta  which are formed when n e u t r o n s   a r e   c a p t u r e d   i n   t h e   a c t i v e  
zone make a l a r g e   c o n t r i b u t i o n   t o   y - r a d i a t i o n   f r o m   t h e   r e a c t o r .  The 
s p a c e - e n e r g y   d i s t r i b u t i o n  of  t h e   s o u r c e s   f o r   t h e   c a p t u r e d   y - q u a n t a  in 
t h e   a c t i v e   z o n e  i s  

m 

y ,  c a p t .  ( E , r )  7 (1 ( E )  i 2 (E’ )  CD ( E ! ,  r)  d E ,  
i, (10. lo) 

where  a(E) i s  t h e  number of   y -quanta   having   the   energy  E ,  wh ich   a r e  
e m i t t e d   d u r i n g   t h e   a b s o r p t i o n   o f   o n e   n e u t r o n ;  E - n e u t r o n   e n e r g y ;  
@(E’,  r )  - s p a c e - e n e r g y   d i s t r i b u t i o n   o f   n e u t r o n  stream; C(E’) - 
macroscop ic   c ros s - sec t ion   o f   neu t ron   cap tu re .  

T h u s ,   t h e   v o l u m e t r i c   d e n s i t y   o f   s o u r c e s   i n   t h e  ac t ive  zone w i l l  
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e q u a l  

- - 
‘v,y qy,  prompt + ‘y, c a p t .  (10.11) 

I n   a d d i t i o n   t o   t h i s ,   c o n s i d e r a t i o n  mus t   be   g iven   t o   y - r ad ia t ion  
w h i c h   a c c o m p a n i e s   i n e l a s t i c   s c a t t e r i n g   o f   r a p i d   n e u t r o n s ,   a n d  
y - r a d i a t i o n   o f   a c t i v a t e d  materials i n   t h e   a c t i v e   z o n e .  

I f   t h e   i n t e n s i t y   o f   t h e   d e l a y e d   a n d   p r o m p t   y - q u a n t a  are com- 
p a r e d  when d e t e r m i n i n g   t h e   s h i e l d i n g ,  i t  i s  f o u n d   t h a t   y - r a d i a t i o n  
which is  f o r m e d   d u r i n g   f i s s i o n   p r e d o m i n a t e s .   H o w e v e r ,   t h e   r a d i a t i o n  
accompany ing   t he   neu t ron   cap tu re   i n   t he  active’ zone  can  be a ve ry  
dangerous  form  of   y-radiat ion,   in   view  of  i t s  g r e a t   p e n e t r a t i n g  
ab i l i t y   ( ene rgy   o f   cap tu red   y -quan ta   app rox ima te ly   equa l s   t he   neu t ron  
b i n d i n g   e n e r g y   i n   t h e   n u c l e u s  Ebind. = 8 MeV) . I f  i t  i s  assumed t h a t  
1 . 5   n e u t r o n s   a r e  consumed i n  loss a n d   r a d i a t i o n   c a p t u r e   o u t   o f   2 . 5  
neu t rons ,   wh ich   a r e   fo rmed   du r ing   u ran ium-235   f i s s ion ,   t hen   t he   l a rges t  
number   o f   cap tures   equa ls   4 .5 .1Ol3   cap ture lkw.   S ince   se l f -absorp t ion  
r a d i a t i o n   o c c u r s   i n   t h e   a c t i v e   z o n e ,   o n l y   e x t e r i o r   r e g i o n s   o f   t h e  
ac t ive   zone  w i l l  r a d i a t e   e f f e c t i v e l y .  

For a d i s t r i b u t i o n   o f   t h e   s o u r c e s   f o r   y - q u a n t a   o r   n e u t r o n s ,  
which i s  un i fo rm  wi th   r e spec t  t o   t h e   a c t i v e   z o n e  area, t h e   e s c a p e  
o f   r a d i a t i o n  from t h e   s u r f a c e  o f  t h i s   a r e a   ( R e f .  1) is  

(10.12) 

w h e r e   i ( 8 )  i s  t h e   e s c a p e   v e l o c i t y   ( y - q u a n t a   o r   n e u t r o n s )   f r o m  a 
s u r f a c e   u n i t   o f   t h e   v o l u m e t r i c   s o u r c e   p e r   u n i t   o f  a s o l i d   a n g l e ,  
i n   t h e   d i r e c t i o n   w h i c h  i s  formed  by  the  angle  0 w i t h   t h e   n o r m a l  
t o   t h e   s u r f a c e ,  particle/cm2.sec; 0 - i s  t h e   a n g l e   b e t w e e n   t h e  
f l i g h t   d i r e c t i o n   o f   t h e   q u a n t u m   ( o r   n e u t r o n )   a n d   t h e   n o r m a l   t o  
t h e   s u r f a c e   o f   t h e   r a d i a t i n g   v o l u m e t r i c   s o u r c e ;  i s  t h e   s p e c i f i c  

p o w e r   o f   t h e   s o u r c e ,   p a r t i c l e / c m 3 * s e c ;  X, - is t h e   r a d i a t i o n  

r e l a x a t i o n   l e n g t h   i n   t h e   r a d i a t i v e  medium; f o r   r a p i d   n e u t r o n s  

q V  
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I - - -  
‘C ‘rem 
( r a p i d   n e u t r o n s )   f o r   t h e   a c t i v e   z o n e ;   f o r   y - q u a n t a  X = - 

1 , where p 
C Y  

i s  t h e   t o t a l   l i n e a r   a b s o r p t i o n   c o e f f i c i e n t   f o r   t h e  active zone. 
When formula  (10.12)  i s  used ,  i t  i s  assumed t h a t   t h e   q u a n t i t y  A is 
s m a l l  as compared   wi th   the   d imens ions   o f   the   source   and   wi th   the  
l o c a l   r a d i u s   o f   c u r v a t u r e   f o r   t h e   s o u r c e  - s h i e l d i n g   i n t e r f a c e .  
The t o t a l   e s c a p e   f r o m  a s u r f a c e   u n i t   o f   t h e   s o u r c e  w i l l  e q u a l  

, where Crem i s  the   macroscop ic   r emova l   c ros s - sec t ion  

C 

(10.13) 

T h i s   e x p r e s s i o n   c a n   b e   u s e d   t o   c a l c u l a t e   t h e   h e a t  release from 
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y - q u a n t a ,   a n d   a l s o   t o   c a l c u l a t e   t h e   s o u r c e s  of captured   y-quanta  
i n   t h e   i n t e r n a l   s h i e l d i n g   r e g i o n s .  

F o r   t h i c k   s h i e l d i n g s ,   t h e   m o s t   p e n e t r a t i n g   r a d i a t i o n ,   w h i c h  
leaves t h e   s o u r c e   s u r f a c e   i n  a d i r e c t i o n   c l o s e   t o   t h e   n o r m a l ,  i s  a /304 
c o n t r o l l i n g   f a c t o r .   B a s e d   o n   t h i s ,   t h e   e q u i v a l e n t   s u r f a c e   s o u r c e  
( e  = 0)  i s  s e l e c t e d  

(10.14) 

where Sequ iv .  r e p r e s e n t s   t h e   i s o t r o p i c   s u r f a c e   s o u r c e   w h i c h  - when 
p laced  on t h e   i n t e r f a c e   b e t w e e n   t h e  vo lume   sou rce   and   t he   sh i e ld ing  - 
g i v e s   t h e  same d o s e   o n   t h e   o u t e r   s i d e  o f  t h e   s h i e l d i n g   a s  is ob ta ined  
from t h e  volume s o u r c e ,   p a r t i c l e / c m 2 * s e c .  I t  i s  assumed t h a t   t h i s  
s o u r c e   g i v e s   t h e  same r a d i a t i o n   p e r   u n i t  of s o l i d   a n g l e   i n   t h e  
n o r m a l   d i r e c t i o n .  

When t h e   r e g i o n   i n   w h i c h   t h e   s o u r c e s   a r e   d i s t r i b u t e d  i s  n o t  
g r e a t e r   t h a n  X t h e   p r e c e d i n g   r e s u l t   m u s t   b e   r e f i n e d   t o  a c e r t a i n  
e x t e n t  by i n t e g r a t i o n   w i t h   r e s p e c t   t o   t h e  volume  occupied  by  the 
sou rces .   Fo r   ve ry  small s o u r c e s ,  w e  have 

C Y  

Sequiv.  - qvh 3 - (10.15) 

where h is  t h e   t h i c k n e s s   o f   t h e   r e g i o n   o c c u p i e d  by t h e   s o u r c e s ,  
which i s  s m a l l  as compared  with X,, cm.  

When s h i e l d i n g s  are d e s i g n e d   f o r   r e a c t o r s ,   a t t e n t i o n  must 
be   g iven  t o  a g r e a t  n u m b e r   o f   s o u r c e s   w h i c h   a r e   d i s t r i b u t e d   w i t h  
r e s p e c t   t o   t h e  volume  of   the  absorbing material, i . e . ,  t o  a s p a t i a l l y -  
d i s t r i b u t e d   s o u r c e .   I n   o r d e r   t o   d e t e r m i n e   t h e   r a d i a t i o n   i n t e n s i t y  
f u n c t i o n  of such a s o u r c e  a t  a p o i n t   u n d e r   c o n s i d e r a t i o n ,  i t  must 
b e   i n t e g r a t e d   w i t h   r e s p e c t   t o   t h e  volume  occupied  by  individual  
po in t   sou rces   (Re f .  1 - 3 ) .  Conversions  from  one  geometric  form  of 
t h e   r a d i a t i o n   s o u r c e   t o   a n o t h e r   ( f r o m  a p o i n t ,   l i n e ,  and d i s c   t o  a 
c y l i n d e r )   c a n   a l s o   b e   u t i l i z e d .   B a s e d  on t h e   c a l c u l a t i o n a l   o r  
e x p e r i m e n t a l   d a t a   f o r   t h e   d o s e   r a t e   c r e a t e d   b y  a r a d i a t i o n   s o u r c e  
of   one  form,   these  conversions make i t  p o s s i b l e   t o   d e t e r m i n e   t h e  
dose rate from a source   having   another   form  (Ref .  4 ) .  

10.2 At tenuat ion   of   Rapid   Neut rons  

E f f e c t i v e   c r o s s - s e c t i o n s   f o r   t h e   i n t e r a c t i o n   o f   n e u t r o n s   w i t h  
m a t t e r   d e c r e a s e   q u i t e   s t r o n g l y   w i t h   a n   i n c r e a s e   i n   t h e   n e u t r o n   e n e r g y ;  
f o r   t h i s   r e a s o n ,   t h e   m o s t   p e n e t r a t i n g   o n e s   a r e   r a p i d   n e u t r o n s ,  
a l t h o u g h   t h e r e  are r e l a t i v e l y  few of  them i n   t h e   t o t a l   r a d i a t i o n  
f rom  the   r eac to r .   Consequen t ly ,   t he   sh i e ld ing   t h i ckness   mus t   be  
c a l c u l a t e d  on t h e   b a s i s   o f   t h e   r e q u i r e d   a t t e n u a t i o n   o f   r a p i d   n e u t r o n s .  
A g r e a t   d e a l  of s tudy   ( fo r   example ,   [Re f .  5 - 81 , and   o the r s )   has   been  
d e v o t e d   t o   t h e   p e n e t r a t i o n   o f   n e u t r o n s   t h r o u g h  matter, which i s  d e s c r i b e d  
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by t h e   t r a n s p o r t   t h e o r y .  However, t h e   d i f f i c u l t y   e n t a i l e d   i n  and 
t h e  cumbersome n a t u r e   o f   s o l u t i o n s   f o r   t h e s e   p r o b l e m s  - t o g e t h e r  
w i t h   t h e   p r e s e n t   e x i s t e n c e   o f   r a t h e r   c o m p r e h e n s i v e   i n f o r m a t i o n  
o n   e l e m e n t a r y   p r o c e s s e s   d u r i n g   t h e   i n t e r a c t i o n  of neu t rons   w i th  
m a t t e r   ( a p a r t   f r o m   c e r t a i n   d a t a  on n e u t r o n   c r o s s - s e c t i o n s   i n   t h e  
high-energy  region)  - make i t  n e c e s s a r y   t o '   u t i l i z e   s e m i e m p i r i c a l  
methods,  which are less e x a c t   b u t  more f r u i t f u l .  One of t h e  most 
widely  used  methods i s  the   me thod   o f   r emova l   c ros s - sec t ion ,   f i r s t  / 3 0 5  
advanced  by  Albert   and  Welton  (Ref.  9 ) .  

The p h y s i c a l   b a s e s   f o r   t h e   m e t h o d   u t i l i z i n g   t h e   r e m o v a l  
c r o s s - s e c t i o n   h a v e   b e e n   f a i r l y  w e l l  developed a t  p r e s e n t ,   a n d  
a r e   d e s c r i b e d   i n   d e t a i l   i n   s e v e r a l  works  (Ref. 2 ,  3 ,  7) .  The 
mathemat ica l   bas i s   o f   the   method  cons is t s  o f  t h e   f a c t   t h a t   t h e  
a t t e n u a t i o n   o f   r a p i d   n e u t r o n s   h a v i n g   t h e   e n e r g y  E i s  d e s c r i b e d  by 
an   exponent ia l   l aw,   based  on t h e   s h i e l d i n g   t h i c k n e s s .  

A s t ream  of   rap id   neut rons   can  b e  e x p r e s s e d   a s :  

(10.16) 

where  Cequiv(E) i s  the   macroscopic   removal   c ross -sec t ion ;  t i s  t h e  
s h i e l d i n g   t h i c k n e s s ,  cm. This  law  can  be  used  both  for  homogeneous 
and for   he te rogeneous   media   which   conta in   no t  less  than  20% 
hydrogen  (by  volume). The removal   cross-sect ions  can  be  measured 
e x p e r i m e n t a l l y   o r   c a l c u l a t e d   a p p r o x i m a t e l y   a c c o r d i n g   t o   t h e  
fo l lowing   formula   (Ref .  3 ) :  

(10.17) 

w h e r e   I t o t ( E )  i s  t h e   t o t a l   c r o s s - s e c t i o n ;  Cs(E) i s  t h e   s c a t t e r i n g  
c ros s - sec t ion  ; cos 3 i s  t h e  mean c o s i n e   o f   t h e   s c a t t e r i n g   a n g l e .  
Formula (10 .17)  canno t   be   app l i ed   t o  a homogeneous  medium which 
conta ins   hydrogen .  The f o l l o w i n g   e x p r e s s i o n   m u s t   b e   u s e d   i n   t h i s  
ca se  

where a l l   t h e   e l e m e n t s   w h i c h   a r e   i n c l u d e d   i n   t h e   s h i e l d i n g  composi- 
t i o n   a r e  summed  up ( i n   t h e   s e c o n d  sum, hydrogen i s  exc luded) .  The 
r e s u l t s   d e r i v e d   f r o m   t h e   c a l c u l a t i o n   u s i n g   f o r m u l a   ( 1 0 . 1 8 )  
c l o s e l y   c o i n c i d e   w i t h   t h e   e x p e r i m e n t s ,  a l a r g e   p o r t i o n   o f   w h i c h  
were c o n d u c t e d   f o r   t h e   t h e   f i s s i o n   s p e c t r u m ,   b u t   e x p e r i m e n t s  were 
a l s o   c a r r i e d   o u t   f o r   m o n o e n e r g e t i c   n e u t r o n   s o u r c e s .  It was found 
t h a t   t h e   r e m o v a l   c r o s s - s e c t i o n   e q u a l s   a p p r o x i m a t e l y  0.6 - 0 . 7  o f  
t h e   t o t a l   c r o s s - s e c t i o n   f o r   a n   e n e r g y   o f  8 MeV. P e r   u n i t  of  mass, 
t h e   r e m o v a l   c r o s s - s e c t i o n   i n c r e a s e s   q u i t e   s m o o t h l y   w i t h  a d e c r e a s e  
i n   t h e   a t o m i c   w e i g h t   ( R e f .  3) (F igu re   10 .2 ) .  The energy  dependence 
o f   t h e   r e m o v a l   c r o s s - s e c t i o n   f o r   c e r t a i n   e l e m e n t s ,   w h i c h   h a s   b e e n  
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examined i n   o t h e r  works  (Ref. 10-17) , i s  shown i n  F igures  10.3  - 
10.6 ( s e e   a l s o   [ R e f .  181) and i n   T a b l e   1 0 . 1 .  The fo l lowing  
fo rmula   can   be   u sed   fo r   t he   t o t a l   hydrogen   c ros s - sec t ion   i n   t he  
i n t e r v a l   f r o m  2 t o  1 2  Mev (Ref.  7) :  

(TH= - 5,13 - 
~ 0 . 7 2 5  ’ (10.39) 

where   t he   c ros s - sec t ion  uH i s  i n   b a r n ,   a n d   t h e   n e u t r o n   e n e r g y  E - 
MeV. Appendix 1 g ives   t he   r emova l   c ros s - sec t ion   magn i tudes   fo r  
d i f f e r e n t   e l e m e n t s   a n d   m a t e r i a l s   f o r   t h e   n e u t r o n s   o f   t h e   f i s s i o n  
spectrum  (Ref .  10,  Ref. 11). 

The e x p o n e n t i a l  l a w  g iven   above   fo r   a t t enua t ion   o f   r ap id   neu t rons  
i s  approximate,   and  hydrogen-containing  media  do n o t   f u l f i l l  i t  a s   w e l l  
as o ther   media .  As  was i n d i c a t e d   a b o v e ,   t h e   t o t a l   c r o s s - s e c t i o n  I306  
dec reases   w i th   an   ene rgy   i nc rease  , and ,   consequen t ly ,   t he   ha rdness  
of   the   spec t rum w i l l  i n c r e a s e   a s   t h e   n e u t r o n s   p e n e t r a t e   t h e  
s h i e l d i n g .  A s  a r e s u l t   o f   t h i s ,   t h e   r e l a x a t i o n   l e n g t h   o f   r a p i d  
neu t rons  w i l l  i n c r e a s e   w i t h  an i n c r e a s e   i n   t h e   m a t e r i a l   t h i c k n e s s ,  
which i s  p a r t i c u l a r l y   n o t i c e a b l e   f o r   m e d i a   i n   w h i c h   t h e   m a i n  
moderator  i s  hydrogen ,   due   to  a g r e a t   d e c r e a s e   i n  i t s  c r o s s - s e c t i o n  
i n   t h e   r e g i o n   o f   s e v e r a l   m e g a e l e c t r o n v o l t s .  

Atomic  Weight 

F igu re  10 .2  

Removal Cross -Sec t ion   fo r   F i s s ion   Neu t rons   pe r   Un i t   o f  Mass 
as a Function  of  Atomic  Weight: 

o - T o t a l   C r o s s - S e c t i o n   f o r  8 MeV; A-Removal Cross -Sec t ions   Ob ta ined   i n  
Measurements for   Mixtures ;   o -Cross-Sec t ions   Obta ined   in   Measurements   for  
Elements. 
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TABLE 10  -1. 

DEPENDENCE OF MACROSCOPIC REMOVAL CROSS-SECTION 
ON NEUTRON ENERGY. 

Subs tance  Dens i t y  , 
g/cm3 

" 

H20 1 
B 4 C '  

Pb 1 11 .3  
Fe 7.83 

1.67 C 
1.67 

- ~" ___ ~" . - - 

L 

I 

" 

Macroscopic  Removal Cross -Sec t ion ,   ba rn ,  

.~ - 

2.9(Ref.26) 
- 

- 
0.129 

0.132+0.0027 
0.166?0.0833 
0.122+0.005 
. .  

fo r   Neu t ron  

4.O(Ref.29) 

0.165?0.08 
0.083+0.003 

0.169?0.007 
0.113+0.005 

- 

Energ ie s ,  MeV 
~.. ~ ~ 

6.7(Ref .25)  

0.112 

0.069+0.002 
0.193+0.0076 
0.124+0.005 

". ~ 

- 

. ~ " "" ~ "- 

Thus, i n   s h i e l d i n g   t h i c k n e s s   c a l c u l a t i o n s ,   t h e   a t t e n u a t i o n  
o f  rap id   neut rons   mus t  be w r i t t e n   s e p a r a t e l y   f o r   h e a v y   a n d   h y d r o  
c o n t a i n i n g   m a t e r i a l s ,   a n d   t h e   d o s e   o f   r a p i d   n e u t r o n s   D ( r ) ,  a t  a 

14.9(Ref.29) 

0.084+0.004 
0.058+0.002 

0.137?0.005 
0.097+0.005 

- 

" 

f u n c t i o n s  

d i s t a n c e  
gen- / 309 

r f rom  the   source ,  w i l l  b e   e x p r e s s e d   i n   t h e   f o l l o w i n g  way f o r   h e t e r o -  
geneous   sh ie ld ing:  

where D O  i s  t h e   d o s e   r a t e  of r a p i d   n e u t r o n s   f a l l i n g   o n   t h e   s h i e l d i n g ;  
t H 2  t h i c k n e s s  of h y d r o g e n - c o n t a i n i n g   m a t e r i a l ;  t i  - t h i c k n e s s   o f  ith 
h e a v y   m a t e r i a l ;  Cequiv - m a c r o s c o p i c   c r o s s   s e c t i o n   o f   t h e  ith heavy 
m a t e r i a l ;   D ( t ~ 2 )  - d o s a g e   a t t e n u a t i o n   € o r   t h e   t h i c k n e s s  of  a hydrogen- 
c o n t a i n i n g   m a t e r i a l .  

For  a homogeneous s h i e l d i n g ,   f o r m u l a   ( 1 0 . 2 0 )   a s s u m e s   t h e   f o l l o w i n g  
form: 

(10.21) 
where A i  is t h e   w e i g h t   p o r t i o n   o f   t h e   h y d r o g e n - c o n t a i n i n g  material; 
 AH^ - w e i g h t   f r a c t i o n  of hydrogen - c o n t a i n i n g  material; = t h e   e i g e n  
d e n s i t y   o f   t h e   i t h   h e a v y  material; - e igen   dens i ty  of  t h e  

hydrogen-conta in ing  material; p - a c t u a l   d e n s i t y   o f   t h e   s h i e l d i n g ;  
t - t o t a l   s h i e l d i n g   t h i c k n e s s .   E x p e r i m e n t a l   c u r v e s   f o r   a t t e n u a t i o n  
o r   r e m o v a l   c r o s s - s e c t i o n s   f o r   t h e s e  materials c a n   b e   u s e d   t o  
d e t e r m i n e   t h e   d o s a g e   a t t e n u a t i o n   i n   h y d r o g e n - c o n t a i n i n g  material. 
F i g u r e s   1 0 . 7   a n d   1 0 . 8   p r e s e n t   t h e   r e s u l t s   d e r i v e d   f r o m   e x p e r i m e n t s  
on t h e   p e n e t r a t i o n   o f   r a p i d   n e u t r o n s   i n  water, hydrogen  (Ref. l ) ,  
and   l i th ium  hydr ide   (Ref .   21) .   Appendix  1 p r e s e n t s   t h e   r e m o v a l  

pi 
pH 2 
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/307 

ex .  

F igu re   10 .3  

Dependence  of  Removal  Cross-Section 
on  Energy  for  Carbon: 

o - Measurement  Results  from  (Ref. 
13 ,   14)  ; A - Results  from  Measure- 
ments   of   Inverse  Relaxat ion  Lengths  
(Ref.  17) ; o - Tota l   Cross -Sec t ions ;  
Removal Cross -Sec t ion   fo r  8 Mev 
t a k e n   f r o m   ( R e f .   1 0 )   f o r   t h e   F i s s i o n  
Spectrum. 

F igure   10 .4  

Dependence  of  Removal  Cross-Section 
on Energy f o r   I r o n :  

o - Measurement  Results  from  (Ref. 
13,   Ref .  14 )  ; A - Resul ts   f rom 
Measurements i n  a Heterogeneous 
Mixture  of  Iron  and B 4 C  (Ref .  1 5 ) ;  
0 - Tota l   Cross -Sec t ions ;  Removal 
Cross -Sec t ion   fo r  E Mev taken  'from 
( R e f .   1 0 )   f o r   t h e   F i s s i o n   S p e c t r u m ;  
T h e o r e t i c a l   C a l c u l a t i o n s   t a k e n  
from  (Ref .   11) .  

I 3 0 9  
c r o s s - s e c t i o n   f o r   c e r t a i n   h y d r o g e n - c o n t a i n i n g  materials ( R e f .   1 ) .  The 
dosage   a t t enua t ion   o f   r ap id   neu t rons   i n   hydrogen   can   a l so   be   de t e r -  
mined a n a l y t i c a l l y   ( R e f .  1 6 )  

DH (I) = Dol? ( r )  e , " Z H '  
(10.22) 

where CH i s  t h e   t o t a l   c r o s s - s e c t i o n   o f   h y d r o g e n   f o r  a g iven   energy;  
r - d i s t a n c e   f r o m   t h e   s o u r c e  t o  t h e   p o i n t   u n d e r   c o n s i d e r a t i o n ;  DO - 
d o s e   f o r  r = 0;  B ( r )  = 1 - C H r .  The r e s u l t s   o b t a i n e d   w i t h   t h i s   f o r m u l a  
c l o s e l y   c o i n c i d e   w i t h   a c c u r a t e   d a t a   o b t a i n e d  by. t h e  moment method. 

I f  a non-monoenergetic stream o f   n e u t r o n s   f a l l s  on t h e   s h i e l d i n g  
- w h o s e   s p e c t r u m   d i f f e r s   f r o m   t h e   f i s s i o n   s p e c t r u m  - t h e n   t h e   s p e c t r u m  
of Do(E) f o r   i n c i d e n t   n e u t r o n s   m u s t   b e   t a k e n   i n t o   a c c o u n t , a n d   t h e  
energy  dependence of the   r emova l   c ros s - sec t ion   mus t   be   u sed .   In   t h i s  
case, formula (10.20) w i l l  be   compl ica ted :  
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En, MeV 

Figure   10 .5  

€", MeV 

Figure   10 .6  

Dependence  of  Removal  Cross-Section Dependence  of  Removal  Cross-Section 
on Energy f o r  Lead: on  Energy  for  Oxygen: 1307-8 

o - Measurement  Results  from  (Ref. 
13,  1 4 ) ;  A - Results  from  Measure- 
ments in   Heterogeneous   Mixture   o f  
Lead  and B 4 C  (Ref .   15) .  Removal 
Cross-Sect ion  for   Energy  of  8 Mev 
taken  from  (Ref.  10) f o r   t h e  
Fiss ion  Spectrum. 
______ -. . . " . -.  . - "  

o - Calcu la t ion   Us ing  Moment Method; 
( R e f .   1 6 ) ;  0- Exper imenta l   Data  
from  (Ref.   19,   Ref.  2 0 ) ;  0 - Measure- 
ment R e s u l t s   f o r   F i s s i o n   S p e c t r u m  
(Ref .  10); A - T o t a l   C r o s s -  
S e c t i o n s  0 t' 

S i n c e   t h e   c r o s s - s e c t i o n s   f o r   i n t e r m e d i a t e   a n d   h e a v y   n u c l e i   c h a n g e  
ve ry  l i t t l e  i n   t h e   e n e r g y   i n t e r v a l   f r o m  3 t o   1 5  Mev ( i n   c o n t r a s t   t o  /310 
heavy  nuc le i -   such  as f o r  B e ,  C y  and B)  ( R e f .   1 8 ) ,  when t h e   s p e c t r u m  
o f   n e u t r o n s   f a l l i n g  on t h e   s h i e l d i n g   d o e s   n o t   d i f f e r   g r e a t l y   f r o m  
t h e   f i s s i o n   s p e c t r u m   i n   t h e   e n e r g y   r e g i o n  2 - 3 MeV, t he   r emova l  
c r o s s - s e c t i o n s   c a n   b e   u s e d   f o r   t h e s e   n u c l e i   w h i c h  are d e t e r m i n e d   f o r  
t h e   f i s s i o n   s p e c t r u m .   I n   t h e   o p p o s i t e  case, c o r r e c t i o n s   m u s t   b e  
i n t r o d u c e d ,   w h i c h   c a n   b e   p a r t i c u l a r l y   s i g n i f i c a n t   f o r   l i g h t   n u c l e i .  
I n   a d d i t i o n ,  i t  w a s  f o u n d   t h a t ,  f o r  a n e u t r o n   e n e r g y   h i g h e r   t h a n  
3 MeV,  t he   r emova l   c ros s - sec t ions   co inc ide   w i th   t he   c ros s - sec t ions  
o b t a i n e d   f r o m   t h e   i n v e r s e   r e l a x a t i o n   l e n g t h s ,   a n d   c a n   b e   u s e d   f o r  
ca l cu la t ing   med ia   wh ich  do no t   con ta in   hydrogen .  
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1308  

water t h i c k n e s s ,  c m  

F igure   10 .7  

Dosage   At tenuat ion   of   Rapid   Keut rons   in   Kater  
and  Hydrogen as a Funct ion   of   Dis tance  of  t h e  
P o i n t   I s o t r o p i c   S o u r c e   o f   F i s s i o n :  

1- I n  Hydrogen  with  Density  of  0.111  g/cm3; 
2- In   Wate r   w i th  a Dens i ty   o f  1 g/cm3. 

We s h o u l d   n o t e   t h a t   t h e   s h i e l d i n g   t h i c k n e s s ,   d e t e r m i n e d   o n l y  I310  
f o r   r a p i d   n e u t r o n s ,   c a n   b e   i n a d e q u a t e ,   i f   t h e   c o n t r i b u t i o n   f r o m  
t h e r m a l   o r   i n t e r m e d i a t e   n e u t r o n s   t o   t h e   d o s e  i s  t a k e n   i n t o  con- 
s i d e r a t i o n  - i n   s p i t e   o f   t h e i r   r e l a t i v e l y   l o w e r   b i o l o g i c a l   e f f e c -  
t i v e n e s s .   I n   t h i s  case, c o r r e s p o n d i n g   c o r r e c t i o n s   m u s t   b e   i n t r o d u c e d  
i n   t h e   s h i e l d i n g   t h i c k n e s s   c a l c u l a t i o n ,   w h i c h   c a n   b e  made by  using 
the   mul t igroup  method o r  any  other  method. When s h i e l d i n g s ,   w h i c h  
are made of d i f f e r e n t  materials,  are des igned   fo r   p ro t ec t i ' on   f rom 
n e u t r o n s   f r o m   t h e   f i s s i o n   s p e c t r u m ,   t h e   d e c i s i v e   e f f e c t   i n   t h e  
d i f f e r e n t   m e d i a  as neut rons   f rom  d i f fe ren t   energy   groups   mus t   be  1311 
t aken   i n to   accoun t   (Re f .  2 2 ) .  By way o f   a n   e x a m p l e ,   t h e   s p e c t r a l -  
d o s a g e   c h a r a c t e r i s t i c s   o f   f i s s i o n   n e u t r o n s   i n  water, carbon,  and 
concrete   media  were s t u d i e d   f o r   t h e  case o f   i n f i n i t e   g e o m e t r y .  The 
c u r v e s   f o r   t h e   c h a n g e   i n  stream a n d   d o s e   f o r   n e u t r o n s   f r o m   d i f f e r e n t  
energy  groups were c a l c u l a t e d   w i t h   r e s p e c t   t o   s p e c t r a l   d i s t r i b u t i o n s .  
An a n a l y s i s  of t h e s e   d a t a  shows t h a t   f o r   a n   a q u e o u s   s h i e l d i n g   t h e  
dose   f rom  neu t ron   f i s s ion   s t r eams  i s  ma in ly   caused   by   r ap id   neu t rons .  
The t h e r m a l   n e u t r o n s  make a con t r ibu t ion   wh ich  is commensurate  with 
the   g roup   o f   i n t e rmed ia t e   neu t rons ;   t he   con t r ibu t ion  of s low  neut rons  
t o   t h e   d o s e  is 100 times less - a n d   f o r   i n t e r m e d i a t e   n e u t r o n s ,  10 times 
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Figure  10.8 

Dosage At t enua t ion   o f   Rap id   Neu t rons   i n   L i th ium  Hydr ide ;  
Measurements   Car r ied   ou t   Along  the   Axis   o f   the  Disc 
Source   wi th  a Diameter of 7 1  cm. 

less - t han   t he   con t r ibu t ion   f rom  r ap id   neu t rons .   Fo r  a carbon 
s h i e l d i n g ,   b e g i n n i n g   w i t h  a t h i ckness   o f  50 - 60 g/cm2, t h e   t o t a l  
dose is p r a c t i c a l l y   d e t e r m i n e d   b y   t h e r m a l   n e u t r o n s ;  a t  smaller 
d i s t a n c e s ,   t h e   c o n t r i b u t i o n   o f   r a p i d   n e u t r o n &   t o   t h e   d o s e  is s i g -  
n i f i c a n t .   C o n c r e t e  i s  more similar t o  water t h a n   t o   c a r b o n ;  
t h e r e f o r e ,   t h e   d o s e   o f   i n t e r m e d i a t e   a n d   s l o w   n e u t r o n s   d i f f e r s   t o  a 
lesser e x t e n t   f r o m  a dose   o f   r ap id   neu t rons  - i . e . ,  n e u t r o n s   w i t h   e v e r y  
ene rgy   mus t   be   t aken   i n to   accoun t .  

10.3. k t e n u a t - i o n   o f ~ - y - R a d i a t i o n  

The i n t e r a c t i o n   o f   y - q u a n t a  witrh matter h a s   b e e n   q u i t e  w e l l  
s t u d i e d  a t  t h e   p r e s e n t ,   a n d   d e t a i l e d   d a t a   o n   t h i s   p r o b l e m  are 
g i v e n   i n  several works  (Ref. 2 ,  3 ,  7,  2 3 ) .  y - r a d i a t i o n  is a t t e n u a t e d  
due t o   t h r e e   p r o c e s s e s :   t h e   p h o t o e l e c t r i c   e f f e c t , C o m p t o n   s c a t t e r i n g ,  
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the   format ion   of   vapor .  The  sum o f   t h e   c r o s s - s e c t i o n s   o f   e a c h  o f  
t hese   e l emen ta ry   p rocesses  u = a f  -t aC.+ a v a p .   q u a n t i t a t i v e l y  

c h a r a c t e r i z e s   t h e   i n t e r a c t i o n   o f   y - q u a n t a   w i t h  matter. The p r o b a b i l i t y  
f o r   t h e   i n t e r a c t i o n   o f   y - q u a n t a   p e r   u n i t   o f   t r a j e c t o r y   l e n g t h  is 
d e t e r m i n e d   b y   t h e   l i n e a r   a b s o r p t i o n   c o e f f i c i e n t  

p = O N  1/~,1t,  

where N i s  t h e  number o f  atoms p e r  1 cm3; 
of   e lements ,  w e  have 

- 
11 =: -Y ( p i & ; ) ,  7 

where ~i i s  t h e   v o l u m e t r i c   p o r t i o n   o f   t h e  

f o r  a homogeneous  mixture 

& component. The  mass 
a b s o r p t i o n   c o e f f i c i e n t  p / p ,  cm'/g i s  f r equen t ly   u sed ,   where  p is  
m a t t e r   d e n s i t y .  An a p p r o x i m a t e   i n d i c a t i o n  of t h e   e n e r g y   i n t e r v a l s  
can   be   g iven ,   i n   wh ich   one   o f   t he   above   t ypes   o f   i n t e rac t ion   p re -  
dominates   (Table   10 .2) .  

The energy of  t h e   m o s t   p e n e t r a t i n g   p o r t i o n   o f   y - r a d i a t i o n   o f  a 
n u c l e a r   r e a c t o r   r a n g e s   f r o m  2 - 8 M e V ,  a n d   f o r   t h i s   r e a s o n   t h e  Compton 
s c a t t e r i n g  i s  t h e   b a s i c   p r o c e s s  by   wh ich   t he   y -quan ta   a r e   a t t enua ted  
i n   t h e   s h i e l d i n g .  With a d e c r e a s e   i n   e n e r g y   ( e s p e c i a l l y   f o r   h e a v y  
e l e m e n t s ) ,   t h e   t o t a l   c r o s s - s e c t i o n   i n c r e a s e s   d u e   t o   t h e   p h o t o   e f f e c t ,  
a n d   i n c r e a s e s   d u e   t o   t h e   f o r m a t i o n   o f   v a p o r s  a t  l a r g e   e n e r g i e s .   T h u s ,  
t h e   c u r v e   f o r   t h e   d e p e n d e n c e   o f   t h e   t o t a l   c r o s s - s e c t i o n   o n   e n e r g y  / 312 
has  a  minimum; Figure   10 .9   shows  th i s   dependence   for   l ead .   For  

TABLE 10.2 

ENERGY FOR DIFFERENT  TYPES  OF IKTERACTION 
BETWEEN .(-QUANTA AN3 MATTER 

Subs tance  

Air 
Aluminum 
I r o n  
Lead 

Energy, Mev 

e f f e c t   t e r i n g  

0.02 

0.5 < E < 4.7 0.5 
0.12 < E < 9.5  0.12 
0.05 < E < 15  0 .05 
0.02 < E < 23 

- " __ 
Formation of  

Vapors 

23 
15  

9 .5  
4.7 

very   heavy   e lements   ( for   example ,  U ,  W ) ,  t h e   e n e r g y  a t  which   the  
c r o s s - s e c t i o n  i s  a t  a  minimum (Emin) equa l s   3 .5  MeV. For mean 
n u c l e i   ( f o r   e x a m p l e ,   F e ) ,  i t  approx ima te ly   equa l s  8 M e V ,  and f o r  
l i g h t   n u c l e i  i t  i s  g r e a t e r   t h a n   1 0  MeV. These   da t a  are shown i n  
T a b l e   1 0 . 3   f o r   d i f f e r e n t   e l e m e n t s   ( R e f .  7 ) .  It can   be  shown t h a t  
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F igu re  l o .  9 

Dependence   o f   To ta l   Cross -Sec t ion   fo r   In t e rac t ion   o f  
y-Quanta  on  Energy f o r  Lead: 

1- To ta l   Cross -Sec t ion ;  2- Formation  of  Vapors;  
3- P h o t o e f f e c t ;  4 -  Compton S c a t t e r i n g .  

i n   t h e   g i v e n   e n e r g y   i n t e r v a l ,   f o r   w h i c h   t h e  Compton e f f e c t  i s  c h a r a c t e r i s t i c ,  
t h e  mass a b s o r p t i o n   c o e f f i c i e n t s  u / p  do not   depend on the   nuc leus   cha rge  
Z f o r   l i g h t   n u c l e i   a n d  compounds of  l i g h t   e l e m e n t s .   T h e r e f o r e ,   t h e  
l i n e a r   a b s o r p t i o n   c o e f f i c i e n t s   o f   y - r a d i a t i o n  w i l l  b e   p r o p o r t i o n a l   t o  
t h e   d e n s i t y  of  m a t t e r .  

An examina t ion   o f   t he  l a w  f o r   a t t e n u a t i o n   o f   y - r a d i a t i o n  shows 
t h a t   f o r   i n t e n s e   a b s o r p t i o n   ( p h o t o e f f e c t   a n d   f o r m a t i o n   o f   v a p o r s )   t h e  
r a d i a t i o n   i n t e n s i t y   w i t h   r e s p e c t   t o   t h e   s h i e l d i n g   t h i c k n e s s   c h a n g e s  
by  an  exponent ia l  l a w .  However, t h e   p r e s e n c e  o f  Compton s c a t t e r i n g  
d i s t u r b s   t h e   e x p o n e n t i a l   a t t e n u a t i o n  l a w .  Th i s  i s  p a r t i c u l a r l y   t r u e  
f o r   w i d e   b u n d l e s   o f   i n c i d e n t   r a d i a t i o n   a n d   f o r   t h i c k   s h i e l d i n g s ,   d u e   t o  
t h e   f a c t   t h a t   t h e   s c a t t e r e d ,   h i g h - e n e r g y   r a d i a t i o n  moves p r i m a r i l y   i n  
a f o r w a r d   d i r e c t i o n .  A s t u d y  of  t h i s   s e c o n d a r y   r a d i a t i o n  i s  a b a s i c  
p r o b l e m   i n   t h e   t h e o r y   f o r   p e n e t r a t i o n   o f   y - q u a n t a   i n  matter. The 
p r o b l e m   o f   t h e   d i s t r i b u t i o n   o f   y - q u a n t a   w i t h   r e s p e c t   t o   e n e r g y   a n d  
d i r e c t i o n  as t h e y   p e n e t r a t e  matter h a s   b e e n   s t u d i e d   i n   d e t a i l   b y  
s e v e r a l   a u t h o r s   ( R e f .  7 ,  8, Ref. 23-25), and i t  w i l l  n o t   b e   d i s c u s s e d   / 3 1 3  
h e r e .  

I n   p r a c t i c e ,   s e c o n d a r y   s c a t t e r i n g   r a d i a t i o n  i s  t a k e n   i n t o   a c c o u n t  
i n   s h i e l d i n g   d e s i g n s  by t h e   i n t r o d u c t i o n  of a m u l t i p l i e r ,   c a l l e d   t h e  
accumula t ion   f ac to r ,   wh ich  i s  de termined  as t h e   r a t i o  of r a d i a t i o n  
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i n t e n s i t y   ( o r   e n e r g y  stream, e n e r g y   a b s o r p t i o n ,   d o s e )  - t a k i n g   i n t o  
accoun t   s ca t t e r ed   y -quan ta  - t o   t h e   i n t e n s i t y   o f   p r i m a r y   r a d i a t i o n .  
I n   t h e   s i m p l e s t  case of  a m o n o e n e r g e t i c ,   p o i n t   ( o r   f l a t   m o n o d i r e c -  
t i o n a l )   s o u r c e ,   t h e   d o s a g e   a t t e n u a t i o n  i s  d e s c r i b e d   i n   t h e   f o l l o w i n g  
way : 

D ( r )  = D ,B (r) e-pof, 
(10.24) 

where Do is t h e   d o s e   r a t e   o f   y - r a d i a t i o n  when t h e r e  i s  n o   s h i e l d i n g  
a t  t h e   p o i n t  r ;  D(r )  i s  the   dose  ra te  o f   y - r a d i a t i o n   b e h i n d   t h e   s h i e l -  
d i n g   a t   t h e   p o i n t  r;  B ( r )  is  t h e   d o s a g e   a c c u m u l a t i o n   f a c t o r   f o r  a 
p o i n t   ( o r   f l a t )   s o u r c e ;   P o - l i n e a r   a t t e n u a t i o n   c o e f f i c i e n t   o f  
y - r a d i a t i o n   w i t h   t h e   i n i t i a l   e n e r g y  E o ;  t - s h i e l d i n g   t h i c k n e s s .  

TABLE 10.3 

ENERGY Emin  CORRESPONDING TO THE M I N I M U M  ABSORPTION 
CROSS-SECTION FOR DIFFERENT ELEMENTS 

Z 

”” 

1 
3 
6 
7 
8 

I 1  
13 
14 

Element 
-” 

H 
Be 
C 
N 
0 

N a  
AI 
Si 

5 Mev min 

100 
94 
56 
46 
39 
28 
22 
20 

z 

18 
20 
26 
29 
42 
50 
74 
a2 
92 

E iemen t 
“ 

Ar 
Ca 
Fe 
cu 
Mo 
Sn 
W 
Pb 
U 

: Mev min 

15 
13 
9,o 

5,O 
7,5 

4.0 
3,5 
3,4 
333 

When a l i n e a r   a t t e n u a t i o n   c o e f f i c i e n t  i s  selected,  i t  shou ld  
b e   k e p t   i n  mind t h a t   f o r  E o  EmiO t h e   i n c i n a t i o n  of  t h e   r a d i a t i o n  
a t t e n u a t i o n   c u r v e  a t  l a r g e   s h i e l d m g   d e p t h s  i s  d e t e r m i n e d   p r i n a r i l y  
by  y-quanta   having  the  energy E M Emin.  T h e r e f o r e ,   t h e   v a l u e  p must 
b e  u s e d   f o r  E = E m i n .  T h i s   p e r t a i n s   p a r t i c u l a r l y   t o   h e a v y   e l e m e n t s ,  
f o r  w h i c h   t h e   c o e f f i c i e n t   h a s  a p a r t i c u l a r l y   s h a r p  minimum. The 
v a l u e s   o f   t h e   a t t e n u a t i o n   c o e f f i c i e n t   ( R e f .   2 6 )  are g i v e n   i n  
Appendix   2 .   The   func t ion   of   the   dosage   a t tenuat ion   for  a p o i n t   s o u r c e  
can   be   u sed   t o   ca l cu la t e   t he   dosage   f rom  ex tended   sou rces  by i n t e g r a t i n g  
t h i s   f u n c t i o n   w i t h   r e s p e c t   t o   t h e   s u r f a c e   ( o r   v o l u m e )   o f   t h e   g i v e n  
sources .  

It  is  q u i t e   d i f f i c u l t   t o   c a l c u l a t e   t h e   b u i l d - u p   f a c t o r s ,   a n d  
s e v e r a l   s t u d i e s   h a v e   b e e n   d e v o t e d   t o   t h i s ,   i n c l u d i n g   t h e   m o s t  compre- 
hensive  one o f  G o l d s t e i n   a n d   W i l k i n s   ( R e f .   2 4 ) .   I n   t h i s   s t u d y ,   t h e  
b u i l d - u p   f a c t o r s  were c a l c u l a t e d  f o r  s h i e l d i n g   t h i c k n e s s e s   u p   / 3 1 4  
t o   t w e n t y  mean f r e e   p a t h s   b y   t h e  moment method f o r   d i f f e r e n t   e l e m e n t s   a n d  
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r a d i a t i o n   s o u r c e s   h a v i n g   d i f f e r e n t   g e o m e t r y .   H o w e v e r ,   i n   p r a c t i c e  
i t  i s  p o s s i b l e   t o   u t i l i z e   t h e   s i m p l i f i e d   m e t h o d   a d v a n c e d   b y   T a y l o r  
f o r   c a l c u l a t i n g   t h e   b u i l d - u p   f a c t o r s .   T h i s   m e t h o d   r e p r e s e n t s  
t h e   q u a n t i t y   t o   b e   d e t e r m i n e d   ( f o r  a p o i n t   i s o t r o p i c   s o u r c e )   i n   t h e  
form  of   the sum o f   t he   exponen t s  

( 1 0 . 2 5 )  

where A2 = 1 - A I ;  t h e   c o e f f i c i e n t s  a1 and a2 depend  on  the  energy 
E o ,  and a r e   s e l e c t e d  so t h a t   t h e   v a l u e s   o f  B(p  r )  - c a l c u l a t e d  
acco rd ing   t o   fo rmula   (10 .25 )  - a g r e e   w i t h   t h e   v a l u e s  of B(uOr) - 
which a r e   c a l c u l a t e d  by  t h e  moment mettlod f o r   t h i c k n e s s e s   f r o m  
1-10' = 1 t o  u o r  = 20 and   va lues   o f   t he   ene rgy  EO between 0.5 Mev and 
5 M e V .  T h i s   m e t h o d   h a s   t h e   a d v a n t a g e   t h a t   t h e   q u a n t i t i e s  A I ,  a1 and 
a2 do n o t   d e p e n d   o n   t h e   s h i e l d i n g   t h i c k n e s s .  The   bu i ld -up   f ac to r s  
o b t a i n e d   i n   t h e  work  (Ref. 2 4 )  f o r   d i f f e r e n t   e l e m e n t s ,   a n d   a l s o   t h e  
c o e f f i c i e n t s  A 1 ,  a1 and a 2 ,  w h i c h   a r e   g i v e n   i n   o t h e r   w o r k s   ( R e f .  3 ,  
Ref.  7 )  a r e   p r e s e n t e d  in the   Appendices  3 - 9 .  The c o e f f i c i e n t s  
"1 ,  "2, A 1 ,  A 2 ,  a r e   s e l e c t e d   f o r   r e l a t i v e l y   l a r g e   t h i c k n e s s e s ,   w h i l e  
f o r   s m a l l   t h i c k n e s s e s   ( p a r t i c u l a r l y   f o r   l i g h t   e l e m e n t s )   t h e   r a d i a t i o n  
a t t e n u a t i o n  - c a l c u l a t e d   w i t h   t h e   g i v e n   c o e f f i c i e n t s  - c a n   d i s a g r e e  
wi th  t h e  e x p e r i m e n t a l   d a t a   t o  a s i g n i f i c a n t   e x t e n t   ( R e f .  2 7 ) .  We 
s h o u l d   n o t e   t h a t   t h e   a n a l y t i c a l   c o n c e p t   o f   t h e   b u i l d - u p   f a c t o r s  
which was p re sen ted   above   can   be   u sed   advan tageous ly   i n   i n t eg ra t ing  
t h e   a t t e n u a t i o n   f u n c t i o n   f r o m   s e p a r a t e   p o i n t   s o u r c e s .  

0 

T h e   b u i l d - u p   f a c t o r s   f o r   p o i n t   s o u r c e s   ( R e f .  4 3 )  were u t i l i z e d  
t o   c a l c u l a t e   t h e   d o s a g e   b u i l d - u p   f a c t o r s   f o r   i s o t r o p i c   r a d i a t i v e  
d i s c s .  The c a l c u l a t i o n s  were c a r r i e d   o u t   f o r   l e a d ,   i r o n ,   w a t e r ,   a n d  
c o n c r e t e   a t   i n i t i a l   y - q u a n t a   e n e r g i e s   f r o m  0 . 5  t o  3 Mev a n d   f o r  
s h i e l d i n g   t h i c k n e s s e s   f r o m   0 . 5   t o   1 0   a t t e n u a t i o n   l e n g t h s ,  as a f u n c t i o n  
of t h e   a n g l e   a t   w h i c h   t h e  d i s c  i s  seen  f rom a g i v e n   p o i n t .  The dosage 
b u i l d - u p   f a c t o r s   f r o m   c y l i n d r i c a l   s o u r c e s  were o b t a i n e d   u s i n g   t h e  
e q u i v a l e n t   a b s o r p t i o n   l e n g t h   f o r   w a t e r ,   a l u m i n u m ,   i r o n ,   a n d   l e a d  a t  
a n   i n i t i a l   r a d i a t i o n   e n e r g y   f r o m   0 . 5   t o  6 MeV.  

The b u i l d - u p   f a c t o r s   g i v e n   i n   A p p e n d i c e s  3-9 were c a l c u l a t e d  
f o r   i n d i v i d u a l   e l e m e n t s ,   a n d   i n  p rac t i ce  t h e   s h i e l d i n g   c a n   c o n s i s t   o f  
a homogeneous o r   h e t e r o g e n e o u s   m i x t u r e   o f   e l e m e n t s .   I f   t h e   e l e m e n t s  
i n c l u d e d   i n   t h e  homegeneous  mixture are c l o s e   t o   t h e   a t o m i c  number of 
Z ,  t h e n   t h e   b u i l d - u p   f a c t o r   c a n   b e   u s e d   f o r   t h e   e l e m e n t   w i t h   a n  
i n t e r m e d i a t e  Z. I f   t h e   a t o m i c   n u m b e r s   f o r   t h e  elements d i f f e r   g r e a t l y  
f rom  each   o ther ,   then  a b u i l d - u p   f a c t o r  i s  u s e d   f o r   t h e  material w i t h  
a c e r t a i n   e f f e c t i v e  Z ,  a n d   t h e   m e t h o d   f o r   d e t e r m i n i n g   t h i s  is a l s o  
p r e s e n t e d   i n   t h e   w o r k s   ( R e f .  2 4 ,  Ref.  7 ) .  The  dependence  of   the 
dosage   bu i ld -up   f ac to r   on   t he   a tomic   number ,   wh ich  w a s  o b t a i n e d   i n   t h e  
work  (Ref. 2 4 ) ,  f o r  a p o i n t   i s o t r o p i c   s o u r c e   w i t h   e n e r g i e s   b e t w e e n  
2 - 10 Mev i s  shown i n  Appendix  10.  
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For   he t e rogeneous   sh i e ld ings ,  i t  i s  r a t h e r   d i f f i c u l t   t o  cal- /315 
c u l a t e   t h e   b u i l d - u p   f a c t o r s .   I n   t h i s  case, one   mus t   use   the  
r e s u l t s   d e r i v e d   f r o m   c a l c u l a t i o n s   o n   t h e   p e n e t r a t i o n   o f   y - r a d i a t i o n  
t h r o u g h   m u l t i - l a y e r e d   m e d i a ,   o b t a i n e d   b y   d i f f e r e n t   a u t h o r s  [see 
t h e   c i t a t i o n   i n   t h e  work  (Ref. 7 ) ] ,  a n d   a l s o   g e n e r a l   p h y s i c a l  con- 
s i d e r a t i o n s .   F o r  a two- l aye red   sh i e ld ing ,   i n   wh ich   t he   heavy   e l emen t  
i s  b e h i n d   t h e   l i g h t   e l e m e n t ,   t h e   e f f e c t i v e   b u i l d - u p   f a c t o r  i s  
much less t h a n   t h e   p r o d u c t   o f   t h e   b u i l d - u p   f a c t o r s   f o r   e a c h   o f  
t h e  two s h i e l d i n g   l a y e r s   t a k e n   s e p a r a t e l y   ( R e f .  3 ,  Ref.  7 ) .  It can 
be   approximate ly   assumed  tha t  i t  e q u a l s   t h e   b u i l d - u p   f a c t o r   f o r  
s h i e l d i n g   c o m p r i s e d   o f   o n e   l a y e r   o f  a heavy  e lement   with a t h i c k n e s s  
( i n  mean f r e e   p a t h s )   w h i c h   e q u a l s   t h e   t o t a l   t h i c k n e s s  of t h e  two- 
l a y e r e d   s h i e l d i n g .   F o r  a . r e v e r s e   a r r a n g e m e n t   o f   t h e   l a y e r s ,   t h e   t o t a l  
b u i l d - u p   f a c t o r  w i l l  app rox ima te ly   equa l   t he   p roduc t   o f   t he   bu i ld -up  
f a c t o r s   f o r   e a c h   l a y e r   i n d i v i d u a l l y .  

These  recommendat ions  are   confirmed  to  a c e r t a i n   e x t e n t  by t h e  
r e s u l t s   o f   a n   e x p e r i m e n t a l   w o r k   ( R e f .  29)  i n  wh ich   t he   bu i ld -up  
f a c t o r s   w e r e   m e a s u r e d   f o r  a t w o - l a y e r e d   s h i e l d i n g   c o n s i s t i n g   o f  
d i f f e r e n t   c o m b i n a t i o n s   o f  l e a d ,  iron,  and  aluminum ( E o  = 1 . 2 5  Mev). 
A formula i s  g i v e n   i n   t h i s   s t u d y   w h i c h   m a k e s  i t  p o s s i b l e   t o   c a l c u l a t e  
t h e   b u i l d - u p   f a c t o r s   f o r   a r b i t r a r y   i n i t i a l   e n e r g i e s   o f   y - q u a n t a  
a n d   m a t e r i a l s ,   i f   t h e   s p e c t r u m   f o r   r a d i a t i o n   s c a t t e r e d   a f t e r   p e n e t r a -  
t i o n   o f   t h e   f i r s t   l a y e r  is known. 

The bu i ld -up   f ac to r s   g iven   i n   Append ix  10  were c a l c u l a t e d  by 
t h e  moment method f o r   i n f i n i t e   m e d i a ,   a n d   t h e r e f o r e   t h e y  w i l l  be  
somewhat less f o r   r e a l   s h i e l d i n g s   h a v i n g  l i m i t e d  d imens ions .  The 
a p p r o p r i a t e   c o r r e c t i o n s   f o r   t h e   b u i l d - u p   f a c t o r   i n   a n   i n f i n i t e  
medium were c a l c u l a t e d  by  Berger  (Ref.  30) f o r   t h e   e n e r g i e s   a n d  
m a t e r i a l s   w h i c h   a r e  rnost  important i n   p r a c t i c e .  However,   these 
c o r r e c t i o n s   a r e   i m p o r t a n t   f o r  a s h i e l d i n g   o n l y  f o r  l i g h t   m a t e r i a l s  
and  low-energy  sources,  and i n   o t h e r   c a s e s   t h e y   c a n   b e   d i s r e g a r d e d  

The d a t a   p r e s e n t e d   a b o v e   o n   c a l c u l a t i o n s   o f   y - r a d i a t i o n   a t t e n t u a -  
t i o n   p e r t a i n   t o   m o n o e n e r g e t i c   y - q u a n t a .   H o w e v e r ,   t h e   r e a l . t h i c k n e s s  
of a des igned   sh i e ld ing   mus t   be   s e l ec t ed   on   t he   bas i s   o f   t he   complex  
s p e c t r a l   c o m p o s i t i o n   o f   y - r a d i a t i o n   f r o m   n u c l e a r   r e a c t o r s .   T h i s   c a n  
b e  done ,   fo r   example ,   u s ing   t he   me thod   o f   compe t ing   l i nes ,   wh ich  was 
d i s c u s s e d   i n   d e t a i l   i n   a n o t h e r  work  (Ref. 31) [ s e e   a l s o   t h e   u s e  of t h i s  
method .?or s h i e l d i n g   d e s i g n   i n   t h e  work  (Ref. 4 3 ) ] .  I n   s e v e r a l   p r a c -  
t i c a l  cases f o r   d e s i g n i n g   s h i e l d i n g   f r o m   y - r a d i a t i o n ,   g e n e r a l   t a b l e s  
can  be  used  (Ref .  31 - 3 4 ,  and o t h e r s ) .  

10.4.  Outflow  of   Captured  y-Radiat ion 

The a b s o r p t i o n   o f   n e u t r o n s  when t h e y   p e n e t r a t e  a s h i e l d i n g  i s  
accompanied  by  the  emission  of   captured  y-quanta ,   whose  energy 
a p p r o x i m a t e l y   e q u a l s   t h e   n e u t r o n   b i n d i n g   e n e r g y   i n   t h e   n u c l e u s .  



The spec t ra   o f   cap tured   y-quanta   ( see   Appendix   11)   depend  on   the  
d i s t ance   be tween   t he   ene rgy  levels of the   nuc le i ,   and   can   be  
d i v i d e d   i n t o   t h r e e   g r o u p s :  a l l  o f   t h e   e n e r g y   o f   t h e   y - r a d i a t i o n  
fo r   e l emen t s   o f   t h i s   g roup   be longs   t o   one   pho ton .   The   spec t rum 
has  a l i n e   s t r u c t u r e  - i - e . ,  emis s ion   o f   s eve ra l   y -quan ta   hav ing  
d i f f e r e n t   e n e r g i e s  is  p o s s i b l e .   y - q u a n t a   h a v i n g   d i f f e r e n t   e n e r g i e s  
are poss ib l e ;   however ,   fo r   ene rg ie s   be low 5 Mev t h e   r a d i a t i o n  
spectrum is con t inuous .  A s  a r u l e ,   t h i s  i s  s o f t e r   r a d i a t i o n   t h a n  
i n   t h e   p r e c e d i n g   g r o u p .  
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S i n c e   t h e   n e u t r o n   a b s o r p t i o n   c r o s s - s e c t i o n   d e c r e a s e s   w i t h  
a n   i n c r e a s e   i n   e n e r g y ,   t h e   t h e r m a l   n e u t r o n s  are c a p t u r e d   t o   t h e  
g r e a t e s t   e x t e n t .  The s h i e l d i n g  - t h i c k n e s s   d i s t r i b u t i o n   o f  a 
stream of   t he rma l   and   ep i the rma l   neu t rons ,   wh ich  are formed when 
r a p i d   n e u t r o n s  are moderated,  i s  d e t e r m i n e d   b y   t h e   s p a t i a l   d i s t r i -  
b u t i o n   o f   r a p i d   n e u t r o n s .  The a t t e n u a t i o n   o f  a stream of   thermal  
n e u t r o n s ,   e m a n a t i n g   f r o m   t h e   r e a c t o r   a c t i v e   z o n e   a n d   f a l l i n g  on t h e  
i n n e r   s h i e l d i n g   s u r f a c e ,  is d e s c r i b e d  by a s i m p l e   e x p o n e n t i a l  l a w  
w i t h  a n   i n d e x   e q u a l l i n g   t h e   d i f f u s i o n   l e n g t h .  

The neut ron   spec t rum a t  a g iven   po in t  on t h e   s h i e l d i n g   d e p e n d s  
no t  only on t h e   m o d e r a t i n g   a n d   a b s o r b i n g   p r o p e r t i e s   o f   t h e   s h i e l d i n g  
m a t e r i a l ,   b u t   a l s o  on the   spec t rum  fo r   neu t rons   emana t ing   f rom  the  
r e a c t o r   a c t i v e   z o n e ,   a n d   o n   t h e   l o c a t i o n   o f   t h i s   p o i n t .  An e q u i l i b r i u m  
spectrum i s  e s t a b l i s h e d   f o r   l a r g e   d i s t a n c e s   f r o m   t h e   s o u r c e   i n   t h e  
s h i e l d i n g ;   t h i s   s p e c t r u m   d o e s   n o t   d e p e n d   o n   d i s t a n c e .   I n   t h i s   c a s e ,  
t h e   f o l l o w i n g   r e l a t i o n s h i p   b e t w e e n   t h e  streams of   rap id   and   thermal  
neut rons   can   be   wr i t ten   (Ref .  3 )  : 

(10 .26)  

where  ?therm is  t h e  stream of   t he rma l   neu t rons ;  is t h e  stream of 
r a p i d  n e u t r o n s ;  X0 - t h e   r e l a x a t i o n   l e n g t h   o f   r a p i d   n e u t r o n s ;  
Z c  - macroscop ic   abso rp t ion   c ros s - sec t ion   o f .   t he rma l   neu t rons ;  Ls - 
modera t ion   l eng th ;  L - d i f f u s i o n   l e n g t h .  

I t  is n e c e s s a r y   t o  know t h e   n e u t r o n   s p e c t r u m   i n   o r d e r   t o  
d e t e r m i n e   t h e   s p a t i a l   d i s t r i b u t i o n   o f   s o u r c e s   o f   c a p t u r e d   y - q u a n t a  
a t  e a c h   p o i n t   i n   t h e   s h i e l d i n g   a n d ,   c o n s e q u e n t l y ,   i n   o r d e r   t o   s o l v e  
the   p roblem  of   the   ou t f low  of   cap tured   y- rad ia t ion   beyond  the  
s h i e l d i n g .   T h u s ,   t h e   s o l u t i o n   f o r   t h e   p r o b l e m   o f   c a p t u r e d   y - r a d i a t i o n  
c a n   b e   r e d u c e d   t o   d e t e r m i n i n g   t h e   s p a t i a l - e n e r g y   d i s t r i b u t i o n  of  
n e u t r o n s   i n   t h e   s h i e l d i n g   m e d i a .  

The p ropaga t ion   o f   neu t rons  i n  matter can   be   desc r ibed   by   t he  
w e l l - k n o w n   i n t e g r o - d i f f e r e n t i a l   e q u a t i o n  o f  Bo l t zmann ,   t he   so lu t ion  
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of wh ich   r ep resen t s  a very  complex  problem.  Therefore ,   an  approximate 
s o l u t i o n  is u s u a l l y   p r e s e n t e d .  One o f   t he   bas i c   me thods   wh ich   can   be  
used t o   s o l v e   t h e   k i n e t i c   e q u a t i o n  i s  t h e  method  of   spher ica l   harmonics .  
The d i f fus ion   approx ima t ion   (o r   P I - approx ima t ion )   and   t he   age -d i f fus ion  
P 2  and   P3-approximat ions ,   ob ta ined  by t h i s   m e t h o d ,  are usua l ly   u sed .  
When o n e   o r   t h e   o t h e r   a p p r o x i m a t i o n  is s e l e c t e d ,  i t  s h o u l d   b e   k e p t  1317 
i n  mind t h a t   t h e   a g e - d i f f u s i o n   a p p r o x i m a t i o n   d o e s   n o t   t a k e   i n t o  
a c c o u n t   i n e l a s t i c   n e u t r o n   s c a t t e r i n g ,   a n d   a l s o  i t  i s  n o t   a p p l i c a b l e  
i n   t h e   p r e s e n c e  of h y d r o g e n   ( o r   o t h e r   l i g h t   n u c l e i )   o r   s t r o n g  ab- 
so rbe r s .   However ,   t h i s  method  can  be  used i n  many cases (Ref .  35 ) ,  
which is conf i rmed   by   t he   c lose   ag reemen t   be tween   ca l cu la t iona l  
r e s u l t s   a n d   e x p e r i m e n t a l   d a t a .  The P2-approximation is  most e f f e c t i v e  
f o r   d e s i g n i n g  a s h i e l d i n g   f r o m   n e u t r o n   r a d i a t i o n ,   a n d   p a r t i c u l a r l y  
f o r   c a l c u l a t i n g   t h e   c a p t u r e d   y - r a d i a t i o n ,   s i n c e  i t  makes i t  p o s s i b l e  
t o   a c c u r a t e l y   d e s c r i b e   ( a s  compared   wi th   the   d i f fus ion   approximat ion)  
a neu t ron   s t r eam a t  l a r g e   d i s t a n c e s   f r o m   t h e   a c t i v e   z o n e .   I f   t h e  
method  of s p h e r i c a l   h a r m o n i c s  i s  u t i l i zed ,   t he   P2 -approx ima t ion   o f  
t h e   b a s € c   k i n e t i c   e q u a t i o n   o f   B o l t z m a n n   ( R e f .  5) c a n   b e   o b t a i n e d   i n  
s p h e r i c a l   g e o m e t r y .  

Let us e x a m i n e   t h e   k i n e t i c   e q u a t i o n   o f   m o d e r a t i o n   i n   p h a s e  
s p a c e   ( r ,   v ,  Q) i n   t h e   a b s e n c e   o f   e x t e r n a l   n u e t r o n   s o u r c e s  

(10 .27)  

where 9(r, v ,  a) is  a stream o f   n e u t r o n s ;  R i s  t h e   u n i t   v e c t o r  of  
n e u t r o n   d i r e c t i o n   o f   m o t i o n ; r  i s  t h e   r a d i u s   v e c t o r ;  v i s  t h e   n e u t r o n  
v e l o c i t y ;  C = C c  + Cs is  t h e   t o t a l   m a c r o s c o p i c   c r o s s - s e c t i o n  
( c a p t u r e   p l u s   s c a t t e r i n g )  o f  n e u t r o n s ;  w ( u 0 ,  v' + v)  - func t ion   of  
n e u t r o n   s c a t t e r i n g  as a r e s u l t  o f  e l a s t i c  and i n e l a s t i c   c o l l i s i o n s  
w i t h  a n u c l e u s ;  ~0 - c o s i n e  o f  t h e   a n g l e   b e t w e e n   d i r e c t i o n s   o f   m o t i o n  
b e f o r e   a n d   a f t e r   n e u t r o n   c o l l i s i o n   w i t h  a n u c l e u s .  

The  boundary  condi t ions  are   given as fo l lows :  

1. q ( r ,   v ,  a) = 0 on t h e   s u r f a c e   o f   t h e  medium S f o r  R n < 0 ,  
where n is t h e   e x t e r n a l   n o r m a l   t o   t h e   s u r f a c e .  

2 .  The f u n c t i o n s   v ( r ,  v, R) must   be   cont inuous   dur ing   the   change  
from a r e g i o n   w i t h   c e r t a i n   p h y s i c a l   p r o p e r t i e s   t o  a r e g i o n   w i t h   o t h e r  
p h y s i c a l   p r o p e r t i e s .   W i t h  a change t o   s p h e r i c a l   g e o m e t r y  ( t h e   s y s t e m  
r ,  v ,  0 ,  $), e q u a t i o n  (10 .27)  assumes t h e  form: 

(10.28) 

where 9(r, v ,  p )  does   no t   depend  on   the   az imuth  $; 1~ = cos0. L e t  us  
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assume t h a t  a t  t h e   o u t e r   s u r f a c e   9 ( r ,  v, u) = 0(- 1 < u < 0) .  L e t  
u s   r e p r e s e n t   t h e   f u n c t i o n  W ( u g ,  v c  -+ v) i n   t h e   f o r m   o f  a series of  
Legendre  polynomials  

m 

where 

(10.29) 

The s o l u t i o n   o f   e q u a t i o n   ( 1 0 . 2 8 )  w i l l  have   the   fo l lowing   form:  

I <  
'p 0 . 9  v ,  I4 == -1.7 (212 -1" 1) 'P,, ( r ,  v) p ,  ( I 4  (10.30) 

n=O 

where 

L e t  us   mul t ip ly   equat ion   (10 .28)  term by term  by  Pm(u) , and l e t  us  
i n t e g r a t e   t h e   r e s u l t   w i t h   r e s p e c t   t o  $ and u. L e t  u s   s u b s t i t u t e   t h e  
expansions  (10.29)  and (10.30) i n  t h e   o b t a i n e d   e x p r e s s i o n ,   a n d ,  
u t i l i z i n g   t h e  well-known r e l a t i o n s h i p s   f o r   L e g e n d r e   p o l y n o m i a l s  

t r l  0 ,  . . . 111 + 0 ,  
J Pn (11) Pm ( t1 )  d~ x 
"I 2,, -~ , , . . . m = r z ;  

(10.31) 

w e  o b t a i n   t h e   f o l l o w i n g   s y s t e m  o f  i n t e g r o - d i f f e r e n t i a l   e q u a t i o n s :  

= J d ZJ '~P,~~\V (ZJ' --f ZJ), (10.32) 

to   wh ich   t he   boundary   cond i t ions  a t  t h e   c e n t e r   o f   t h e   s p h e r e   m u s t  

be  added % = 0;  Tm = 0 (m = 2,  4 ,  6)  ; a t  t h e   o u t e r   b o u n d a r y ,  

C a. V = O ( i ,  m = 0,  1, 2 ) ,   w h e r e   t h e   c o e f f i c i e n t s  a i m  are 

determined by t h e   r e l a t i o n s h i p  

m=o l m  m 

I n   o r d e r   t o   d e t e r m i n e   t h e   a p p r o x i m a t e   s o l u t i o n   o f   t h e   p r o b l e m ,  
i t  is n e c e s s a r y   t o   c o n f i n e   o n e s e l f   t o   t h e   g i v e n  number  of terms i n  
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t h e  series ( 1 0 . 3 0 ) .   C o n f i n i n g   o u r s e l v e s   t o '   t h r e e  terms, w e  o b t a i n  /319 
t h e   P 2 - a p p r o x i m a t i o n   f o r   t h e   m a i n   k i n e t i c   e q u a t i o n   o f   m o d e r a t i o n .  
The s y s t e m   o f   i n t e g r o - d i f f e r e n t i a l   e q u a t i o n s  w i l l  h a v e   t h e   f o l l o w i n g  
form: 

I n   t h i s  case, the   fo l lowing   boundary   condi t ions   mus t   be  

assumed: a t  t h e   c e n t e r   a f   t h e   s p h e r e  - = 0, = o f o r  r = 0 ;  

a t  t h e   o u t e r   s u r f a c e :  4 V o  - 8q1 + 5V2 = 0; 1 O V o  - 24P1 -k 2592 = 0. 

a v  
ar 

The  most e f f e c t i v e  method f o r   s o l v i n g   d i f f e r e n t   a p p r o x i m a t i o n s  
o f   t h e   k i n e t i c   e q u a t i o n  i s  the  group  method  (Ref .   5) .  The e s sence  
o f   t h i s  method c o n s i s t s   o f   t h e   f a c t   t h a t   t h e   e n t i r e   n e u t r o n   v e l o c i t y  
i n t e r v a l  is  d i v i d e d   i n t o   s e v e r a l   p a r t i a l   i n t e r v a l s  - groups ,  
wi th in   which  i t  is assumed t h a t   t h e   c r o s s - s e c t i o n s   o f   n u c l e a r  
p r o c e s s e s   a r e   i n d e p e n d e n t   o f   t h e   n e u t r o n   v e l o c i t i e s .   W i t h i n   t h e  
limits of   each  energy  group , t h e  main  equat ion i s  i n t e g r a t e d ,  and 
t h e   i n t e g r a l   n e u t r o n  streams are s e l e c t e d   b y   g r o u p s  as t h e  unknowns. 
A s  a r e s u l t ,  a sys tem  of   mul t igroup  cons tan ts  i s  o b t a i n e d ,  whose 
c a l c u l a t i o n   r e q u i r e s   t h e   n e u t r o n   s p e c t r u m   i n   t h e  medium under  
c o n s i d e r a t i o n .  The  method f o r   a v e r a g i n g   t h e   c o n s t a n t s   d e p e n d s   o n  
t h e   e x p l i c i t   c o n d i t i o n s   o f   t h e   g i v e n   . p r o b l e m .  When' a l a r g e  number 
of   groups is u t i l i z e d ,   i n   w h i c h   t h e   g r o u p   i n t e r v a l s  are so small 
t h a t   t h e   n e u t r o n  stream c h a n g e s   v e r y   s l i g h t l y   w i t h i n   t h e   l i m i t s  
of  each  group,  the  method by  which t h e   p h y s i c a l   c o n s t a n t s  are 
averaged i s  n o t   i m p o r t a n t .   I n   t h i s  case, i t  i s  p o s s i b l e   t o   d e t e r m i n e  
a un ive r sa l   sys t em  o f   g roup   cons t an t s ,   wh ich  i s  not   dependent   on 
t h e   n e u t r o n   s p e c t r u m   i n   t h e  medium under   cons ide ra t ion   (Ref .  36) .  
One o f   t h e   m e t h o d s   f o r   o b t a i n i n g  a sys t em  o f   g roup   cons t an t s   fo r  
des ign ing  a b i o l o g i c a l   s h i e l d i n g ,   w h i c h   c o n s i s t s   o f   h y d r o g e n - c o n t a i n i n g  
and  heavy materials, is examined i n  another   work  (Ref .   35) .   Reference 
b o o k s   c a n   b e   u t i l i z e d   t o   f o r m u l a t e   s y s t e m s   o f   g r o u p   c o n s t a n t s   ( R e f .  1, 
2 6 ,  3 7 ,  38) .  

A m u l t i g r o u p   s y s t e m   o f   e q u a t i o n s   c a n   b e   w r i t t e n   i n   f i n i t e - d i f f e r e n c e  
fo rm,   and   can   be   so lved   numer i ca l ly   by   t he   me thod   o f   d i f f e ren t   f ac to r i -  
z a t i o n   ( R e f .   5 ) .   I n   t h e   g i v e n   a p p r o x i m a t i o n s ,   t h i s   p r o b l e m   c a n   b e  
e f f e c t i v e l y   s o l v e d  on computers ( R e f .  36) .  

The s p a t i a l  - e n e r g y   n e u t r o n   d i s t r i b u t i o n ,   w h i c h  i s  ob ta ined  as 
a r e s ' u l t  of s o l v i n g  a mult igroup  sys tem of e q u a t i o n s ,   c a n   b e   u t i l i z e d  
t o   d e t e r m i n e   t h e   s p a t i a l   d i s t r i b u t i o n   o f   s o u r c e s  of cap tu red  
y-quanta i n   t h e   f o l l o w i n g  way: 
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(E 

qu ( r )  = ,I' (p ( r ,  E )  xc ( E )  d E ,  
0 

(10.34) 
I 

where  qv(r)   represents   the  amount   of   y-quanta   formed  per  1 cm3/sec a t  /320 
t h e   p o i n t  r ;  Y(r ,  E) - a n e u t r o n  stream a t  t h e   p o i n t  r h a v i n g   t h e  
energy  E i n   t h e   i n t e r v a l  dE;  Cc(E) - m a c r o s c o p i c   c r o s s - s e c t i o n   f o r   t h e  
c a p t u r e   o f   n e u t r o n s   h a v i n g   t h e   e n e r g y  E. If n e u t r o n s  are mainly 
c a p t u r e d   i n   t h e   t h e r m a l   r e g i o n  - which is i m p o s s i b l e   t o  t e l l  w i t h  
n u c l e a r   r e a c t o r s   f o r   r a p i d   a n d   i n t e r m e d i a t e   n e u t r o n s   w i t h  a ha rd  
s p e c t r u m   o f   o u t g o i n g   r a d i a t i o n  - i n  many c a s e s  a stream of   thermal  
neut rons   Vtherm,   de te rmined   by   formula   (10 .26)   for  a c e r t a i n   s p a t i a l  
d i s t r i b u t i o n   o f   r a p i d   n e u t r o n s ,   c a n   b e   u s e d   t o   d e t e r m i n e   t h e   f u n c t i o n  
q v ( r )  

(10.35) 

where   Qv( r ,  E )  is  t h e  number  of  y-quanta a t  t h e   p o i n t  r h a v i n g   t h e  
energy  E i n   t h e   e n e r g y   i n t e r v a l  AE; a ( E )  - t h e   p o r t i o n   o f   y - q u a n t a  
having   the   energy  E i n   t h e   e n e r g y   i n t e r v a l  AE which are formed  during 
the   abso rp t ion   o f   one   neu t ron .  

The func t ion   which  i s  o b t a i n e d   f o r   t h e   s p a t i a l   d i s t r i b u t i o n  
o f   sou rces   o f   cap tu red   y -quan ta   can   be   r ep resen ted   i n   t he   fo l lowing  
form,  which i s  m o s t   a d v a n t a g e o u s   f o r   c a l c u l a t i n g   t h e   o u t f l o w   o f  
q u a n t a   f r o m   t h e   o u t e r   s u r f a c e   o f   t h e   l a y e r   u n d e r   c o n s i d e r a t i o n  
( f o r   f l a t   g e o m e t r y ) :  

where ro is t h e   c o o r d i n a t e   f o r   t h e   i n n e r   s u r f a c e   o f   t h e   s h i e l d i n g  
l a y e r   u n d e r   c o n s i d e r a t i o n ;  t i  is t h e   t h i c k n e s s   o f   t h e  i.& s e c t i o n  
o f   t h e   l a y e r   u n d e r   c o n s i d e r a t i o n ,   f o r   w h i c h   t h e   r e l a x a t i o n   l e n g t h  
A i  o f   t h e   f u n c t i o n   q v ( r )  i s  c h a r a c t e r i s t i c ;  n is t h e  number  of 
s e c t i o n s   ( w i t h   d i f f e r e n t   r e l a x a t i o n   l e n g t h s )   w h i c h   p r e c e d e   t h e  
s e c t i o n   i n   w h i c h   t h e   p o i n t  r u n d e r   c o n s i d e r a t i o n  is l o c a t e d   a n d   t o  
w h i c h   t h e   r e l a x a t i o n   l e n g t h  A co r r e sponds .  

I f   t h e   s h i e l d i n g   l a y e r   o f   a n y  material is i n v e s t i g a t e d ,   f o r  
i n d i v i d u a l   s e c t i o n s  of w h i c h   t h e   q u a n t i t y  h is c h a r a c t e r i s t i c ,   t h e n  
t h e   i n t e n s i t y   o f   t h e   o u t f l o w   o f   c a p t u r e d   y - q u a n t a   f r o m   t h e   o u t e r  
s u r f a c e   o f   t h e   e n t i r e   l a y e r   c a n   b e   c o n v e n i e n t l y   r e g a r d e d  as t h e  sum 
of t h e   i n t e n s i t i e s   f o r   t h e   o u t f l o w  of t h e s e   q u a n t a   f r o m   e a c h   s e c t i o n  
s e p a r a t e l y ,   t a k i n g   i n t o   a c c o u n t   t h e   r a d i a t i o n   a t t e n u a t i o n   i n  a l l  
s u b s e q u e n t   s e c t i o n s .  The b u i l d u p   o f   s c a t t e r e d   q u a n t a   a n d   g e o m e t r i c  
a t t e n u a t i o n   m u s t   a l s o   b e   t a k e n   i n t o   a c c o u n t .   I n   o r d e r   t o   o b t a i n   t h e  
o u t f l o w   o f   c a p t u r e d   y - q u a n t a   f r o m   t h e   s u r f a c e   o f   t h e   s h i e l d i n g   s e c t i o n  



under   cons ide ra t ion ,  i t  is n e c e s s a r y   t o   i n t e g r a t e   t h e  stream of  
q u a n t a   w i t h   r e s p e c t   t o   t h e   e n t i r e   t h i c k n e s s   o f   t h i s   s e c t i o n .  
Assuming t h a t   t h e   f u n c t i o n   o f   s p a t i a l   d i s t r i b u t i o n   f o r   t h e   s o u r c e s  
of   cap tured   y-quanta   can   be   descr ibed  as an e x p o n e n t i a l   f u n c t i o n ,  
a f t e r   t h i s   i n t e g r a t i o n  w e  o b t a i n   t h e   f o l l o w i n g   f o r m u l a   f o r   t h e   / 3 2 1  
o u t f l o w   o f   q u a n t a   f r o m   t h e   s u r f a c e   o f  a f l a t   l a y e r   h a v i n g   t h e  
t h i c k n e s s  t w i t h   t h e   c o n s t a n t   q u a n t i t y  X ( s c a t t e r e d   q u a n t a  are 
n o t   t a k e n   i n t o   a c c o u n t ) :  

(10.37) 

where 1-1 i s  t h e   l i n e a r   a b s o r p t i o n   c o e f f i c i e n t   o f   c a p t u r e d   y - q u a n t a .  
It is assumed t h a t   o n l y   h a l f   o f   t h e   q u a n t a   f o r m e d  a t  e a c h   p o i n t   a r e  
propagated   forward .  A similar f o r m u l a   c a n   b e   r e a d i l y   o b t a i n e d  
f o r   t h e   i n c r e a s i n g   [ i n   c o n t r a s t   t o   f o r m u l a   ( 1 0 . 3 6 )  ] func t ion   o f   t he  
s p a t i a l   d i s t r i b u t i o n  of sou rces  of  c a p t u r e d   y - q u a n t a .   I f   t h e  
ene rgy   d i s t r ibu t ion   o f   y -quan ta ,   fo rmed   du r ing   t he   cap tu re   o f   neu t rons ,  
i s  unknown f o r  any i n d i v i d u a l   e l e m e n t ,  when t h e   o u t f l o w   o f   t h e s e   q u a n t a  
i s  c a l c u l a t e d  i t  can   be   a s sumed   t ha t   t he   t o t a l   b ind ing   ene rgy   o f   t he  
n e u t r o n   i n   t h e   n u c l e u s  of t h i s   e l e m e n t  i s  s e t  f r e e   i n   t h e   f o r m   o f  
y-quanta   having   the   energy  E = Emin ,  f o r   w h i c h   t h e   s h i e l d i n g  i s  most 
t r a n s p a r e n t .   T h i s   m u s t   b e   t a k e n   i n t o   a c c o u n t   i n   s e l e c t i n g   t h e  
c o e f f i c i e n t  u. 

I n   c o n c l u s i o n ,  w e  s h o u l d   n o t e   t h a t   t h e   s p e c t r a l   d i s t r i b u t i o n  
o f   cap tu red   y - r ad ia t ion  i s  n o t   o n l y   d e s c r i b e d  by t h e   t h r e e   g r o u p s   i n -  
d i c a t e d   a b o v e ,   b u t   v e r y   s o f t   y - q u a n t a   c a n   a p p e a r   a s   t h e   r e s u l t   o f  
n e u t r o n   r e a c t i o n s   w i t h   t h e   e m i s s i o n   o f   c h a r g e d   p a r t i c l e s   ( f o r   e x a m p l e ,  
captured  y-quanta   having  an  energy  of  0.5 Mev a r e  formed  dur ing   the  
abso rp t ion   o f   neu t rons  by the   i so tope   o f   bo ron-10) .   Tab le   10 .4  
p r e s e n t s  some o f   t h e s e   r e a c t i o n s .  

TABLE 10 .4  

REACTIONS WITH EMISSION OF CHARGED 
PARTICLES 

R e a c t i o n s   f o r  
Slow  Neutrons 

He3(,, p)  H 3  
L i 6 ( n ,  a )  H 3  
BIO(n. a> L i 7  ” .  I 2.792 

BIO(n. a ) L i 7  + 0.48 MevY 2.792 

I s o t o p e  I s o t o p e  
Content ,  Cross- 

% S e c t i o n ,  
b a r n  

1;:;’ 1 266 18.8 3720 
99.63 1.68 
75.4 I 0.3 2 0 . 1  

9452100 

N a t u r a l  
Mixture  

Cross- 
S e c t i o n ,  

b a r n  - ” - 

- 
7121 
50 

700 
I .68 

0.2320.08 
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Thus, when a s h i e l d i n g  is designed  which is compact  and 
e c o n o m i c a l   i n  terms of   weight ,  i t  m u s t   b e   k e p t   i n   m i n d   t h a t   t h e  
i n t e n s i t y  of t h e   o u t f l o w   o f   c a p t u r e d   y - r a d i a t i o n  - and ,   consequen t ly ,  
t h e   s h i e l d i n g   w e i g h t  - can   be   r educed   by   i n t roduc ing   bo ron   i n to   t he  
s h i e l d i n g  material. Boron  can  be  added  both  homogeneously,  and i n   t h e  
f o r m   o f   l a y e r s .   I n   p r a c t i c a l  terms, when s h i e l d i n g s  are c o n s t r u c t e d ,  
boron can b e   a d d e d   n o t   i n  a p u r e   f o r m ,   b u t   c o m b i n e d   w i t h   d i f f e r e n t  
e l e m e n t s .   C e r t a i n   c o m p u t a t i o n a l   d a t a   o n   t h e   d e c r e a s e   o f   t h e   b i o l o g i c a l  
dose   f rom  cap tu red   y - r ad ia t ion  when boron is added t o  w a t e r  are g iven  
i n   t h e  work  (Ref. 3 )  . In   another   work  (Ref .  39) , t h e   e f f e c t   o f  a / 3 2 2  
boron   ca rb ide   l aye r ,   wh ich  is p laced   be tween s teel  a n d   p l e x i g l a s s ,  
on the  outf low  of   y-quanta   f rom s t ee l  is s t u d i e d .  

1 0 . 5 .   G e n e r a l   P r i n c i p l e s   f o r   D e s i g n i n g  Compact 
S h i e l d i n g  

One b a s i c   f a c t o r   w h i c h   d e t e r m i n e s   t h e   c o m p o s i t i o n   a n d   c o n s t r u c -  
t i o n   o f   t h e   r a d i a t i o n   s h i e l d i n g   f o r   a n y   a t o m i c   d e v i c e  is the   pu rpose  
o f   t h i s   d e v i c e .  When s h i e l d i n g  is d e s i g n e d   f o r   r a d i a t i - o n   f r o m  a 
n u c l e a r   r e a c t o r ,   w h i c h  i s  l o c a t e d  on a s p a c e   v e h i c l e ,  i t  must   be 
t a k e n   i n t o   a c c o u n t   t h a t  minimum w e i g h t   ( a n d   s o m e t i m e s   o v e r a l l   s i z e )  
i s  a p r imary   r equ i r emen t   imposed   on   r ad ia t ion   sh i e ld ing .   O the rwise ,  
t h e   a t o m i c   d e v i c e   c a n n o t   f u l f i l l  i t s  pr imary   purpose ,  a t  least f o r  
t he   p re sen t   l eve l   o f   deve lopmen t   o f   s c i ence   and   t echno logy .  The 
r a t i o   f o r   t h e   w e i g h t   o f   t h e   d e v i c e   t o  i t s  o u t p u t   c a n   s e r v e  as a 
measure   for  a s u c c e s s f u l   s h i e l d i n g   d e s i g n   o n  a g iven   dev ice .  It  
is n e c e s s a r y   t h a t   t h i s   r a t i o   b e   k e p t   t o  a minimum. The r a t i o   o f   t h e  
e n g i n e   t h r u s t   t o  i t s  w e i g h t   ( i n c l u d i n g   t h e   s h i e l d i n g   w e i g h t )   c a n   a l s o  
be   r ega rded   a s  a c r i t e r i o n   f o r   s u c c e s s f u l   s h i e l d i n g   d e s i g n .  I t  i s  
i n t e r e s t i n g   t o   n o t e   t h a t   t h e  maximum v a l u e   o f   t h i s   c r i t e r i o n   m u s t   n o t  
n e c e s s a r f l y   c o r r e s p o n d   t o   t h e  minimum s h i e l d i n g   w e i g h t ,   s i n c e   t h e  
t h r u s t   c a n   d e p e n d   o n   t h e   s h i e l d i n g   c o n s t r u c t i o n ,   a n d   a l s o  on t h e  
r e a c t o r   d i m e n s i o n s  - w h i c h ,   i n   t h e i r   t u r n ,   i n f l u e n c e   t h e   s h i e l d i n g  
weight   (Ref .  4 0 ) .  

The r e q u i r e m e n t   f o r  minimum w e i g h t   l e a d s   t o   t h e   n e c e s s i t y   o f  
u t i l i z i n g   o n e   o f   t h e   f o l l o w i n g   t h r e e   p r i n c i p l e s   f o r   t h e   s h i e l d i n g  
arrangement  when t h e   s h i e l d i n g  is d e s i g n e d :   t h e   l o c a t i o n  of t h e  
s h i e l d i n g   m a t e r i a l   a r o u n d   t h e   o b j e c t   t o   b e   s h i e l d e d   ( p a y l o a d )  ; 
l o c a t i o n   o f   t h e   s h i e l d i n g   a r o u n d   t h e   r e a c t o r ;   s e p a r a t i o n  of t h e   s h i e l -  
d i n g   i n t o  two p a r t s  - a r o u n d   t h e   r e a c t o r   a n d   a r o u n d   t h e   o b j e c t   t o  
b e   s h i e l d e d .   S h i e l d i n g   w h i c h  is l o c a t e d   a r o u n d   t h e   r e a c t o r   m u s t  b e  
o n l y   t h e  snadow type  - i . e . ,  t h e   o b j e c t   t o   b e   s h i e l d e d   m u s t   b e  
l c c a t e d   i n   t h e   " s h a d e "   f o r m e d   b y   t h i s   s h i e l d i n g .   O t h e r w i s e ,  the 
s h i e l d i n g   w e i g h t  w i l l  b e   f a r   f r o m  minimum. 

N e u t r o n s   a n d   y - r a y s   r e p r e s e n t   p e n e t r a t i n g   f o r m s   o f   r a d i a t i o n  
from a n u c l e a r   r e a c t o r .  T h e   p u r p o s e   o f   r a d i a t i o n   s h i e l d i n g  is  t o  
l o w e r   t h e   r a d i a t i o n   w h e r e   t h e   d e v i c e  is  l o c a t e d  down t o  a s p e c i f i c  
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l e v e l ,   w h i c h   r e p r e s e n t s   t h e  maximum p e r m i s s i b l e  level .  The 
f o l l o w i n g   p r i n c i p l e s   m u s t   u n d e r l y  a compac t   sh i e ld ing   des ign :  

1. Rap id   neu t rons   hav ing   ene rg ie s  up t o  14-18 Mev r e p r e s e n t  
t h e   m o s t   p e n e t r a t i n g   r a d i a t i o n   f r o m  a n u c l e a r   r e a c t o r .  Since t h e  
c r o s s - s e c t i o n s   d e c r e a s e   w i t h   a n   e n e r g y   i n c r e a s e ,   t h e   a b s o r p t i o n   o f  
such   neu t rons  i s  smal l .   Neut rons   wi th   an   energy   of  8 MeV, which 
compr i se   on ly   0 .01%  o f   t he   t o t a l  n u m b e r   o f   n e u t r o n s   i n   t h e   r e a c t o r ,  
can  play a b a s i c   r o l e   b e h i n d  a s h i e l d i n g   ( R e f .   1 9 ) .  It  must  be 
t a k e n   i n t o   a c c o u n t   t h a t   t h e  RBE of n e u t r o n s   i n c r e a s e s   w i t h   a n   i n c r e a s e  
i n   e n e r g y   ( a t  l eas t ,  up t o  3 Mev). Consequen t ly ,   t he   t h i ckness   o f  1323 
t h e   e n t i r e   s h i e l d i n g  w i l l  be   de te rmined   by   rap id   neut rons .  The 
combina t ion   o f   heavy   e l emen t s   w i th   hydrogen   o r   w i th   ano the r  
moderator  makes i t  p o s s i b l e   t o   s l o w  down n e u t r o n s  o f  even  very 
h i g h   e n e r g i e s .  Heavy e l e m e n t s   a r e   i n t r o d u c e d   f o r   t h e   r e a s o n   t h a t  
t h e   s c a t t e r i n g   c r o s s - s e c t i o n   o f   h y d r o g e n  is small f o r   n e u t r o n s  
h a v i n g   h i g h   e n e r g i e s ,   a n d   i n e l a s t i c   s c a t t e r i n g   f o r   h e a v y   n u c l e i  

(0.5 MeV) when t h e   c r o s s - s e c t i o n  of h y d r o g e n   e l a s t i c   s c a t t e r i n g  
becomes s i g n i f i c a n t .   F o r   h i g h   e n e r g i e s ,   t h e   t o t a l   c r o s s - s e c t i o n  is  

, makes i t  p o s s i b l e   t o   d e c r e a s e   t h e   n e u t r o n   e n e r g y   t o   t h e   l e v e l  

'3t 2XR2, 

where R i s  t h e   n u c l e u s   r a d i u s .   S i n c e  R A l l 3 ,  where A r e p r e s e n t s  
t h e  mass number,  then w e  have   a t  A2I3 . The  number  of  atoms 
( o r   n u c l e i )   p e r   u n i t  o f  mass of   any   subs tance  i s  inve r se ly   p ropor -  
t i o n a l   t o   t h e a t o m i c   w e i g h t .   C o n s e q u e n t l y ,   t h e   e f f e c t i v e n e s s   o f   t h e  
g iven  material mass i s  i n v e r s e l y   p r o p o r t i o n a l   t o  A l l 3  7 i . e . ,  t h e  
w e i g h t   o f   t h e   s h i e l d i n g  material, which is r e q u i r e d   t o  slow down 
r a p i d   n e u t r o n s   t o  a s p e c i f i c   e n e r g y ,  w i l l  b e  less f o r   e l e m e n t s  
having  a low mass number.  Thus, less i r o n  i s  r e q u i r e d   t h a n   l e a d  
o r   t u n g s t e n   f o r   i d e n t i c a l   e f f e c t i v e n e s s   i n   a t t e n u a t i n g   r a p i d  
neu t rons .  The a b s o r p t i o n   o f   d e c e l e r a t e d   n e u t r o n s  is  r e l a t i v e l y  
e a s y ,   s i n c e   t h e   m a j o r i t y   o f   c o n s t r u c t i o n  materials have  an  adequate 
a b s o r p t i o n   c r o s s - s e c t i o n   f o r   t h e r m a l   n e u t r o n s .  

2 .  When y - r a d i a t i o n   p e n e t r a t e s   t h e   s h i e l d i n g ,   m u l t i . p l e  Compton 
s c a t t e r i n g   o c c u r s ,   w h i c h  i s  t a k e n   i n t o   c o n s i d e r a t i o n  by   i n t roduc ing  
a b u i l d u p   f a c t o r  when d e s i g n i n g   t h e   s h i e l d i n g   t h i c k n e s s .   T h i s   f a c t o r  
depends   on   the   a tomic   number   o f   the   sh ie ld ing  material, on   t he   ene rgy  
o f   y -quan ta ,   and   a l so   on   t he   geomet ry   o f   t he   sou rce   o r   t he   sh i e ld ing .  
I f  i t  is approx ima te ly   a s sumed   t ha t   t he   a t t enua t ion   o f   y - r ays   confo rms  
t o   a n   e x p o n e n t i a l  l a w ,  a n d   t h e   b u i l d u p   f a c t o r   c h a n g e s   l i n e a r l y   w i t h  
t h e   t h i c k n e s s  o r  i s  e q u a l   t o   u n i t y ,   t h e n   t h e   n e c e s s a r y   t h i c k n e s s  w i l l  
b e   p r o p o r t i o n a l   t o   t h e   l i n e a r   a b s o r p t i o n   c o e f f i c i e n t  ( p ) .  It i s  
a p p a r e n t   t h a t   t h e   l a r g e r   t h e  material d e n s i t y ,   t h e  smaller t h e   s h i e l d i n g  
t h i c k n e s s .  The relative s h i e l d i n g  mass f o r  a g i v e n   a t t e n u a t i o n   d e g r e e ,  
w h i c h   e q u a l s   t h e   s h i e l d i n g   t h i c k n e s s   m u l t i p l i e d   b y   t h e   d e n s i t y ,  w i l l  be  
i n v e r s e l y   p r o p o r t i o n a l   t o   t h e  mass a b s o r p t i o n   c o e f f i c i e n t  p / p ( p  - den- 
s i t y   o f   t h e   m a t e r i a l ) .  The v a l u e s   f o r   t h i s   c o e f f i c i e n t  are app'roximately 
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c o n s t a n t   f o r   d i f f e r e n t  materials ( 0 . 0 3 2   c m 2 / g ) ;   t h e r e f o r e ,   f o r   f l a t  
geometry i t  can   be   approximate ly   assumed  tha t   the   weight   o f   the  
s h i e l d i n g   f r o m   y - r a d i a t i o n   d o e s   n o t   d e p e n d   o n   t h e  material. However, 
t h e   w e i g h t   o f   c e r t a i n   t y p e s   o f   s h a d o w   s h i e l d i n g   ( f o r   e x a m p l e ,   i n   t h e  
form  of a c o n e ,   l e n s ,   a n d   o t h e r s )  w i l l  b e  smaller f o r  material w i t h  
a l a r g e   s p e c i f i c   w e i g h t .  The   heavy  sh ie ld ing   component ,   which  is 
i n t e n d e d   f o r   e f f e c t i v e   a b s o r p t i o n   o f   y - r a y s ,  w i l l  a l s o  serve f o r  
i n e l a s t i c   s c a t t e r i n g  o f  r a p i d   n e u t r o n s .  

3 .  A s  is known,  when n e u t r o n s  are abso rbed ,   cap tu red   y - r ad ia t ion  
i s  formed i n   t h e   s h i e l d i n g  material; t h i s   r a d i a t i o n   c a n   g r e a t l y  
exceed   t he   p r imary   y - r ad ia t ion   emana t ing   f rom  the  active zone.  The  1324 
amount  of the   heavy  material, o r   p a r t   o f   t h e   h e a v y  material  relative 
t o   t h e   o u t e r   s h i e l d i n g   s u r f a c e ,   c a n   b e   i n c r e a s e d   i n   o r d e r   t o   s u p p r e s s  
t h i s   r a d i a t i o n .   I n   t h i s  case, t h e   s h i e l d i n g   w e i g h t  w i l l  be   cons ide rab ly  
i n c r e a s e d .  The s h i e l d i n g   w e i g h t   ( p a r t i c u l a r l y ,   t h e  shadow  type  of 
s h i e l d i n g )   c a n  b e  r e d u c e d   t o  a minimum on ly  by d i v i d i n g   t h e   h e a v y  
s h i e l d i n g  component i n t o   s e v e r a l   l a y e r s ,   b e t w e e n   w h i c h  a l i g h t ,  
h y d r o g e n - c o n t a i n i n g   m a t e r i a l   m u s t   b e   l o c a t e d ,   a n d   b y   s e l e c t i n g   t h e  
optimum r a t i o   b e t w e e n   t h e   h e a v y   a n d   l i g h t   l a y e r s   ( R e f .  3 ) .  The 
out f low  of   cap tured   y- rad ia t ion   can   be   decreased  by i n t r o d u c i n g  
boron-10 i n t o   t h e   h e a v y   s h i e l d i n g   c o m p o n e n t ,   s i n c e   t h e   a b s o r p t i o n  
o f  neu t rons  by  t h i s   b o r o n   i s o t o p e   t a k e s   p l a c e   d u e   t o   t h e   r e a c t i o n  
(n ,  a )  w i t h   t h e   e m i s s i o n   o f   s o f t   y - r a d i a t i o n .   T h u s ,   t h e   w e i g h t   o f  
shadow s h i e l d i n g  is d e t e r m i n e d   t o  a s i g n i f i c a n t   d e g r e e  by  captured 
y - r a d i a t i o n .  

I n   a d d i t i o n ,  i t  must b e  a d d e d   t h a t   n u e t r o n s  are a c c u m u l a t e d   i n  
the   energy   reg ion  less than  1 Mev f o r   l a r g e   t h i c k n e s s e s  of t h e   h e a v y  
m a t e r i a l s .   T h i s  i s  due t o   t h e   f a c t   t h a t   t h e   a t t e n u a t i o n   o f   n e u t r o n s  
due t o   i n e l a s t i c   c o l l i s i o n s   o c c u r s   o n l y   a b o v e   t h e   t h r e s h o l d   o f   t h i s  
p r o c e s s   i n   h e a v y   m a t e r i a l s :   b e l o w   t h i s   e n e r g y ,   o n l y  e l a s t i c  s c a t t e r i n g  
t a k e s   p l a c e ,   b u t  i t  is  i n e f f e c t i v e   ( R e f .  2 0 ) .  The loss o f   neu t rons  
h a v i n g   i n t e r m e d i a t e   e n e r g i e s   c a n   a l s o   b e   i n c r e a s e d   b y   t h e   p r e s e n c e  
o f   s t r o n g   a n t i r e s o n a n c e s  a t  t h e s e   e n e r g i e s .   F o r   e x a m p l e ,   i r o n   h a s  a 
s t r o n g   a n t i r e s o n a n c e   i n   t h e   r e g i o n   o f  25 kev,  SO t h a t  - i f   r a p i d  
neu t rons   hav ing   ene rg ie s   above  1 Mev are a t t e n u a t e d   w i t h  a r e l a x a t i o n  
l e n g t h   o f  6 - 7 c m  - t h e   r e a c t i o n   l e n g t h   o f   e p i t h e r m a l   a n d   r e s o n a n c e  
neu t rons  w i l l  b e   g r e a t e r   t h a n  30 cm (Ref .   41 ,   42) .   This  is  an   addi -  
t i o n a l   r e a s o n   t h a t  i t  i s  a d v a n t a g e o u s   t o   d i v i d e   t h e   l a r g e r   t h i c k n e s s e s  
o f   h e a v y   m a t e r i a l s   i n t o   i n d i v i d u a l   l a y e r s ,   a n d   t o   p l a c e  a l i g h t  
mater ia l   between  them. 

4 .  The  shadow t y p e   o f   s h i e l d i n g   l e a d s   t o   t h e   n e c e s s i t y  of a 
s t r ic t  c a l c u l a t i o n   o f   t h e   r a d i a t i o n   w h i c h  i s  s c a t t e r e d  when 
pass ing   a round  such  a s h i e l d i n g ,   a n d   a l s o   r a d i a t i o n   w h i c h  is s c a t t e r e d  
f rom  the  a i r  and   f rom  cons t ruc t ion   e lements   which  are l o c a t e d   o u t s i d e  
t h e  "shadow",  which i s  c r e a t e d   b y   t h e   s h i e l d i n g .  The  problem o f  
s c a t t e r e d   r a d i a t i o n  i s  one   of   the   mos t   complex   and   impor tan t   p roblems 
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s i n c e  i t  i s  v e r y   d i f f i c u l t   t o   c a l c u l a t e   s c a t t e r e d   r a d i a t i o n ,  
a n d   s h i e l d i n g   f r o m   s c a t t e r e d   r a d i a t i o n   c o m p r i s e s  a s i g n i f i c a n t  
p o r t i o n  of t h e   t o t a l   s h i e l d i n g   w e i g h t .  

5. The d e s i g n   o f  a r e l i a b l e   a n d   e c o n o m i c a l   s h i e l d i n g  m u s t  
n e c e s s a r i l y   i n c l u d e   a n   e x a m i n a t i o n   o f   t h e  real  geomet ry   o f   r ad ia t ion  
f o r c e s .  The r a d i a t i o n  of ex tended   sou rces  i s  a t t e n u a t e d   i n   t h e  

. s h i e l d i n g   t o  a g r e a t e r   e x t e n t   t h a n  i s  r a d i a t i o n   f r o m  a p o i n t   s o u r c e .  
The re fo re ,  i t  is o f   g r e a t   i m p o r t a n c e   t o   c a l c u l a t e   t h e   r e a l   d i m e n s i o n s  
and  forms  of  an  extended  source when d e s i g n i n g  a s h i e l d i n g   o f  
minimum weight  - e s p e c i a l l y ,   i f   a t t e n t i o n  is p a i d   t o   t h e   f a c t   t h a t  
m u l t i p l e   a t t e n u a t i o n s ,   w h i c h  amount t o   s e v e r a l   o r d e r s   o f   m a g n i t u d e ,  
are f r e q u e n t l y   r e q u i r e d   i n   p r a c t i c e   f o r   s h i e l d i n g   f r o m   r a d i a t i o n  
from  such  sources   (Ref .  4 3 ) .  

6 .  I n   c e r t a i n  cases, t h e   w e i g h t   o f   t h e  shadow s h i e l d i n g   c a n  /325 
b e  r e d u c e d   b y   s h a p i n g   t h e   s h i e l d i n g   s u r f a c e .  The s h i e l d i n g   s h a p e  
i s  s e l e c t e d  on t h e   b a s i s  of o b t a i n i n g  a g i v e n   d o s a g e   f i e l d ,   w i t h  
a minimum w e i g h t   o f   t h e   s h i e l d i n g   s c r e e n   f o r  a sou rce   hav ing  a s p e c i f i c  
form  (Ref. 44 - 4 6 ) .  

7. D u r i n g   s p a c e f l i g h t s  a t  h igh  a l t i t u d e s ,  where   t he re  i s  ab- 
s o l u t e l y   n o   s c a t t e r i n g  medium, t h e   w e i g h t  of t h e   r a d i a t i o n   s h i e l d i n g  
c a n   b e   d e c r e a s e d   b y   u t i l i z i n g  shadow s h i e l d i n g   o f   s p e c i a l   g e o m e t r i c  
forms. The p u r p o s e   o f   t h i s  is  n o t   o n l y   t o   a t t e n u a t e   t h e   r a d i a t i o n  
in   t he   “ shadow” ,   wh ich  i s  c r e a t e d   b y   t h i s   s h i e l d i n g ,   b u t   a l s o   t o  
s c a t t e r   t h e   r a d i a t i o n   i n   s u r r o u n d i n g  space. One c h a r a c t e r i s t i c   o f  
a s c a t t e r i n g   s h i e l d i n g  i s  i t s  d i v i s i o n   i n t o  separate l a y e r s .   T h i s  
d i v i s i o n  i s  o n l y   e f f e c t i v e  when t h e   a c c u m u l a t i o n   o f   s c a t t e r e d  
r a d i a t i o n  is l a r g e   i n   t h e   s h i e l d i n g   i t s e l f ,   a n d   t h e   g e o m e t r i c  
c h a r a c t e r i s t i c s  do n o t   p l a y  a s i g n i f i c a n t   r o l e   ( R e f .  4 7 ) .  

8. The sh ie ld ing   des ign   mus t   comple t e ly   confo rm  to   t he  
a r r a n g e m e n t   o f   t h e   e n t i r e   d e v i c e  as a whole.  To a s i g n i f i c a n t  
e x t e n t ,   t h e   s h i e l d i n g   w e i g h t   d e p e n d s  on t h e   e x t e n t   t o   w h i c h   t h e  
phys ica l   and   engineer ing   problems are s u c c e s s f u l l y   s o l v e d .  The 
f o l l o w i n g   p o u n t s   s h o u l d   b e   n o t e d   i n   t h i s   c o n n e c t i o n :  

a )   an   e f f ic ien t   a r rangement   o f   the   thermal   exchange   equipment  
is  n e c e s s a r y   ( h e a t   e x c h a n g e r ,   c o n d e n s e r - r a d i a t o r ,   t u b i n g ,   e t c . ) ,   a s  
w e l l  as t h e   e l e c t r o m e c h a n i c a l   e q u i p m e n t ,   t a n k s   w i t h   t h e   w o r k i n g  
s u b s t a n c e ,   e n g i n e s ,   i n s t r u m e n t s ,  e tc . ,  s o  t h a t  - when p o s s i b l e  - a l l  
the  equipment  i s  u t i l i z e d   t o   t h e  maximum e x t e n t  as a d d i t i o n a l  
s h i e l d i n g   a n d   d o e s   n o t   s e r v e  as a s o u r c e   o f   s c a t t e r e d   r a d i a t i o n  a t  
t h e  same time; 

b )   t he   a r r angemen t   o f   cana l s ,  cavi t ies ,  a n d   d i s c o n t i n u i t i e s  
i n   t h e   s h i e l d i n g ,   w h i c h   i n e v i t a b l y   o c c u r   i n   t h e   d e s i g n ,   m u s t   b e  
such as t o   r e d u c e   t h e   l e a k i n g   r a d i a t i o n   t o  a minimum. I n  its turn,  
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a s p e c i a l   s h i e l d i n g   m u s t   b e   d e s i g n e d   f o r   t h i s   r a d i a t i o n ;  

c )   i n   s e v e r a l  cases, i t  is n e c e s s a r y   t o   d e s i g n  a counter -  
a c t i v a t i o n   s h i e l d i n g ,  s o  as t o   l o w e r   t o  a p e r m i s s i b l e  level t h e  
a c t i v i t y   o f   t h e   e q u i p m e n t   a n d   i n s t r u m e n t s   w h i c h   m u s t   b e   a c c e s s i b l e  
a f t e r   t h e   r e a c t o r   h a s   s t o p p e d ,  as w e l l  a s   t h e   a c t i v i t y   o f   t h e   c o o l a n t  
o f   t h e   s e c o n d   c i r c u i t ;  

d )   n o t   o n l y   t h e   n u c l e a r  - p h y s i c a l   c h a r a c t e r i s t i c s ,   b u t   a l s o  
the   mechan ica l ,   chemica l ,   and   heaq -eng inee r ing   p rope r t i e s   mus t   be  
t a k e n   i n t o   a c c o u n t  when s e l e c t i n g   s h i e l d i n g  material. Heavy metals 
( t u n g s t e n ,   l e a d ,   n i c k e l ,  molybdenum,   u ran ium,   and   s ta in less   s tee l )  , 
heavy   h igh -me l t ing   a l loys ,   and   a l so   l i gh t   and   hydrogen-con ta in ing  
s u b s t a n c e s   ( b o r o n   c a r b i d e ,   g r a p h i t e ,   p a r a f f i n ,   p o l y e t h y l e n e ,   b o r a l ,  
and   o thers )   can   be  recommended i n   d e s i g n s   f o r   c o m p a c t   s h i e l d i n g s  
wh ich   a r e  optimum i n  terms o f   w e i g h t .   A p a r t   f r o m   t h i s ,   t h e   h y d r i d e s  
of  d i f f e r e n t   m e t a l s   c a n   b e   u s e d ;   t h e   m o s t   s u i t a b l e   o n e   o f   t h e s e  i s  
l i t h i u m   h y d r i d e  ; 

e)  provis ion   mus t   be  made f o r  a c o o l i n g   s y s t e m   f o r   t h o s e  
s h i e l d i n g   s c r e e n   u n i t s   w h o s e   t e m p e r a t u r e   e x c e e d s   t h e   p e r m i s s i b l e  
t e m p e r a t u r e ,   d u e   t o   r a d i a t i o n   h e a t i n g .  

In   conc lus ion ,  w e  s h o u l d   n o t e   t h a t   t h e   e x p e r i e n c e   w h i c h   h a s  
been   acqui red  by d i f f e r e n t   S o v i e t   a n d   f o r e i g n   a u t h o r s   i n   d e s i g n i n g  
s h i e l d i n g s   ( R e f .  2 ,  3 ,  4 8 )  shows t h a t  i t  i s  v e r y   d i f f i c u l t   t o   d e s i g n  
a n u c l e a r   r e a c t o r   s h i e l d i n g   a c c u r a t e l y .   T h i s  i s  due t o  t h e   r a t h e r  
l a r g e  number of  complex   processes   which   take   p lace  when r a d i a t i o n  
p e n e t r a t e s   m a t t e r   ( f o r   e x a m p l e ,   m u l t i p l e   s c a t t e r i n g   i n   t h e   s h i e l d i n g ,  
s e l f - a b s o r p t i o n   a t   t h e   s o u r c e ,  a c h a n g e   i n   t h e   r a d i a t i o n   s p e c t r u m  
when t h e   s h i e l d i n g  i s  p e n e t r a t e d ,   t h e   i n f l u e n c e   o f   t h e   s o u r c e   g e o m e t r y  
on t h e   m a g n i t u d e   o f   a t t e n u a t i o n ,   e t c . ) ,   a n d   a l s o   d u e   t o   i n s u f f i c i e n t  
d a t a   o n   t h e   e l e m e n t a r y   p r o c e s s e s   d u r i n g   t h e   i n t e r a c t i o n   o f   r a d i a t i o n  
w i t h   m a t t e r .   F o r   t h i s   r e a s o n ,   i n   t h e  l a s t  s t a g e   o f   t h e   d e s i g n   t h e  
s h i e l d i n g  m o d e l   m u s t   b e   c h e c k e d   e x p e r i m e n t a l l y   i n   f u l l   s i z e ,   a n d   t h e  
c o r r e s p o n d i n g   c o r r e c t i o n s   m u s t   b e   i n t r o d u c e d   i n   t h e   f i n a l   p l a n .  

10.6.  Opt imiza- t jgn  gf_.ShigJ-ding  Weight 

A s  w a s  a l r e a d y   i n d i c a t e d   a b o v e   ( s e e   S e c t i o n   1 0 . 5 ) ,   o n e  of t h e  
c o n d i t i o n s  u n d e r  wh ich   t he   we igh t  of shadow s h i e l d i n g   c a n   b e   r e d u c e d  
t o  a  minimum i s  t h e   u t i l i z a t i o n   o f  a h e t e r o g e n e o u s   s h i e l d i n g ,   w i t h   a n  
optimum r a t i o   b e t w e e n   h e a v y   a n d   l i g h t   l a y e r s .  This r a t i o   d e p e n d s  on 
the   t ype   and   spec t rum of t h e   r a d i a t i o n   f a l l i n g   o n   t h e   s h i e l d i n g ,   t h e  
n u c l e a r - p h y s i c a l   p r o p e r t i e s   o f   t h e   s h i e l d i n g  materials, and   a l so   on  
the  geometry  of  the s o u r c e s   i n   t h e   s h i e l d i n g .  The  method of  undeter -  
mined m u l t i p l i e r s  of Lagrange can b e   u t i l i z e d   t o   s o l v e   t h i s   p r o b l e m .  
I f  w e  e x p r e s s   t h e   s h i e l d i n g   w e i g h t  G and   t he   dose  rate o n   t h e   o u t e r  
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s h i e l d i n g   s u r f a c e  D as a f u n c t i o n   o f   t h e   t h i c k n e s s   o f   i n d i v i d u a l   l a y e r s  
ti, t h e n   t h e   f o l l o w i n g   r e l a t i o n s h i p   r e p r e s e n t s   t h e   c o n d i t i o n   f o r  
min imiza t ion   o f   t he   we igh t   func t ion :  

and 

D = D ( t l ,  t,, . . ., t,) = [Dl = const; 
(10.39) 

A i s  t h e   c o n s t a n t   c o e f f i c i e n t .  

The a d d i t i o n a l   e q u a t i o n   ( 1 0 . 3 9 ) ,   w h i c h  i s  c a l l e d   a c o n t i n u i t y  
e q u a t i o n ,   u s u a l l y   e x p r e s s e s   t h e   r e q u i r e m e n t   f o r   t h e   d o s e  rate dec rease  
(o r   dose )  on t h e   o u t e r   s h i e l d i n g   s u r f a c e   t o  a p e r m i s s i b l e   q u a n t i t y .  
T h i s   e q u a t i o n   c a n   b e   f o r m u l a t e d   f o r   n e u t r o n   a n d   y - r a d i a t i o n   e m a n a t i n g  
from t h e   r e a c t o r  ac t ive  z o n e ,   o r   f o r   s e c o n d a r y   y - r a d i a t i o n   w h i c h  i s  
formed i n   t h e   s h i e l d i n g   i t s e l f  - a n d   a l s o   f o r   b o t h   r a d i a t i o n s   t o g e t h e r ,  
a s  a func t ion   o f   t he   spec i f i c   cond i t ions   o f   t he   p rob lem  unde r   con -  
s i d e r a t i o n .   T h u s ,   f o r   e x a m p l e ,   t h e   t o t a l   t h i c k n e s s   o f   t h e   h e a v y   a n d  
l i g h t  components   can   be   de te rmined   on   the   bas i s   o f   the   requi red  
a t t e n u a t i o n   o f   r a d i a t i o n   e m a n a t i n g   f r o m   t h e   a c t i v e   z o n e ,   a n d   e q u a -  I 3 2 7  
t i on   (10 .39 )   can   be   fo rmula t ed   on ly   fo r   s econda ry   y - r ad ia t ion .   I f  
t h e   s e c o n d a r y   r a d i a t i o n   w h i c h  i s  produced i n   t h e   s h i e l d i n g   c a n   b e  
d i s r e g a r d e d ,   t h i s   e q u a t i o n  is f o r m u l a t e d   o n l y   f o r   p r i m a r y   r a d i a t i o n  
emana t ing   f rom  the   ac t ive   zone .  

I n   o r d e r   t o   i l l u s t r a t e   t h e   u s e  of t h e   s y s t e m   o f   e q u a t i o n s  
(10.38)  and  (10.391, l e t  us   examine   the   case  of a d o u b l e   l a y e r ,  
s p h e r i c a l   s h i e l d i n g   f r o m  a s o u r c e  of y - r ad ia t ion   (Ref .   49 ) .  The 
f u n c t i o n   f o r   t h e   w e i g h t   o f   t h e   s p h e r i c a l ,   d o u b l e   l a y e r   s h i e l d i n g  
can   be   desc r ibed  as fo l lows :  

(10.40) 

where Ro i s  t h e a o u t e r   r a d i u s   o f   t h e   s o u r c e ;  R 1  - t h e   o u t e r   r a d i u s  
o f   t h e   i n n e r   l a y e r   o f   h e a v y   s h i e l d i n g  material; R2 - t h e   o u t e r  
r a d i u s   o f   t h e   o u t e r   l a y e r   o f   l i g h t   s h i e l d i n g  material; p 1  and p 2  t h e  
d e n s i t i e s   o f   t h e   i n n e r   a n d   o u t e r   l a y e r s ,   r e s p e c t i v e l y .  

I f   t h e   r a d i a t i o n  is  a t t e n u a t e d   a c c o r d i n g   t o   t h e  l a w  eN, then  
t h e   c o n t i n u i t y   e q u a t i o n   h a s   t h e   f o l l o w i n g   f o r m :  

(10.41) 

where l.11 and l.12 r e p r e s e n t   t h e   l i n e a r   c o e f f i c i e n t s   f o r   r a d i a t i o n  
a t t e n u a t i o n   i n   t h e   i n n e r   a n d   o u t e r   l a y e r s ,   r e s f e c t i v e l y .  The 
index  N i s  de termined  by t h e   g i v e n   d o s e   a t t e n u a t i o n .   I n   a d d i t i o n ,  
w e  can write t h e   c o n d i t i o n   f o r   r e d u c i n g   t h e   w e i g h t   f u n c t i o n   t o  a 
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minimum 

(10.42) 

o r ,   s u b s t i t u t i n g   e q u a t i o n s   ( 1 0 . 4 0 )   a n d   ( 1 0 . 4 1 )   i n   t h e   s y s t e m   ( 1 0 . 4 2 1 ,  
w e  o b t a i n  

(10.43) 

S o l v i n g   e q u a t i o n s  (10.41) and   (10 .43   t oge the r ,  w e  f i n a l l y   o b t a i n  
t h e ’ d e s i r e d   d i m e n s i o n s  of a d o u b l e   l a y e r ,   s p h e r i c a l   s h i e l d i n g   h a v i n g  
minimum weight  

where 

(10 .44 )  

The p l u s   s i g n   c o r r e s p o n d s   t o   t h e  minimum rad ius   and ,   consequen t ly ,  
t o   t h e  minimum w e i g h t .   S u b s t i t u t i n g   t h e   d e t e r m i n e d   r a d i i  R1 and R2 
i n   f o r m u l a  ( 1 0 . 4 0 ) ,  w e  o b t a i n   t h e  minimum w e i g h t   o f   t h e   s h i e l d i n g  
unde r   cons ide ra t ion .  

I n   o r d e r   t o   p r o v i d e   o n e   e x a m p l e   o f  a d e s i g n   f o r   s h i e l d i n g  
having  minimum w e i g h t ,  w e  c a n   c i t e   t h e  case of  a d o u b l e   l a y e r ,  
shadow s h i e l d i n g   o f  a r eac to r -gene ra to r   (Re f .   21 ) .   The   sh i e ld ing  
is  made o f   l e a d   a n d   l i t h i u m   h y d r i d e   i n   t h e   f o r m  of a s p h e r i c a l   1 3 2 8  
s e c t i o n .  The r e f e r e n c e  d a t a  a r e   a s  follows: t h e r m a l   o u t p u t   o f   t h e  
r e a c t o r  2 Mw; l e n g t h   o f   t h e   a c t i v e   z o n e  - 28 c m ,  r a d i u s  - 1 3 . 3  c m ,  
t h i c k n e s s   o f   t h e   b e r y l l i u m   r e f l e c t o r  - 7.6 c m ;  w i t h o u t  a s h i e l d i n g ,  
a t  a d i s tance   o f   about  9 m f r o m   t h e   c e n t e r   o f   t h e  act ive z o n e   i n  
a n   a x i a l   d i r e c t i o n ,   t h e   d o s e  rates are as fo l lows :   f rom  neu t rons  
12 = 1.106 rem/hour,   from  y-rays - 11 = 2 . 4 0 1 0 ~  r em/hour ;   t he  
d i a m e t e r   o f   t h e   s h i e l d e d   c a b i n  is 4.5 m. 

Reac tor   Cabin  
S h i e l d i n g  

F i g u r e  10.10 

Geometry  of  Shade  Shielding  of a Nuclear   Reac tor  on 
a S p a c e c r a f t .  
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The weight   o f  a s p h e r i c a l ,   d o u b l e   l a y e r   s e c t i o n   c a n   b e   d e s c r i b e d  
as fo l lows  : 

The f o l l o w i n g   n o t a t i o n  is u t i l i z e d   h e r e   ( F i g u r e   1 0 . 1 0 ) :  

rc - r a d i u s   o f   t h e   r e a c t o r   a c t i v e   z o n e ;  rp - r a d i u s   o f   t h e   c a b i n   f o r  
t h e  crew; a - d i s t a n c e   b e t w e e n   t h e   r e a c t o r   a n d   c a b i n :  h - r e a c t o r  
l e n g t h ;  k - d i s t a n c e   b e t w e e n   t h e   r e a c t o r   a n d   s h i e l d i n g ;  t l  - t h i ck -  
n e s s   o f   t h e   i n n e r   s h i e l d i n g   l a y e r ;  t 2  - t h i c k n e s s   o f   t h e   o u t e r  
s h i e l d i n g   l a y e r s ;  01- dens i ty   o f   heavy   sh i e ld ing   f rom  y - r ad ia t ion ;  
p 2  - d e n s i t y   o f   l i g h t   n e u t r o n   s h i e l d i n g .  

I n   o r d e r   t o   c o n s t r u c t   t h e   c o n d i t i o n s   f o r   m i n i m i z a t i o n   o f   t h e  
f u n c t i o n  G, w e  o b t a i n e d   t h e   f o l l o w i n g   e x p r e s s i o n s   i n   a d v a n c e :  

We can write t h e   c o n t i n u i t y   e q u a t i o n   b a s e d  on t h e   c o n d i t i o n s   f o r   t h e  
r e q u i r e d   a t t e n u a t i o n   o f   y - q u a n t a   a n d   n e u t r o n s   e m a n a t i n g   f r o m   t h e  
ac t ive   zone  (we s h a l l   d i s r e g a r d   c a p t u r e d   a n d   s c a t t e r e d   y - r a d i a t i o n )  

( 1 0 . 4 7 )  

where C 1  and C2 r ep resen t   t he   mac roscop ic   r emova l   c ros s - sec t ions  o f  1329 
r a p i d   n e u t r o n s   f o r   t h e   f i r s t   a n d   s e c o n d   s h i e l d i n g   l a y e r s ,   r e s p e c t i v e l y ;  
p 1  and p2 - l i n e a r   a b s o r p t i o n   c o e f f i c i e n t s   o f   y - q u a n t a ,   r e s p e c t i v e l y ,  
f o r   t h e   f i r s t   a n d   s e c o n d   s h i e l d i n g   l a y e r s .  The  magni tude  of   the  per-  
m i s s i b l e   d o s e  ra te  [Dl c h a n g e s   w i t h i n   t h e  l imits  o f  10-1 t o  rem/ 
hour .  

For  a d o u b l e   l a y e r   s h i e l d i n g ,   t h e   s y s t e m   o f   e q u a t i o n s   ( 1 0 . 3 8 )  
c a n   b e   w r i t t e n  as fo l lows :  

(10.48) 

D i f f e r e n t i a t i n g   e q u a t i o n   ( 1 0 . 4 7 )   w i t h   r e s p e c t   t o  t l  and t2  , and  sub- 
s t i t u t i n g   t h e   r e s u l t   o b t a i n e d  - t oge the r   w i th   exp res s ion   (10 .46 )  - 
i n   e q u a t i o n   ( 1 0 . 4 8 ) ,  w e  f i n a l l y   o b t a i n  
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rrf 
p: Shie ld ing   Weight ,  Tons 

Figure  10.11 

Optimum Sh ie ld ing   Weigh t s   a s  a Func t ion   o f   t he  
Dose  Rate f o r   D i f f e r e n t   D i s t a n c e s   f r o m   t h e  Re- 
a c t o r   t o   t h e   C a b i n .  

Equat ion   (10 .49)   and   express ion   (10 .47)   can   be   so lved   graphica l ly .  
F i g u r e   1 0 . 1 1   p r e s e n t s   t h e   r e s u l t s   d e r i v e d   f r o m   c a l c u l a t i n g   t h e   o p t i -  
mum s h i e l d i n g   w e i g h t   f o r   d i f f e r e n t   p e r m i s s i b l e   d o s e  rates and f o r  
d i f f e r e n t   d i s t a n c e s  from t h e   r e a c t o r   t o   t h e   p o i n t   u n d e r   c o n s i d e r a t i o n .  

1 0 . 7 .   S c a t t e r i n g   S h i e l d i n g  

A t  t he   p re sen t   t ime ,   t he   e l emen ta ry   p rocesses   occu r r ing   du r ing  
t h e   i n t e r a c t i o n   o f   b o t h   y - r a d i a t i o n  and n e u t r o n s   w i t h   t h e   s h i e l d i n g  
m a t e r i a l  are we l l -known.   The   macroscop ic   e f f ec t s ,   t o   wh ich   r epe t i -  
t i o n   o f   t h e s e   p r o c e s s e s   l e a d s ,  are s a t i s f a c t o r i l y   d e s c r i b e d  by such 
concepts  as t h e   r e l a x a t i o n   l e n g t h ,   r e m o v a l   c r o s s - s e c t i o n ,   a n d   t h e  
dosage ,   ene rgy ,   and   numer i ca l   bu i ldup   f ac to r s .  The numer i ca l  / 330  
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v a l u e s   f o r   t h e   b u i l d u p   f a c t o r s  were examined  above. 

What i s  t h e   b a s i c   r o l e  of a s h i e l d i n g ,   w h a t   b a s i c   r e q u i r e m e n t  
d e t e r m i n e s   t h e   s e l e c t i o n   o f   t h e   m a t e r i a l   a n d   t h e   c o n s t r u c t i o n   o f   t h e  
s h i e l d i n g ?  Up u n t i l   r e c e n t l y ,  a s h i e l d i n g  was chosen s o  t h a t   t h e  
r a d i a t i o n   w h i c h   p e n e t r a t e d  i t  l o s t   a s  much e n e r g y   a s   p o s s i b l e   i n   i n -  
t e r a c t i o n s   w i t h   t h e   s h i e l d i n g   m a t e r i a l .  I t  i s  thus  assumed  that  a 
sma l l   dose   pe r  man o r   p e r   u n i t  o f  equ ipmen t   l oca t ed   beh ind   t he  
s h i e l d i n g   c o r r e s p o n d s   t o  a sma l l  stream of   energy ,   for   example ,   o f  
y - r a d i a t i o n .   F o r   s h i e l d i n g   f r o m   y - r a d i a t i o n ,   a l l   e l e m e n t s   a r e  
e q u a l l y   j u s t i f i e d   w i t h   r e s p e c t   t o  Compton s c a t t e r i n g ,  i f  t h e   s h i e l -  
d ing  i s  f la t   (one-d imens iona l   geometry) ,   which  i s  r e l a t e d   t o   t h e   a l -  
mos t   cons t an t   dens i ty   o f   e l ec t rons   pe r  l g o f   any   ma te r i a l ,   wh ich  
equa l s   app rox ima te ly   3*1OZ3  e l ec t ron /g .   In  a s p h e r i c a l   o r   c y l i n d r i c a l  
s h i e l d i n g ,  a h e a v y   m a t e r i a l   p r o v i d e s   t h e   n e c e s s a r y   t h i c k n e s s   p e r  
1 g/cm2 w i t h  a l o w e r ,   o v e r a l l   w e i g h t   t h a n  i s  t h e   c a s e   f o r  a l i g h t  
m a t e r i a l .  

However, i n  a sh ie ld ing   having   any   form i t  i s  more d e s i r a b l e   t o  
u s e   m a t e r i a l s   h a v i n g  a l a rge   a tomic   number ,   s ince   pho toabso rp t ion   o f  
y -quan ta   occu r s   i n  them f o r  a l a r g e r   e n e r g y   t h a n   i n   m a t e r i a l s   w i t h  a 
small   atomic  number.  

I n  a d e t e r m i n a t i o n  of  t h e  maximum r a d i a t i o n   e n e r g y  loss i n  
m a t t e r ,   p r e f e r e n c e   i s   g i v e n   t o   h y d r o g e n - c o n t a i n i n g   m a t e r i a l s   i n   t h e  
c o n s t r u c t i o n   o f  a n e u t r o n   s h i e l d i n g .   A c t u a l l y ,   d u r i n g   e l a s t i c  
s c a t t e r i n g   i n   h y d r o g e n   n u c l e i ,  a n e u t r o n  loses a g r e a t e r   p o r t i o n  of  
i t s  e n e r g y   t h a n   d u r i n g   s c a t t e r i n g   i n   h e a v i e r   n u c l e i .   F o r  a neu t ron  
energy  which i s  h i g h e r   t h a n   t h e   t h r e s h o l d   o f   i n e l a s t i c   s c a t t e r i n g ,  
a s h i e l d i n g  i s  q u i t e   e f f e c t i v e   w h i c h  i s  made of l ead   and   i ron ,  
which i s  u t i l i z e d   p r i m a r i l y   f o r   y - r a d i a t i o n .  The u t i l i z a t i o n   o f  
t h e   e f f e c t   o f  a l a r g e   e n e r g y   l o s s   d u r i n g   i n e l a s t i c   s c a t t e r i n g   a l s o  
c o n f i r m s   t h e   p r i n c i p l e s   m e n t i o n e d   p r e v i o u s l y .  

It c a n   t h u s   b e   s t a t e d   t h a t   o n l y   o n e   s i d e   o f   t h e   p r o c e s s e s  of  
e l a s t i c  and i n e l a s t i c   s c a t t e r i n g  i s  a c t i v e l y   u s e d  - namely, a change 
i n   t h e   r a d i a t i o n   e n e r g y .  A change i n   t h e   d i r e c t i o n   o f   r a d i a t i o n  
p r o p a g a t i o n   a f t e r   s c a t t e r i n g   c a n   o n l y   b e   u s e d   p a s s i v e l y .   T h u s ,   f o r  
example ,   the   removal   c ross -sec t ion   of   neut rons   depends  on t h e  mean 
c o s i n e   o f   t h e   s c a t t e r i n g   a n g l e .   I n   o t h e r   w o r d s ,   t h e r e  i s  no way t o  
u t i l i z e   t h e   e f f e c t  of s c a t t e r i n g   t o  a g r e a t e r   o r   l e s s e r   e x t e n t  when 
c o n s t r u c t i n g   s h i e l d i n g s   o f   s t a t i o n a r y   r e a c t o r s .  

The re fo re ,  i t  i s  no t   acc iden ta l   t ha t   t he   mos t   up - to -da te   ma the -  
m a t i c a l   p r o c e d u r e   f o r   c a l c u l a t i n g   t h e   p e n e t r a t i o n   o f   r a d i a t i o n   i n  
matter - f o r   e x a m p l e ,   t h e   s o l u t i o n   o f  a t r a n s p o r t   e q u a t i o n  by t h e  
method of moments - i s  p r i m a r i l y   d i r e c t e d   t o w a r d   d e t e r m i n i n g   t h e  
s p a t i a l  - e n e r g y   d i s t r i b u t i o n s   o f   y - r a d i a t i o n   o r   n e u t r o n s   i n   t h e  
s h i e l d i n g .  It should   thus   be   added   tha t   th i s   method i s  l i m i t e d   t o  
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a n   i n f i n i t e   s h i e l d i n g .   A n g u l a r   d i s t r i b u t i o n s   a r e   o b t a i n e d   f r o m  a 
s o l u t i o n   o f   t h e   t r a n s p o r t   e q u a t i o n   o f   y - q u a n t a   o n l y  i n  t h e   a p p r o x i -  
m a t i o n   o f   s c a t t e r i n g  a t  small a n g l e s .   F o r   n e u t r o n s ,   t h e   s o l u t i o n   / 3 3 1  
o f   t h e t r a n s p o r t   e q u a t i o n   y i e l d s   o n l y  a mean c o s i n e  o f  t h e   s c a t t e r i n g  
a n g l e .   A c c u r a t e   v a l u e s   f o r   t h e   a n g u l a r   d e p e n d e n c e   o f   a n   e n e r g y  stream 
of y - r ad ia t ion   can   be   ca l cu la t ed   by   t he   Monte -Car lo   me thod .  I t  i s  
d i f f i c u l t   t o  use t h i s   m e t h o d   f o r   l a r g e   s h i e l d i n g   t h i c k n e s s e s  ( ~ 6  = l o ) ,  
d u e   t o   t h e   c u m b e r s o m e   n a t u r e   o f   t h e   c a l c u l a t i o n s .  Bu t ,  o n   t h e   o t h e r  
hand ,  i t  makes i t  p o s s i b l e  t o  c a l c u l a t e   t h e   p e n e t r a t i o n   o f   r a d i a t i o n  
i n   l i m i t e d   a n d   e v e n   h e t e r o g e n e o u s   m e d i a .  

Up t o   t h e   p r e s e n t  time, t h e r e   h a v e   b e e n   s e v e r a l   e x p e r i m e n t a l  
s t u d i e s  o n   d e t e r m i n i n g   t h e   s p e c t r a l  - a n g u l a r   d i s t r i b u t i o n s  of scat-  
t e r e d   y - r a d i a t i o n   f r o m   s o u r c e s   h a v i n g  a d i f f e r e n t   f o r m   a n d   e n e r g y .  
T h e y   h a v e   b e e n   p r i m a r i l y   d i r e c t e d   t o w a r d   c o r r e c t i n g   e x i s t i n g   m e t h o d s  
f o r   c a l c u l a t i n g   t h e   e n e r g y   s p e c t r a   o f   r a d i a t i o n   b e y o n d  a s h i e l d i n g  
h a v i n g  a d i f f e r e n t   t h i c k n e s s   a n d   t o w a r d   d e t e r m i n i n g   t h e   e n e r g y  
b u i l d u p   f a c t o r s ;   t h e y   c l o s e l y   c o i n c i d e   w i t h   t h e   c a l c u l a t e d   d a t a .  How- 
e v e r ,   t h e   f o r m   o f   a n g u l a r   d i s t r i b u t i o n s   o b t a i n e d   f r o m   t h e   e x p e r i m e n t s  
h a s   n o t   b e e n   u s e d   d i r e c t l y   i n   s h i e l d i n g   d e s i g n s  up t o   t h e   p r e s e n t .  

The concep t  o f  t h e   e n e r g y   b u i l d u p   f a c t o r   ( o r   d o s e )   o f   y - r a d i a t i o n ,  
which i s  w i d e l y   e m p l o y e d   i n   s h i e l d i n g   d e s i g n s ,  i s  a g e n e r a l i z e d   c o n -  
c e p t .  I t  d o e s   n o t   e x p r e s s   t h e   a n g u l a r   o r   e n e r g y   c h a r a c t e r i s t i c s   o f  
r a d i a t i o n   e m a n a t i n g   f r o m   t h e   s h i e l d i n g ,   a l t h o u g h  i t s  magni tude  i s  de- 
t e rmined  b y  them. 

tiowever, a d e t a i l e d   k n o w l e d g e  of  t h e   p e n e t r a t i o n   o f   r a d i a t i o n  
t h r o u g h   m a t t e r  i s  n o t   n e c e s s a r y   i n   d e t e r m i n i n g  a d o s e   b e h i n d  a s h i e l -  
ding  whicll  h a s  a x i a l ,   s p h e r i c a l ,   o r   f l a t   g e o m e t r y .  The r a d i a t i o n  
s p e c t r u m   a t   a n y   p o i n t   b e y o n d   s u c h  a s h i e l d i n g  is  i d e n t i c a l ,   a n d   t h e  
a n g u l a r   r a d i a t i o n   d i s t r i b u t i o n s   a r e   i d e n t i c a l   a t  a l l  p o i n t s   b e y o n d  a 
f l d t  s h i e l d i n g .  Such a g e n e r a l i z e d   c o n c e p t   a s   t h e   r e m o v a l   c r o s s - s e c -  
t i o n  o f  n e u t r o n s   c a n   a l s o   o n l y  b e  a p p l i e d   t o  a s h i e l d i n g   w h i c h  i s  un- 
l i m i t e d  i n  a t r a n s v e r s e   d i r e c t i o n .  

In  t h e  c a s e   o f  a s h a d e   s h i e l d i n g ,  when t h e   t r a n s v e r s e   s h i e l d i n g  
d i m e n s i o n s   a r e   l i m i t e d ,   t h e   d e t e c t o r  and t h e   s o u r c e   a r e   l o c a t e d  a t  a 
c e r t a i n   d i s t a n c e   f r o m   t h e   s h i e l d i n g ,   a n d   t h e   b u i l d u p   f a c t o r  i s  i n -  
a p p l i c a b l e   f o r  a s e m i - i n f i n i t e   o r   b a r r i e r   s h i e l d i n g .  I t  m u s t   d e c r e a s e  
a s   t h e   d e t e c t o r   a n d   t h e   s o u r c e  are r e m o v e d   f r o m   t h e   s h i e l d i n g ,   a n d  - 
i f   t h e   s c a t t e r i n g   i n   t h e   s u r r o u n d i n g  medium i s  d i s r e g a r d e d  - i t  t e n d s  
toward   un i ty .  I t  m u s t   b e   n o t e d   t h a t   t h e   c o n c e p t   o f   t h e   b u i l d - u p  
f a c t o r  i s  g e n e r a l l y   n o t   a p p l i c a b l e   f o r  a s h a d e   s h i e l d i n g .  

The  problem of  a s h i e l d i n g  f o r  a n u c l e a r   p o w e r   d e v i c e   i n   s p a c e  
i s  c h a r a c t e r i z e d   p r i m a r i l y   b y   t h e   a b s e n c e   o f  a s u r r o u n d i n g   s c a t t e r i n g  
m e d i u m ,   w i t h   t h e   e x c e p t i o n   o f   t h e   c o n s t r u c t i o n  of t h e  c r a f t  i t s e l f .  
T h e   m u t u a l   d i s t a n c e   o f   t h e   r e a c t o r   a n d   t h e   c a b i n   f o r   t h e  crew which 
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i s  s h i e l d e d  i s  a l s o  a s p e c i f i c   p r o b l e m .  

The d i m e n s i o n s   o f   t h e   r e a c t o r   a c t i v e   z o n e  i n  t h e   s p a c e c r a f t  
depend e s s e n t i a l l y   o n   t h e   p u r p o s e   o f   t h e   r e a c t o r .  It can  have a 
diameter   of  0.35 - 0.7  m, a n d . t h e   d i a m e t e r   o f  a n u c l e a r  j e t  eng ine  
amounts t o  1.5 m i n   e x i s t i n g   p l a n s .  The  dimensions of t h e   c a b i n  
for   the   c rew  depends   on   the   type  of s p a c e c r a f t ,   a n d   a r e   s m a l l   i n  
g e n e r a l .  A p l a n   h a s   b e e n   d i s c u s s e d   f o r  a c r a f t   h a v i n g  a length  of   I332 
50 m and a d i ame te r  of  5 m ,  on  which a r e a c t o r   w i t h   a n   o u t p u t   o f  
182 Mw i s  l o c a t e d ;   t h e   p u r p o s e   o f   t h i s   r e a c t o r  i s  t o   h e a t  up t h e  
working   subs tance  - hydrogen  (Ref.  50) .  The r e a c t o r   h a s  a d i ame te r  
of   about  1.5 m. A c a b i n   w i t h   t h e  same d iame te r  i s  l o c a t e d  30 m 
f r o m   t h e   r e a c t o r .  "NASA" (Ref.   51)  has  announced a compe t i t i on  
f o r   d e s i g n i n g   t h e   s p a c e c r a f t   " A p o l l o "   w i t h   t h e   f o l l o w i n g   c h a r a c -  
t e r i s t ics :  length   o f   the   inhabi ted   compzr tment   3 .66  m ;  d iameter  
4 - 4.6 m; t o t a l   l e n g t h   o f   t h e   c r a f t   1 6 . 8  - 1 8 . 3  m. Thus ,   t he  
angular   d imens ions  of  t h e   r e a c t o r   w i t h   r e s p e c t   t o   t h e   c e n t e r  of 
t he   cab in   compr i se  1 - 10".  

F o r   s m a l l   a n g l e s ,   t h e r e  i s  no a p p a r e n t   c h a n g e   i n   t h e   r a t i o  of  
t o t a l   i n t e n s i t y   t o   i n t e n s i t y   o f   p r i m a r y   r a d i a t i o n   a s   o n l y   t h e   d e t e c -  
t o r  i s  moved away. It  d e p e n d s   o n   t h e   a n g u l a r   d i s t r i b u t i o n  of  pr imary 
a n d   s c a t t e r e d   r a d i a t i o n  on t h e   s h i e l d i n g   s u r f a c e ,   w h i c h  - i n  i t s  
t u r n  - i s  r e l a t e d   t o   t h e   s p e c t r a l  - a n g u l a r   c h a r a c t e r i s t i c s  of  t h e  
s o u r c e ,   a n d   t o   t h e   t h i c k n e s s  and  form of t h e   s h i e l d i n g .  The 
ex i s t ing   expe r imen ta l   and   computa t iona l   da t a   a r e   i nadequa te   fo r  
de te rmining   such  a change.  However, i f   t h e   c o n c l u s ' i o n s   p r e s e n t e d  
i n  a s tudy  by V.  A. Vorob 'yev   (Ref .   52)   a re   t aken   in to   account  re- 
g a r d i n g   t h e   c o s i n u s o i d a l   d i s t r i b u t i o n   o f  a stream of energy  from 
t h e   p o i n t  Y-source p e r   u n i t  of s o l i d   a n g l e  - which i s  i n t e g r a t e d   o v e r  
t h e   e n t i r e   s h i e l d i n g   s u r f a c e  - and i f   t h e   c o s i n u s o i d a l   r a d i a t i o n  
d i s t r i b u t i o n   f r o m  a volume  source i s  e x a m i n e d ,   t h e n   a n   i n c r e a s e   i n   t h e  
bu i ldup   f ac to r   can   be   expec ted   a s   t he   l imi t ed   d imens ions   a r e  moved 
away from t h e   s h i e l d i n g .  

Figure  10.12 

P o s s i b l e  Forms f o r  a S c a t t e r i n g  Type  of  Shielding ' 
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With   the   except ion   of  a work  by J. Mote f f   (Re f .   53 ) ,   t he re  are 
no   da t a  on t h e   a n g u l a r   a n d   e n e r g y   d i s t r i b u t i o n s   o f   n e u t r o n s   b e h i n d  
a s h i e l d i n g .  H i s  r e s u l t s   a l s o   i n d i c a t e   t h a t   t h e   b u i l d u p   f a c t o r s ,  
w h i c h   a r e   d e t e r m i n e d   f o r   a n   i n f i n i t e  medium, are n o t   a p p l i c a b l e   f o r  
a s h a d e   s h i e l d i n g   f o r  a s p a c e   r e a c t o r .  

It i s  t h u s   a p p a r e n t   t h a t  i t  i s  v e r y   i m p o r t a n t   t o  know t h e  real 
v a l u e s   f o r   t h e   b u i l d u p   f a c t o r s  a t  d i f f e r e n t   d i s t a n c e s   f r o m   t h e   s h a d e  
sh ie ld ing .   The re  are n o   d a t a   i n   t h e   l i t e r a t u r e   o n   t h e   s p e c t r a l - a n g u -  
l a r   d i s t r i b u t i o n s   o f   s c a t t e r e d   n e u t r o n s   b e h i n d  a s h i e l d i n g .  However, 
i f   t h e   s m a l l e r   a n i s o t r o p i c   d i s t r i b u t i o n   o f   n e u t r o n s  i s  t a k e n   i n t o  
a c c o u n t   f o r   e l e m e n t a r y   i n t e r a c t i o n s   w i t h   n u c l e i   o f   t h e   s h i e l d i n g  
m a t e r i a l ,  i t  c a n   b e   a s s u m e d   t h a t   t h e   p o r t i o n   o f   s c a t t e r e d   n e u t r o n s   1 3 3 3  
f a r  f rom  the   shade   sh i e ld ing  i s  less t h a n   i n   t h e  case o f   y - r ad ia t ion .  

It  was f i r s t  shown i n  work  (Ref .   54)   that  i t  i s  p o s s i b l e   t o  
d e c r e a s e   t h e   p o r t i o n   o f   s c a t t e r e d   r a d i a t i o n   f a l l i n g  on t h e   s h i e l d e d  
r eg ion  by t h e   f o r m   o f   t h e   s h a d e   s h i e l d i n g   f o r  a n u c l e a r   r e a c t o r   o n  
board  a s p a c e c r a f t ,  when t h e r e  i s  no   sur rounding  medium - as compared 
w i t h  a d i s c   s h i e l d i n g .   S e v e r a l   e x a m p l e s   a r e   g i v e n   i n   t h i s   s t u d y  
( F i g u r e   1 0 . 1 2 )   s h o w i n g   t h e   i n f l u e n c e   o f   t h e   s h i e l d i n g   f o r m  on t h e  
i n t e n s i t y   o f   t h e   s c a t t e r e d   r a d i a t i o n   i n   t h e   s h i e l d e d   r e g i o n .   T h u s ,  
i n  a d i s c   s h i e l d i n g   t h e   d i r e c t  and s c a t t e r e d   r a d i a t i o n s   a r e   " i n t e r -  
cepted",   and  as a r e s u l t   o f   t h e   s c a t t e r i n g   c a n   b e   d i r e c t e d   i n t o   t h e  
s h i e l d e d   r e g i o n .   I f   t h e   d i s c   s h i e l d i n g  i s  s t r a t i f i e d   i n t o  several 
t h i n n e r   d i s c s ,   t h e n   t h e   s c a t t e r e d   r a d i a t i o n  w i l l  b e   d i r e c t e d   t o w a r d  
t h e  s i d e  o f   t h e   s h i e l d e d   r e g i o n .   I f   t h e   s h i e l d i n g  i s  made i n   t h e  
form  of a r i n g   w i t h   t h e   c e n t r a l   p a r t   e x t e n d e d   t o w a r d   t h e   s h i e l d e d  
r e g i o n ,   t h e n   t h e   s c a t t e r i n g   o f   p r i m a r y   r a d i a t i o n   p a s t   t h e   s h i e l d e d  
r e g i o n  w i l l  be   p reven ted .  The a u t h o r   a l s o   p r o p o s e s  a l e n s - l i k e  
s h i e l d i n g ,   i n   w h i c h   t h e   e f f e c t i v e   t h i c k n e s s  w i l l  b e  more  uniform 
a l o n g   t h e   v a r i o u s   d i r e c t i o n s   i n   w h i c h  w e  a r e   i n t e r e s t e d .  

The s a v i n g s   i n   w e i g h t   a m o u n t s   t o   0 . 3   o n   t h e   a v e r a g e   f o r  a 
s h i e l d i n g   i n   t h e  form o f   s e v e r a l   d i s c s ,   h a v i n g  a d i a m e t e r   e q u a l l i n g  
the   d i ame te r   o f   t he   sou rce   and   t he   cab in   (Ref .   54 ) .  A t a b l e  i s  
a l s o   g i v e n   i n   t h i s  w o r k   s h o w i n g   t h e   s a v i n g s   i n   w e i g h t   f o r   a n   e n e r g y  
of   y - rad ia t ion   of   2 .3   and  6 MeV, f o r  water th i cknesses   o f  1, 2 ,  4 ,  
7 ,  10 , and 15 a t t e n u a t i o n   l e n g t h s .  The s a v i n g s   i n   w e i g h t  i s  cal- 
c u l a t e d   u n d e r   t h e   a s s u m p t i o n   t h a t   t h e   b u i l d u p   f a c t o r   c a n   b e   r e d u c e d  
t o   u n i t y ,   a n d   c a n   b e   w r i t t e n   i n   t h e   f o r m  

where B is  t h e   b u i l d u p   f a c t o r ;  p o x  - t h e  number   o f   a t t enua t ion  
l e n g t h s ;  E - t he   ene rgy   o f   y - r ad ia t ion .  

The v a l u e s   t h u s   o b t a i n e d   f o r  W a r e   g i v e n   i n   T a b l e  10.5. 
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TABLE 10.5 

SAVINGS IN WEIGHT 

I 
. -. - " - "" . - __ 

E ,  Mev 

I 
2 
4 
7 

10 
15 

~ 0,550 
0,433 
0.335 

0.458 
0;358 
0,290 
0.225 
0,186 
0.148 

0,308 
0,263 
0.2 I2 
0.169 
0,113 
0,116 

The type   o f   sh i e ld ings   d i scussed   above   (Ref .   54 )   a r e   ca l l ed  I 3 3 4  
s c a t t e r i n g   s h i e l d i n g s ,   i n   c o n t r a s t   t o   p r e s e n t - d a y   s h i e l d i n g s   w h i c h  
a r e   c a l l e d   a b s o r b i n g   s h i e l d i n g s .  It i s  c h a r a c t e r i s t i c   t h a t  a 
s c a t t e r i n g   s h i e l d i n g   d o e s   n o t   r e p r e s e n t  a monolith  which i s  ad ja -  
c e n t   t o   t h e   s o u r c e ,   b u t  i s  d i s t r i b u t e d  by s e c t i o n s   i n   t h e   s p a c e  
be tween   t he   sou rce   and   t he   sh i e lded   r eg ion .  The p r o g r e s s i v e n e s s  
o f   t h e   s c a t t e r i n g   s h i e l d i n g  i s  i l l u s t r a t e d   q u i t e   c l e a r l y   i n   t h i s  
work (Ref .  5 4 ) ,  bu t   spec i f i c   examples   dese rve   men t ion .  F i r s t  of  
a l l ,   f o r  a s i n g l e   l a y e r  a n d   r i n g - l i k e   s h i e l d i n g  a c o n s i d e r a b l e  
i n c r e a s e   i n   w e i g h t  i s  r e q u i r e d ,   i f   t h e   s h i e l d e d   r e g i o n  i s  i n c r e a s e d .  
I n   p r a c t i c e ,   t h e   d i a m e t e r   o f   t h e   c a b i n  must   exceed  the  reactor  
dimensions  by several f a c t o r s .  The s a v i n g s   i n   w e i g h t   c a n   t h e n   b e  
more c o r r e c t l y   d e t e r m i n e d   a s  

wh ich   g ives ,   fo r   example ,  a sav ings   o f   on ly   0 .23 ,  

I n   s p i t e  of t h e s e   d e f e c t s ,   t h e   b a s i c   p r i n c i p  

i n s t e a d  o f  

l e s   u n d e r l y  

0.3. 

i ng  
t h e   s c a t t e r i n g   s h i e l d i n g   a r e   v a l i d   ( R e f .  5 4 ) :  1) t h e   s c a t t e r i n g  
sh ie ld ing   mus t   have  a f o r m ,   s u c h   t h a t   t h e   o u t f l o w   o f   d i r e c t   r a d i a -  
t i o n   i n t o   t h e   s u r r o u n d i n g   s p a c e   c a n   o c c u r   w i t h o u t  a d e c r e a s e   i n  
t h e   e f f e c t i v e   t h i c k n e s s   i n   t h e   d i r e c t i o n   o f   t h e   s h i e l d e d   r e g i o n ;  
2 )  t he   sh i e ld ing   fo rm  mus t   p rov ide  a maximum loss o f   s c a t t e r e d  
r a d i a t i o n   i n t o   s u r r o u n d i n g   s p a c e ;  3)  t h e   s h i e l d i n g   m a t e r i a l  must 
l e a d   t o  as much i s o t r o p i c   r a d i a t i o n   s c a t t e r i n g   a s   p o s s i b l e   d u r i n g  
e a c h   i n t e r a c t i o n .  A s h i e l d i n g  made o f   s t r a t i f i e d   d i s c s  was a l s o  
d i s c u s s e d   i n   a n o t h e r  work  (Ref. 5 5 ) ,   w h i c h   i n d i c a t e s   t h e   i n t e r e s t  
w h i c h   p r e v a i l s   a t   t h e   p r e s e n t  t i m e  i n  a s c a t t e r i n g  t y p e  of s h i e l -  
ding.  

The requirements  imposed  on a s c a t t e r i n g   s h i e l d i n g   i n e v i t a b l y  
d i r e c t  a t t e n t i o n   t o  a s h i e l d i n g   w h i c h   h a s  a d i f f e r e n t  form  than 
t h a t   d i v i d e d   i n t o   i n d i v i d u a l   l a y e r s .  L e t  u s   examine   t he   e f f ec t   o f  
a f l a t   s h i e l d i n g ,   p l a c e d   o b l i q u e l y   b e t w e e n  a f l a t   s o u r c e  and a 
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f l a t   de t ec to r   o f   comparab le   d imens ions ,   a s  i s  shown in   F igu re   10 .13 .  

F igure   10 .13  

Sca t t e r ing   P rope r t i e s   o f   an   Ob l ique  Barrier 

The a n i s o t r o p i c   n a t u r e  of t h e   s h i e l d i n g   p r o p e r t i e s   p r e s e n t e d  
by a n   o b l i q u e   b a r r i e r  i s  f u l l y   a p p a r e n t .   T h i s   m u s t   l e a d   t o   f i e l d  
nonun i fo rmi ty   bo th   o f   p r imary   and   o f   s ca t t e r ed   r ad ia t ion   i n   t he  
d e t e c t i o n   r e g i o n ,   w h i l e   t h e   r a d i a t i o n   i n t e n s i t y  i s  s m a l l e s t   a t   t h e  
point   which i s  c l o s e s t   t o   t h e   s h i e l d i n g .  A t  t h e   p r e s e n t  t i m e ,  i t  I335 
i s  d i f f i c u l t   t o   c a l c u l a t e   t h e   e f f e c t   u n d e r   c o n s i d e r a t i o n .   I n   t h e  
l i t e r a t u r e ,   t h e r e   a r e   d a t a  on a n   i n c r e a s e   i n   t h e   t o t a l   i n t e n s i t y  
o f   s c a t t e r e d   y - r a d i a t i o n   b e h i n d   t h e   b a r r i e r   f o r   l a r g e   a n g l e s   o f  
i n c l i n a t i o n   ( R e f .  56 - 58), and  on the   s imu l t aneous   so f t en ing   o f  
the  spectrum. The  same p i c t u r e  i s  o b s e r v e d   f o r   o b l i q u e   i n c i d e n c e  
of neu t rons  on t h e   b a r r i e r   s h i e l d i n g   ( R e f .   5 9 ) .  

However ,   t he   spec t r a l  - a n g u l a r   c h a r a c t e r i s t i c s  of s c a t t e r e d  
r a d i a t i o n   a r e  unknown beh ind   an   ob l ique   ba r r i e r ,   wh ich  are neces-  
s a r y   i n   o r d e r  t o  c a l c u l a t e   t h e   r a d i a t i o n   f i e l d s   i n   t h e   r e g i o n  of 
l imi t ed   d imens ions .  

A l l  o f   t he   i n fo rma t ion   p re sen ted   above   r ega rd ing   t he   pene t r a -  
t i o n   o f   r a d i a t i o n   t h r o u g h   a n   o b l i q u e   s h i e l d i n g   p o i n t s   t o   t h e  ex- 
pediency   of   ex tending   s imi la r   geometry   to  a s h i e l d i n g   f o r  a cosmic 
nuc lear -power   device .   Under   condi t ions   o f   ax ia l   symmetry ,  a c o n i c a l  
layer   which  i s  t u r n e d   w i t h   t h e   a p e x   t o w a r d   t h e   s h i e l d e d   r e g i o n  
r ep resen t s   t he   ana log   o f  an o b l i q u e   s h i e l d i n g .  It i s  ve ry   appa ren t  
t h a t   i f   t h e   s i d e s   o f   t h e   c o n i c a l   l a y e r   h a v e  a c o n s t a n t   t h i c k n e s s  
and i f   t h e   g e n e r a t r i x  i s  a s t r a i g h t   l i n e ,   t h e n   t h e   i n t e n s i t y   o f  
d i r e c t   r a d i a t i o n   m u s t   i n c r e a s e  as one  moves away f r o m   t h e   a x i s   i n  
t h e   s h i e l d e d   r e g i o n .   H o w e v e r ,   i n   o r d e r   t o   c a l c u l a t e   t h e   i n t e n s i t y  
c o r r e c t l y  of o n l y   d i r e c t   r a d i a t i o n ,  i t  i s  n e c e s s a r y   t o   t a k e   i n t o  
a c c o u n t   t h e   r e a l   f o r m  of the   sou rce ,   t he   d imens ions   o f   t he   sou rce  
and   o f   t he   sh i e lded   r eg ion ,   and   t he i r   mu tua l   l oca t ion .  

Thus, a s tudy  of t h e   s h i e l d i n g   p r o p e r t i e s   p r e s e n t e d  by  an 
ax ia l   ana log   o f  an o b l i q u e   b a r r i e r  - of a c o n i c a l   l a y e r   t u r n e d   w i t h  
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t h e   a p e x   t o w a r d   t h e   s h i e l d e d   r e g i o n ,   r e p r e s e n t s   o n e   v a r i a t i o n   o f  
t h e   a t t e m p t s   t o   u t i l i z e   t h e   s c a t t e r i n g   p r o p e r t i e s   o f  a s h a d e   s h i e l -  
d i n g   i n   s p a c e .  

It c a n   b e   s t a t e d   t h a t   t h e   p r o b l e m   o f   o p t i m i z i n g   t h e   f o r m   o f  a 
s c a t t e r i n g   s h i e l d i n g  i s  in sepa rab ly   connec ted   t o   t he   p rob lem  o f  
op t imiz ing  i t  o n l y   w i t h   r e s p e c t   t o   d i r e c t   r a d i a t i o n   ( R e f .   4 6 ) .   I n  
t h i s   w o r k ,   t h e   a u t h o r   d i s c o v e r e d  a f o r m   f o r   t h e   o u t e r   s h i e l d i n g  
s u r f a c e   a d j a c e n t   t o   t h e   l i n e a r   s o u r c e ,  s o  as t o   p r o d u c e  a minimum 
w e i g h t   f o r  a g i v e n   d o s e   a t   t h e   s h i e l d e d   p o i n t .  The i l l u s t r a t i o n  
given by t h e   a u t h o r   f o r   a p p l y i n g   t h i s   v a r i a t i o n a l  method t o   s h i e l -  
d ing   p rob lems   does   no t   co r re spond   t o   any   p rac t i ca l   p rob lem.  In 
a n o t h e r  work  (Ref.   60),  a s o l u t i o n  was p r e s e n t e d   f o r   s o l v i n g   t h e  
problem of  an  optimum r a t i o   b e t w e e n   t h e   t h i c k n e s s   o f  a neu t ron  
and y-sh ie ld ing   and  a p o i n t   s o u r c e ,   f o r  a sh ie ld ing   form  which   had  
b e e n   s e l e c t e d   p r e v i o u s l y   ( s e e   F i g u r e   1 0 . 1 0 ) .   I f  a v a r i a t i o n a l  
method i s  a p p l i e d   i n   t h e   f i r s t   w o r k ,  a c o n d i t i o n a l  extremum f o r  
t h e   f u n c t i o n   o f  two v a r i a b l e s  i s  p r e s e n t e d   i n   t h e   s e c o n d   w o r k .  

The problem  of   determining  an  opt imum  thickness ,   wi th  res- 
p e c t   t o   d i f f e r e n t   s i m u l t a n e o u s   d i r e c t i o n s ,   f o r  a r e a c t o r   s h i e l d i n g  
and f o r  a s h a d e   s h i e l d i n g ,   w h i c h   p r o t e c t s   t h e   c a b i n   f r o m   d i r e c t  
r e a c t o r   r a d i a t i o n  a n d   f r o m   r a d i a t i o n   s c a t t e r e d   i n   a i r ,   h a s   b e e n  
so lved   i n   o the r   works   (Ref .   61 ,  6 2 ) .  I n   s i m i l a r   p r o b l e m s ,   t h e  
e q u a t i o n   r e s u l t i n g  from t h e   v a r i a t i o n a l  method f o r   d e t e r m i n i n g   t h e  
cond i t iona l   ex t r emum  has   no t   been   so lved   w i th   r e spec t   t o   t he  
d e s i r e d   f u n c t i o n ,  as was  done  by the   au thc ; r   o f   the  work (Ref.  4 6 ) ,  
due t o   t h e   i n c o r r e c t n e s s  o f  t h e   a r e a   e l e m e n t .   T h e r e f o r e ,   t h e  
s h i e l d i n g  was s e l e c t e d   i n  a mul t i s tage   form.   However ,   t l l e   so lu t ion  /336  
o f  a s y s t e m   o f   l i n e a r   e q u a t i o n s ,   w h i c h   a r i s e   d u r i n g   t h e   s e a r c h   f o r  
t he   cond i t iona l   ex t r emum  o f   t he   func t ion  o f  s e v e r a l   V a r i a b l e s ,  i s  
d i f f i c u l t   d u e   t o   t h e   l a r g e  number o f   t hese   equa t ions   wh ich   equa l s  
t h e  number  of s t a g e s   i n t o   w h i c h   t h e   s h i e l d i n g  i s  d iv ided .   Ca l -  
cu la t ions   (Re f .   61 )   have   been   pe r fo rmed   on   an   e l ec t ron ic   compute r  
u s ing   t he   me thod   o f   qu ickes t   descen t   ( t he   g rad ien t   me thod) .  

It i s  a p p a r e n t   t h a t   t h e  optimum s h i e l d i n g   o f  a point   f rom  an 
e x t e n d e d   s o u r c e   m u s t   a d j o i n   t h i s   p o i n t ,   a n d   t h e   s h i e l d i n g   o f   t h e  
cabin  from a p o i n t   s o u r c e   m u s t   a d j o i n   t h e   s o u r c e .   I n   a c t u a l i t y ,  
t h e   s o u r c e   a n d   t h e   s h i e l d e d   r e g i o n   h a v e   f i n i t e   d i m e n s i o n s ;   t h e r e -  
fo re ,   one   mus t   s ea rch   fo r   an  optimum  form,  assuming  any  arrangement 
of i t s  s u r f a c e s .   I f  i t  i s  p o s s i b l e   t o   c a l c u l a t e   t h e   i n t e n s i t y   o f  
d i r e c t   r a d i a t i o n   b e h i n d  a s h i e l d i n g   h a v i n g  any  form, f o r  any p o i n t  
i n   t h e   s h i e l d e d   r e g i o n ,   t h i s  i s  d i f f i c u l t   t o  do f o r   s c a t t e r e d  
r a d i a t i o n .  However, t he   nonun i fo rmi ty   o f   t he   dosage   f i e ld  i n  t h e  
s h i e l d e d   r e g i o n  i s  f u l l y   a p p a r e n t   i n  a real   case.  

When t h e   s h i e l d i n g   f o r m  i s  o p t i m i z e d   w i t h   r e s p e c t   t o   d i r e c t  
and s c a t t e r e d   r a d i a t i o n ,   n o n u n i f o r m i t y   o f   t h e   d o s a g e   f i e l d   i n   t h e  
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shielded  region  must   be  assumed.  The  mean d o s e   w i t h   r e s p e c t   t o   t h e  
s h i e l d e d   r e g i o n   o r  any   c ross -sec t ion   of  i t  must   be   used  as a c r i t e r i o n ,  
and i t  i s  p o s s i b l e   t o   t a k e   t h e   a v e r a g e   o f   t h e   p r o b a b i l i t y   f o r  man t o  
s t a y   a t   d i f f e r e n t   p o i n t s   i n   t h i s   r e g i o n .  An a d d i t i o n a l   c o n d i t i o n  
which limits t h e  maximum v a l u e   o f   t h e   r a d i a t i o n  level i s  a l s o   n e c e s -  
s a r y .  

The d e t e r m i n a t i o n   o f   a n  optimum  form f o r  a s h a d e   s h i e l d i n g  en- 
compasses  two f a c t o r s .   F i r s t ,  it is n e c e s s a r y   t o   c a l c u l a t e   t h e  
d o s e   a t   d i f f e r e n t   p o i n t s   i n  a s h i e l d e d   r e g i o n   b e h i n d   t h e   s h a d e  
s h i e l d i n g   h a v i n g   a n y   a x i a l   f o r m ,   t a k i n g   i n t o   a c c o u n t   b o t h   p r i m a r y  
and s c a t t e r e d   n e u t r o n s   a n d   Y ' - r a d i a t i o n ,   a s  w e l l  as captured  Y-quanta.  
Secondly,   the   chosen  mathematical   method  must  make i t  p o s s i b l e   t o  
d e t e r m i n e   t h e  optimum  form as r a p i d l y   a n d  as a c c u r a t e l y  as p o s s i b l e .  
Depending on t h e   m e t h o d s   f o r   s o l v i n g   t h e   f i r s t   p r o b l e m ,   d i f f e r e n t  
methods  are  employed t o  p e r f o r m   t h e   s e c o n d   s t a g e .  A s  a w h o l e ,   t h e  
problem  can b e  s o l v e d   o n l y  by e x p a n d i n g   t h e   e x i s t i n g   e x p e r i m e n t a l  
d a t a   a n d   c o m p u t a t i o n a l   m e t h o d s   f o r   t h e   p e n e t r a t i o n   o f   r a d i a t i o n   t h r o u g h  
a s h i e l d i n g   h a v i n g   f i n i t e   d i m e n s i o n s .  

10.8.  Arrangement-0-f  a"Radia.t_ipn S h i e l d i n g   f o r  
Space   Vehic les  

The g e n e r a l   p h y s i c a l   a n d   t e c h n i c a l   p r i n c i p l e s   f o r   t h e   d e s i g n  
of  a compact s h i e l d i n g   m u s t   u n d e r l i e   t h e   a r r a n g e m e n t   o f  a r a d i a t i o n  
s h i e l d i n g   o n   s p a c e   v e h i c l e s .  The   a r r angemen t   s e l ec t ion   depends   t o  
a s i g n i f i c a n t   e x t e n t  on t h e   t y p e   a n d   p u r p o s e   o f   t h e   s p a c e   v e h i c l e ,  
and i s  c l o s e l y   r e l a t e d   t o   t h e   a r r a n g e m e n t  of  t h e   e n t i r e   d e v i c e  as a 
whole - i . e . ,  i t  i s  p a r t   o f   t h e   o v e r a l l   d e s i g n   p r o b l e m .   T h e   g e n e r a l  
w e i g h t   c h a r a c t e r i s t i c s   d e p e n d  on t h e   s u c c e s s f u l   s o l u t i o n   o f   t h i s  
p r o b l e m ,   s i n c e   t h e   w e i g h t   o f   t h e   r a d i a t i o n   s h i e l d i n g   c o m p r i s e s  a 
s i g n i f i c a n t   p o r t i o n   o f   t h e   t o t a l   v e h i c l e   w e i g h t .  We mus t   po in t   ou t  
t h a t   t h e r e  i s  a s i g n i f i c a n t   d i f f e r e n c e   i n   t h e   s h i e l d i n g   p r o b l e m   b e t w e e n  
space   veh ic l e s   hav ing  small a n d   l a r g e   t h r u s t   ( R e f .   6 3 ) .   F o r   t h i s  
r e a s o n ,   t h e   d i a g r a m s   f o r   t h e   r a d i a t i o n   s h i e l d i n g   a r r a n g e m e n t   c a n   b e  
d i v i d e d   i n t o  two b a s i c   t y p e s ,   d e p e n d i n g  on t h e   p u r p o s e   o f   t h e   n u c l e a r  
r e a c t o r :   t h e   n u c l e a r   r e a c t o r  serves t o   h e a t   t h e   w o r k i n g   s u b s t a n c e  
which   emanates   ou ts ide   th rough a n o z z l e   ( s y s t e m   w i t h   l a r g e   t h r u s t )  , 
and a n u c l e a r   r e a c t o r   w h i c h   r e p r e s e n t s   p a r t   o f   t h e   n u c l e a r - p o w e r  
dev ice .  The purpose of  t h i s   d e v i c e  i s  t o   p r o d u c e  e lec t r ic  ene rgy ,  
w h i c h   c a n   b e   u s e d   f o r   o p e r a t i n g   t h e   i o n   o r   p l a s m a   e n g i n e   ( s y s t e m  
w i t h   s m a l l   t h r u s t ) ,   o r   a s  an a d d i t i o n a l   f u e l   s o u r c e .  L e t  us  examine 
each   of   the  two t y p e s   o f   r a d i a t i o n   s h i e l d i n g   a r r a n g e m e n t   i n   t h e i r  
g e n e r a l   o u t l i n e .  

The fo l lowing  are t h e   m o s t   c h a r a c t e r i s t i c   f e a t u r e s  of  an 
a r r a n g e m e n t   o f   t h e   f i r s t   t y p e   ( R e f .   6 4 ) .  The s h i e l d i n g   d e s i g n  
t a k e s   t h e   f a c t   i n t o   c o n s i d e r a t i o n   t h a t   t h e  crew u n d e r g o e s   b r i e f  
i r r a d i a t i o n   o f   h i g h   i n t e n s i t y .  A t a n k   ( o r  several t a n k s )   w i t h  
the   work ing   subs t ance  - fo r   wh ich   hydrogen   o r  ammonia are u s u a l l y  
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used - i s  p l a c e d   b e t w e e n   t h e   r e a c t o r   a n d   t h e   s h i e l d e d   c a b i n .  As 
a r u l e ,   t h e   r e a c t o r   o p e r a t e s  on  thermal   neutrons,   and  has  rela- 
t i v e l y   l a r g e   d i m e n s i o n s .  The s h i e l d i n g  i s  d i v i d e d  up - i . e . ,  
p a r t   o f   t h e   s h i e l d i n g  i s  l o c a t e d   b e t w e e n   t h e   r e a c t o r   a n d   t h e   t a n k  
c o n t a i n i n g   t h e   w o r k i n g   s u b s t a n c e ,   a n d   t h e   o t h e r   p a r t   o f   t h e   s h i e l -  
d i n g  i s  l o c a t e d   a r o u n d   t h e   i n h a b i t e d   p o r t i o n   o f   t h e   c a b i n   w h i c h  
i s  used as a r a d i a t i o n   s h e l t e r   ( F i g u r e   1 0 . 1 4 )  ( R e f .  6 4 ) .  The crew 
s t a y s   i n   t h i s   s h e l t e r  when t h e   r e a c t o r  i s  i n   o p e r a t i o n ,  when t h e  
r a d i a t i o n   z o n e s   o f   t h e   e a r t h  are c r o s s e d ,   o r   d u r i n g   i n t e n s e   s o l a r  
f l a r e s .  The s h a d e   s h i e l d i n g   a r o u n d   t h e   r e a c t o r ,   w h i c h   a b s o r b s   o n l y  
p a r t  of t h e   p r i m a r y   r a d i a t i o n   f r o m   t h e   r e a c t o r ,   p r e v e n t s   t h e   t a n k  
wi th   t he   work ing   subs t ance   f rom  ove rhea t ing   due   t o   r ad ia t ion  
( o t h e r w i s e ,   s i g n i f i c a n t   e v a p o r a t i o n   o f   t h e   w o r k i n g   s u b s t a n c e   c a n  
occur ) .  A t  t h e  same time, t h i s   s h i e l d i n g  - i f  i t  i n c l u d e s  a boron- 
containing  component  which  absorbs  thermal  neutrons - e l i m i n a t e s  I 3 3 8  
t h e   p o s s i b i l i t y  of  t h e   r e a c t i o n   ( n ,  y) i n   t h e   n i t r o g e n   o f   a i r .  
When t h i s   s h i e l d i n g  i s  be ing   des igned ,  i t  i s  n e c e s s a r y   t o   d e t e r m i n e  
t h e  optimum r a t i o   b e t w e e n  i t s  weight   and   the   weight   o f   the   evapora-  
t e d   f u e l ,   i n   o r d e r   t o   r e d u c e   t h e   t o t a l   w e i g h t   t o  a minimum. The 
s h i e l d i n g   f o r   t h e   r a d i a t i o n   s h e l t e r   l o w e r s   t o  a p e r m i s s i b l e  l eve l  
t h e   r e a c t o r   r a d i a t i o n   w h i c h   f a l l s   o n   t h e   i n h a b i t e d   s e c t i o n   a s  a 
r e s u l t  o f  s c a t t e r i n g   i n   t h e   e a r t h ' s   a t m o s p h e r e   ( o r   o t h e r   p l a n e t s )  
d u r i n g   c o r r e s p o n d i n g   p o r t i o n s  of t h e   f l i g h t ,   r a d i a t i o n   w h i c h  i s  
s c a t t e r e d   f r o m   t h e   n o z z l e   r o c k e t ,   a n d   a l s o   t h a t   p o r t i o n  of d i r e c t  

Figure  10.14 

Diagram  of a Nuc lea r   Rocke t   w i th   D i rec t  Ejec- 
t i o n   o f   t h e  Working  Substance. 

1- Nozzle;  2- Reac to r ;  3- S h i e l d i n g ;  4- Tank with  Working 
Subs tance ;  5- R a d i a t i o n   S h e l t e r ;  6- C a b i n   f o r  Crew. 

r e a c t o r   r a d i a t i o n   w h i c h   p e n e t r a t e s   t h e   s h a d e   s h i e l d i n g   a n d   t h e   t a n k  
c o n t a i n i n g   t h e   w o r k i n g   s u b s t a n c e .  The s i d e   o f   t h e   s h i e l d i n g   w h i c h  
i s  ad jacen t   t o   t he   t ank   con ta in ing   t he   work ing   subs t ance   mus t   a l so  
c o n t a i n  a hydrogen-containing  component,  i n  o r d e r   t o   c a p t u r e   t h e  
the rma l   neu t rons   emana t ing   f rom  the   t ank   w i th   t he   work ing   subs t ance ,  
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Figure   10 .15  

A b i l i t y   t o   R e p l a c e   S h i e l d i n g  Material by  Equip- 
men t 

i n  which   rap id   neut rons   a re   s lowed down t o   t h e r m a l   e n e r g i e s .  The 
tank   wi th   the   working   subs tance   absorbs  a c o n s i d e r a b l e   p o r t i o n   o f  
p r i m a r y   r a d i a t i o n   f r o m   t h e   r e a c t o r ,   a n d   t h e   r e q u i r e m e n t s   f o r   t h e  
s h i e l d i n g   p r o t e c t i n g   t h e   c a b i n   f r o m   d i r e c t   r a d i a t i o n   m u s t   t a k e  
i n t o   a c c o u n t   t h e   f u e l   c o n s u m p t i o n   d u r i n g   t h e   f l i g h t .   A t t e n t i o n   m u s t  
b e   g i v e n   t o   t h e   f a c t   t h a t   t h e   p e r i o d   o f  t i m e  when a s h i e l d i n g  i s  
n e c e s s a r y   f r o m   d i r e c t   r a d i a t i o n   d o e s   n o t   c o i n c i d e   w i t h   t h e   p e r i o d  
when s h i e l d i n g   f r o m   s c a t t e r e d   r a d i a t i o n  i s  n e c e s s a r y .   F o r   t h i s  
r e a s o n ,  i t  i s  somet imes   advantageous   to   use   l iqu ids   ( for   example ,  
m e r c u r y )   f o r   s h i e l d i n g   f r o m   s c a t t e r e d   r a d i a t i o n ;  when n e c e s s a r y ,  
t h e s e   l i q u i d s   c a n   b e   t r a n s f e r r e d   o v e r   t o   t h e   l o c a t i o n   o f   t h e  
s h i e l d i n g   f r o m   d i r e c t   r a d i a t i o n .   I f   t h i s  i s  n o t   f e a s i b l e ,   t h e  
h e a v i e s t   m a t e r i a l s  - for  example,   uranium-238 - c a n   b e   u s e d   i n s t e a d  
of  a l i q u i d   s h i e l d i n g .  The  replacement  of  mercury  by  uranium  de- 
c reases   t he   sh i e ld ing   we igh t   by   approx ima te ly  30% (Ref .65 ) .   Sh ie l -  
d i n g   f r o m   s c a t t e r e d   r a d i a t i o n   c a n   a l s o   b e   u s e d   f o r   s h i e l d i n g   f r o m  
p r o t o n s   f r o m   s o l a r   f l a r e s   a n d   r a d i a t i o n   f r o m   t h e   r a d i a t i o n   z o n e s  
o f   t h e   e a r t h .  

The w e i g h t   o f   t h e   c a b i n   s h i e l d i n g   c a n   b e   r e d u c e d   b y   u t i l i z i n g  
s u p p l i e s   a n d   e q u i p m e n t   f o r   t h e   i n h a b i t e d   s e c t i o n  as a s h i e l d i n g  
(Figure  10.15)   (Ref .  6 4 ) .  Several  works  (Ref.   64 - 68)   have   d i s -  
c u s s e d   s p e c i f i c   p l a n s   f o r   s p a c e c r a f t s   o f   t h i s   t y p e   a n d   h a v e  
p r e s e n t e d   d a t a   o n   t h e   r e s u l t s   d e r i v e d   f r o m   d e s i g n i n g   t h e   s h i e l d i n g  
and i t s  arrangement .   Thus,   for   example,   in   work  (Ref .   66)   the 
f l i g h t   f o r  a s p a c e c r a f t   t o  Mars i s  des igned ,   and  a p l a n  i s  presen-  
t e d   f o r   t h e   i n h a b i t e d   c a b i n   t o   c o n t a i n  a crew o f   s e v e n  men. The 
work a l s o   p r e s e n t s   t h e   r e s u l t s   d e r i v e d   f r o m   d e s i g n i n g  a s h i e l d i n g  

385 



t h i ckness  as a f u n c t i o n   o f   t h e   r e a c t o r   o u t p u t   f o r   d i f f e r e n t   p e r m i s s i b l e  
r a d i a t i o n   d o s e s   a n d   f o r   d i f f e r e n t   d i s t a n c e s   b e t w e e n   t h e   r e a c t o r   a n d   t h e  
i n h a b i t e d   c a b i n   ( F i g u r e  10.16). 

Another  work  (Ref. 67) a l s o   p r e s e n t s   t h e   d e s i g n   f o r  a s p a c e c r a f t   / 3 3 9  
f l y i n g   t o  Mars, and a l s o   g i v e s   t h e   v o l u m e t r i c   c o m p o s i t i o n   o f   t h e  
s h a d e   s h i e l d i n g   ( u r a n i u m   3 0 % ,   l i t h i u m   h y d r i d e  55%, s teel  8%, f r e e  
volume 7%) which i s  loca ted   a round  a r e a c t o r   h a v i n g  a the rma l   ou tpu t  
of  2000 Mw (d i s t ance   be tween   r eac to r   and   cab in  i s  60 m). I n   t h e  
d e s i g n   f o r  a f l i g h t   t o   t h e  moon (Ref .  6 4 ) ,  t h e   p r i m a r y   s h i e l d i n g  
i s  l o c a t e d   b e t w e e n   t h e   t a n k   c o n t a i n i n g   t h e   w o r k i n g   s u b s t a n c e  (NH3)  
and   t he   cab in ,   and   cons i s t s   o f   l aye r s   o f   l ead   (20  cm) , po lye thy lene  
(30 cm) and   bora1  ( 2 . 5  cm) . The r e a c t o r   o u t p u t  i s  3310 Mw, t h e  
d i s t a n c e   b e t w e e n   t h e   a c t i v e   z o n e   a n d   t h e   s h i e l d i n g  i s  19 m ,  t h e  
l eng th   and   d i ame te r   o f   t he   t ank  are 16.5 and  2.4 m y  r e s p e c t i v e l y .  

The p r o b l e m s   e n t a i l e d   i n   d e s i g n i n g  a r a d i a t i o n   s h i e l d i n g  on 
a s p a c e c r a f t   w h i c h  i s  t o  go t o  Mars are d i s c u s s e d   i n   a n o t h e r  work 
(Ref. 65) .  T h i s   w o r k   p r e s e n t s   t h e   r e s u l t s   d e r i v e d   f r o m   c a l c u l a t i n g  
t h e   i n t e n s i t y   o f   d i r e c t   a n d   s c a t t e r e d   r a d i a t i o n ,   a n d   a l s o   t h e   w e i g h t  
o f  a s h i e l d i n g  made of   mercury  around a c a b i n   f o r   t h e s e   t y p e s   o f  
r a d i a t i o n ,   f o r   d i f f e r e n t   r e a c t o r   o u t p u t   l e v e l s , a n d   f o r   d i f f e r e n t  
d i s t a n c e s   b e t w e e n   t h e   r e a c t o r   a n d   t h e   c a b i n .  The s h a d e   s h i e l d i n g  
a r o u n d   t h e   r e a c t o r  i s  s e l e c t e d  on t h e   b a s i s   o f   t h e  optimum r a t i o  
be tween   t he   we igh t   o f   t h i s   sh i e ld ing   (u ran ium-238)   and   t he   we igh t  
o f   t h e   w o r k i n g   s u b s t a n c e   ( h y d r o g e n ) ,   i n   o r d e r   t o   p r o t e c t   t h e  wor- 
k ing   subs t ance   f rom  evapora t ion .   F igu res  10.17 - 10 .21   p re sen t  
t h e s e   d a t a ,   w h i c h  were o b t a i n e d   f o r  a cab in   hav ing  a dimension of 
0 . 9 1 5 ~ 1 . 8 3 ~ 2 . 1 3  m y  and t h e   d i a g r a m   o f   t h e   c a b i n  i s  shown i n   F i g u r e  
10.22. I n   t h e s e   c a l c u l a t i o n s ,  i t  was assumed t h a t   t h e   a t m o s p h e r e  
on  Mars i s  e q u i v a l e n t   t h e   e a r t h ' s   a t m o s p h e r e ,   w h i c h  somewhat  exag- 
g e r a t e s   t h e   d o s e   o f   r a d i a t i o n   s c a t t e r e d   i n   t h e   a t m o s p h e r e   o f   M a r s .  
The g r a p h i c   d e p e n d e n c e s   o f   t h e   w e i g h t   f o r   t h e   r a d i a t i o n   s h e l t e r  
s h i e l d i n g  are g i v e n   i n d i v i d u a l l y   f o r   d i r e c t   a n d   s c a t t e r e d   r a d i a t i o n ,  
f o r   d i f f e r e n t   d i s t a n c e s   b e t w e e n   t h e   c a b i n   a n d   t h e   r e a c t o r   w h o s e   o u t -  
pu t  i s  2.1-104 Xw (Figure   10 .23) .   These   da ta  were compi led   for  a 
s p e c i f i c   o p e r a t i o n a l  time of t h e   r e a c t o r ,   c o r r e s p o n d i n g  t o  t h e  
f l i g h t   t o  Mars and   back   (w i th   l and ing   and   w i thou t   l and ing) .  It was 
assumed t h a t ,  as r e q u i r e d ,   t h e   s h i e l d i n g   f r o m   s c a t t e r e d   r a d i a t i o n  
can be u t i l i z e d   f o r   a t t e n u a t i n g   p r i m a r y   r a d i a t i o n ,   a n d   t h a t   t h e  
t o t a l   l i f t - o f f   w e i g h t   o f   t h e   s h i e l d i n g   e q u a l s   t h e   w e i g h t   o f   t h e  
s h i e l d i n g   f r o m   s c a t t e r e d   r a d i a t i o n   p l u s   t h e  optimum t o t a l   w e i g h t  
o f   t he   shade   sh i e ld ing   ( a round   t he   r eac to r )   and   t he   l i qu id   hydrogen .  
These   dependences   c lear ly  show the   Sh ie ld ing   des igne r   t he   manner  i n  /340 
which t h e   s e l e c t i o n   o f   t h e   p e r m i s s i b l e   d o s e s   i n f l u e n c e s   t h e   s h i e l d i n g  
weight ,   and vice versa, f o r  a s p e c i f i c   f l i g h t   p r o b l e m .   T a b l e  10.6 
p r e s e n t s  several such   examples ,   and   an   i nves t iga t ion  i s  made o f   t h e  
c a s e   i n   w h i c h  - a f t e r   t h e   e a r t h ' s   a t m o s p h e r e  i s  c r o s s e d  - p a r t   o f   t h e  
s h i e l d i n g   f r o m   s c a t t e r e d   r a d i a t i o n  i s  j e t t i s o n e d ,  and t h e   o t h e r  
p a r t  i s  u t i l i z e d   f o r   s h i e l d i n g   f r o m   d i r e c t   r a d i a t i o n .  
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Shie ld ing   Thickness ,   g /cm2 

Figure   10 .16  

Shie ld ing   f rom  Nuclear   Engine   Radia t ion   (Length  
of  Tank with  Working  Substance 30.5 m) a t  a D i s -  
t ance   o f  30.5 m f rom  the   Reac to r   (1 ) ;   61  m ( 2 ) .  

The c h a r a c t e r i s t i c s  o f   space   veh ic l e s   w i th  a n u c l e a r  power / 340 
dev ice  on board ,   which   mus t   be   t aken   in to   account  when t h e   r a d i a -  
t i o n   s h i e l d i n g  i s  a r r a n g e d ,  are as fo l lows :  l) t h e   p r e s e n c e   o f  a 
condense r - r ad ia to r  and  a h e a t   e x c h a n g e r   ( i n  a two-c i rcu i t   a r rangement )  
i n   t h e   t h e r m a l   e x c h a n g e   c i r c u i t   o f   t h e   r e a c t o r :  2 )  t h e   p o s s i b i l i t y  1346 
of s c a t t e r i n g   r e a c t o r   r a d i a t i o n   o n l y   f r o m   c o n s t r u c t i o n   e l e m e n t s   a n d  
c l o s e   t o   t h e   o u t e r   s u r f a c e   o f   t h e   s h a d e   s h i e l d i n g ,   a n d   n o t   i n  a i r ,  
s i n c e   t h e   r e a c t o r   b e g i n s   t o   o p e r a t e   o n l y   o u t s i d e   t h e   e a r t h ' s   a t -  
mosphere a f t e r   t h e   v e h i c l e  i s  p l a c e d   i n   t h e   r e q u i r e d   o r b i t .   I n  
t h i s   c o n n e c t i o n ,   s h i e l d i n g   f r o m   r e a c t o r   r a d i a t i o n   m u s t  be  of   only 
the   shade   type   and  mus t  b e   l o c a t e d   p r i m a r i l y   c l o s e   t o   t h e   r e a c t o r ;  
a sh i e ld ing   f rom  cosmic   r ad ia t ion   mus t   be   p r imar i ly   a r r anged   a round  
the   cab in ;   3 )   t he   p re sence   o f  a c o u n t e r - a c t i v a t i o n   s h i e l d i n g   f o r  
p r o t e c t i n g   t h e   s e c o n d   c i r c u i t   f r o m   e x c e s s i v e ' a c t i v a t i o n .   P a r t  of 
t h e   s h a d e   s h i e l d i n g   f r o m   d i r e c t   r a d i a t i o n   c a n   b e   u s e d  as coun te r -  
a c t i v a t i o n   s h i e l d i n g ;  4 )  u t i l i z a t i o n  of t h e   r e a c t o r   f o r   r a p i d   o r  
i n t e r m e d i a t e   n e u t r o n s   w i t h  maximum power d e n s i t y  ; 5) s u b j e c t i o n   o f  
t h e   c r e w   t o   l o n g   c h r o n i c   i r r a d i a t i o n .  

The c h a r a c t e r i s t i c s   c i t e d   a b o v e   l e a d   t o   t h e   c o n c l u s i o n   t h a t  
t h e   r a d i a l   t y p e  of  arrangement i s  m o s t   e f f i c i e n t   i n   t h i s  case - 
i .e.,  when t h e   s h i e l d e d   c a b i n ,   t h e   c o n d e n s e r - r a d i a t o r ,   t h e   h e a t  
exchange r ,   t he   t ank   w i th   t he   work ing   subs t ance ,   t he   t ub ing ,   and  
a l s o  a l l  poss ib l e   aux i l i a ry   t he rma l -exchange   and   e l ec t ro -mechan ica l  
equipment ,  etc.  are l o c a t e d   i n   t h e   " s h a d e "   c r e a t e d  by t h e   s h i e l d i n g  
(Ref.   69).  The r e s u l t s   d e r i v e d   f r o m   c a l c u l a t i n g   t h e   t h i c k n e s s  of 
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Dose Rate ,   rem/hour  

F igu re  10 .17  

Dose  Rate  from Direct Rad ia t ion   i n   an   Unsh ie lded   Cab in  
i n  a S p a c e c r a f t   d u r i n g   R e a c t o r   O p e r a t i o n  

/240 

Dose Rate ,   rem/hour  
F igu re  10.18 

Dose   Rate   f rom  Sca t te red   Radia t ion   in   Unshie lded   Cabin  
Located  30.5 m f rom  the   Reac to r  

a s h i e l d i n g  made of   l i th ium  hydr ide   and   uran ium-238,  as a f u n c t i o n  1246 
of  t h e   r e a c t o r   t h e r m a l   o u t p u t   a n d   t h e   p e r m i s s i b l e   d o s e  ra te  f o r  a 
g i v e n   d i s t a n c e   b e t w e e n   t h e   r e a c t o r   a n d   t h e   s h i e l d e d   o b j e c t ,   c a n   b e  
u t i l i z e d   i n   d e s i g n i n g   t h i s   t y p e   o f   a r r a n g e m e n t .   T h e s e   d a t a   a r e  
g i v e n   i n   F i g u r e  10.24 . 

By way of   an   example   for   the   second  type   o f   a r rangement ,  w e  
s h a l l   p r e s e n t   v a r i o u s   v a r i a t i o n s   o f   t h e   r a d i a t i o n   s h i e l d i n g   f o r  
r e a c t o r s  of t h e  SNAP type   (Ref .  70 ) .  The f o l l o w i n g   r e f e r e n c e   d a t a  
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TABLE 10.6 

EL4FfPLES  OF  FLIGHT  FROM EARTH TO MARS AND BACK 

*" I i 

1 Dis- Reactor  op- ' Fl ight   f rom  Ear th  t o  Mars F l igh t   f rom Mars t o   E a r t h  Tot a1 
: t ance  I e r a t i o n   i n  S c a t t e r e d  D i r e c t  ' S c a t t e r e d  D i r e c t  Dose 

from atmosphere R a d i a t i o n  , Radia t ion  1 R a d i a t i o n  R a d i a t i o n  . du- 
reac-  r i n g  
t o r   t o  
c a b   i n ,  

m 

Purpose of  
Expedi t ion  , 

-4 

E a r t h  i Mars Dose  ,Weight of  ' Dose  Weight of  Dose IWeight of  Dose  Weight of Flighq 
rem S h i e l d i n g  rem S h i e l d i n g  , rem S h i e l d i n g  rem S h i e l d i n g  , rem 

made of  Hg , made of  Hg, made of  Hg, made of Hg, 

I ! kg kg  kg  kg , I 
I 

I I I I 

30.5 ' Yes ~ No 5.2 i 11 ,300   ' smal l  1 0 ' 0  1 0  I 1 . 3  1 4536  6.5 
I 

i 

E a r t h  - O r b i t  I 30.5 i Yes No 7 1  ' 6,800 , s m a l l  0 1 0  0 1 .3  ' 4536 72 

Mars - Ear th  
I , I 

I 91 .5  ' 91.5 Yes ' No '110  4 ,536  :small  , 0 , o  0 . 0.15  4536  110 

' 30.5 Yes I Yes ' 5.2  11,300 small 1 0 ' 5.2   11 ,300   1 .3  4536 12 

Ear th  - Land  30.5 , Yes Yes 1 5.2  11,300 (small ' 0 1 7 1  6 , 800 small 6800 , 76 

W 
03 
u) 

No ' 1 .8   11 ,300   ( sma l l  ~ 0 ' 0  ' 0 0.15  4536  2.0 

"4-2 

1 

I 
I 

I 
- 

1 i 

I I 

on Mars - Earth1  91.5 Yes j Yes 1 .8  11,300  ;small  ' 0 24 6,800 26 

0.15  4536 1117 91.5 small 9,072 6.2 Yes Yes 
0 1110 1 4,536 

Reactor   Output  - 21,000 Mw; Spec i f i c   Impu l se  - 865  seconds,   Fuel - Hp 
\ 
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Dose  Rate,   rem/hour 

F igure   10 .19  

Dose Rate f rom  Sca t t e red   Rad ia t ion   i n   Unsh ie lded   Cab in  
Located 6 1  m f rom  the   Reac to r  

10' 

I342 

Dose Rate, rem/hour 

F i g u r e  10.20 

Dose Rate f rom  Sca t t e red   Rad ia t ion   i n   Unsh ie lded   Cab in  
Located  91.5 m f rom  Reac tor .  

were c h o s e n   f o r   c a l c u l a t i n g   t h e   t h i c k n e s s   a n d   w e i g h t   o f   t h e   s h i e l d i n g : / 3 4 6  
r e a c t o r   t h e r m a l   o u t p u t  250 kw; r e a c t o r   o p e r a t i o n a l  time 1 y e a r ;  
dimensions of r e a c t o r   h a v i n g   c y l i n d r i c a l   f o r m :  H = 15.5  m and  dia- 
meter D = 15.5 m; p a y l o a d   c o n s i s t s   o f   i n s t r u m e n t s   u s i n g   t r a n s i s t o r s  
f o r   w h i c h   t h e   i n t e g r a l   d o s e   o f  1 0 l 2  r a p i d   n e u t r o n s   p e r  1 cm2 and l o 7  
roentgen/cm2 was assumed t o  b e   p e r m i s s i b l e  - which   cor res   onds  
(du r ing   an   ope ra t iona l  time o f  1 y e a r )   t o   s t r e a m s   o f   3 - 1 0   r a p i d  
neu t rons   pe r  1 cm2*sec and l o 3  r o e n t g e n / c m 2 - h o u r ,   f o r   y - r a d i a t i o n  -; 
the s h i e l d i n g  i s  made  of l i t h i u n   h y d r i d e   w i t h  a d e n s i t y  of 

E 
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r 

Reactor   Output ,  Mw 

Figure   10 .21  

Optimum Weight of Shade   Shie ld ing:  
1- Tota l   Weight :  2- Shade  Shielding made of Uranium-238; 
3- Working  Substance  (Hydrogen). 

1 
I n s u l  

Figure  10.22 

Diagram  of  Cabin i n   S p a c e c r a f t .  

y = 0.9 g/cm3; i n   c a l c u l a t i o n s  of t h e   s c a t t e r e d   r a d i a t i o n ,  i t  i s  I347 
assumed t h a t  an aluminum r a d i a t o r   h a s  an e f f e c t i v e   t h i c k n e s s  of 
0.7 - 1 mm; i t  i s  assumed t h a t   t h e   d o s e s   f r o m   d i r e c t   a n d   s c a t t e r e d  
r a d i a t i o n  are e q u a l ,   a n d   t h a t   t h e   r a d i a t o r   s u r f a c e   e q u a l s   a p p r o x i -  
mate ly  37 m 2 ;  s c a t t e r i n g   f r o m  a i r  i s  n o t   t a k e n   i n t o   a c c o u n t ,   s i n c e  
t h e   d e n s i t y  of a i r  a t  h i g h   a l t i t u d e s  i s  small. 
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Figure  1 0 . 2 3  
I n t e g r a l  D o s e s   f r o m   S c a t t e r e d   a n d   D i r e c t   R a d i a t i o n   f o r   D i f f e r e n t  

Shie ld ing   Weights :  

a- Distance  between  Reactors   and  Cabins  30.5 m ,  Reactor   Output  21,000 Mw; 
b- Distance  between  Reactor  and  Cabin 41.5 m ;  c- Distance  between  Cabin 
and  Reactor 60 .1  m; d- Distance  between  Cabin  and  Reactor  91.m; 1- T o t a l  
Optimum Weight   of   Shielding made of  U 2 3 8  + Hg and  Fuel  of H 2 ;  2- S h i e l -  
d i n g   f o r  a Cab in   f rom  Sca t t e red   Rad ia t ion  ( H g ) ;  3- Cabin  Shielding  f rom 
Direct R a d i a t i o n  Hg; 4- Optimum Weight   of   Shade  Shielding made of U 2 3 8  
and  Fuel  of H2. 

Nine   va r i a t ions   o f   an   a r r angemen t   fo r  a r a d i a t i o n   s h i e l d i n g   f o r  1347 
t h e   r e a c t o r   d i s c u s s e d   a b o v e   a r e   b r i e f l y   p r e s e n t e d   b e l o w ,   a n d   i n   a l l  
c a s e s   t h e   i n t e g r a l   d o s e  o f  y - r a d i a t i o n   b e h i n d   t h e   s h i e l d i n g  i s  less 
t h a n  l o 7  r o e n t g e n s ,  s o  t h a t   t h e   e n t i r e   s h i e l d i n g   t h i c k n e s s  i s  d e t e r -  
mined by r a p i d   n e u t r o n s .  
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Figure   10 .24  

Dose Rate   as  a Funct ion   of   Shie ld ing   Thickness ;   Dis tance  
f rom  Reac tor   to   Poin t   under   Cons idera t ion  1.5 m;  S h i e l -  
d ing   Ma te r i a l  L i H  + U2 3 8 .  

V a r i a t i o n  I ( F i g u r e   1 0 . 2 5 ,   a ) .  The r e a c t o r  i s  loca ted   be tween  /347  
t h e   p a y l o a d   a n d   t h e   a c c e l e r a t o r   o f   t h e   l a s t   s t a g e ,   a n d   t h e   e n t i r e  
s h i e l d i n g  i s  l o c a t e d   i n   f r o n t   o f   t h e   p a y l o a d .   T h e   s h i e l d i n g   w e i g h t  
equals   approximately  5000  kg.  

” 

V a r i a t i o n  I1 ( s e e   F i g u r e   1 0 . 2 5 ,   b ) .  The r e a c t o r  is  l o c a t e d  
between  the  payload,   which i s  p l a c e d   i n   t h e   n o s e   o f   t h e   r o c k e t ,   a n d  
t h e   a c c e l e r a t o r   o f   t h e   l a s t   s t a g e .  The s h i e l d i n g   w e i g h t  i s  1680 kg.  
I t  i s  c h a r a c t e r i s t i c   t h a t   s h i e l d i n g  from s c a t t e r e d   r a d i a t i o n   w e i g h s  
more  (1290  kg)   than  does  shielding  f rom d i r e c t  r a d i a t i o n  (390  kg) .  

”_ V a r i a t i o n  I11 (see   F igure   10 .25 ,   c )  i s  similar t o   v a r i a t i o n  11, 
w i t h   t h e   e x c e p t i o n   t h a t   t h e   r a d i a t o r . i s   l o c a t e d   u n d e r   t h e   r e a c t o r .  
The w e i g h t   o f   s h i e l d i n g   f r o m   d i r e c t   r a d i a t i o n   d o e s   n o t   c h a n g e   i n  
t h i s   c a s e ,   w h i l e   t h e   w e i g h t   o f   s h i e l d i n g   f r o m   s c a t t e r e d   r a d i a t i o n  
i s  r e d u c e d   t o  660 kg. One d i sadvan tage   o f   t h i s   a r r angemen t  i s  t h e  
n e c e s s i t y   o f   e j e c t i n g   t h e   o u t e r   c a s i n g   b e t w e e n   t h e   p a y l o a d   a n d   t h e  
r a d i a t o r ,  when t h e   s y s t e m  i s  p l a c e d   i n   o r b i t ,   i n   o r d e r   t o   p r e v e n t  
s c a t t e r i n g   o f   n e u t r o n s .   I n   a d d i t i o n ,   t h e   f r a m e   w h i c h   s u p p o r t s   t h e  
p a y l o a d   m u s t   b e   l o c a t e d   i n   t h e   s h a d e   o f   t h e   s h i e l d i n g   f r o m   d i r e c t  
r a d i a t i o n , w h i c h   c r e a t e s   a d d i t i o n a l   c o n s t r u c t i o n   d i f f i c u l t i e s .  

V a r i a t i o n  I V  ( s ee   F igu re   10 .25 ,   d ) .  The r a d i a t o r  is  s t o r e d ,  
w h i c h   d e c r e a s e s   t h e   s h i e l d i n g   w e i g h t ,   b u t   l e a d s   t o   a d d i t i o n a l  
c o n s t r u c t i o n   d i f f i c u l t i e s .  
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V a r i a t i o n  V (see Figure   10 .25 ,  e) .  A f t e r   t h e   s y s t e m  i s  p laced  
i n   o r b i t ,   t h e   r e a c t o r   a n d   t h e   r a d i a t o r  are t r a n s f e r r e d  30 m beh ind ,  
and  due t o   t h i s   t h e   s h i e l d i n g   w e i g h t   d e c r e a s e s   t o  288 kg  (without  
t a k i n g   i n t o   a c c o u n t   t h e   w e i g h t   o f   r e l a t e d   m e c h a n i s m s ) .  The relia- 
b i l i t y   o f   t h e   s y s t e m   d e c r e a s e s   i n   t h i s  case. 

i n   o r b i t ,   t h e   r e a c t o r   a n d   t h e   s h i e l d i n g  are s h i f t e d  by 2.7 m. The 
w e i g h t   o f   t h e   s h i e l d i n g   f r o m   d i r e c t   r a d i a t i o n   d e c r e a s e s   t o  210  kg. 
However, t h e   w e i g h t   o f   t h e   s h i e l d i n g   f r o m   r a d i a t i o n   s c a t t e r e d   f r o m  
t h e   c y l i n d r i c a l   r a d i a t o r   i n c r e a s e s   t o  265  kg. I f   t h e   r a d i a t o r  i s  
l o c a t e d   a l o n g   t h e   d o t t e d   l i n e ,  it i s  t h e n   p o s s i b l e   t o   d e c r e a s e   t h e  
t o t a l   s h i e l d i n g   w e i g h t   t o   t h e   w e i g h t   o f   s h i e l d i n g  from d i r e c t  
r a d i a t i o n .  

V a r i a t i o n  V I  ( s e e   F i g u r e   1 0 . 2 5 ,   f ) .   A f t e r   t h e   s y s t e m  i s  p l a c e d  

V a r i a t i o n  V I 1  (F igure   10 .26) .  A s i n g l e - r i b b e d   r a d i a t o r  i s  
u s e d ;   s h i e l d i n g   w e i g h t  i s  251  kg. 

V a r i a t i o n  V I 1 1  (F igure   10 .27) .   This  i s  similar t o   V a r i a t i o n  V I I ,  
b u t   t h e   r a d i a t o r  i s  th ree - r ibbed .  

I- ' 3n 

a F igure   10 .25  b 
( con t inued  on next   page)  

Diagrams  of  Shielding  Arrangement  for a R e a c t o r   w i t h   C y l i n d r i c a l  
R a d i a t o r :  

a- To ta l   Sh ie ld ing   Weigh t  5 Tons: 1- Payload;  2- S h i e l d i n g ;  3- Reac to r ;  
4- R e f l e c t o r ;  5- Cy l ind r i ca l   Rad ia to r ;   b -   To ta l   Sh ie ld ing   Weigh t   abou t  
1 . 7  t ons :  1- Payload;  2- Sh ie ld ing   f rom  Di rec t   Rad ia t ion   abou t  1.3 Tons; 
5- R a d i a t o r ;  6-  R e a c t o r ;  
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Figure 10.25 
(Continuation) 

c- Total  Shielding  Weight 1.062 Tons: 1- Payload 

f 

; 2- Shi elding  from 
Direct  Radiation 0 . 4  Tons; 3- Shielding  from  Scattered  Radiation 
0 . 4 2 2  Tons; 4- Shielding  from  Scattered  Radiation 0 . 2 4  Tons; 5- Radiator; 
d- Total  Shielding  Weight 0.474 Tons: 1- Payload; 2- Shielding  from 
Direct  Radiation; 3- Shielding  from  Scattered  Radiation 0.074 Tons; 
e- Total  Shielding  Weight 0 . 2 8 8  Tons: 1- Payload; 2- Shielding; 5- Ra- 
diator; f- Total  Shielding  Weight 0.475 Tons: 1- Payload; 2- Initial 
Location of Reactor and Shielding; 3- Shielding  from  Direct  Radiation 
0 . 2 1  Tons; 4- Shielding  from  Scattered  Radiation 0.265 Tons; 5- Radia- 
tor; 6-  Position of Reactor and Shielding in Orbit. 
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Figure  10.26 

1 

Diagram o f  Shie ld ing   Arrangement  
fo r   Reac to r   w i th   S ing le -R ibbed  
Rad ia to r :  

1- Payload;  2- Shie ld ing   f rom 
Direc t   Radia t ion   0 .178   Tons ;  3- 
Shie ld ing   f rom  Sca t te red   Radia-  
t i on   0 .073   Tons ;  4- Single-Rib- 
bed   Rad ia to r .  

E 
4' 

Figure   10 .27  

A 

I 3 5 0  

Diagram  of  Shielding  Arrangement 
for   Reac tor   wi th   Three-Ribbed  
Rad ia to r ;   To ta l   Sh ie ld ing   Weigh t  
0 .41  Tons : 

1- Payload;  2- S h i e l d i n g  from 
Scat te red   Radia t ion   0 .133   Tons ;  
3- Shie ld ing   f rom  Di rec t   Rad ia -  
t ion   0 .227   Tons ;  4- Three-Ribbed 
R a d i a t o r .  

V a r i a t i o n  IX (F igu re   10 .28 ) .   The   r eac to r  i s  l o c a t e d   i n   t h e   n o s e  /351 
cone ,   and   t he   sh i e ld ing  i s  undernea th  i t .  A s h i e l d i n g   f r o m   s c a t t e r e d  
r a d i a t i o n  i s  n o t   n e c e s s a r y ;   t o t a l   s h i e l d i n g   w e i . g h t  i s  204  kg. The 
r a d i a t o r   h a s   t h e  form  of  a f rus tum  of  a cone,   which  has  a s m a l l   s c a t -  
t e r i n g   s u r f a c e  a n d   w h i c h   l e a d s   t o   g r e a t   s a v i n g s   i n   w e i g h t .  

"- 

T h e   w e i g h t   o f   t h e   r a d i a t i o n   s h i e l d i n g   f o r   t h e   g i v e n   v a r i a t i o n s  
i s  approximate ,   and   can   be   u t i l i zed   to   compare   the   d iagrams of  t h e s e  
arrangements .  We w o u l d   l i k e   t o   p o i n t   o u t  two fac tors   which   mus t  
n e c e s s a r i l y   b e   t a k e n   i n t o   a c c o u n t  when c h o o s i n g   t h e   r a d i a t i o n   s h i e l -  
d ing   a r r angemen t   i ndependen t ly   o f   t he   pu rpose   o f   t he   en t i r e   dev ice  as 
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S o l i d  Angle 
of   Conica l  

Rad ia to r  

S o l i d  Angle 
of   Conica l  

Rad ia to r  

I 3 5 0  

Figure  10.28 

Diagram o f  Shie ld ing   Arrangement   for   Reac tor  w i t h  
Con ica l   Rad ia to r :  

1- Reac to r ;  2- Shie ld ing   f rom Direct R a d i a t i o n  0 .2  
Tons; 3- Payload.  

a whole. F i r s t ,  t he   e l ec t romechan ica l   equ ipmen t   wh ich  i s  l o c a t e d  
on t h e   o u t e r  s i d e  o f  t h e   r e a c t o r ,  and a l s o   a l l  o f   t h e   s c i e n t i f i c  
i n s t rumen t s ,   r ad io   eng inee r ing ,   and   t e l eme t ry  devices, e t c .  w i l l  
unde rgo   r ad ia t ion   damage ,   wh ich   mus t   be   t aken   i n to   cons ide ra t ion  
when s e l e c t i n g   t h e   s h i e l d i n g   a r r a n g e m e n t .  Each type  of   equipment  
a n d   i n s t r u m e n t   t o l e r a t e s  a s p e c i f i c   i n t e g r a l ,   t h r e s h o l d   d o s e   o f  
r ad ia t ion   w i thou t   chang ing   t he   mechan ica l   and   t he rmo-phys ica l  
p rope r t i e s ,   r eg imes ,   and   ope ra t iona l   pe r fo rmance .   Ano the r   work  
(Ref.  2 )  p r e s e n t s  some d a t a  on t h i s   p r o b l e m .   C o n s e q u e n t l y ,   t h e  
a r r a n g e m e n t   o f   t h e   i n s t r u m e n t s   a n d   e q u i p m e n t   m u s t   s t r i c t l y   c o r r e s -  
pond t o   t h e   s p a t i a l   d i s t r i b u t i o n   o f   r a d i a t i o n   i n t e n s i t y   b e y o n d   t h e  
r e a c t o r  l imi t s ,  t a k i n g   i n t o   a c c o u n t   t h e   i r r a d i a t i o n  time. A 
g r e a t  many s t u d i e s   h a v e   b e e n   d e v o t e d   t o   t h e   p r o b l e m   o f   t h e   i n f l u e n c e  
of  i r r a d i a t i o n  on t h e  material and   ins t ruments ;  a g e n e r a l   p i c t u r e  
o f   t h e   b e h a v i o r   o f   c e r t a i n  materials and  equipment i n   r a d i a t i o n  
f i e l d s  i s  p r e s e n t e d   i n   t h e   w o r k  ( R e f .  7 1 ) .  Secondly,  i t  should be 
n o t e d   t h a t   t h e  s l i t s ,  c a n a l s ,  cav i t ies ,  a n d   n o n u n i f o r m i t i e s   i n   t h e  
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s h i e l d i n g   m u s t   b e   a r r a n g e d   i n   s u c h  a way t h a t   t h e   l e a k i n g   r a d i a -  
t ion   th rough  them i s  r educed   t o  a  minimum, w h i l e   n o t   i n c r e a s i n g  
t h e  amount  of s h i e l d i n g   m a t e r i a l   t o  a s i g n i f i c a n t   e x t e n t .  Recom- 
mendations on t h e   d e s i g n   f o r   r a d i a t i o n   p e n e t r a t i o n   t h r o u g h  
d i f f e r e n t   n o n u n i f o r m i t i e s   i n  a s h i e l d i n g   a r e   g i v e n   i n   t h e  works 
(Ref.  2 ,  3 ,  72-75) .  

10 .9 .  Rad ia t ion   Sa fe ty   Dur inP   Se rv ic ing   and   Repa i r  
of   Nuclear   Devices  

The s e r v i c i n g  and r e p a i r   o f   n u c l e a r   d e v i c e s  i s  a v e r y   d i f f i c u l t  
p r o b l e m   u n d e r   s p a c e f l i g h t   c o n d i t i o n s .  The requi rement  f o r  minimum 
w e i g h t   l e a d s   t o   t h e   n e c e s s i t y   o f  a s h i e l d i n g   f r o m   r e a c t o r   r a d i a t i o n  
fo r   ve ry   l imi t ed   s ec t ions   and   vo lumes   o f   t he   space   veh ic l e ,  i f  only 
to   keep   t he   equ ipmen t   and   i n s t rumen t s   f rom  unde rgo ing   r ad ia t ion  
damage  and t o   p e r m i t   t h e   n o r m a l   a c t i v i t y   o f   t h e   c r e w .   F o r   t h i s  
r e a s o n ,   d u r i n g   t h e   a c t i v e   s e c t i o n s   o f   t h e   f l i g h t  when t h e   n u c l e a r  
r e a c t o r  i s  i n   o p e r a t i o n ,   w h i c h   i n   t h i s   c a s e  i s  p a r t l y  an engine  
and no t   an   add i t iona l   sou rce   o f   power ,   even   any   b r i e f   r epa i r  work 
on i n a d e q u a t e l y - s h i e l d e d   s e c t i o n s  i s  p e r m i t t e d   i n   u n u s u a l   c a s e s ,  
and i n  some p o o r l y - s h i e l d e d   l o c a t i o n s  i t  i s  s imply   imposs ib le  I 3 5 2  
f o r  man t o   r e m a i n   f o r   e v e n  a v e r y   s h o r t  time. This  problem  can 
b e   f r e q u e n t l y   s o l v e d   b y   t h e   u s e   o f   v a r i o u s   m a n i p u l a t o r s ,   w h i c h  
make i t  p o s s i b l e   t o   p e r f o r m   c e r t a i n   o p e r a t i o n s   a t  a d i s t a n c e .  
Consequent ly ,   p rophylac t ic   and   repa i r   work   of  a d i f f e r e n t   t y p e  
m u s t   b e   c a r r i e d   o u t   d u r i n g   t h e   p a s s i v e   p o r t i o n s   o f   t h e   f l i g h t ,  
when t h e   r e a c t o r  i s  s h u t   o f f .  But  even i n   t h i s   c a s e   a c c e s s   t o   t h e  
r e a c t o r  and t o   i n d i v i d u a l   u n i t s  i s  r e s t r i c t e d   d u e   t o   t h e   r e s i d u a l  
y - a c t i v i t y   o f   f i s s i o n   p r o d u c t s   a n d   o f   y - r a d i a t i o n   f r o m   a c t i v a t e d  
m a t e r i a l s   w h i c h   a r e   e f f e c t e d  by  a n e u t r o n   s t r e a m .   I n d i v i d u a l  con- 
s t r u c t i o n   e l e m e n t s   w h i c h   h a v e  a h i g h   r e s i d u a l   a c t i v i t y ,  a coo lan t  
wh ich   pas ses   t h rough   t he   ac t ive   zone   o f   t he   r eac to r ,   e t c . ,   be long   he re .  
Sec t ion  10 .1  l i s t e d   t h e   i n t e n s i t y   o f   r e s i d u a l   y - a c t i v i t y  of  f i s s i o n  
products   as  a f u n c t i o n   o f   t h e   r e a c t o r   o p e r a t i o n a l   t i m e  and t h e  
time l a g   a f t e r   t h e   r e a c t o r  i s  s h u t   o f f .   I f   t h e s e   d a t a   a r e   u t i l i z e d ,  
i t  i s  p o s s i b l e   t o   c a l c u l a t e   t h e  t i m e  which a man  may remain  around 
t h e   r e a c t o r   f o r  a s p e c i f i c   p e r m i s s i b l e   i r r a d i a t i o n   d o s e .  

U t i l i z i n g   t h e   l a w   o f   r a d i o a c t i v e   d e c a y ,   o n e   c a n   r e a d i l y   c a l c u -  
l a t e   ( R e f .  2 ,  3 )  t h e   r e s i d u a l   a c t i v i t y   o f   c o n s t r u c t i o n   m a t e r i a l s  
a n d   c o o l a n t s .   I n   o r d e r   t o   c a l c u l a t e   t h e   a c t i v i t y ,  i t  i s  necessa ry  
t o  know the   s t r eam  o f   neu t rons ,   t he   chemica l   compos i t ion  o f  t h e  
m a t e r i a l ,   t h e   a c t i v a t i o n   c r o s s - s e c t i o n s ,   a n d   t h e   t y p e   o f   d e c a y   f o r  
t h e   d i f f e r e n t   e l e m e n t s   ( R e f .  3 ,  7 6 ) .  When c a l c u l a t i n g   t h e   a c t i v i t y ,  
one s h o u l d   k e e p   t h e   f a c t   i n  mind t h a t  one   can   f requent ly   de te rmine  
t h e   a c t i v i t y ,   n o t   o f   t h e   m a t e r i a l   i t s e l f ,   b u t   o f   t h e   a d m i x t u r e s  
c o n t a i n e d   i n  i t .  T h u s ,   f o r   e x a m p l e ,   i m m e d i a t e l y   a f t e r   i r r a d i a t i o n  
t h e   a c t i v i t y  of s t a i n l e s s  s t ee l  (Ref.  3 )  w a s  de te rmined   by   the  
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manganese  which made up 1% of i t s  composi t ion.  In s p i t e  of t h e  
f a c t   t h a t   t h e   a c t i v a t i o n   c r o s s - s e c t i o n s   i n c r e a s e   w i t h  a d e c r e a s e  
i n   t h e   n e u t r o n   e n e r g y ,  when t h e   a c t i v a t i o n  i s  c a l c u l a t e d  i t  i s  
i m p o s s i b l e   t o   d i s r e g a r d   t h e   v e r y   r a p i d   n e u t r o n s ,   w h i c h  can produce 
r e a c t i o n s   w i t h   t h e   e m i s s i o n  of c h a r g e d   p a r t i c l e s ,   f o r m i n g   l o n g -  
l i v e d   r a d i o a c t i v e   i s o t o p e s ( R e f .  3). Thus, when i r r a d i a t e d  by 
r a p i d   n e u t r o n s ,  as a r e s u l t  of t h e   ( n ,   a ) - r e a c t i o n , a l u m i n u m  i s  changed 
i n t o  a long- l ived   rad ioac t ive   i so tope   sodium-24.  

F o r   p r a c t i c a l   c a l c u l a t i o n s ,  i t  i s  advantageous t o   u t i l i z e  a 
r a p i d  method o f   e s t i m a t i n g   i n d u c e d   a c t i v i t y   f o r  100 n u c l e i   ( R e f .   7 7 ) ,  
nomograms o f   r a d i o a c t i v i t y   c a u s e d  by i r r a d i a t i o n   ( R e f .   7 8 ,   7 9 ) ,   a n d  
a l s o   a n   e x a m i n a t i o n   o f   r a d i a t i o n   o f   p l a t e s   a n d   c y l i n d e r s   a c t i v a t e d  
by  neutrons  (Ref .   80) .  

The p o s s i b i l i t y   o f   p e r f o r m i n g   r e p a i r - p r o p h y l a c t i c   w o r k  i s  
f r e q u e n t l y   d e t e r m i n e d   b y   t h e   i n d u c e d   a c t i v i t y ,   n o t   o f   c o n s t r u c t i o n  
e l emen t s ,   bu t  by t h e   a c t i v i t y   o f   t h e   c o o l a n t   s u r r o u n d i n g   t h e   r e -  
a c t o r .  The m a g n i t u d e   o f   t h i s   r e s i d u a l   a c t i v i t y   c a n  make t h e  access 
t o   t h e   t h e r m a l   e x c h a n g e   e q u i p m e n t   d i f f i c u l t   t o  a c o n s i d e r a b l e   e x t e n t .  
A p a r t   f r o m   t h e   i n t e n s i t y   o f   i r r a d i a t i o n  by n e u t r o n s ,   t h e   a c t i v i t y   o f  
the   coolan t   can   be   caused  by s o l u t i o n  and e r o s i o n   o f   t h e  act ive 
mater ia l   which  i s  a d j a c e n t   t o   t h e   c o o l a n t ,  by f i s s i o n   p r o d u c t s  
f a l l i n g   i n t o   t h e   c o o l a n t ,   a n d  by s e v e r a l   o t h e r   f a c t o r s .  The n a t u r e  1353 
of   t he   coo lan t   de t e rmines   wh ich   f ac to r  makes t h e   g r e a t e s t   c o n t r i -  
b u t i o n .  The work  (Ref. 3) p r e s e n t s   d a t a   w h i c h  are  n e c e s s a r y   t o  
c a l c u l a t e   t h e   i n d u c e d   a c t i v i t y   o f   c e r t a i n   p u r e   c o o l a n t s .   I n  
a n o t h e r  work (Ref. S l ) ,  an   examinat ion  i s  made o f  t h e   c o n n e c t i o n  
b e t w e e n   t h e   s p e c i f i c   a c t i v i t y   o f   t h e   l i q u i d   a n d   t h e   d o s e  r a t e  on 
t h e   s u r f a c e   o f   c y l i n d r i c a l   t a n k s   o r   t u b e s .   I f   t h e r e  i s  a second 
c i r c u i t   i n   t h e   t h e r m a l   e x c h a n g e   c i r c u i t ,  i t s  a c t i v a t i o n   c a n   b e  
reduced t o  a pe rmis s ib l e   magn i tude  by p l a c i n g  a c o u n t e r - a c t i v a t i o n  
sh ie ld ing   be tween  the   reac tor   and   the   hea t   exchanger   (Ref .   82) .  
Apar t   f rom  the   hea t   exchanger ,  a c o u n t e r - a c t i v a t i o n   s h i e l d i n g   c a n  
b e   p r o v i d e d   f o r   o t h e r   i n d i v i d u a l   u n i t s   a n d   s e c t i o n s   w h i c h   r e q u i r e  
p r o p h y l a c t i c   i n s p e c t i o n   o r  r epa i r  d u r i n g   t h e   f l i g h t .  
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APPENDIX 1 

REMOVAL CROSS-SECTIONS FOR NEUTRONS 9F A FISSION SPECTRUM 

Subs tance  

~~ 

Hydrogen 

Li th ium 
Beryl l ium 

Boron 

Graph i t e  

oxygen 
F l u o r i n e  
Aluminum 
Chlo r ine  

I r o n  
Nicke l  
Copper 
Tungs t e n  

Lead 

Bismuth 
Uranium 

Boron  Oxide 
B203 

Boron  Carbide 
O i l  CH2 

Dens i ty  
g/cm3 

8,987.10-' 

0,53 
178 

2,s 

2-25 

I ,429. I O -  3 

2,702 
- 

3,24- I O -  3 

7,86 
8,9 
8,92 

19,3 

1 1,34 

9,8 
18,9 

1,85 

2 3  
0,9 

1 ,o 
1 , O l  
1,07 

0.97 

0,72 

0,92 
1,29 
1,31 
1 2  

1,98 
1,89 
2,04 
2,51 

3,53 

3.49 
3,6 

4,3 

; , I  
1,84 

- 

0,046 
1,128 

0,135 

0,092 

- 
- 

0,079 
- 

0, I68 
0,173 
1,173 
0,158 

3,116 

3,098 
3, I7 

1,066 

1,141 
),I11 

Subs tance  

P a r a f f i n  
c 30H6 2 

S tee1 
S tee l  i n  

Mone 1 
Metal  
Boron 
S t a i n l e s s  
S t ee l  
Pb + 6.5% Sb 
Pb + 2% Sb 
Po lye thy lene  
Po 1 e thy l e n e  
w i d  Boron 
O i  1 
Sodium 
Amnoni  a 
Li th ium  bor -  

Water 

hydr ide  
Li th ium 
Hydride 
Water 
Gaso l ine  CgH18 
Rubber  (C5Hg)n 

Heavy Water 
Steel 
t 1.57% B 

)en- 
j i t y  

gf  3 cm __ 

0,89 

7-8 
7.8 

8.51 

7 ,0 

10,8 
1 1.4 
0,92 
1,01 

0,82 
0,97 
0,771 
0,68€ 

0,82 

,O 

0,73 
I 92 

,1076 
,75 

1.71- 

0 

barn  

80,5 

I .9e 
1,99 

- 

- 

" 

3.28 
3,0 

3,25 
1.77 
4,07 
5,9 

2,01 

2,95 
24,5 

12,1 

2,76 
I ,98 

" 

L__ 

0,102 

0,167 
0, I72 

0,176 

0,154 

0,105 
0,115 
0,130 
0,130 

0, I 14 
0.045 
0.1 1 I 
0,113 

3,125 

3,100 
3,093 

3,098 

).09 16 
1, I66 

/354 
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APPENDIX 2 
MASS ATTENUATION  COEFFICIENTS  OF  Y-wys 

P I P ,  cm21g 
1355 

Substance I 0.1 
- 

Be 
H 

C 
N 
0 

N a  

3 
Si 
P 

A r  
S 

Ca 
K 
Fe 
cu 
I40 
S n  

W 
I 

Pt 

Pb 
TI 

U 
A i r  

Live  Tissue 
H,O 

0.295 
0.132 
0.149 

0.151 
0.151 
0,160 
0.161 
0.172 
0.174 
0.188 
0.188 
0.2 I5 

0.344 
0.427 

I .59 

4.21 
1.83 

4.75 
5.16 
5.29 
1.06 
0.151 
0.167 
0,163 

0,150 

0.238 

I .n3 

- 
0.5 

0.173 
0.0773 
0.087 
0.0869 

0.0833 
0.086 

O.OR69 
0,0846 

0,087 

o.m.1 

0.0874 
n.0700 
0.0952 

n . n m  
0.0876 

@.OH20 
0.0851 
0.0886 
0.0913 
0. I25 
0. I35 
0.143 
0.145 
0. I76 

0.0966 
0.0936. 

o.mm 

1 

0.126 
0.0565 
0.0636 
0.0636 
0.0636 
0.0608 
0.0627 
0.0614 
0.0635 
0.0fi I7  

0.0573 
0.0635 

0.0618 
0.0631 
0.0:,'15 
O,O:)K~ 
0.0575 
0.0563 
0.0571 
0.0640 
0.0659 
0.0675 
0,0684 
0.0757 
0.0655 
0.0i06 
0,0683 

Energy of y-radiation, Mev 

0.0876 
0.0394 
0.0444 
0.0445 
0.0145 
0.0.127 
0.0442 

o . n m  
0.0107 

o.nc,l  

0.0118 

o . o m  
0.0409 

0.0432 
0.0147 

0.0.148 

0.0438 

0.0424 

0.04 14 

0.0437 
0,0449 
0.0452 
0.0457 

0.0445 
0.0493 
0,0478 

0.0464 

APPENDIX 3 

DOSAGE  BUILDUP  FACTOR  FOR AN ISOTROPIC 
POINT  SOURCE 

Substance 

Water 

0.5 

2.0 
I .o 
3.0 
4.0 
6.0 

10.0 
8.0 

" 

2.52 
2. I 3  
I .83 
I .69 
I .50 
I ,46 
I .38 
1.33 

1 -  
I 

10.0 

I 7R I 334 
50.4 82.2 
19.5 27.7 
12.8 17.0 
9.97 12.9 
7.09 8.85 
5.65 6.95 
4.93 5.98 

~~ 
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Appendix 3 ( c o n t i n u a t i o n )  

Subs tance  

Aluminum 

I r o n  

Tungs t en  

Le ad 

Uran i urn 

I EO Mev - 

0.5 

2.0 
I .o 
3.0 
4 ,O 
6.0 

10,o 
8.0 

0.5 

2.0 
I .o 
3.0 
4,O 
6.0 

10,o 
8,O 

O S  

2.0 
I .o 
3.0 
4 .O 
6.0 

10.0 
0.5 

2,o 
1 .o 
3.0 
4.0 
6.0 

10.0 
8.0 

0.5 

2.0 
1 .o 
3.0 
4.0 
6.0 
8.0 

10.0 

a,o 

r - 
1 

2.37 
2.02 
1-75 
1.61 
1.53 
I .42 
I .34 
1.28 
1.98 
1.87 
I .76 
I ,55 
1,45 
1.34 
1.27 
1.20 
1.28 
1.44 
1,42 
I ,36 
I .29 
I .20 
1.14 
1.11 
I .24 
1.37 

I .34 
1.39 

I .27 
1.18 
1.14 
1.1 I 
1.17 
I .3l 

I .29 
I .33 

I .21 
1.16 

1,09 
1.12 

- I 

1 

- 
2 

4.24 
3.31 
2.61 
2.32 
2.08 
I .83 
1.68 
I .53 
3.09 
2.89 
2.13 
2.  I5 
I .91 
I .72 
1.56 
I .42 
I .50 
I .83 
1.85 
1.74 
I .62 
I .43 
1.32 
I .23 
1.42 
1.69 
I .76 
I .68 
I .56 

1.30 
I .40 

1.23 
1-30 
I .56 
1.61 
1.58 
I .50 
1-36 
I .27 
1.23 

- 
__ 

4 

9.47 
6,57 
4.62 
3.78 
3*22 
2.70 
2.37 
2,12 
5.95 
5.39 
4, I3 
3.51 
3.03 
2.55 
2.23 
1,95 

2.57 
I .81 

2.72 
2.59 
2.4 I 
2.07 
1.81 
I .61 
1.69 
2.25 
2.51 
2.43 
2.2; 
I .97 
1.74 
1.58 

I .93 
2.2 3 
2.21 
2.09 
1.85 
I .65 
1.51 

- 

1.48 

lJ Or 

7 

21.5 
13. I 

- 
- 

8.03 
6.  I4 
5.01 
4.06 
3.45 
3.0 I 
11.7 
10.2 
7.25 
5.85 
4.91 
4.14 
3.49 
2.99 
2.21 
3.62 
4.09 
4.03 
4.03 
3.63 
3.03 
2.62 
2.03 
3.02 
3.66 
3.7i 
3.61 

2.89 
3.34 

2.52 
I .67 
2.50 

3.27 
3.21 
2.96 
2.61 
2-2 

3.ng 

1 0  

35.9 
21.2 
11.9 
8.63 
6.88 
5.49 

3.96 
19.2 
16.2 
10.9 
8.51 
7.1 I 
G.02 
5.07 
4 .35  
2.61 
4.61 
5.27 
5.91 
6,27 
6.29 
5.40 
4.63 
2.27 
3.74 
4.8! 
5.3c 
5.4 1 

5.0i 
5.6C 

4.33 

2.9i 
I .8: 

3.9: 
4.51 
4.6C 
4 -8- 
4.3 
3.78 

- 

4.58 

1 5  

83.8 
37.9 
18.7 
13.0 
10. I 
7.97 
(5.56 
5.63 

23.3 
35.4 

17.6 
13.5 
11.2 
9.89 
8.50 
7.5 1 

3-12 
6.2i 
8.07 
9.65 
12.0 
15~7 
13.2 
14.0 
2.63 
4.81 
6.87 
8.44 
9.83 
13.8 
14.1 
12.5 
2.08 
3.67 
5.35 
6,97 
8.0 I 

10,s 
11.2 
10.5 

2 0  - 
141 
58.5 
26.3 
17.7 
13.4 
10.4 
8.52 
7.32 
55.6 

25. I 
42.7 

19. I 
15.0 
14.7 
13.0 
12,4 

(7.35) 
( I  0.6) 
14.1 
23.9 
3G.3 
41.9 
39.3 
(3.73) 
5.85 
9.03 
12.3 
16.3 
32.7 
44.6 
39.2 
- 
- 
(6.49) 
9.31 

1?.7 
23.0 
28.‘) 
29.5 
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APPENDIX 4 

DOSAGE BUILDUP FACTOR FOR A FLAT MONO DIRE^ 
TIONAL SOURCE 

Substance E " .  1 M e v  

Water 

I ron  

Le  ad 

U r a n i u m  

' l,o ' 2,o i 3,O 
/ 4.0 

' I 2  
2,63 
2,26 
1,84 
I ,69 
I ,58 
1,45 
1,36 
2,07 
1.92 

1,58 
I .69 

1.48 
1,35 
1,27 
1,22 
1,24 
1,38 
1.40 
1.36 
1,28 
1,19 
1,24 
1 , l l  

1,30 
1,17 

1,33 
I ,29 
1,25 
1,18 
1,13 
1.10 

4.29 
3,39 
2,63 
2.31 
2. IO 

1,69 
I ,86 

2.94 
2.74 
2,35 
2.  I3 
I ,90 
1,7l 
1.55 
1.44 
I .39 
1,68 
1,76 
1,71 
I ,56 
1.40 
1,30 
I ,24 

1-53 
I ,28 

I ,62 
I ,57 
I ,49 
1,37 
1,27 
1,21 

POX 

4 1 7  
9,05 
6,27 
4,28 
3,57 
3.12 
2.63 
2,30 
4.87 
437 
3,76 
3.32 
2,95 
2,48 
2, I7 
I ,95 
I ,63 
2, I8 
2,4 1 
2,42 
2, I8 
1,87 
1,69 
I .54 
1,45 

2, I5 
1,90 

2, I3 
2.02 
1,82 
1.62 
I ,48 

~~ .~ ______ 

20,o 
I I S  
6,96 
5.51 
4,63 
3,76 
3, I6 
8,31 
7,8 I 
6,ll 
5,26 
4,61 
3,81 
3,27 
2,89 

2,80 
1,87 

3,36 
3.55 
3,29 
2,97 
2,61 
2,27 

2.32 
1,60 

2,87 
3,02 
2,94 
2,74 
2,39 
2,12 

IO 

35,9 
18.0 
9,87 
7,48 
6,19 
4,86 
4,OO 
12,4 
11,6 
8,78 
7,41 
6,46 
5,35 
4,58 
4,07 
2,08 
3.40 
4,35 
4,82 
4,69 
4,69 
4,18 
3.54 

2.70 
I ,73 

3,56 
3,99 
4.06 
4,12 
3,65 
3,21 

15 

74,9 
30,8 
14,4 
10,8 
8.54 
6.78 
5.47 
20,6 
18,9 
13,7 
11.4 
9,92 
8,39 
7,33 
6,70 

4,20 
5,94 
7,18 
7,70 
9,53 
9,08 
7,70 

3.60 
4.89 
5.94 
6,47 
7,79 
7,36 
6.58 

- 

- 

APPENDIX 5 

BUILDUP FACTOR O F  ABSORBED ENERGY FOR AN 
ISOTROPIC  POINT SOURCE 

Water 

2,46 4.93 13,4 
2,13 3,71 7,85 
1,85 2.82 4,99 
1,74 2,52 4,lO 
1,59 2,18 3,37 
1.46 l,89 2.76 
1,38 1,74 2,42 
1,31 1,60 2,13 

36,l 71,5 
16,8 28.2 
8,67 12,9 
6,57 9,12 
5,18 7.01 
3,98 5.18 
3,36 4,28 
2,88 3,60 

15 I 20 

163  305 
51.9 

10.1 
17,9 13,4 
28,6  20,O 
83,8 

13,O 
7,07 

5,76  4,73 
7,OO  5.70 
8,83 

I 3 5 7  
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Appendix 5 ( c o n t i n u a t i o n )  I 3 5 8  

per 

7 

~ ~ 

26,9 
15,O 
8.63 
6.25 
5,05 
3,92 
3,25 
2,83 

20,4 
13.6 
7.90 
6,05 
4.90 
3,73 
2.99 
2,61 
2,61 
4.74 
4.70 
3.85 
3.25 
2,63 
2.21 
1.92 

E.  I 

Mev 
Subs tance  

10 

49.2 
23.2 
12.8 
8,94 
6,93 
5,27 
4.28 
3,70 

34,2 
21.9 
11.9 
8.82 

5,35 
7,10 

4,23 
3,69 
3,Ol 
6.01 

5,43 
6,32 

4.79 
4,20 
3.50 
2,92 

15 I 20 

104 185 
44.1 

28,3 20,2 
69.1 

13,5 10,2 
18.2  13,4 

" . 

7,62 

6,74 5,22 
7,88  6,lO 
9.92 

64,3 

14,O 
27,4 19.3 
58,5 38.8 

101 

9,89 6,17 
10,4 6,89 
12,7 8.67 
16.7 11,l 
1 9 8  

7,78 9,70 
9.05 12,O 
8.65, 12.6 
8.46 13.9 
9,46  21,5 

3.52 - 

I . 2  4 

11.4 
794 
4,93 
3,88 
3.24 
2.63 
2.26 
2,02 
9.97 
7.00 
4.53 
3.61 
3.03 
2,38 
1.99 
1,78 
2,19 
3.39 
3,14 
2,50 
2,09 
1,70 
1,50 
1,38 

0.5 2,61 
2,15 
1,80 
1,66 
1,54 
I ,40 

1,25 
1,31 

2.80 
2.19 
1,78 
1,58 
1,45 
1.30 
1,21 
1,16 
1,51 
1.76 
I ,58 
I ,37 
1,24 
1,14 
1.10 
1,08 

4.92 
3,64 
2,74 
2.37 
2.09 
1,81 
1,62 
1,51 
4,84 
3.58 
2,64 
2,21 
1.95 
1,63 
1,45 
1,35 
1 ,a0 
2,37 
2,10 
1,73 
1,49 
1,29 
1,21 
1,16 

Aluminum 

I r o n  

10,o 
0.5 

Le ad 
4,O 
6.0 
810 

10.0 

APPENDIX 6 
ENERGY BUILDUP FACTOR  FOR AN ISOTROPIC 
POINT SOURCE 

Subs tance  
2 

~. - 

35,O 
15.2 
7.51 
5,35 
4,37 
3,39 

2,63 
2.91 

22.94 
12,95 

5,31 
7,21 

4.28 
3,47 
2,95 
2,64 

2,56 
2,10 
1,73 
1,58 
1,17 
1,36 
1,30 
1,26 
2.45 
2,01 
1,67 
1,53 
I ,44 
1,33 
1,27 
1,22 

5,lO 
3,58 
2,55 
2,18 
1,95 

1,59 
1,72 

1,51 
4,43 
3,29 
2.43 
2,11 
1,88 
1,68 
1,54 
1,45 

404 

13,5 
7,42 
4,40 
3,42 

2,40 
2.91 

2,05 
1,97 

10,o 
6,52 
4,21 
3,33 
2,82 
2.37 
2.09 
1,91 

68,l 
25.1 

7,35 
10.9 

5,85 
4,36 
3,67 
3,26 

41,7 
21,o 
10,6 
7,41 
5,81 
4,61 
3,86 
3,42 

153 283 
45,7 

14.3 10.7 
24,2 17,l 
73,2 

Water 8;34 

4,85 
7,35 6,28 

10;7 

5,19 4.26 
5,94 

87.0 1 152 
37,6 

11.1 
23,2 16,6 
58,1 

6,18  4,78 
7,04 5.45 
8,60 6,61 

11.2 8,42 
14,9 

Aluminum 



Appendix 6 ( c o n t i n u a t i o n )  

Subs tance  

I r o n  

Tungs t e n  

Lead 

Uranium 

4 :O 

57,7 
41,5 
22.2 
16;5 
13,6 
11,8 
10,3 
9,14 

1 0,5 

8,27 6,33 4,49 3,41 2,37 1.68 1,35 2,O 
5,25 4,34 3.65 2,95 2,21 1.66 1,35 I 1,0 

(2,71) 2,27 2,26 1,99  1,68 1,41 1,24 

i 3,O 1,29  1,59 2,25 

27,6 9,25 3,49 2,16 1,46 1,19 1,09 1 10,O 

25,2 10,91 4,70 2,87  1,79 1,33  1,15 I 6,O 29,5  10,68 4.11 2,48 1,59 1,24 1 , 1 1  , 8,O 

13,7 8,33 4,72 3,20  2,06 1,49  1,23 4,O 
10,7 7,46 4.74 3,39 

2.051 - 3:59 - 
5,Ol (6,08) 
6,26 8,77 
6.92 10.9 
8,75 18,3 
8.69 20.9 

APPENDIX 7 

ENERGY  BUILDUP  FACTORS FOR A FLAT MONO- 
DIRECTIONAL  SOURCE 

_ _  

Subs tance  1 1.-7[-7 POX ' 1  T"lo I 15 

- 
O S  
1,o 

2,75 

4,71 3,49 2,78  2,07 1,56 1,29 8,O . 6,O 
7,24  5,28 4,OO 2,74  1,91 1,47 4,O 

3,O Water 
12,8 8,74 6,08  3,87 2,42 1,73 
28,3 16,6  10,7 5.89 3,28 2.21 

2,o 

70.6 34,5  20,2 9,11 4,49 

1,68 

5,74 *4,17  3,26 2,33 1.69 1,36 

9,23  6,44 4,79  3,16  2,09 
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Appendix 7 (continuation) / 360  

Substance 

I ron  

L e  ad 

Uranium 

€ 0 .  

Mev 1 

2,09 
1,89 

1,49 
1,61 

1.39 
1,28 
I ,22 
1,17 
1,24 
1,37 

' 1,36 
1,31 
1,24 
1,15 
1,12 
I ,09 
1,17 
1,29 
1,30 
1,26 
1,21 
1.14 
1 . 1 1  
1,08 

___ 
2 

2,96 
2.68 
2,20 
1,93 

1,57 
1,78 

1,36 
1,45 

1.65 
I ,39 

1,68 
1,61 
1,45 
1,32 
1,22 
1,17 
1,28 
1,51 
1.57 
1,50 

1,30 
1,43 

1,22 
1,18 

4 

4,91 
4,45 
3,44 
2,95 
2,60 
2,19 
1,93 
1,77 
1,61 
2,12 
2,28 
2,23 
I ,99 

1,53 
1,73 

1.40 
1,44 
I ,87 
2,06 
2,01 

0.67 
137 

1,50 
1,40 

" 

7 
" 

8,39 
7,57 
5.51 
4,59 
3.96 
3925 
2,80 
2.51 
1.84 
2.71 
3.14 
3,21 
2,95 
2.60 
2,23 
1.93 
I ,60 
2.28 
2,73 
2,80 
2,67 
2,4 1 
2,12 
1,90 

10 

12.5 
11,2 
7,85 
6,38 
5.47 
4,47 
3,82 
3.44 
2.04 

4,03 
3,28 

4,09 
4.31 

3.98 
3.39 
2.81 

2.65 
1,73 

3-38 
3,67 
3,62 
3,51 
3.10 
2,74 

APPENDIX 8 

CONSTANTS FOR CALCULATING  DOSAGE BUILDUP 
FACTOR  FOR AN ISOTROPIC POINT SOURCE 

Water 

Substance E . ,  Mev I 
0,138 

0,076 
0,104 

0,062 
0,056 
0,050 
0,045 
0,042 
0 , l l  
0,082 
0,074 
0,066 
0,064 
0,062 
0,060 

15 
. " .  

20,9 
18.2 
12.2 
9.67 
8.27 
6.87 
5,94 
5,48 

5,48 
4,17 

6,33 
6,70 
7.78 
6,88 
5,60 

3;52 

5.38 
4,60 

5,66 
6,4 I 
5.92 
5.26 

- 

- 

0,o 
0,030 
0,092 
0, I08 
0,l  I7 
0,124 
0,128 
0,130 
0,044 
0,093 
0,116 
0,130 
0,152 
8,150 
0,128 
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Appendix 8 ( c o n t i n u a t i o n )  i 
.~.. . 

Substance 
- 

I r o n  

Tungs t e n  

Le ad 

APPENDIX 9 

CONSTANTS FOR CALCULATING ENERGY 
FOR AN ISOTROPIC  POINT SOURCE 

.~ 

Substance 

Water 

I r o n  

Le ad 

A ,  

20 
12 
6,4 
439 
4 
11,o 
9,o 
6 3  

3.5 
4.6 

2,6 
290 
1,6 
2,20 
2,65 
2,69 
2.18 
1,68 
1,19 
0,87 
0,45 
0,30 

40 7 

a,  

0,0948 
0,0895 
0,0788 

0,075 
0,074 

0,0825 
0,0333 
0,095 
0,043 
0,069 
0.Q86 

0,171 
0,118 

0,205 
0,212 

0,045 
0,032 

0,07 1 
0.097 
0,123 
0,175 
0,204 
0,214 

0,0212 
0,04 
0,07 
0,075 
0,082 
0,075 
0,0546 
0,0116 
0,148 
0,188 
0,134 
0,070 
0,00 
0,052 
0,144 
0,296 
0,178 
0,103 
0,077 
0,064 
0,059 
0,067 
0,08 

BUILDUP  FACTOR 

a,  

0,115 
0,095 
0,067 

0,050 
0,069 

0,0884 
0,082 
0,0735 
0,0725 
0,073 
0,0785 

0,093 
0,0851 

0,038 
0,0.13 

0,080 
0,568 

0,105 
0,135 
0,1675 
0,206 
0,221 

. - -  

a:  

-0,039 
0.016 
0,086 

0,1195 
0,1083 

0,0185 
0,0257 
0,040 
0,059 
0,065 
0,0718 
0,0588 
0,0363 
0,140 
0,141 
0,1385 
0,133 
0,125 
0,1135 
0,0995 
0,0156 
0 

I361 



APPENDIX 10 

DOSAGE  BUILDUP  FACTOR OF y-RADIATION OF AN ISOTROPIC  POINT  SOURCE 
AS  A  FUNCTION  OF  THE  ATOMIC NUMBER OF  SHIELDING  MATERIAL 

N 
0 
LI 
v 
(d 
k 

m 
0 
r2 

70 

7 
0 !O 20 3D 40 50 60 70 80 Z 

a, 
M 

m 
(d 

!3 
0 

a 
a- I n i t i a l  Energy 2 Mev b 

d 

b 
- I n i t i a l  Energy 3 MeV 

d- I n i t i a l  Energy 6 Mev e- I n i t i a l  Energy 8 Mev 

ro 

- " -2 I 
" 1 

2. 
" 

2 

? 0 IO 20 30 40 50 60 70 80 411 2 
C 

c- I n i t i a l  Energy 4 Mev 

N 
0 u 
0 

k 
ld 

70 
5. a 
rl 
-4 
3 a 
a, 
bt 
(d 
m 
0 
0 

7 
0 10 20 30 40 50 60 70 80 2 

f -  I n i t i a l  Energy 10 Me 
€ 
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LI 

QJ 2 
rl w 

AI 

Sb 
As 
Ba 
Be 
Bi 
B'O 

Cd113 
Cd 

Ca 

CI 
C 

Cr 
co 

cu 
F 

Cd 
All 
H C  
I I1 

I 
Fe 

Pb 
Lie 
Mg 

M I1 

Hg 
Mo 
Ni  

Number of y-quanta 
e m i t t e d   i n   a   g i v e n  
e n e r g y   i n t e r v a l  (MeV 
per   each  . lo0  c a p t u r e  

0- I 
" 

? 

? 
? 
? 
0 
0 
0 

> 120 
123 
? 
? 
? 

>37 
? 

? 
? 

? 
? 

? 
0 

- 
? 

0 
0 

? 

? 

? 
? 
? 

>13 

- 80 - 80 - 80 
0 
0 
0 

20 
>44 

50 

20 
16 

? 

<30 

? 
? 

80 
? 
100 
? 

? 
< I O  

0 
0 

> 59 

? 

? 
? 
? 

~ 

77 

36 
47 
75 
50 

100 
0 

73 

60 
100 
13 
12 
36 

>23 

23 
66 
0 

36 

? 
24 
0 

110 
0 

>27 

86 
84 

>I4 

7 

? i 3 5  

- 

5-7 
- 

21 

12 
22 
14 
75 
0 
0 

17 

01 

18 
0 

18 
49 

22 

4 
38 
0 
4 

? 
22 
7 
0 

25 

30 

41 
26 
30 

35 

1 
1 
0 
0 
0 
1 

2,4 

21 
0 

69 
8 

42 
0 

2 
0 
0 
0 

? 
50 
93 
0 

11  

27 

0 
3 

72 

Iaxi-  
num 
znergy 

of 
(-quan 
!lUnMPV 

7.724 

6,80 
7,30 
9,23 
6,814 
4,17 
0,478 
9,046 

7.83 
4,95 
8.56 
9,716 
7,486 

.7,914 
6,63 

7,78 
6,494 
2,230 
5.86 

7,O-0,4 
10.16 

0 
7,38 

9,216 

7,261 

6,446 
9.15 
8,997 

Radioac t ive  
decay  with 
?mission of 
y - r ad ia t ion  a 

!,3min A P :  
100 (1,s) 

COG0 : 100 

100  (1,33) 
(1917) 

1 k e c  FZ0: 
:lo0 (1,63) 

5,3 y e a r s  

: 18 (2,l) 
54,3 min 

15 (1,49) 
54  (1.27) 
39 (1,09) 

15 (2;lj) 

409 
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Appendix 11 ( c o n t i n u a t i o n )  i365 

4J 

5 
rl w 

Nb 
N 
P 
Pt 
K 
Pr 

Rh 
Sm 
sc 

Se 
Si 

Na 
Ag 

Sr 
5 
Ta 
Te 
Sn 
Ti 
W 
V 

Zn 

Zr e 

Number of  y-quanta 
e m i t t e d   i n  a gives1 

spec- 
trum 

e n e r g y   i n t e r v a l  (Mev) 
p e r   e a c h  100 c a p t u r e  

Type 1 0-1 

3b 

3b 

3b 

3b 
3b 
3 b  

3b 

3 b  

2 4  
2 

2 

2 

2 

(2-3) 
2 
3 b  
3 b  
3 b  
2 b  

$J 

(2-3) b 

3 b  

? 

? 
? 

? 
? 

? 

? 
? 
? 

? 
? 
? 

5 100 
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Rad ioac t ive  
decay   wi th  
emission  of  
y - r a d i a t i o n  a 

19 h r s  
)r14L : 4(1,58) 

85 days ~c~~ 
100 (1,121 
100 (0,89) 

1 4 , 9 h r s  Na24 
100 (2.76) 
100 (1,38) 

a. The pe r iod   o f   ha l f -decay  i s  g i v e n   f i r s t .  I n  a d d i t i o n ,   t h e  
number of   y -quanta   having   energ ies   o f  750 kev  which are formed p e r  
each 100 n e u t r o n   c a p t u r e s  are g iven .  The energy of a y-quantum i s  
g i v e n   i n   t h e   p a r e n t h e s e s  

b.   Unauthorized  numbers cf quan ta  are g i v e n   f o r   t h e s e   e l e m e n t s ;  
f o r   a l l   o t h e r s ,   t h e   i n t e n s i t i e s   o f   o n l y   a u t h o r i z e d   l i n e s  are g iven .  

e .  F o r   t h e s e   e l e m e n t s ,   t h e  maximum energy  of   y-quanta   belongs 
on ly   t o   pho tons  of a ve ry   h igh   ene rgy   i n t e rva l .   Fo r   example ,   fo r  
lead   seven   y-quanta   have   an   energy   be tween 5 - 7 MeV; more a c c u r a t e l y ,  
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a l l   o f   t hese   quan ta   have   an   ene rgy   o f   6 .73  MeV. 

d. When a neu t ron  i s  absorbed  by  boron-10, a- and   y -pa r t i c l e s  
are e m i t t e d ,   a n d   a n   e x c i t e d   n u c l e u s  of l i th ium-7  i s  formed,  which 
emi t s   so f t   (0 .47  MeV) y - r a d i a t i o n   ( 9 4   q u a n t a   p e r   1 0 0   c a p t u r e s ) .  

e .  I n t e n s i t y   o f   c a p t u r e d   y - r a d i a t i o n  i s  d e t e r m i n e d   w i t h i n   a n  
accuracy  of   50%. 
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