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Preface

This book represents a part of a larger undertaking, the goal of

which is collection, analysis, and organization of the physical

methods used for experimental research or for the development of

scientific or technical instruments. The purpose of this volume is

to offer research workers, engineers, and students a reasonably com-

plete collection of the existing basic methods and systems used as

input transducers in electrical instrumentation. Its use as a

reference book should minimize literature search and should provide

information on particular methods as well as criteria by which the

relative merits of existing methods and systems may be evaluated.

However, I have tried to make the book more than just a collec-

tion of unrelated facts and figures. In it, there is an attempt to

establish order in the vast field of experimental methodology and

instrumentation and to provide an organization which permits

logical and simple grouping of the numerous varieties of methods

and systems described in the literature. I feel that the establish-

ment of such a logical organization is important, not only in order

to assure adequate coverage of the material but also because

instrumentation or methodology is not a bag of tricks mastered only

by memorizing a huge collection of facts and gadgets, but is a

unified field, a branch of physics, which can be taught like any other

logical science. I do not claim credit for this crystallization process;

such a development is natural, and several attempts in this direc-

tion have already been made.

A further intention has been on my mind while preparing this

manuscript. I have frequently observed that creative accomplish-

ments in the field of research methods and instrumentation are not
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the result of expertness in mathematics only, nor of acrobatics in

experimental techniques, but are often the consequence of a clear

understanding of the physical principles or mechanisms underlying
a process. The research worker or engineer frequently scans the

field for such physical principles and creates a new solution by some
kind of analogy. By furnishing the reader with a simple description
of the physical mechanisms underlying each method, I hope to

render him a service which will facilitate the finding of new and
better methods and instruments.

The question has been raised whether a book of such general

scope is justifiable or whether it would not be more reasonable to

provide each science, such as the physical, the biological, or the

engineering sciences, with its own book containing only those

methods and systems that are of primary interest in each science.

Many years of teaching research methods and instrumentation to

students and research workers in different fields have convinced me
that a specialized approach is of limited value, that the restriction

to research methods in any one field leads to unnecessary duplica-
tion of work (the existing literature furnishes ample proof of this),

and that a broad knowledge of the entire field of methodology is

demanded, in particular by the experienced research worker.

Of course, it would be impossible (and useless) to describe the

innumerable methods and instruments that are being used, even if

one limits oneself to the electrical systems only. However, all

electrical instruments are composed from elements, such as input

transducers, amplifiers, filters, integrators, output transducers, etc.

These elements recur, in one form or another, in many applications ;

since their number is limited, they can be adequately discussed

without the danger of superficiality. They may be synthesized into

complete systems in accordance with the well-known principles and

laws that govern the behavior of such physical systems. I have

tried to furnish enough data for the reader to make an intelligent

choice in the selection and combination of the elements. The final

synthesis, however, is frequently a matter of engineering art, or the

art of the research worker, and cannot be taught.
The level of presentation is chosen for those who speak the

language and know the concepts of elementary physics and have at

least a moderate mathematical knowledge. The physics of each

method has been given preference over the technical means. Mathe-

matical derivations are omitted; where the derivation is not obvious

it may be found in the references.

In the selection of the material, I have limited myself to those
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systems that are commonly in use and to some unorthodox methods
that seemed to hold some promise for further development. Older
instruments are included if the principle involved is of general
interest or possibly applicable in other techniques. Experience
shows that old or neglected methods are frequently revived after

having undergone a metamorphosis or some improvement. Some
special methods, like those used for the establishment of standards,
are omitted.

Different parts of this book have been written at different times;
in general, it reflects the status of the art of instrumentation be-

tween the years 1955 and 1957. However, the book is not intended
to be the most "modern-minded" text, but rather a presentation of

the basic methods. The development of these basic systems is slow
and only moderately affected by new publications.

Information on instrumentation is scattered widely throughout
the entire literature in physics, biology, medicine, and the engineer-

ing sciences. The classic book on methodology is the "Praktische

Physik" originated by F. Kohlrausch (last edition edited by H.
Ebert and E. Justi and published by Teubner Verlagsgesellschaft

m.b.H., Stuttgart, 1956). A number of periodicals are exclusively
devoted to this science, such as the Review of Scientific Instruments

(American Institute of Physics, New York), the Journal of Scientific

Instruments (The Institute of Physics, London), and the Archiv fur
technisches Messen (R. Oldenburg, Munchen). A considerable con-

tribution has been made by the collections of books published after

World War II by laboratories operated by the government (e.g.,

M.I.T. Radiation Laboratory Series, National Nuclear Energy
Series, both McGraw-Hill Book Company, Inc., New York). I have

freely drawn from these sources as well as from summarizing papers
and reviews. Also, I have not hesitated to include material found
in pamphlets and advertising literature of commercial companies.
These papers are sometimes clearer and less pretentious than

"scientific" publications, and I believe that a great deal of our post-

graduate education comes from such company literature. The

similarity between teaching and advertising has been strikingly
demonstrated by Gilbert Highet in "The Art of Teaching" (Alfred A.

Knopf, Inc., New York, 1950).

I have frequently found that a very extended bibliography is of

little help. Therefore, I have limited myself to those references

which seemed most important. They are not always the first de-

scriptions of any method nor the most extensive publications but

generally those that seemed to be most informative or most clearly
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written. I am aware that by doing so I have neglected priorities,

but such may be permissible in a book which is not intended as an

historical source book. The reader will, in general, find the original

source for any one method by following up the references. Only
references in ordinary scientific and technical periodicals or text-

books are quoted. References to semipublic material, such as theses

or technical reports of research-sponsoring agencies, are used only

occasionally. Experience shows that a great part of such semipublic
material eventually finds its way into the regular literature. Also,

patents are quoted occasionally. There is a wealth of information in

the patent literature, but it would require a fairly large organization
to make it available in a practical form.

A problem which defies solution at the present time is that of

units and dimensions. It would simplify matters considerably if a

book could be written with the use of one system throughout, e.g.,

the mks system,
1 in particular since almost everybody concedes the

superiority of a metric system. Unfortunately the physicist uses

the cgs and the mks systems, the medical research worker frequently

a hybrid system, the engineer, in particular the mechanical engineer,

and many industries the English (inch-pound, etc.) system. I see

no way out of this difficulty. The complexity of the situation is

increased by a desire of certain authors to invent new, unnecessary
names for dimensions ("dyne-five newton," "pharos") and, even

worse, to form new derivations from such names ("pragilbert/

weber"). The situation becomes intolerable with the introduction

of the "mho" (ohm"
1

) which, fortunately, has not (or not yet) given

rise to the "tlov" (volt
-1

). I wish to state, with due humility, that

the essence of any science is simplicity, and that it must be con-

sidered an asset to derive the infinite number of dimensions from a

combination of the smallest possible number of basic units. How-

ever, until agreement has been reached on the question of units and

dimensions, this book reflects the deplorable status of the art.

I should like to express my gratitude to the Massachusetts Insti-

tute of Technology, in particular to Dr. I. W. Sizer, head of the

department of biology, who has freed me from my teaching duties

for one year.
I am particularly thankful to the Office of Naval Research, which

has sponsored the greater part of the research activity involved in

writing this book and provided interest and help that have been a

1 Differences exist also in the mks system. The "k" in the American mks

system is the unit of mass, in the European mks system it is frequently the

unit of force.
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constant source of encouragement. I should like to mention specifi-

cally Mr. F. B. Isakson and Lt. R. Gomory from the Office of Naval

Research, Washington, and, former members of the same office, Lt.

Comdr. F. L. Thomas, Lt. D. de Graaf, and Mr. L. M. McKenzie,
and, from the Boston office, Capt. J. F. Benson, Dr. C. F. Mucken-

haupt, and Mr. T. B. Dowd.

Acknowledgment is also due to Mr. D. A. Berkowitz, Mr. R. H.

Davis, Mr. P. Felsenthal, Dr. W. L. Harries, and Dr. G. F. Vander-

schmidt, who have been working with me at different times and who
have given me valuable assistance, and to Mrs. E. Duncan for her

competent help in preparing and typing the manuscript.
I am aware that a book of this kind is bound to be incomplete

and contain errors. I should appreciate any information that will

lead to desirable corrections in the text, and I hope that with such

help something of value may grow in time.

Kurt S. Lion
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Introduction

The purpose of instrumentation is to obtain information about the

physical or chemical nature of an investigated object or process, or to

control an object or a process in accordance with such information.

Information is required or supplied either in a continuously variable

form, such as the deflection of a meter (analogue systems), or in dis-

continuous steps, such as by counting (digital systems).
In general, the simpler the means it involves, the better the instru-

mentation is. Many problems lend themselves to a solution by direct

observation or by simple mechanical means. The possibility of such

simple and direct methods should be investigated before a decision

is made to use the more complex electrical methods. However, elec-

trical methods frequently offer a number of advantages, such as high-

speed operation or the possibility of simple processing of the results,

e.g., amplifying, filtering, differentiating, storing, or telemetering.
All electrical instruments are composed from elements. In the

sense used in this book an element is a functional unit, a building
block in a block diagram, which performs one particular task or

which solves one particular problem. An element is not a component
part, although at times a component part can serve as an element.

In the field of electrical instrumentation one can distinguish three

groups of elements:

A . Input transducers : converting a nonelectrical quantity into an
electric signal (e.g., strain gauge, photoelectric cell)

1
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B. Modifiers: converting an electric signal into another modified

electric signal (e.g., amplifier, filter)

C. Output transducers: converting an electric signal into a non-

electrical quantity (e.g., meter, strobotron tube)

This book deals with input transducers; the standard transducer

systems, or "basic solutions," are described, as well as a number of

variations of each basic theme.

General Properties of Instrumentation Elements

All instrumentation elements are characterized by the following

basic criteria:

A. Input Characteristics

1 . Type of Input. This is the physical agent acting on the element

and producing an output signal. In the case of an input transducer

the input can be any physical quantity ;
in a modifier or output trans-

ducer it may be a voltage, a current, an impedance, or a variation or

function of time of these quantities (e.g., time derivative, frequency,

phase).
2. Useful Range of the Input Quantity for Which the Element Can

Be Used. The lower limit of the useful input range of an element is,

in general, imposed by the instrument error or by the unavoidable

noise originating in the element. The upper limit of a useful input

level is generally reached when excessive distortion of the signal sets

in or when the input signal tends to damage the element.

3. Effect of the Element upon the Preceding Stage or upon the Object

under Investigation. The magnitude of this effect can frequently be

expressed by the input impedance of the element or by the amount

of force, energy, or power required from the stage preceding the

element.

If the physical mechanism involved in the operation of an element

is such that the input quantity actuates, or drives, the element (e.g.,

if the input quantity is an electric signal and the element to which it

is applied is a galvanometer) ,
a maximum of power is transferred

from the preceding stage to the element if the input impedance of

the element matches the output impedance of the preceding stage.

However, if the input quantity only controls the element (e.g., a volt-

age source applied to the control grid of a vacuum tube), impedance

matching between the output from the source and the input of the

element is not required.
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High input impedance is desirable if the output from the preceding

stage is furnished in the form ofa voltage and if a minimum of current

or power is to be drawn from the source. Low input impedance is

preferred if the output from the preceding stage is furnished in the

form of a current and if a minimum of power is to be drawn from the

source, or if the presence of a large impedance in the input of

the element adversely affects the signal level or the operation of

the source.

The input impedance (or the input force, energy, or power) is not

the only quantity which may influence the preceding stage and cause

a variation of the signal. Sometimes a potential difference exists

between the input terminals of an element and may have an
undesirable effect on the preceding stage.

B. Transfer Characteristics

1 . Transfer Function. This is the relationship between the magni-
tude of the input quantity Q t

and the output quantity, or the result,

Q -

Qo=f(Qi) (1)

The differential quotient

dQo q

is the sensitivity of the element. In general, the sensitivity varies

with the input magnitude Q^; in the special
—

although frequent-
case of a linear transfer function the sensitivity is

dQo = Qo = o,

and is constant throughout the range of the element. In some appli-
cations the quantity S is called "gain" or "attenuation factor," also

"scale factor"; in others, the reciprocal value l/S is called the "scale

factor." The value ofS is sometimes expressed in logarithmic (deci-

bel) notation.

2. Instrument Error. In general an instrument will not follow Eq.
(1) correctly but will have an output

Q'o=I(Q l)+F (2)

where F is the (absolute) error of the result or of the output quantity,
i.e., the deviation of the observed output quantity #„ from the correct

value Q .

F =Q' -Q
The error can be expressed either in terms of the output or input



4 INSTRUMENTATION IN SCIENTIFIC RESEARCH

quantity. The fractional error is Ff
= F/Q ,

which is approximately

equal to F\Q' \
the percentage error is ^percent

= F/Qo x ^0.
The error is usually complex. It is practical to distinguish the

following components:
scale error.

( 1) The observed output may deviate from the cor-

rect output by an amount which is constant throughout the entire

range of the instrument (additive constant, zero displacement). (2)

The observed output may deviate from the correct value by a con-

stant factor.
( 3) The experimentally observed transfer function may

deviate from that postulated by theory (nonconformity) . In partic-

ular, if a linear relationship between input and output quantity is

postulated but not experimentally realized, the error is called non-

linearity, or nonlinear distortion. (4) The output may depend not

only upon the applied input but also upon the past history of the

element, i.e., upon the input formerly applied to the element

(hysteresis error) .

dynamic error. The output does not follow the variations with

time of the input precisely or it depends upon time functions such

as a time derivative or the frequency of the input quantity.
noise and drift. A signal originating in the element and varying

with time appears at the output terminals or is superimposed on the

output signal. The magnitude of this noise or drift output is, in prin-

ciple, independent ofthe magnitude of the signal applied to the input.

If information is available about the statistical nature of the noise

output, it is possible sometimes to distinguish between the desired

output signal and the undesirable noise. 1

If a human observer reads the output, he is a part of the instrument

system, and his reaction must be included in the consideration of

errors. For instance, a scale error can be caused by parallax in scale

reading, or a dynamic error can be caused by the observer's reaction

time or psychological anticipation of an expected result (the

"personal equation" in the observation of passage instruments in

astronomy).
3. Response to Environmental Influences. The performance of an

instrumentation element is fully described by the transfer function

and the errors, as mentioned above, providing the instrument is in

a constant environment and is not subjected to external disturb-

ances. If instruments are subjected to environmental influences such

as changes of temperature, pressure, or acceleration, changes of mag-
netic or electric fields, or changes of the supply voltages, variations

1 K. S. Lion and D. F. Winter, Electroencephalog. and Clin. Neurophysiol., 5,

109 (1953).
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of the transfer function and of the errors may result. Although such

variations ma}^ lead to deviations in the instrument output, for prac-

tical reasons they are separated from the instrument errors described

under part 2 above.

For other definitions of error terms, see, for instance, J. D. Trimmer, "Re-

sponse of Physical Systems," John Wiley & Sons, Inc., New York, 1950, and

C. S. Draper, W. McKay, and S. Lees, "Instrumentation Engineering," McGraw-
Hill Book Company, Inc., New York, vol. 1, 1952; vol. 2, 1953; vol. 3, 1955.

J. Mandel and R. D. Stieler, J. Research Natl. Bur. Standards, 53, 155 (1954),

and Tech. News Bull. Natl. Bur. Standards, 40, 139 (1956).

C. Output Characteristics

1 . Type of Output. Input transducers and modifiers have an elec-

tric output which may be a voltage, a current, an impedance, or a

variation or a time function of these magnitudes. The output from

an output transducer is a nonelectrical quantity and is, in general,

of a mechanical, thermal, or optical nature.

2. Useful Output Level or Range. Like the input range, the useful

output range is limited at the lower end by noise considerations; an

upper limit is set by the maximum useful input level. Increase of

the output level is frequently technically possible (e.g., a greater gain
of an amplifier or a finer suspension of a galvanometer). However,
since such increases are frequently connected with an increase in

noise level, they may not offer an advantage.
3. Output Impedance. The output impedance determines the

amount of power that can be transferred from the element to the

succeeding element or stage at a given output-signal level. If the

output impedance of an element is low compared to the input im-

pedance of the succeeding stage, the output has the character of a

constant-voltage source. If the output impedance is high, the output
has the character of a constant-current source.

The description of instrumentation elements given in this book

follows the general outline of characteristics enumerated above,

whenever the necessary information has been available.

The material is organized according to input quantities; e.g., an

element that converts pressure into resistance variations will be

found under Pressure Transducers (
1 -

5) . However, only such systems
which convert pressure variations directly into electric signals will be

found in this section. If the pressure is first converted into a dis-

placement (e.g., in a pressure capsule or Bourdon tube) and the dis-

placement is converted into a signal by an electrical system, such

systems will, naturally, be found under Displacement Transducers

(1-2).
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The reader should be reminded that the book deals only with elec-

trical transducer systems. Systems based on other physical prin-

ciples, such as optical or acoustical systems, are occasionally included

when it was felt that they are closely related to the field of electrical

transducers.

The described breakdown of instruments into their elements not

only permits a satisfactory organization ofinstrumentation systems,
but also furnishes a logical code for the identification of instruments

of any kind. Such a code can be used much in the way a chemist

uses the symbolic description of chemical compounds, either for the

characterization of instruments or for information retrieval in the

instrumentation literature.



Mechanical Input Transducers

1-1. Transducers for Linear Dimensions

(Length or Thickness Gauges)

The following transducer systems furnish an electric signal which

can serve as a measure of a linear distance between two limits, of a

thickness or of a length. The systems are based on either a resistance

variation (1-1 la),
1 a variation of current flow pattern (1-116), an

inductance variation (1-12), or a capacitance variation (1-13). A
method based upon the electric breakdown voltage is described in

1-14. Thickness of test objects can also be measured with sonic

methods (1-15) and from the absorption of radiation (alpha-, beta-,

gamma-, and X-ray gauges, 1-16).

Distance and thickness measurements can also be made with

the help of displacement transducers (described in 1-2). Further

methods, primarily applicable to liquids, are described in 1-4.

For a summarizing review, see George Keinath, The Measurement of Thick-

ness, Natl. Bur. Standards Circ. 585, Jan. 20, 1958.

1-11. Resistive Systems

a. Contact on Both Sides. The length of a wire or the thickness / of

a prismatic body with the resistivity p clamped between two elec-

1 Cross references in this book are multiple-numbered. "1-1" refers to chapter
1, part 1

; "la" designates the section of the part and its lettered subdivision.

7
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trodes A and B, as shown in Fig. (1-1)1, can be determined from the

measurement of its resistance R.

R = t

a
(1)

where a is the cross-sectional area of the prism and of the electrodes.

The method requires the knowledge of the resistivity of the test

object and is applicable for the measurement of isotropic and homo-

geneous test objects having a resistivity less

than of the order of 10 6 ohm-cm. If the re-

sistivity of the test object is much higher,

the resistance between the electrodes is fre-

quently influenced by surface conduction.

If the cross section of the test object

changes abruptly, Fig. (1-1)2, or if the elec-

trodes are smaller than the test object, Fig.

(1-1)3, the current flow pattern will be non-

uniform, and the resistance between the contacts will be larger than

that expressed by Eq. (1). The additional resistance ("spreading

resistance") can be computed in simple cases.1

Fig. (1-1)1. Resistive

thickness gauge, principle.

Fig. (1-1)2. Non-
uniform current flow

pattern caused by
abrupt change of the

cross section of the

test object.

Fig. (1-1)3. Non-
uniform current flow

pattern caused by
electrodes that are

smaller than the test

object.

Surface conduction effects can be eliminated by means of the

guard-ring arrangement illustrated in Fig. (1-1)4. This consists of a

circular electrode A (guarded electrode: radius rx )
on one side of the

sample, concentrically surrounded by an annular electrode B (guard
electrode: inner radius r 2 ,

outer r 3 ). Thegapr 2
—

?\ should be small.

On the other side of the sample is a circular electrode C (unguarded
electrode: radius r3). The guard-ring electrode B prevents the flow

1 W. Schrader, Wied. Ann., 44, 222 (1891), and W. B. Kouwenhoven and

W. T. Sackett, Jr., Welding Research Suppi., 14, 466s (1949).
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of the surface current i
s through the meter M . The meter (galvanom-

eter: resistance Rm ) measures, therefore, only the current passing

through the test object. A resistor R
p is provided to protect the

meter in case of a flashover. If R is the resistance between the elec-

trodes A and C as indicated by the meter [R = E/I
- (Rp + Rm)],

the thickness of the test object can be found from

Ufa + r 2 )

2
7r

t =
4p

The electrodes should be in intimate contact with the material to be

investigated. Mercury makes good contact but is difficult to handle.

Electrodes of platinum, gold, or silver, which are deposited chemi-

cally by cathode sputtering or by means of a metal sprayer, give good

Fig. (1-1)4. Guard-ring arrangement
for the separation ofsurface and volume
resistance.

Fig. (1-1)5. Contact square for

thickness measurement of a plate
when only one side is accessible.

results. The use of colloidal graphite ("Dag") has been suggested.
For many purposes fine tin or aluminum foil held in place by a thin

layer of paraffin oil or petroleum jelly is satisfactory.

b. Contact on One Side. The following method permits the deter-

mination of the thickness of a metal plate if only one side is acces-

sible. 1 The method is based upon the difference of the current flow

pattern in a thin sheet (two-dimensional flow) and in a thick sheet

(three-dimensional flow).

Current is passed through the plate under investigation between
two contacts, A and B, Fig. (1-1)5, and the potential difference

between two other contacts, C and D, is measured. In a thin sheet

the potential difference for constant current depends upon the geom-
etry but not upon the actual spacing of the electrodes; in the thick

sheet, the potential difference for constant current is inversely pro-

portional to the linear dimensions. In a plate of finite thickness t the

conditions are approximately those of a two-dimensional flow if the

electrode distance s is large, i.e., for sjt j> 1
;
in this case the potential

difference for similar electrode arrangements is independent of the

electrode spacing. However, if the electrode distance is small, the

1 A. G. Warren, J. Inst. Elec. Engrs. {London), 84, 505 (1939).
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flow pattern approximates that of three-dimensional flow in a thick

sheet, i.e., the potential difference rises rapidly when s/t becomes less

than unity.
A set of "contact squares" is used. Each contact square contains in

an insulator four resiliently mounted contacts (phonograph needles),

as shown in Fig. (1-1)5. A set consists of squares with dimensions

decreasing by a factor of 2; i.e., s = 4, 2, 1, ^, %, | in. First, a large

contact square is pressed against the plate to be examined; the cur-

rent is adjusted to a convenient

value and maintained constant

thereafter. The potential differ-

ence is noted. Then the next

smaller contact square is used. If

the size of the large contact square
is considerably larger than the

plate thickness, the potential dif-

ference for the same current will

be only slightly higher with the

smaller contact square. However,
if the size of the larger contact

square approaches the plate thick-

ness, then the ratio of the poten-

3.0

2.8

2.6

^2.4

S2.2

2.0

o>

1.4

1.2
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1-12. Inductive Thickness Gauges

All inductive thickness gauges are based on the direct or indirect

measurement of a magnetic flux. The thickness variation of the test

object causes a measurable variation of the flux density. Four
different cases can be distinguished:

1 . The test object is of a ferromagnetic material, Fig. (
I

- 1
)
la. An

increase of the thickness t of the test object causes an increase of the

Test object varies

in thickness

Reluctance-variation

gauges
Gauge

I
y////////////////m

(a)

Test object causes a variation

of distance between gauge
head ond base

Eddy -current

gauges Gauge

!
c : . ,\\\\\\\V

[c]

£zz

Fig. (1-1)7. Synopsis of inductive thickness gauges.

flux density. Magnetic flux meters for this application are described

under Reluctance-variation Gauges (1-1 2a).

2. The test object is of a material with a magnetic permeability in

the vicinity of 1 (nonferrous metal or insulator), but is, or can be,

deposited on a ferromagnetic base, Fig. (1-1)7&. Also in this case

reluctance-variation gauges of the type described under 1-1 2a can be

used, provided the ferromagnetic base is so thick that the magnetic
reluctance in the circuit is primarily determined by the distance t

between the gauge head and the base plate, i.e., by the thickness of

the test object.
3. The test object is of a conductive material having a magnetic

permeability of 1. In Fig. (
1 -1)1 c it is nonferrous metal. This prob-

lem calls for the use of an eddy-current gauge, as described under
1-126.

4. The test object is nonconductive (e.g., paint) but is, or can be,

deposited upon a conductive base, Fig. (1-1)1d. This problem can
also be solved with the eddy-current gauge as described under 1 -

1 2b.
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a. Reluctance-variation Gauges. Examples of thickness gauges
based upon reluctance variation are illustrated schematically in Fig.

(1-1)8. A core C of soft iron, usually laminated, carrying a coil is

brought in contact with the test object T . The reluctance of the core

is small compared to that of the

Ts

mL
-c

T.

C

W/////MA ^///^/>///////.

\a) (6)

C ,C

WZ07,.
(c) id)

Fig. (1-1)8. Different types of reluc

tance-variation gauges.

test ob
j
ect so that the reluctance of

the magnetic circuit depends pri-

marily upon that of the test sheet,

i.e., upon its thickness. Change of

the thickness leads to a change of

the coil inductance, Fig. (l-l)8a,&,

or c, or of the mutual inductance

between two coils, Fig. (l-l)8d.

Empirical calibration for each

type of test material is usually

required, since the reluctance de-

pends upon the magnetic perme-

ability of the test material. For

this reason, the magnetic systems
are generally used for comparison

only, i.e., to detect the deviation

from a standard thickness, rather than to make absolute thickness

measurements.

The transfer characteristic of these gauges is usually nonlinear.

The systems have been used for steel sheets of a thickness ranging
from less than 0.001 to about 0. 1 in., sometimes higher. The accuracy
is rarely better than 2 per cent; in most cases it is about 10 to 15 per
cent. The accuracy increases for thinner samples.

For references see C. E. Richards, J. Electrodepositors'

Tech. Soc, 14, 101 (1938); W. H. Tait, ibid., 14, 108

(1938); W. E. Hoare and B. Chalmers, ibid., 14, 113

(1938). These references are cited by R. S. Bennett, J.

Sci. Instr., 26, 209 (1949).

Several modifications of the reluctance vari- //////////////////

ation-gauge system have been described as follows :

magnetic-shunt system. This system con-

sists of a permanent magnet or electromagnet A,
as shown in Fig. (1-1)9; it is brought in contact

with the ferromagnetic base B. A part of the flux

between the pole pieces passes through B, thus diminishing the flux

in the gap G. The magnetic field strength in the gap G can be meas-

ured with any one of the magnetic transducers described in 3-1.

Fig. (1-1)9. Mag-
netic gauge; a part
of the magnetic flux

is shunted by the

test object B.
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backed by a metal layer. The system can also be used for the thick-

ness determination of a metal coating on a metal substrate, providing
the conductivities of the coating and of the metal base differ suffi-

ciently (e.g., silver on brass, nickel on steel).
1 The depth of the

induced eddy current will depend upon the conductivity of the layer

through which the current flows. The effective conductivity of the

composite surface layer, and hence the magnitude of the induced

eddy current, will depend upon the thickness ofthe coating. Separate

(empirical) calibrations are required for each combination of base

metal and coating metal.

The transfer characteristic is nonlinear. The method is capable of

measuring metal coatings as thin as 2 to 3
ju. Hadley

2 has determined

the thickness of aluminum films between 50 and 200 m^ by measur-

ing the variation of the storage factor Q of a coil brought close to the

film.

See also M. L. Greenough, Electronics, 20, 172 (November, 1947);
M. L. Greenough and W. E. Williams, J. Research Natl. Bur. Standards, 46, 5

(1951). For other references see A.L.Alexander, P. King, and J. A. Dinger, Ind.

Eng. Chemistry, 17, 389 (1945); S. Lipson, Am. Soc. Testing Materials Bull.,

135, 20 (1945); C. M. Hathaway and E. S. Lee, Mech. Eng., 59, 653 (1937).

1-13. Capacitive Systems

The capacitance between two electrodes,

Fig. (1-1)12, which belong to a cross-sec-

tional area a and which are separated by a

small distance d (all linear dimensions in

centimeters) is

a

1



Sec. 1-1] UFA 7/1 .\7< '. I /„ IXl'l
'

T 77,'. I \S/,l y </7,'N If,

where s is the thickness of the plates. Values of the function /(s/ri)

are tabulated in Table 1 .

Table 1. Fringe-effect Correction Factors
for capacitive transducers

sjd
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1-14. Thickness Determination from Measurements of
Electric Breakdown Voltage

The thickness of thin homogeneous insulating layers, such as oxide

layers electrochemically produced on aluminum or its alloys, can be

AVWV

B
zz, T)/d~

determined from measurements of

the electric breakdown voltage. The

system employed for this purpose is

illustrated schematically in Fig. (
1 - 1

)

1 3 and consists of a polished ball B
of copper, brass, bronze, or chro-

mium-plated steel, about ^in. diam-

eter, pressed against the test object
T with a force of 1 to 2 kg. An a-c

voltage is applied through a safety resistor and is increased until

breakdown occurs; the rms value of the voltage is measured.

Fig. (1-1)13. Thickness gauge based
on breakdown-voltage measurement.

2 4 6
Breakdown voltage, x 100 volts

Fig. (1-1)14. Thickness of aluminum oxide coatings as a function of

breakdown voltage for three different alloys (from G. Keinath, The
Measurement of Thickness, Natl. Bur. Standards Circ. 585, p. 31,

1958; by permission) .

The system has been used for the measurement of layers 1 to 25
/j,

thick; the breakdown voltage increases with the thickness and is

about 1,000 volts for a 25-
[x layer of aluminum oxide. The error is
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about 10 per cent. The breakdown voltage varies with the com-

position of the alloy. A comparative graph for different test materials

is shown in Fig. (1-1)14.

For references see Anon., Bell Lab. Record, 20, 27S (1942); Am.Soc. Testing

Materials, Standard B, p. 110; J. Herenguel and li. Negond, M eta u.r -corrosion,

20, 1 (1945).

1-15. Ultrasonic Method
The method uses an ultrasonic output transducer T, as shown in

Fig. (1-1)15. The oscillating end of the transducer is brought in

acoustical contact with the mate-

rial, and the frequency of the

oscillation is varied. At a certain

frequency / and at harmonics of

this frequency, standing waves are

set up in the wall; the internal

damping of the material causes a

sharp increase of the loading of

the oscillator, and the power ab-

sorption from the transducer rises

in the form of a resonance curve. The thickness t of the test object
can be found from

n =

Variable

frequency
oscillator

Fig. (1-1)15. Schematic diagram of an
ultrasonic thickness gauge.

/

C

2/

where n is an integer (
1

, 2, 3, . .
.),

c the sound velocity in the material

of the test object, and/ the resonance frequency.
Steel walls ranging in thickness from 0.125 to 12 in. have been

measured with this method. The accuracy is better than 5 per cent.

The system permits measurement of a wall thickness from one side

without requiring access to the other side, but the method requires

the knowledge of c, the propagation velocity of the longitudinal
sound waves in the material.

L. Bergmann, "Der Ultraschall," 5th ed., pp. 536ff, S. Hirzel Verlag, Zurich,

1949; G. N. Branson, Electronics, 21, 88 (January, 1948); also, B. Carlin,

Electronics, 21, 76 (November, 1948). A summarizing paper describing different

modifications of the ultrasonic method, such as pulse-echo methods, has been

published by A. Lutsch and W. Bohme, Arch. tech. Messen, V 1 124-6, May, 1957.

1-16. Radiation Thickness Gauges

(Alpha-, Beta-, Gamma-, X-ray Gauges)
The gauge consists of a shielded source for penetrating radiation

and a radiation detector such as an ionization chamber, a Geiger

counter, or a scintillation counter. Variation of the thickness of the
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test object causes variation of the amount of radiation reaching the

detector.

Two geometric configurations of source, sample, and detector have

been used: that of the abso?ytion gauge, Fig. (1-1)16, which requires

access to both sides of the sheet to be measured, and that of the

backscatter gauge, Fig. (1-1)17, which requires access to one side only.

In the absorption gauge, source and detector are on opposite sides

of the measured sheet of material, and the amount of radiation enter-

ing the detector varies with the attenuation in the sheet and hence

Source Detector

Test

object
f

Detector

Fig. (1-1)16. Radiation thick-

ness gauge, principle.

Test object

Backing

Fig. (1-1)17. Backscatter

radiation thickness gauge,

principle.

with its thickness. In the backscatter gauge, source and detector are

on the same side of the measured sheet. The sheet must be in contact

with a backing material of different atomic number; the amount of

backscattered radiation from the measured sheet and the backing
material depends upon the amount of scattering and absorption of

radiation in the measured sheet and the backing material, and varies

with the thickness of the sheet.

If a beta-, gamma-, or X-ray beam of homogeneous energy (wave-

length) and of the initial intensity I penetrates an absorbing medium
of the thickness d, it will emerge with the intensity

I=I e-»d (1)

where
/j,

is the linear absorption coefficient. 1 For any substance, /.t

is proportional to the density p of the absorbing material, i.e., the

mass m per unit volume V. The exponent in Eq. (1) is, therefore,

md m
ad = const pd = const -—- = const —
r V a

1 Instead of absorption coefficient, sometimes the words "extinction coeffi-

cient" or "attenuation coefficient" are used. These latter expressions are more

correct, since attenuation of X-ray radiation comes about by absorption, scat-

tering, and pair formation.
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i.e., the absorption of a test specimen depends upon the mass per unit

area a, measured in grams per square centimeter.

The linear absorption coefficient //
of a substance changes with the

density, therefore, with temperature, pressure, or the state of aggre-

gation of the absorber. The quantity f-t/p,
the mass absorption coeffi-

cient (dimensions, square centimeters per gram), is independent of

these variations and is customarily tabulated, therefore.

The mass absorption coefficient is different for each type of radia-

tion (beta, gamma rays) and changes with the energy ofthe radiation.

Gamma rays are highly penetrating; the gamma- or X-ray gauge is,

therefore, applicable for heavy metals and thick specimens. Beta

particles are much less penetrating and are used, therefore, for thick-

ness measurements on thin metal sheets or foils, on light metals, and

on paper, rubber, plastics, and similar substances. The alpha gauge
has been used only on foils in the range of several microns. Most

sources emit radiation of different kinds or of different energy levels

rather than monochromatic radiation. The laws of attenuation are

then more complicated than that described by Eq. (1) above, and

empirical calibration is usually required.

The less penetrating the radiation is, the greater will be the change
in transmitted radiation intensity for a given increment of thickness

of the test object, i.e., the greater will be the sensitivity. However,
the less penetrating the radiation, the lower will be the level of the

intensity of radiation entering the detector and, therefore, the signal-

to-noise level, i.e., the accuracy of the system.
gamma- and x-ray gauges. Sources of radiation are usually

radioactive isotopes mounted in shielded containers. The formerly

employed X-ray machines are rarely used nowadays. Several com-

mercially available gamma sources, their gamma-ray energy levels,

and their half-life times are given in Table 2. The mass absorption
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Fig. (1-1)18. Mass absorption coefficient of X rays [from D. G. Chappell,

Nucleonics, 14, 40 (January, 1956); by permission].

20
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coefficient for different energy levels of the incident radiation and for

different absorbers is shown in Fig. (1-1)18.

For a short summary and references on X-ray intensity and dose attenuation

for inhomogeneous X-ray radiation, see F. Kohlrausch, "Praktische Physik,"
H. Ebert and E. Justi (eds.), vol. 2, no. 7.5112, Teubner Verlagsgesellschaft

m.b.H., Stuttgart, 1956. Also see M. D. Kamen, "Radioactive Tracers in

Biology," 2d ed., chap. 2, p. 61, Academic Press, Inc., New York, 1951.

beta gauges. Isotopes commonly used in beta gauges together
with indications of their normal gauging ranges and of the maximum

Table 3. Isotopes Used for Beta Gauges

Isotope
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with increasing atomic number. The mass absorption coefficient

depends, of course, upon the energy of the beta radiation and can be

found, for aluminum, by the empirical equation

H 17

P ^raax

where Emax is the maximum energy in the beta-radiation spectrum,

in million electron volts. 1

Absorption-type beta gauges can be used for thickness measure-

ments up to about 1,200 mg/cm
2

,
that is, for aluminum, a thickness

of 4.5 mm. The maximum range of the backscatter gauge is about

one-half that of an absorption gauge.
The radiation flux must be high enough to produce the required

sensitivity, but not so high as to make shielding too unwieldy. Source

strengths used in industrial applications range from 5 millicuries to

1 curie. 2

alpha gauges. The general form of an absorption characteristic

for alpha rays is shown in Fig. (1-1)20, curve a. The intensity of the

radiation passing through an

"N. \ b \^a absorbing medium, such as a

\ , _\ gas, remains unchanged until

\ i
jl

at a distance R from the source

\ I
Jl (range) it decreases rapidly.

V^ \ jy^ The range R depends upon the

Thickness
R

energy level of the radiation

and the absorption in the me-
Fig. (1-1)20. Attenuation of alpha rays dium; for polonium 210 in dry
(a) in air; (b) after penetrating a homo- ^ ^ ^oq &nd ?6() mm jj it ig

geneous foil; (c) after penetrating a

(thicker) nonhomogeneous foil. aDOUt O.O Cm.

The test object must be thin

enough so that the range R of the radiation, after passing the object,

exceeds the thickness of the test object. The introduction of such

an object in the beam decreases the range R by an amount Ai?

(curve b). The range and the range variation AR can be measured

either by varying the distance between the sample and the detector3

or by varying the pressure of the gas between the sample and the

detector. 4 The stopping power of the object (in milligrams per

1 M. Curie et al., Revs. Mod. Phys., 3, 427 (1931).
2 G. B. Foster, Industrial Thickness Gages, Nucleonics, 14, 66 (May, 1956).

3 W. C. Barber, Rev. Set. Instr., 24, 469 (1953).
4 W. H. T. Davison, J. Sci. Instr., 34, 418 (1957).
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square centimeter) is equal to that of the gas layer of the thickness

Ai?. Test specimens of nonuniform thickness cause an absorption

characteristic as shown in curve c, so that thickness nonuniformity
can be detected and measured.

The accuracy is about 2 per cent for 25-
/u

films of polystyrene and

4 per cent for o-/ti films.

With the exception of the alpha gauge, the error ofradiation-gauge

measurements is, in general, between 1 and 2 per cent, sometimes

less. The operation is not affected by temperature or pressure varia-

tion nor by a variation of the position of the test object between

the source and the detector. Only if very thin foils are measured

are errors likely to arise from absorption in the air gap, which varies

with temperature and pressure. The mass absorption equivalent of

a 1-cm air gap is 1.18 mg/cm
2

. Variation of the source intensity with

time must be corrected.

A principal advantage of the radiation gauge is the fast and direct

indication without the need for a mechanical contact between the

gauge and the test object. Radiation hazards and toxicity can, in

general, be avoided by adequate shielding and sealing of the source.

1-2. Transducers for Displacement or Force

The following transducer systems furnish an electric signal in

response to a displacement or a force.

Every displacement transducer requires a force for its actuation.

If the force required to produce a useful output is small or negligible

compared to the forces available from the actuating system, the

transducer acts as a true displacement transducer. If the displace-
ment required by the transducer is small or negligible compared to

the displacement of the actuating system, the transducer acts as a

true force transducer. Practical transducers are neither pure force

nor pure displacement transducers.

Force- or displacement-transducer systems are based either on

resistance variation (1-21), inductance variation (1-22), or capaci-
tance variation (1-23). A group of electrothermal systems in which
the temperature and the resistance of an electrically heated wrire

vary in response to a displacement is described in 1-24. Systems
based on the piezoelectric effect will be found in 1-25. A number of

systems based upon physical mechanisms other than those described

above are compiled in 1-26.

Displacements and forces can sometimes be converted into electric
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signals by one of the thickness-gauge systems described in 1-1.

Liquid-level displacements are to be found in 1-5.

For summarizing references see H. C. Roberts, "Mechanical Measurements

by Electrical Methods," The Instruments Publishing Company, Inc., Pitts-

burgh, 1951 ; and Paul M. Pflier, "Elektrische Messung mechanischer Grossen,"
3d ed., Springer Verlag, Berlin, 1948. A compilation of commercial transducers

can be found in D. B. Kret, "Transducers," published by Allen B. DuMont
Laboratories, Inc., Clifton, N.J.

1-21. Resistive Displacement Transducers

a. Slide-wire Resistors. A resistance wire or ribbon with a sliding

contact, as shown in Fig. (1-2)1, represents the simplest form of a

Resistance wire

Mec_hqnjcol_

input

^A

oC

^B

Fig. (1-2)1. Slide-wire resistance dis-

placement transducer.

Fig. (1-2)2. Mercury-filled resistive

displacement transducer (from W.
Geyger, Arch. tech. Messen,V 3821-1,

November 1935; by permission).

displacement transducer for the continuous conversion of longi-

tudinal or rotational displacements into electric signals, but lends

itself in general only to the construction of transducers with low

resistance, up to about 10 ohms. A special mechanical construction

of a potentiometer with a continuous setting permits the use of thin

wires with a resistance up to 250 ohms for a 360° shaft movement. 1

A modification of the slide-wire transducer is illustrated in Fig.

(1-2)2. It consists of a doughnut-shaped glass tube containing a

platinum wire (resistance about 15 ohms) or a carbon filament (100

ohms) . The tube is partly filled with mercury in a hydrogen atmos-

phere. Rotation of the tube about its axis P causes a variation of the

resistances R
l
and R 2 . This transducer is useful primarily for the

conversion oflarge angles ;
the torque requirements are several gram-

centimeters. The accuracy is limited by the surface tension of the

1
Spiralpot, trademark, G. M. Giannini & Co., Inc., East Orange, N.J.
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mercury; the error is about 1 per cent of the output for maximum
rotation. The influence oftemperature variation is very small, about

0.005 percent/ *'.

Higher resistance values are obtained by winding the resistance

wire around an insulating core or mandrel. Figure (1-2)3 shows an

arrangement for the conversion of longitudinal displacements, Fig.

(1-2)4 shows the common form of the cylindrical potentiometer suit-

able for the conversion of limited angular displacements into electric

Mechon_icoJ_

input

II I I I I I I 1 1 I

oB

Fig. (1-2)3. Resistive transducer for

longitudinal displacements.

Fig. (1-2)4. Potentiom-

eter for angular dis-

placements; cp < 360°.

Fig. (1-2)5. Potentiom-

eter for angular dis-

placements.

signals, and Fig. (1-2)5 the same potentiometer for continuous rota-

tion of the brush arm.

The resistance value of such potentiometers ranges from several

ohms to several megohms, that of precision potentiometers for com-

puters generally does not exceed the order of 10 5 ohms.

The resistance in such potentiometers increases in steps, rather

than continuously, when the contact moves from one turn of the

resistance wire to the next. This stepwise variation limits the reso-

lution of the potentiometer. The difficulty can be reduced, and the

resolution can be increased, by the use of very fine resistance wire,

permitting the increase of the number of turns of resistance wire

per unit length of the core and thus decreasing the size of the steps.

The resolution of circular potentiometers is frequently expressed by

100/?i in per cent, where n is the number of turns of resistance wire
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for one complete revolution (360°) of the contact-bearing shaft. The
resolution of good potentiometer transducers varies from 0.5 per
cent to as low as 0.05 per cent, corresponding to an angular reso-

lution of about 2 to 0.2°. The resolution of linear motion potentiom-
eters is usually expressed in inches or centimeters; practical poten-
tiometers can have a resolution as low as 0.002 in. The resolution

of the continuous wire potentiometer, Fig. (1-2) 1, is infinitely small.

Increase of the travel length of the contact and of the resolution

can be obtained by arranging the resistance and the movement of the

Fig. (1-2)6. Helical potentiometer (internal view of a Fair-

child Controls Corporation type 930 ten-turn potentiometer;

by permission).

contact brush in the form of a helix, as shown schematically in Fig.

(1-2)6. Helical potentiometers with up to 40 complete revolutions

of the shaft are commercially available.

The last few turns of the resistance wire on either side of the con-

tact travel are sometimes not accessible for resistance variation. The

range of angular movement through which a variation of the elec-

trical output takes place (electrical angle) is sometimes smaller than

the mechanical angle through which the potentiometer shaft can

move, although potentiometers can be built with the electrical angle

equal to the mechanical angle.

The resistance increases in general proportionally to the displace-

ment or to the angle ofrotation. Nonlinear functions between poten-

tiometer output and angle of rotation can be obtained in several
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ways. The resistance wire can be wound on a card of varying cross

sections, as shown in Fig. (1-2)7. The shape of the card should follow

the derivative of the desired function. For instance, the resistance

between the terminalsB andCin Fig. (1-2)7 increases with the square
of the contact displacement d. Another means to vary the output

*A

^C

-AAA/VVVV\A\aaa/YWvVt—°B

Fig. (1-2)7. (a) Nonlinear poten-
tiometer; (6) relation between

output (resistance BC) and dis-

placement d of the moving con-

tact.

/?, R2 R-$ Ra,

Fig. (1-2)8. Nonlinear potentiom-
eter adjusted by parallel resis-

tors i? x to R 4 .

Fig. (1-2)9. Sine or cosine potentiometer.

in the form of a nonlinear function consists in an approximation of

the desired function from linear segments between taps of the poten-

tiometer, as shown in Fig. (1-2)8.

A potentiometer that furnishes an output proportional to the sine

or cosine of the shaft rotation is shown in Fig. (1-2)9. The potentiom-
eter consists of a rectangular card C, on which the resistance wire
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is wound, and two brushes B
x
and B

2 moving in a circle relative to the

card. The accuracy is about J°.

For details concerning sine, cosine, and other nonlinear potentiometers, see

F. E. Dole, in John F. Blackburn (ed.), "Components Handbook," M.I.T.

Radiation Laboratory Series, vol. 17, sees. 8.5 and 8.9; F. B. Berger and E. F.

MacNichol, Jr., in Britton Chance, F. C. Williams, V. W. Hughes, D. Sayre,
and E. F. MacNichol, Jr. (eds.), "Waveforms," M.I.T. Radiation Laboratory
Series, vol. 19, sec. 12.4; D. MacRae, Jr., and W. Roth, in Ivan A. Greenwood,
Jr., J. Vance Holdam, Jr., and Duncan MacRae, Jr., "Electronic Instruments,"
M.I.T. Radiation Laboratory Series, vol. 21, sec. 5.7, all McGraw-Hill Book

Company, Inc., New York, 1948.

The torque requirement to start the movement of the brush in

precision potentiometers is generally between 10 and 1 oz-in., and it

takes about half this amount to keep the brush in motion. Special

potentiometers are commercially available which require not more
than 0.003 oz-in. (200 dyne-cm) to move the brush. Intermittently

acting torque-free slide-wire resistances can be made by means of a

contact arm which moves over the resistance track, separated from

the track by a short distance, i.e., without touching the resistance

wire, and which is pressed against the resistance wire at periodic
intervals.

A torque-free potentiometer for use in a-c circuits in whioh the

contact arm moves at a short distance from the slide wire to which it is

capacitively coupled is described by Dimeff and Fryer.
1 Over an

angular range of ±30° the error is within ^0.02°.

Nonlinearity of potentiometers is largely a matter of definition. 2

The deviation from the best-fitting straight line which can be drawn

through the actual points of resistance is called "normal," or

"independent," nonlinearity. It is distinguished from zero-base non-

linearity (deviation from the best-fitting straight line passing through
the zero point) and from terminal nonlinearity (deviation from a

straight line passing through both end points of the electric travel).

The deviation from linearity in high-precision potentiometer trans-

ducers can reach values as low as 0.05 per cent, but it is generally of

the order of 0.5 per cent of the total resistance value. The higher the

total resistance, i.e., the thinner the resistance wire is, the higher the

linearity that can be obtained. In some potentiometers nonlinearity

occurs primarily in the region near the ends.

If the actuating force is given, the dynamic response of a linear

1 J. Dimeff and T. B. Fryer, Electronics, 30, 143 (February, 1957).
2 See D. C. Duncan, Characteristics of Precision Servo Computer Potentiom-

eters, AIEE Conference on Feedback Control Systems, Atlantic City, N.J.,

Dec. 6, 1951.
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require precision machining and, with the exception of special con-

struction, their resolution is limited. The mechanical force and

torque requirements are not always negligible. The transducers are

primarily applicable for large linear movements in the order of inches

or for angular movements of at least ten or more degrees. The life-

time is in general at least 10 6 full cycles of movement of the contact

shaft over the potentiometer travel. A potentiometer filled with a

lubricant liquid, manufactured by the Helipot Corporation, has a

lifetime of 107 shaft revolutions.

b. Spring Transducer. A spring is wound so that its initial tension

increases uniformly over its length, Fig. (1-2)11. It may be wound as

Force

"Expansion

Useful range

Extension

Fig. (1-2)11. Spring transducer.

Fig. (1-2)12. Calibration curve (resis-

tance versus extension) of a spring
transducer (private communicationfrom
W. A. Wildhack).

a cylindrical spring either with variable feed angle or variable initial

tension, orfrom wire with uniformly increasing cross section ; oritmay
be wound in the form of a tapered, i.e., cone-shaped helix. When the

spring is closed it represents, electrically, a cylinder surface, and the

current passes from one turn to the next in the direction of the arrow

A. When a force is applied which elongates the spring, the single

windings become separated one by one; the current then passes

through the separate turns in the direction of the arrow B.

The resistance increases with the elongation, as shown in Fig.

(1-2)12; the ratio of the "open" to the "closed" resistance for gold-

plated high-resistivity springs ma}7 be as high as 50 to 1.

Spring transducers have been applied for elongations varying from

0.006 to 0.6 in. for full-scale operation. The forces required for such

displacements range from less than 1 to 100 grams, and the appli-

cation for higher forces presents no difficulty in principle. Displace-

ments as small as 10~ 5 in. (0.25 [x] may be measured with simple

equipment and without the use of amplifiers.
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R+AJ?

The resistance is low. When closed, resistances of different trans-

ducers vary between 0.1 and 5 ohms; when open, the resistance

values range between 3 and 20 ohms. Resistance changes between

open and closed position as large as 15 ohms have been observed.

The error for short-time operation is in the order of 1 to 2 per cent;

over small ranges of operation and with selected gauges better values

can be obtained. The deviation from linearity of the output charac-

teristics is + 2 per cent over limited ranges of the order of 0.001 to

0.01 in. Considerable extension of the linear range may be obtained

by the use of pairs of matched gauges in a resis-

tance bridge. The dynamic response varies widely
with the spring construction. Natural frequencies
of 250 cps have been observed. The (short-tirne)

hysteresis can be considerable; it may vary from

less than 1 to 10 per cent.

Spring transducers may be made from noble

metals which are hard enough to have the elastic

characteristics of a spring (platinum-rhodium,
or "Paliney" alloy, primarily a gold-silver alloy)

or from non-noble metals such as steel which,

for better contact, should be gold-plated. The
wire diameter of practical transducers is between

0.005 and 0.015 in.

The spring transducer is, in principle, an elegant solution of the

transducer problem. It is simple and sensitive, its force require-

ments are small compared to the wire strain gauge, the impedance is

low, and it has the added advantage of requiring only a minimal

amount of accessory equipment; but—like all transducer systems
based on contact variations—it shows a considerable degree of un-

reliability, which limits its application.
c. Wire Strain Gauges. This strain gauge, Fig. (1-2)13, consists

essentially of a fine wire, usually of about 0.001 in. diameter. When

exposed to strain within the elastic limit, two physical mechanisms

will cause a change of its resistance. First, its geometrical form will

vary, i.e., the wire will show an increase of length and a decrease of

cross-sectional area. Second, a change of electrical resistivity will

occur, which can result in an increase or decrease of resistance,

depending upon the material of the wire.

The strain coefficient of resistance is

Fig. (1-2)13. Sche-

matic diagram of a

resistance-wire strain

gauge.

dR , , dp ,— de = (1 +2,0 +-?deK p
(1)
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where R is the resistance of the wire, dR is the resistance variation

due to the variation of strain de, ju is the Poisson ratio, and p the

resistivity. Of the two terms of the right side of Eq. (1), the first

denotes the geometric effect, the second the physical effect of resis-

tivity variation. Apparently, the change of resistivity has its origin
in a variation of the number of free electrons and of their mobility.

1

In the strain-gauge engineering literature, the behavior of the

strain gauge is commonly expressed by
AR AL
~R

=S
^7 (2)

where L is the length and R the resistance of the unstrained wire,

AL its change of length, and AR its change of resistance caused by
external stress. The dimensionless magnitude S (sensitivity factor

of the wire) can be positive or negative and varies for different metals

between — 12.1 and +3.6. Table 4 shows some representative values

oiS.

The resistivity of the different wire materials changes with tem-

perature; therefore, temperature variations will cause errors in the

use of wire strain gauges. Figures for the temperature-resistivity
coefficient are given in column 4 of Table 4.

Table 4. Strain Sensitivity S for Wires
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Two different forms of wire strain gauges are employed, the

unbonded and the bonded strain gauge.
unbonded strain gauge. An example of an unbonded strain

gauge is shown in Fig. (1-2)14. Four sets of strain sensitive wires,

electrically connected to form a Wheatstone bridge, are mounted
under stress between a frame F and a movable member M . If the

elementM moves through an angle around the pivot point P (dotted

line), the wires B and C will be elongated and the wires A and D will

Fig. (1-2)14. Unbonded strain gauge.

be shortened. The changes of resistance will cause an unbalance of

the bridge and give rise to an output signal.

The range of movement of practical unbonded resistance strain

gauges is in the order of ^0.0015 in. A typical resistance strain

gauge will require a force of about 0.15 oz (5 g, or 5 x 103
dynes). The

resistance of unbonded strain gauges ranges from about 60 to 5,000

ohms; special strain gauges have been built with resistances in the

vicinity of 50,000 ohms. The resistance variation caused by the

maximum practical displacement is about 1 per cent. The magnitude
of the output signal depends, of course, upon the applied voltage;

for an input voltage of 10 volts, i.e., near the maximum safe limit,

one can expect an output of the order of 10 to 100 mV.
Increase of the applied voltage leads to an overheating and break-

down of the wire. Forced-air cooling is not effective and causes

uneven distribution of temperature. Cooling in a helium atmosphere
at reduced pressure has been recommended and permits a fourfold

increase in current.

The deviation from linearity ofunbonded strain gauges is less than

1 per cent; the accuracy can be better than 0. 1 per cent. About 1 min

is usually required, after excitation has been applied, to reach ther-

mal equilibrium. The zero point drifts, in general, by about 0.05 to
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0.1 per cent of the full-scale output, apart from any long-term zero

drift. The dynamic response of the unbonded strain gauge depends

largely upon the mass of the moving parts to which the wires are

connected. The natural resonance frequency of the wires can be in

the range of several 10 kc, but practical strain gauges have usually

Cover cemented
to base

Electrodes

Base- Resistance wire

cemented in position

Fig. (1-2)15. Bonded strain gauge.

a natural resonance frequency of not more than several hundred

cycles per second.

bonded strain gauges. The bonded strain gauge (E. E. Sim-

mons, Jr., U.S. Pat. 2,292,549, 1942) consists of a grid of fine wire or

foil cemented to a paper support about 0.003 in. thick, as shown in

Figs. (1-2)15, (1-2)16, and (1-2)17. The wire is held in position by

? ?

Fig. (1-2)16. Resistance-

wire strain gauge.

Fig. (1-2)17. Foil

strain gauge.

nitrocellulose cement or phenol resin polymerized at high tempera-
ture. Two connecting leads are either soldered or welded to the fine

wire, and a piece of felt is frequently laid over the grid for thermal

protection. For application, the entire strain gauge is cemented to

the metal structure to be investigated, and the resistance variations

are measured.
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The relationship between the fractional resistance variation and
the applied strain e is linear.

The gauge factor G is determined from measurements under standard

conditions, i.e., by cementing the bonded strain gauge to a specimen
with a Poisson ratio of 0.285 and subjecting it to a strain in the speci-
men along the gauge axis. The deviation from linearity is in the

order of 1 per cent.

The maximum range of displacement is usually of the order of

3 X 10_3 in. (~70 /*); the forces needed to produce maximum output
are in the order of 10 to 100 oz.

The gauge resistance is, in general, between 50 and several

thousand ohms. The practically obtained resistance variations are in

the order of 1 per cent for a maximum range of displacement. The

output-voltage level depends, of course, upon the input voltage used

to measure the resistance variation; for an input voltage of 10 volts

one can expect an output voltage between 10 and 100 raV. An
accuracy as high as 0.1 per cent can be achieved.

The frequency-response characteristic extends from zero to many
thousands of cycles per second, although most practical gauges have
an upper frequency limit around several hundred cycles. Under
sustained stress there can be a plastic deformation which corresponds
to a stress up to 3.5 x 10-5 . Of this creep, 75 per cent will arise

within the first 24 hr.

Since a certain length of wire is arranged in a direction y, Figs.

(1-2)15 and (1-2)16, perpendicular to that of principal stress x, the

wire strain gauge exhibits an effect of cross sensitivity. The cross-

sensitivity factor, i.e., the ratio k = transverse sensitivity/longitudi-
nal sensitivity, is in general less than 2 per cent. 1

Gauges with-

out transverse sensitivity have been described by Gustafsson and

Huggenberger.
2 The gauges consist of parallel stress-sensitive wires

imbedded in a flat strip of transparent plastic and jointed alterna-

tively at the top and the bottom with heavier (not strain-sensitive)
connectors.

The largest single source of error in using a resistance strain gauge
is the effect of temperature fluctuations. Temperature variation has

a twofold effect on resistance strain gauges; first, it will alter the

electrical resistance of the gauge, and second, it will cause a difference

1 R. Baumberger and F. Hines, Proc. Soc. Exptl. Stress Anal., 2
(
1 ), 1 13 (1944).

2 G. V. A. Gustafsson and A. H. Huggenberger, G-H, Tepic, or Sweden

Gauges, Natl. Bur. Standards Circ. 528, p. 79, 1954.
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in expansion of the gauge wire and of the mounting, so that a strain

is caused in the wire, which is superimposed to that caused by the

actual displacement under measurement. Therefore, the gauges and
the mechanical equipment under investigation must be kept at a

constant temperature, or temperature compensation methods must
be applied. The most common method oftemperature compensation
is to use a second strain gauge (dummy gauge) ;

both gauges are

exposed to the same temperature, but only one is exposed to the

displacement under investigation. Temperature compensation is of

minor importance in dynamic investigations. Thermoelectric effects

arising at the lead connections may also cause errors.

Humidity entering the gauge system is likely to cause disturbances

by creating insulation defects and corrosion of the wire. A protective

coating is sometimes required.
1

Magnetorestrictive effects in strain gauges consisting of ferromag-
netic wires have been observed by Vigness.

2 The effect, which can

cause disturbing voltages in the order of 2 mV, is not observed in new
strain gauges but appears after the gauges have been "conditioned"

by the application of a current and exposed to repeated strain

impacts.

Gauges cemented with nitrocellulose cement can be used without

appreciable error at temperatures which range as high as 60 to 80°C;

gauges made from cured synthetic resin can be used up to 200°C.

Good adherence of the strain gauge to the specimen under investi-

gation is important. Nitrocellulose cement dries in air at room tem-

perature (minimum time for drying, 3 to 4 hr; drying time for better

results, 10 hr) and can be used at temperatures below 80°C. Phenol
resin requires polymerization at elevated temperature (95°C for 12

hr) but is more stable and can be used up to 250°C. Air bubbles and
cavities between the specimen and the strain gauge are likely to

cause considerable errors. Errors may arise through hysteresis and

creep. Commercial gauges are available in lengths from J to 6 in.

and in widths from ^ to about J in.

Strain gauges made by evaporating metals on an insulating sub-

strate have been investigated by Campbell.
3

Satisfactory results

1 Details on cementing and waterproofing are described by R. G. Boiten,

Characteristics and Applications of Resistance Strain Gauges, Natl. Bur.

Standards Circ. 528, 1954.
2
I. Vigness, Rev. Set. Instr., 27, 1012 (1956); see also J. M. Krafft, Proc.Soc.

Exptl. Stress Anal., 12 (2), 173 (1955), and A. Meitzler, Rev. Sci. Instr., 27, 56

(1956).
3 W. R. Campbell, Natl. Bur. Standards Circ. 528, p. 131, 1954; also see

A. Krimsky and R. L.Parker, Natl. Bur. Standards Rept. 5139, February, 1957.
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were obtained with films of Pd, Pt, Sb, Co, Au, Ni, and Te deposited
on a strip of anodized aluminum which was coated with silicone

resin. With decreasing thickness of the film, the sensitivity (gauge

factor) generally decreases first, i.e., becomes less than that of a

strain gauge in bulk (wire) form, and then rises above that of the bulk

material. Sensitivities 10 to 20 times higher than that of wire strain

gauges have been observed. Some of the film strain gauges exhibit

hysteresis, drift, and nonlinearity.
Numerous modifications of the strain gauge have been proposed

to extend its application to higher temperature. Nichrome wire

mounted on ceramic-coated metal foil can withstand oxidation and
corrosion at temperatures up to 1000°C. The gauges can be mounted
to the test specimens by high-temperature cements, such as lead

silicate, silica oxide, or alumina oxide types, or by spot welding.
Glass-woven strain gauges, i.e., gauges made by braiding or weaving

glass-fiber-insulated wire into a ribbon, have also been used. The

application is limited; most low-melting glasses become conductive

at high temperature. Gauges for high temperature usually become
stable only after suitable aging, i.e., repetitive heating and cooling.

1

The advantages of wire strain gauges are in their flexibility, their

small physical size, and their high stability and accuracy. Their

relatively small output impedance can be advantageous for tele-

metering applications. Disadvantages are the considerable force

required to elongate the gauge and the small output level (compared
to the capacitive or inductive displacement transducer) and, for the

bonded strain gauge, the fact that an appreciable time is required for

bonding the strain gauge to the specimen under test. The strain

gauge has been used in connection with many instrumentation

systems, such as load cells, pressure-measuring systems, torque

pickups, etc. 2

For references, see W. B. Dobie and P. C. G. Isaac, "Electrical Resistance

Strain Gauges," The English Universities Press, Ltd., London, and the Mac-

millan Company, New York, 1948; C. C. Perry and H. R. Lissner, "Strain

Gage Primer," McGraw-Hill Book Company, Inc., New York, 1954; W. M.

Murray and P. K. Stein, "Strain Gage Techniques," Society for Experimental
Stress Analysis, Cambridge, Mass., 1958.

d. Semiconducting Displacement Transducers. Two basically dif-

ferent types of semiconducting transducers exist, one where the mul-

tiple contact area between semiconducting particles (usually carbon)

1 F. G. Tatnall, Summary Report on High Temperature Strain Gauge
Resistors, Contr. NONR-845(00), Office of Naval Research, Jan. 25, 1955.

2 See A. C. Ruge, Natl. Bur. Standards Circ. 528, p. 93, 1954.
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varies when the distance between these particles is changed, and one
where the resistance of a continuous film of a p- or w-type semi-

conductor, such as germanium, varies with stress like that of a thin

metal film strain gauge. Very little information is, as yet, available

on the latter-type transducer, while a considerable amount—mostly
technical information—has been published on the carbon- or carbon

composition-type transducer.

One form of carbon transducer is shown in Fig. (1-2) 18. It consists

of two or more (up to 60) carbon disks mounted between a fixed and
a movable electrode. When a force

F is applied, the carbon disks

move together by an amount d,

and the resistance R decreases.

The transfer function, R —f(F)
or R = f(d), is approximately j=

hyperbolic, as shown in Fig. (1-2)
°40

19. Several workers have tried to

80

Mobile electrode

Carbon disks <^j.

Fixed electrode

20

IT
d

1
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The transducer in the form of Fig. (
I

-2) 18 is subject to large hys-
teresis and drift and is severely influenced by transverse forces or

displacements. The most successful method to overcome these diffi-

culties consists of mounting the carbon electrodes, in the form of

rings, on an insulated core in a rigid frame, prestressing the carbon

column and using it only over a limited range of displacements.
1 The

hysteresis effect which can be as much as 20 per cent of the total

range is particularly high if the transducerisnewlyassembledbutcan
be reduced by mechanical aging, i.e., repeated application of load.

The range of displacements for which the described form of the

transducer can be used varies from about 5 to 250
/u per interface;

displacements of a fraction of a Carbon composition

micron can be detected
;
the range / ~~n

of force varies from about 100 — //{7^~
—T— ~/i~$ /

grams to 10 kg. As in any other /
<

*T
j< -*J^Ba e

transducer, the force range can '^
Electrodes^-

be considerably extended (3,000
i \2 j-u u ii r u Fig. (1-2)20. Carbon-composition strain
kg r through the use ol median- l

0/ & gauge.
ical load cells, and the range of

displacements can be increased by the insertion of an elastic member

(spring) between the moving element and the transducer. The resist-

ance at zero load depends upon the materialandthe surface treatment
of the carbon disks and can be between 0.5 and several hundred ohms.
The variation of resistance can be as high as 10 to 1 for a variation

from no-load to maximum load, but is in general much smaller.

The mechanical resonance frequency of the carbon column can be

as high as 60,000 cps.
3 The mass moving with the column, such as

the frame or the electrodes, reduces, of course, the useful dynamic
range. Spark-plug-type pressure transducers have been built with a

natural frequency between 3,500 and 11,000 cps.
4

A carbon-composition transducer is shown in Fig. (1-2)20. It con-

sists of an insulated carrier upon which is deposited a carbon com-

position such as finely divided graphite particles in a nonconducting
binder (shellac, plastic, resin, cellulose acetate) or simply graphite

suspended in alcohol. Two electrodes are applied. If the carrier is

1 O. S. Peters and R. S. Johnston, Engineering, 116, 253 (1923), and Am. Soc.

Testing Materials, Proc, 23 (II), 592 (1923); O. S. Peters and B. McColtum,
Natl. Bur. Standards Tech. Paper 17 (247), 737 (1924); O. S. Peters, Am. Soc.

Testing Materials, Proc, 27 (II), 522 (1927).
2 R. I. Martin and D. E. Caris, SAE Journal, 23, 87 (1928), and Automotive

Ind., 62, 230 and 592 (1930).
3 W. Glamann and H. Triebnig, Forschung, 4, 137 (1933).
4 Martin and Caris, loc. cit.
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subjected to stress or flexed, the resistance between the electrodes

will vary. The variation of resistance occurs throughout the volume
of the composition layer (not on the surface, as above).
Numerous formulas for the semiconducting mixture have been

described, varying in resistance from a few ohms to the megohm
range. For laboratory experiments it is sometimes sufficient to use

a pencil line or a line of india ink drawn on a piece of paper.
1 Conduc-

tive rubber (rubber rilled with finely divided graphite) also shows the
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Carrier

Carbon film

The sensitivity of such gauges, i.e., the fractional resistance change

ARjR per unit strain AL/L, varies from about 30 to 150 (highest

value, for vapor carbon, 535), compared to a value of the order of 2

for wire strain gauges. The transfer function ARjR versus AL/L is,

in general, nonlinear. A material which shows the least deviation

from linearity consists of 9 parts, by weight, of cellulose acetate to

1 part of Dixon Micronized Graphite No. 200-08. All materials

exhibit hysteresis and aftereffects, as shown in Fig. (1-2)21.

A variation of the carbon-composition transducer is shown sche-

matically in Fig. (1-2)22. The composition is deposited to the inside

or the outside of a ring-shaped
elastic carrier. Four electrodes are

applied so that the parts a, b, c,

and d of the conductive layers
between the electrodes form the

arms of a Wheatstone bridge. If a

force F deforms the ring, it will cause

a compression in the arms a and c

and an extension in the arms b and

d, leading to an unbalance of the

bridge and causing an output

signal.

The contact resistance of the

carbon disks and the resistivity of

the carbon composition vary strong-

ly with temperature. The resistance

temperature coefficient is negative and of the order of 3 X 10~ 4 to

10_3/°C. The above-described method of mounting two transducers

in adjacent arms of a bridge reduces the temperature influence con-

siderably. Differences of the thermal expansion between the mount-

ing frame and the transducer also produce changes in output. The
carbon-disk transducer is also sensitive to vibration and to humidity
and is easily damaged by oil and vapors. Heat caused by the passage
of current through the contact causes an erratic behavior.

The semiconducting transducer is an intriguing device; it has

inherently many of the advantages of an ideal transducer, such as

high sensitivity, small mass, good dynamic response, low actuating-
force requirements, and a wide range for displacement and force. The

output impedance can be varied widely to suit the requirements of

the user, and the transducer itself and the associated equipment are

very simple. But the semiconducting transducer is inherently un-

stable and shows aftereffects, hysteresis, and drift. It seems that no

Fig. (1-2)22. Ring-type semiconduc-
tive displacement transducer (from
A. Theiss, Arch, techn. Messen, V
1121-2 and 3, May and June 1943; by

permission).
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real improvement of the transducer can be expected from variations

of the construction or of the carbon composition unless more is

known about the physical mechanism causing the resistance-varia-

tion effect.

e. Electrolytic Displacement Transducers. The resistance between
two electrodes in contact with an electrolyte depends upon the

Moving electrode

Paraffin oil

-Electrolyte

-

Mercury

Fig. (1-2)23. Electrolytic dis-

placement transducer [M.
Manzotti, J. Set. Instr., 33, 314

(1956); by permission].

Rubber hose
L

Electrolyte Electrode
'

Fig. (1-2)25. Simple electrolytic dis-

placement transducer.

Eixed electrode

Electrolyte (alcohol -glycerine)
held in glass by capillary forces

Moving electrode

=o
Fig. (1-2)24. Electrolytic displacement
transducer [B. S. Gunther and J. B.

Concha, Proc. Soc.Exptl. Biol. Med., 69,

302(1948); by permission].

B, B 2

x L

Fig. (1-2)26. Electrolytic displace-
ment transducer used for pressure
measurements. B

x , B 2 , insulating

bodj-; A, annular chambers; J5
1 , E{ ,

E
2 , E'2 , electrodes and pressure ducts;

M, membrane; G, resistance gap
[from J. R. Pappenheimer, Rev. Sci.

Instr., 25, 912 (1954); by jwrmission].

geometry of the conducting path; any change of the length or the

cross-sectional area of the conductive path causes a variation of the

resistance.

A great number ofelectrolytic displacement transducers have been

described in the literature, particularly in the field of physiology.

Figures (1-2)23 to (1-2)26 show different constructions of such trans-

ducers.
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Probably the most accurate electrolyte transducer has been de-

scribed by Pappenheimer.
1 The S3

7stem is used as a pressure-sensing

device; it consists of two cylindrical pressure chambers made from

quartz, with a cross section like that shown schematically in Fig.

( 1-2)26. The two chambers are separated by a quartz or glass mem-
brane (0.25 mm thick, 12 to 15 mm diameter). The chambers are

rilled with isotonic sodium chloride solution (for biological experi-

ments) and a trace of detergent is added to lower the surface tension.

Silver tubes inserted at four places serve as electrodes and as conduit

to the places where the pressure is to be measured and to a reservoir

to fill the chambers. From about 70 to OS per cent of the resistance of

each cell is located in the gap G. The width of this gap changes when a

pressure difference between both chambers occurs. The performance
of this gauge is extraordinary ;

its lowest useful pressure range is from
to ±2 mm Hg, the highest range from to ±1,000 mm Hg. The

accuracy is high ;
0.0 1 per cent ofthe full-scale range can be measured.

The liquid volume of the chambers is 0.2 to 3 ml (for different embodi-

ments), and the change of volume is in the order of 3 x 10-6 ml/mm
Hg. The output level is 0.12 to 0.4 mV/mm Hg of pressure for 1 volt

applied to the bridge, the output impedance on each side, 1,000 to

3,000 ohms. The response time is short; to achieve 95 per cent of the

output for a sudden change of pressure, 2 to 12 msec are required
with critical damping. The influence of temperature variation is

negligible if the system is used in a balanced bridge.
For the use as a displacement transducer, an electrolytic system

offers a number of advantages: The transducer can be made very
small, the force or energy requirements to cause a variation of the

conductive path can be made negligible for many applications, the

resistance of the gauge can be selected within wide limits by selecting

electrolytes of proper concentration, and the resistance variations

caused by a displacement of the electrodes can be large.

Electrolytic transducers suffer in general from the variation of

electrolyte resistivity with temperature. The resistivity changes for

most aqueous solutions by about —2 per cent/°C, but can change by
as much as 8.9 per cent/°C (42.7 per cent sodium hydroxide solution,
see temperature transducers, Table 9). A solution with an extremely
small temperature coefficient is Magnanini's solution (121 grams man-
nite, 41 grams boric acid, 0.04 grams potassium chloride to 1 liter of

solution; the temperature coefficient, at 18°C, is —0.1 per cent/°C;
the resistivity is very high). A further difficulty, in particular if the

transducer is operated at direct current, arises through polarization
1 J. R. Pappenheimer, Rev. Sci. Instr., 25, 912 (1954).
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of the electrodes, an effect which causes nonlinearity of the voltage-
current characteristic. The effect can be eliminated by operation
with alternating current of sufficiently high frequency, but other

complications may arise through the capacitance between the elec-

trodes and between each electrode and ground. Also, the require-

ments for the associated equipment (oscillator, detector, shielding)

are considerable if the transducer is operated by alternating current.

The described difficulties and other technical difficulties connected

with most electrolytic transducers (e.g., evaporation of the solvent,

capillary forces between the electrolyte and the electrodes, mechani-

cal alterations of the rubber membranes or tubes, lack of portability)
are the reasons that electrolytic transducers are primarily used for

laboratory applications or where the accuracy requirements are

moderate.

1-22. Inductive Displacement Tbansducers

An inductive displacement transducer consists essentially of a coil

with the inductance L; a mechanical force or a displacement causes

a variation of the coil parameters and consequently a change of

inductance AL. A variety ofinductive transducers has been designed
and described; a synopsis illustrating the more frequently used

systems is shown in Fig. (1-2)27.

The inductance of a coil is

L = n2
G[x

where n is the number of turns, G a geometric form factor, and li the

effective permeability of the medium in and around the coil. Since

either n, G, or li can be changed, there exist three basic groups of

inductive displacement transducers. These are described in Fig.

(1-2)27, vertical columns A, B, C or D, E, F.

a. Inductance and Reluctance-variation Transducers, self-induct-

ance versus mutual inductance. Each transducer within a group
can be designed either with a single coil, in which case the input

magnitude changes the self-inductance of the coil, Fig. (1-2)27, hori-

zontal columns 1 and 2, or with multiple coils, in which case the input

magnitude causes a variation of the mutual inductance, i.e., the

magnetic coupling between the coils (columns 3 and 4). A mutual-

inductance system can frequently be converted into a self-inductance

system by series or parallel connections of the coils. For instance, if

in B3 the terminals B and C are connected, the total inductance

between the terminals A and D will be

L
s
= Ll +L 2 ± 2M



3

o

o
c
a>

a>

5

<q

^

fc,
WFW ] (

—
f-

I*.

3UC

3 M»W

co
Fh

cd
o
3
73
to

ess

a>

CD
o
«
a,
CO

CD

o
3

3

CO

'co

Oh
O
s

CO

oM

^J

o| *
i_U

m

re

05

to

Q; <o

<2|

w w

.

i*,
1

f."a co

CD !" c
c ° j= o
a ° <->

•>\\t UOJJ J !V UOJJ

u uoijonpui j.|33 uoipnpui |on+n[/\j

45



46 INSTRUMENTATION IN SCIENTIFIC RESEARCH [Chap. 1

and will vary with
cp by 2M sin

cp.
If the two coils are connected in

parallel, the inductance will be

LtL2
- M*

L1 +L 2 ± 2M

Similarly, the system Bl can be converted into a mutual-induction

system by disconnecting contacts B and C.

single output versus differential output. In general the

inductance variations AL or AJf of a transducer will be small com-

pared with the inductance L or the mutual inductance M of the

system. If the succeeding stage responds to the total inductance

L + AL rather than to the inductance variation, the sensitivity of

such simple systems will be only moderate. Higher sensitivity and

higher accuracy can be obtained with systems in which the input

magnitude (force or displacement) simultaneously causes an increase

of one inductance and a decrease of another, so that the subsequent

stage measures either the difference or the ratio of two inductances

(differential, push-pull, balanced, or ratio output). Each inductive

transducer system within a basic group can be designed either with

single output (vertical columns A, B, C), or with differential (ratio)

output (columns D, E, F). The transformation from single to dif-

ferential output is frequently only a matter of circuitry (see, for in-

stance, Al and D\ or A2 and D2).
Inductive displacement transducers with differential or ratio out-

put offer, in general, advantages besides that mentioned above. Their

output is less influenced by external magnetic fields and by tem-

perature changes and variations of the supply voltage and frequency.
air- versus iron-core coils. An inductive displacement trans-

ducer system can be further modified by designing it either with coils

in air (horizontal columns 1 and 3) or with cores of high permeable
materials. Air-coil systems can be operated at a high carrier fre-

quency so that they are applicable to the conversion of mechanical

movement over a wide frequency range. A practical advantage of

iron-core systems is that they are less likely to cause an extended

magnetic stray field and they are also not affected as much by ex-

ternal magnetic fields, as are air coils. A disadvantage of iron-core

transducers is that their inductance is likely to vary with the current

passing through the coil. The frequency of the supply voltage used

for the measurement of the inductance should not exceed 20,000 cps
for iron-core transducers. Line voltage (60 or 400 cps) is frequently
used.
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A number of iron-core transducers have been described. 1 Most of

these transducers are variations of the basic system illustrated in Fig.

(1-2)27(7-2, which consists of a coil wound around a core of the (uni-

form) cross-sectional area a and the effective permeability ju (i.e., the

permeability at the magnetic field strength and frequency actually

used). The average length of the magnetic path in the iron core is I,

the iron core is interrupted by an air gap of the width d. (d should be
small compared with any dimension of a.) The inductance of the coil

is
2n 2

where 8% is the reluctance of the magnetic circuit, a magnitude anal-

ogous to the resistance in an electric circuit
(
^ = magnetomotive

force/magnetic flux; the infrequently used magnitude permeance is

the reciprocal of the reluctance). The reluctance varies with the

width of the air gap and is approximately (neglecting fringe effects

and leakage)
I

fi
8% =— where // =

ap'
n

1 -
(d/l)fi

In most applications the reluctance is primarily that of the air gap,
the contribution of the iron core is small.

Inductive displacement transducers can be used at high tempera-
ture. For such applications, the coil forms can be made from high-

temperature refractive ceramics, the armature from hollow cobalt.

The transducer can be enclosed in a ceramic shell sealed with refrac-

tory cement. The core can be made of magnetic alloys, such as

Hypersil or Permandur, which have a curie point above 1000°F.

A transducer of the type illustrated in Fig. (l-2)272£-3 is described

by Hermann and Stiefelmeyer.
2 The transducer which is used for the

measurement of torque has no slip rings. The voltage is supplied to

a pair of coils by means of a transformer with one stationary and one

rotating coil; the output voltage is picked up with a similar trans-

former.

Compared with the capacitive displacement transducer, the induc-

tive transducer requires in general higher mechanical forces at the

input and has a lower output impedance and a higher output power
level, so that sometimes the output can drive the following stage and
no amplification is required.

1 See H. C. Roberts, "Mechanical Measurements by Electrical Methods," chap.
IV, pp. 41-97, The Instrument Publishing Company, Pittsburgh, 1951.

2 P. Hermann and G. Stiefelmeyer, Arch. tech. Messen, V 171-4 and V 171-5,
March and April, 1957.
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of higher harmonics. Frequently it can be reduced by low-pass
filters in the input circuit, by balancing the individual output circuits

with resistive and capacitive shunts, or by adequate grounding.
The input and output of the transducer can be interchanged. The

normal connection, Fig. (1-2)28, produces higher output voltages,

while the inverted connection may be preferable for matching to low

impedance loads and also has the advantage of reducing the effect

of stray magnetic fields (see below) .

The linear-variable differential transformer may be used for a total

linear range of displacements varying with the construction from

^0.005 to several inches. In general, 1 per cent of the total range
can still be measured; with some care it is possible to measure 0.1 per
cent. The smallest displacement to be detected is of the order of

10- 5 in.

The mechanical force requirements at the input depend upon the

operating conditions. The axial force which the transducer exercises

on the core is zero if the core is in the center position and increases

linearly with the core displacement, tending to move the core to-

ward the axial center. The force is proportional to the square of the

current in the primary coil. For a commercial transducer driven at

60 cps and for full displacement, the force is of the order of 0.3 gram
(300 dynes); if operated at 400 cps, it diminishes to 0.075 gram (75

dynes). The coil system also exercises a radial force on the core

which increases with the square of the primary current. This force is

zero when the core is in the radial center, but in this position the core

is in an unstable equilibrium since the radial force increases with the

radial displacement and tends to move the core toward the periph-

ery of the bore. A restraint of this sideways movement is required.

The open-circuit output voltage for full-range displacement of the

core is, in practice, between a fraction of a volt and several volts. The

output impedance varies for different constructions between 20 and

several thousand ohms. The output impedance is predominantly

resistive, with an inductive component which varies slightly with the

core displacement.
The errors of the linear-variable differential transformer amount in

general to about 0.5 per cent of the maximum linear output. |
The

deviation from linearity of commercial transducers is also about 0.5

per cent of the specified range; it can be reduced considerably by

reducing the travel length of the core. The dynamic response is

limited mechanically by the mass of the core (smallest mass about

0.1 gram, in larger models up to 3 grams) and is limited electrically

by the frequency of the applied a-c voltage. This frequency (carrier
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frequency) should be at least 10 times that of the highest frequency

component to be measured.

The influence of the ambient temperature upon the transducer

performance is small. The effect of a temperature variation upon the

magnetic properties of the core is usually negligible. Increased

ambient temperature tends to increase the resistance of the primary
coil and leads to a shift of the calibration curve (zero shift error) and

to a reduction of sensitivity. The above-mentioned feeding of the

transducer from a constant-current supply or the insertion of a

thermistor with negative resistance-temperature coefficient in the

primary circuit reduces the temperature effect. Commercial trans-

ducers have been built for operation in a temperature range between
— 50 and (intermittent) 290°C.

The operation of the transducer can be severely affected by the

presence of metal masses in its vicinity and by magnetic a-c stray

fields. Such fields can cause an unbalance and an excessive zero

voltage as well as nonlinearity of the output. The transducer also

generates a magnetic stray field which may induce magnetic dis-

turbances in nearby magnetic masses or metal parts (by eddy cur-

rents) . Such induced fields may have a back effect on the transducer.

The difficulty can be reduced, but never completely remedied, by the

use of magnetic shields around the transducers. Such shields should

have a full-length slot to reduce eddy currents.

Linear-variable differential transformers frequently exhibit a

transverse sensitivity; i.e., they respond to a radial movement of

the core. The magnitude of this transverse sensitivity is in general

0.1 to 1 per cent of the axial sensitivity.

The variable differential transformer is a mechanically simple and

rugged transducer suitable for displacements between 0.0001 and

several inches (some authors indicate 10~ 6 in. as the lower limit) and

forces of at least 0. 1 to 0.3 gram. It has a high output level and a low

or medium output impedance. The requirements for accessory

equipment are moderate where an accuracy of not more than the

order of 1 per cent is required, but they increase considerably for

higher demands of accuracy. The dynamic response is limited by the

frequency of the supply a-c voltage.
1

A miniature inductive transducer suitable for intracardial-pressure

measurements is described by Gauer and Gienapp.
2 The transducer

is 12 mm long and has a maximum diameter of 3 mm. It can be used

for pressures from —50 to +250 mm Hg.
1 See Bulletin AA-1A, Schaevitz Engineering Corporation, Camden, N.J.
2 O. H. Gauer and E. Gienapp, Science, 112, 404 (1950).
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c. Eddy-current Displacement Transducers. The basic eddy-cur-
rent transducer is shown, schematically, in Fig. (1-2)32. A current

supplied by an rf generator passes through a coil C and creates a

magnetic field. This field produces circular and coaxial eddy currents

in a conductive plate A which is separated from the coil by a variable

distance d. The eddy currents in turn cause a magnetic field which is

opposed to that produced by the coil. The superimposition ofthe two
fields reduces the effective inductance of the coil and causes a varia-

tion of the magnitude and phase of the current. The variation with

separation d of the current appears as a change of E at the output
terminals.

Figure (1-2)33 shows a modification of this setup. An rf magnetic
field is produced by a primary coil P. The voltage induced in the

secondary coil 8 is

Eo
= E12

—
^12 (1)

or E -- --

2tt//1 (
M12

- - M'12)
= 2-rrf^M (2)

where E12 is the voltage induced in S by the primary coil, E'12 that

induced through the effect of the eddy current,/the frequency of the

applied current /, M12 the mutual inductance between the primary
and the secondary coil, and M[2 the mutual inductance between the

image of the primary coil at the distance d + b behind the surface of

the plate and the secondary coil.

A typical calibration curve of the transducer is shown in Fig.

(1-2)34.

The sensitivity of the transducer is

s= dEo = (oI
dM

dx dx

Values for the effective inductance M for different geometric con-

ditions, and for the derivative of the inductance with respect to the

displacement x, have been computed by Joseph and Newman1 and
are reproduced in Figs. (1-2)35 and (1-2)36. They permit the com-

putation of the sensitivity and the determination of the linear range
of eddy-current transducers for different values of the radius rp of the

primary coil, the radius r
s
of the secondary coil, and the separation x

between the image of the primary coil and the secondary coil. In

Fig. (1-2)33, x = 2d +6. The sensitivity can be found from

S = wln^i,,!— X [ordinate of Fig. (1-2)36]

n
x and n 2 are the number of turns of the primary and the secondary
1 H. M. Joseph and N. Newman, Natl. Bur. Standards Rept. 2558, June, 1953.
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UP9)

Fig. (1-2)36. Derivative of mutual inductance between two

single-turn coaxial coils versus displacement between them.

where fi is the magnetic permeability in Mks units, a the conductivity
of the plate material, and /the current frequency.

1

The eddy-current transducer is in general used for small displace-

ments, i.e., for a total range from =j= 10
_4 to =[= 10

_2 in. Displacements
of 10~ 5 in. can still be detected. A small repulsive force arises between
the primary coil and the metal plate. For a perfectly conducting

plate of an area large compared to that of the coil, the force is

F -- -n 2
,i

l -^~ x 10-11
dynedx

1 See R. W. P. King, H. R. Mimno, and A. H. Wing, "Transmission Lines,

Antennas, and Wave Guides," McGraw-Hill Book Company, Inc., New York,
1945.
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where nx is the number of turns of the primary coil, i the instantane-

ous primary current, and x the distance between the primary coil and
the coil image (i.e., twice the distance between the coil and the metal

plate) . For rjrp
= 1

,
the value dM/dx can be found from Fig. (

1 -2) 36.

For i = 1 amp, n = 12, and for x = rv ,
the force is of the order of

10 dynes. A force can also arise between the primary and the second-

ary coil but is usually negligible if the current in the secondary coil is

small.

Little information is available as to the accuracy of the method.

Considering the difficulty of measurements at radiofrequencies, the

error may be estimated to be 1 to several per cent.

The calibration curve is essentially nonlinear. Over a limited

range approximate linearity can be obtained. The linearity over a

selected range of displacement can be improved by increasing the

radius rp of the primary coil and by decreasing the ratio of the radii of

secondary to primary coil rjrv , although such a procedure diminishes

the sensitivity of the transducer.

The dynamic response is primarily limited by the frequency of the

applied current, which is usually in the megacycle range. Mechanical

oscillations in the range from 10 to 20,000 cps have been measured
with the eddy-current transducer.

The transducer is insensitive to lateral shifts between the coil

system and the metal plate, but errors are likely to occur from non-

parallelism between the coil planes and the metal plate.

For references, see J. Obata, J. Opt.Soc. Am., 16, 419 (1928); H. A.Thomas,
Engineer, 135, 138 (1923); H. A. Thomas, J. Scl. Instr., 1, 22 (1924).

d. Magnetoelastic or Magnetostrictive Transducers. The magnetic

permeability of ferromagnetic materials changes in general when the

material is subjected to mechanical stress (Villari effect). The per-

meability can increase or decrease, depending upon the material, the

type of stress (compression, tension, or torsion), and the magnetic
flux density in the sample. Examples for the relationship between

the flux density and the applied stress for iron are shown in Fig.

(1-2)37; the values reported in the literature vary widely. The mag-
netic permeability of nickel increases when the probe is subjected to

compression and decreases when subjected to tension. The general
trend of the characteristics for nickel is illustrated in Fig. (1-2)38.

The response to torsion of a magnetoelastic nickel probe is shown in

Fig. (1-2)39, curve a; the flux density increases as the angle of

torsion increases, regardless of the direction of rotation. A strong

hysteresis effect is noticeable. If a constant longitudinal tension is
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superimposed to the torsion, an asymmetric curve b results, and

beyond a critical value of longitudinal tension the response to torsion

changes to that of curve c.

The magnetoelastic effect is particularly strong in nickel-iron

alloys (63 per cent Ni, 37 per cent Fe).
1

1,000
-

B
500

200

100

10 20
Lood, kg

Fig. (1-2)37. Magnetoelastic effect in

iron.
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The forces required at the input of the transducer should be such
as to cause in the material a stress not exceeding the order of 700

kg/cm
2
(10,000 lb/in.

2
). Depending upon the cross-sectional area of

the probe, forces from several grams up to several tons can be

measured directly. The displace-
ment at the input ofthe transducer

is relatively small and will in

general be in the order of several

microns. The output varies be-

tween 10 and 30 per cent of the

inductance at zero mechanical

load, otherwise hysteresis effects

may become excessive. The out-

put inductance is in general of the

order of milli-henrys up to a

fraction ofa henry depending upon
the number of turns and the phys-
ical dimensions of the magnetic
circuit.

50 100
Mechanical load,

150

kg

Fig. (1-2)40. Magnetoelastic
ducer, transfer characteristic;

schematic diagram of transducer.

200

trans-

insert,

£.

(a)

^^XZ

I

y

(b)

~M

(c) id)

Fig. (1-2)41. Different forms of magnetoelastic transducers: (a) magnetoelastic

probe P, surrounded by shielding yoke Y; (b) magnetoelastic accelerometer [from
H. Wilde and E. Eisele, Z. angew. Phys., 1, 359 (11149)]; (c) mutual-inductance

magnetoelastic transducer; (d) magnetoelastic phonograph pickup [from S. E. Rich,

Electronics, 19, 197 (June, 1946)].

Practical forms of transducers are shown in Fig. (1-2) 4 la to d.

The yoke Y surrounding the magnetoelastic probe Pin Fig. (1-2) 4 la

increases the sensitivity by increasing the magnetic flux and acts as

a shield against external stray magnetic fields. The yoke as well

as the core should be laminated to reduce eddy currents. Figure

(1-2)416 shows a magnetoelastic accelerometer as described by Wilde

and Eisele. If accelerated, the mass M produces stress in the lami-

nated core and changes its permeability; the permeability change
causes the induction of a voltage in the coil wound around the central
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part of the core. The voltage is proportional to the variation with

time of the acceleration

da d3s

1t''^dt z

Electric integration of this voltage furnishes a signal which is pro-

portional to the acceleration. Magnetic shielding 8 is used to reduce

the effect of stray magnetic fields and of induction caused by the

rotation ofthe transducer in the earth's magnetic field. Theaccelerom-

eter shows a transverse sensitivity (response to acceleration in the

direction x—x), an effect which can be eliminated by a mechanical

construction which permits the transmission of forces from the mass
to the core in longitudinal direction y—y only. Figure ( 1-2)4 lc shows
a magnetostrictive transducer in which the applied force causes a

change of the mutual inductance between the coils P and S. Figure

(l-2)4:ld shows a magnetostrictive phonograph pickup containing
a magnetostrictive wire W (nickel, 0.02 in. diameter) arranged
between the two poles of a magnet. Two pickup coils are wound
around the two halves of the torsion wire. Hysteresis is reduced and
linear response is obtained by giving the wire an initial torsional

stress, i.e., twisting it and attaching it rigidly to the magnetic poles.

A stylus displacement will increase the stress on one side of the tor-

sion wire and decrease it on the other side by an equal and opposite

amount, leading to an increase of magnetic flux in one-half the wire

and decreasing it in the other half. The frequency response of this

system is substantially flat over a frequency range from 150 to 15,000

cps. A practical form of a magnetoelastic pressure cell is described

by Merz and Scharwachter.1

The response characteristic of magnetoelastic transducers is in

general nonlinear. The highest frequency with which the transducer

will respond is determined by the mechanical resonance frequency of

the magnetoelastic probe and can be as high as several 10,000 cps.

However, eddy currents are likely to introduce limitations at fre-

quencies higher than 5,000 cps. Hysteresis errors can be large but in

practical instruments can be kept at a value in the order of 1 per cent

by aging, by prestressing, and by the use of the transducer over small

ranges of stress variations. Some authors have observed parasitic

magnetic effects which also disappear when the core is aged (sub-

jected repeatedly to high stress).
2 Also a long-time instability

1 L. Merz and H. Scharwachter, Arch. tech. Messen, V 132-15, November,
1937.

2 See Wilde and Eisele, loc. cit.
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(fatigue) amounting to as much as 2 per cent per month has been

reported.

Temperature variation is of twofold influence upon the transducer

performance: First, an increase of temperature causes an increase of

inductance at zero stress, which is in general 0. 1 per cent/°C; second,
an increase of temperature changes the stress sensitivity of the trans-

ducer by about 0.2 per cent for a variation of temperature of 1°C.

Variation of the supply voltage causes relatively small variation

in the transducer output, since the inductance variation depends
(besides the mechanical stress) upon the

magnetic field strength in the probe; it first

increases with increased field strength and
then decreases beyond a certain operating

point. There exists, therefore, an operating

region where small supply-voltage variations

have no influence upon the transducer
"*3 output.

The material for the core should have
Fig. (1-2)42 Synchro- hi h tensile strength, and high electrical
transducer, schematic dia- ° ° °

gram. resistivity to decrease eddy currents; the

maximum permeability should occur at high
values of field strength to provide a high power output from the

transducer.

Magnetoelastic transducers have been used primarily for the direct

measurement of large forces, up to several tons, and for fast transient

phenomena where frequency responses in the order of several thou-

sand cycles per second are required. They can be built as rugged
instruments that can withstand accelerations of several thousand

g, but their characteristic depends upon temperature, and—like

many transducer systems based upon variation of the physical prop-
erties of materials—they need individual calibration, i.e., their out-

put cannot be computed and their characteristic can be changed,
even irreversibly, by environmental influences.

e. Synchros. Synchros (trade names: Selsyn, Teletorque, Auto-

syn, etc.) are mutual-inductance transducers with multiple outputs
and are used for rotary displacements. A synchro system with two

pairs of output coils is shown schematically in Fig. (1-2)27.^-4,

another system with three output coils in Fig. (1-2)42. The synchro
contains an armature or rotor with connections made through slip

rings, and a stator carrying two or more (usually three) pairs of

windings. In the conventional use, an a-c voltage is applied to the

rotor causing a current and a magnetic flux in the rotor. The flux
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induces voltages in the stator windings ;
the magnitude ofthe voltages

induced in each stator winding depends upon the angular position of

the rotor. The voltages across each of the three stator windings are

all in phase, but their amplitudes vary with the sine of the angle
between the coil axes!

If the stator windings are arranged at 120°, the voltages are

E sin 'lirft sin

-- ^x sin 2irft sin {0 + 120°)

Emax sin 27rft sin {0 + 240°)

max

^2
• - ^max

j&max is the peak voltage induced in each stator coil and/ the frequency
of the alternating voltage applied to the rotor. For a given set of

stator voltages, there is only one corresponding rotor position.

Synchros can be used for the transmission ofangular position infor-

mation to a remote location. In a simple arrangement, the stator

windings ofa synchro "generator"
are connected to the correspond-

ing stator windings of a synchro
"motor," as shown in Fig. (1-2)43.

The generator and motor are elec-

trically identical, but the motor is

equipped with some mechanical

damping. The rotors of both units

are connected to the same power
source; the angular displacement
of the motor follows that of the

generator.

Synchros can be used for a range of rotation of 360°. The torque

required to drive the rotor of a synchro depends upon the stator

current, which varies with the external load. For a high impedance
load

(> 1,000 ohms) ,
the driving torque required is only that necessary

to overcome bearing friction (order of 3 x 10 3
dyne-cm and higher,

increasing at lower temperature) and inertial force. However, if the

currents in the stator windings are of the order of 5 mA, a torque of

about 7 X 10 4
dyne-cm/deg is required.

1 In coupled synchro devices,

Fig. (1-2)43, a torque of 3 to 7 x 10 3
dyne-cm is required for every

degree difference in the position of the two rotors.

The output voltage (peak value) of a synchro is usually about 15 to

1 W.F. Goodell,inJohnF. Blackburn (ed.), "Components Handbook," M.I.T.

Radiation Laboratory Series, vol. 17, p. 328, McGraw-Hill Book Company, Inc.,

New York, 1949.

Fig. (1-2)43. Two synchro trans-

ducers acting as input and output
transducers.
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50 per cent lower than the input voltage and is shifted in phase

against the input voltage because of leakage inductance. The sensi-

tivity varies widely for different synchros from several hundred
millivolts to the order of 1.5 volts/deg of rotation (in the zero degree

position), and the accuracy varies for different synchros from ^0.1
to about 7°. The error also depends upon the rotor position and is a

maximum, for the three-coil synchro, at 60°. Synchros will operate
at velocities up to 1,200 rpm.

Synchros are generally rugged transducers; they are little affected

by temperature in the range from —55 to +95°C or by humidity up
to 95 per cent. Special differential synchro systems can be used to

form the sum or the difference of two or more angular displacements.

Synchros with two perpendicular winding systems furnishing an out-

put in the form of two orthogonal components (sine and cosine of the

displacement angle) are frequently referred to as resolvers. A circuit

for the use of a three-coil synchro as a resolver is described by Berger
and MacNichol. 1

A modification of the synchro system, the Magnesyn, is shown in

Fig. (1-2)44. It consists of a toroidal coil wound on a core of high-

permeability and low-saturation field strength, such as Permalloy.
A permanent magnet in the form of a circular disk is mounted in the

center of the toroid and coaxial with it. The disk can be rotated

around the pivot point P. Two magnetic fields are induced in the

Permalloy core. The permanent magnet causes a constant ("d-c")

magnetic field which is sufficient to saturate the core. An a-c current

of the frequency/ fed into the toroid windings causes a magnetic a-c

field. The two fields are superimposed in parallel on one-half the

toroid and in opposition on the other half. The net effect is the induc-

tion of a voltage of twice the a-c frequency alternatingly occurring in

one or the other half of the toroid windings. The coil is tapped at

three places; the voltage induced between two taps is

e = V sin 47rft cos d

where is the angle between the north-south direction of the mag-
netic disk and the center of the coil. The operation is analogous to

that ofa synchro. Commercial Magnesyns require only a few watts of

power and are accurate to about ^0.25°.

/. Induction Systems. Transducer systems of the induction type
consist essentially of a coil with n turns in a magnetic field, as shown

1 F. B. Berger and E. F. MacNichol, in Britton Chance, F. C. Williams, V. W.

Hughes, D. Sayre, and E. F. MacNichol (eds.), "Waveforms," M.I.T. Radiation

Laboratory Series, vol. 19, sec. 12.7, p. 444, McGraw-Hill Book Company, Inc.,

New York, 1949.
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in Fig. (1-2)45. Any change of the magnetic flux O passing through
the coil causes, by electromagnetic induction, an output voltage e =
—n d<t>ldt. The output voltage is proportional to the rate of change
of the magnetic field; if the magnetic field is changed in response to a

physical displacement, the transducer output is proportional to the

'act*

Fig. (1-2)44. Magnesyn trans-

ducer, schematic diagram.

Fig. (1-2)45. Induction-

type displacement trans-

ducer, principle.

time derivative of such a displacement, i.e., to the velocity. How-

ever, the output can be used directly as a measure for the displace-

ment in those cases where the displacement and the velocity are

directly related (e.g. ,
for harmonic oscillations at constant frequency) .

In all other cases the voltage e can be fed into an integrating system,
and the output from the latter is

proportional to the displacement.
An advantage of the induction

system over the systems described

above is that the output voltage
is generated in the transducer and

no auxiliary voltage source is

required. Therefore, the dynamic
response of the transducer is not

limited by the frequency of an

a-c supply voltage or carrier frequency, and a considerable fre-

quency range can be encompassed. The variation of the flux can be

accomplished in different ways.
One method to vary the flux developed for ballistocardiographic

measurements is illustrated in Fig. ( l-2)46.
x The transducer consists

1 See also T. A. Perls and C. \V. Kissinger, Natl. Bur. Standards Rept. 27:?:}.

September, 1953; G. Ising, Ann. Physik, (5) 8, 911 (1931).

Fig. (1-2)46. Induction-type displace-
ment transducer for longitudinal move-
ment [from T. A. Perls and E.

Bushmann, Rev. Sci. In-str., 22, 475

(1951)].
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of a permanent bar magnet, one pole extending inside of a coil with

many turns. An axial relative movement between the magnet and

the coil causes an output voltage.

The use of Alnico V magnet is recommended because the poles in

such a magnet are short and well defined. The sensitivity is

S = - = -w'O X 10-8

v

where e is the output voltage in volts, v the velocity in centimeters

per second, n' the number of turns per centimeter of coil length, and

Circular
gop

{

Central
core

Fig. (1-2)47. Induction-type dis-

placement transducer for rotary
movement.

Coil "-Permanent

magnet

Fig. (1-2)48. Induc-

tion-type displacement
transducer for longi-

tudinal movement.

O the flux in gauss per square centimeter through a cylindrical sur-

face surrounding one-half the magnet. Practically obtained sensi-

tivities are about 0.01 volt/(cm/sec).

Figures (1-2)47 and (1-2)48 show two forms of moving-coil trans-

ducers. The system illustrated in Fig. (1-2)47 is similar to the usual

meter movement and can be used for the conversion of rotary move-

ments into electric signals; that illustrated in Fig. (1-2)48 is similar

to the movements used in moving coil or electrodynamic speakers

and can be used as a transducer for longitudinal movement. The

output voltage is

e — Ba?iv cos (p (
1

)

where B is the flux density in the air gap, a the coil area, n the number

of turns, v the velocity with which the coil moves, and cp
the angle

between the coil plane and the magnetic-field lines. The angle <p in

Eq. (1) is usually negligible; in the system in Fig. (1-2)47 the angle cp

is zero in the position illustrated, and the angular displacement is

small so that cos cp
differs from one by an insignificant amount. In

the moving-coil system with circular pole pieces and in the system
shown in Fig. (1-2)48 the fields extend radially and <p

is always zero.

Moving-coil systems of the type shown in these figures have been
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built with very small moments of inertia and can be used for a fre-

quency range extending from a few cycles per second to more than

10 kc. 1

The so-called variable-reluctance phonograph-pickup system is a

further example of an induction-type transducer. It is illustrated in

Fig. (1-2) 49 and contains a permanent magnet with pole pieces N and

S and an iron armature A moving around

a pivot. Two rubber blocks B impart a Coil-.

restoring force to the armature and prevent
it from sticking to the pole faces. As the

armature moves, the magnetic flux through
it varies and the flux variation induces in

the (fixed) coil a voltage

_
nMv Fig. (1-2)49. Reluctance-

o J2 variation displacement trans-

ducer [from S.Kelly, J . Audio
where n is the number of turns of the coil, Eng. Soc, 2, 163 (1954); by

J/ the magnetomotive force in the gap, vthe permission].

velocity of the armature tip in the gap, and
d the gap width between the armature and the pole. The maximum

displacement for which such pickup systems can be used is of the

order of 0.1 mm; larger displacements cause a nonlinear distortion.

The effective mass of the moving part can be reduced to below 5 mg,
and the compliance (displacement per applied force) can be as high
as 2 x 10~ 6

cm/dyne. Although the armature has a resonance (in

some cases around 3 to 4 kc), its effect can be practically eliminated

by appropriate damping, and a fairly linear frequency response (al-

though not flat, its output increases with frequency) can be obtained

in a range from 40 to 15,000 cps. The output impedance depends on

the coil construction; for high-impedance pickups, coils of about

5,000 turns are used, having a d-c resistance of 2,000 ohms and an

inductance of about 1 henry. For a movement with a velocity of

about 10 cm/sec at a frequency of 1 kc the output is of the order of

lOmV.
Induction systems are used frequently in displacement measure-

ments of rotating systems in which a rotating permanent magnet
induces a voltage in a stationary coil, so that no slip rings are

required. A system for the measurement of torque is described by
Oesterlin. 2 Two rotating magnets induce a-c voltages in two-coil

1 S. Kelly, J. Audio Eng. Soc, 2 (3), 169 (1954); see also E.M. Villchur, Audio,

February, 1956, p. 40.
2 W. Oesterlin, Arch. tech. Messen, V 61-3, July, 1952.
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systems; the phase angle between the. two voltages increases with

the torsion of the axis.

1-23. Capacitive Transducers

The general form of a capacitive displacement transducer is shown

in Fig. (1-2)50. The capacitance between the terminals (neglecting

fringe effects) is C = kea/d, or numerically,

a

C^F = 0.0885e - linear dimensions, cm

(1)

or C
M/xV

= 0.225e - linear dimensions, in.

where e is the dielectric constant of the medium between the plates

P, a the area formed by the projection of the plates upon each other

(overlapping area), and d the distance between the plates.

The fringe effect (stray capacitance at the edges of the plates)

cannot always be neglected. In a

capacitor formed by two circular

plates in which the ratio of plate

radius to plate separation is 50 and

-I C^c m which the plate thickness is

equal to the separation, the capac-
itance is actually 6 per cent

greater than the value computed

Xl\

d a

P\

Pz

T7 ,1 inta /-. -4.- i- i * from Eq. (1). The fringe effect
Fig. (1-2)50. Capacitive displacement n \ / o

transducer, schematic diagram. contributes less than 1 per cent if

the ratio of radius to separation is

greater than 200. (For formulas for the computation of the fringe

effects see Thickness Transducers, 1-13.)

The capacitance can be varied in response to a physical displace-

ment in three ways: (1) by varying d, i.e., by changing the plate

separation; (2) by varying a, i.e., moving one plate in the direction y,

Fig. (1-2)50; and (3) by varying e, e.g., by moving a body with a

dielectric constant higher than air into the gap between the plates.

The latter method is seldom used.

a. Change-of-distance Systems; Two-plate Capacitor. This type of

capacitive transducer is most frequently used. The response charac-

teristic, C —f(d), is hyperbolic, Eq. (1), and only approximately
linear over a small range of displacement. Brookes-Smith and Colls,

1

have improved the linearity of the transducer by inserting in the gap
1 C. H. W. Brookes-Smith and J. A. Colls, J. Sci. Instr., 16, 361 (1939).
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JL
'^1

, - ~M

C,E,

a material with high dielectric constant (mica) which partially fills

the gap. The correct thickness to obtain linearity is found by
methodical experimentation.
Example: In a capacitor with flat circular plates of \ in. diameter

separated by a parallel gap of 0.001 in., a mica disk approximately
0.00075 in. was inserted. This caused a linear characteristic over a

range of displacement of about 0.0001 in. in which the capacitance
varied by 20 jujuF.

The sensitivity of the capacitive transducer with variable separa-
tion is

AC ea

''Ad ~J*

i.e., the sensitivity is proportional to the area of the plates and

inversely proportional to the square of the separation of the plates.

Theoretically, the sensitivity of the

transducer can be increased to any
desired degree by making the distance

d increasingly smaller, but a practical
limit is reached when the electric field

strength in the air gap exceeds the

voltage-breakdown limit. 1

Frequently the output from a capac-
itive transducer is applied to a modi-

fier system which responds to the

fractional capacitance variation ACjC rather than to the absolute

variation AC. In this case the sensitivity is

S' =— = - x
"

C Ad' d

i.e., the sensitivity S' increases in inverse proportion to the separa-
tion d and is independent of the other dimensions of the capacitor.
The response characteristic AC/C versus Adjd is linear.

differential capacitor. The capacitor shown in Fig. (1-2)51 has

three plates; two fixed plates P1 and P
2
and a plate 31 which to-

gether form the two capacitors Cx and C 2 . In the center position the

distance between M and either plate is d; the capacitors Cx
and C 2

are

equal. If the middle plate is moved by an amount x in response to an

applied mechanical signal, the magnitude of the two output capaci-
tors will be

CzE2

Fig. (1-2)51. Differential-capac-
itor displacement transducer.

G1

€Cl

and °'"2
€Cl

d + x a - - x
1 The breakdown strength in air at atmospheric pressure is 30 kV/cm.
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Two different applications of this type of capacitive transducer can

be distinguished:
1. The stage following the transducer responds to the difference of

the partial capacitances Cx
— C 2 . Usually an a-c voltage E is applied

between plates P1 and P 2 ,
and the difference of the partial voltages

Ex
— E 2 is measured. The partial voltages are

_ EC i) „ EC-,

l 7-» 7T ^°

or

e£ + a; <Z — x
Ei = E ;

— E 9 = E —
1

2d
2

2d

Therefore, the difference of the partial voltages is

AE = E, -E 2 =E
X
-

1 2
d

The relationship between the output signal AE and the displacement
of the middle electrode x is linear and independent of the capacitor

plate area or the dielectric constant. Also the magnitude of each

partial voltage, Ex or E 2 ,
varies linearly with the displacement x of

the middle electrode. The sensitivity of the system is

Ax d

If stray capacitance cannot be neglected (e.g., the capacitance in the

input of the subsequent stage), the sensitivity will be reduced, and

nonlinearity will arise between the displacement x and the output.

According to Reisch,
1 the output voltage is

9r 1

AE = E'
d \ + B 1 -B\aJ \l - B)

where B( = CJCj) is the ratio of the stray capacitanceC s
to the capac-

itance Cx
or C 2 if the middle plate M is in the center position. For

B = I and xjd = \, the sensitivity is reduced by | and the deviation

from linearity is 1 per cent.

2. The subsequent stage responds to the ratio CxfC 2 (e.g., balanced

bridges, ratio meters). For such systems, the relationship between

the output signal and the displacement of the middle electrode is

C
x

d — x

1 S. Reisch, Z. Hochfrequenztech., 38, 104 (1931).



Sec. 1-2] MECHANICAL INPUT TRANSDICF. US 69

The output varies in a nonlinear fashion with the displacement x, as

shown in Fig. (1-2)52. Only for very small displacements, when
x < d, does

N = l + â

For xjd = |, the deviation from linearity is about 20 per cent.

Moving plate
\u
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i.e., the sensitivity S' decreases as the overlapping area increases (for

a fixed width; the width has no influence upon the sensitivity). The
characteristic AC/C versus Aljl is linear.

Figure (1-2)54 illustrates two capacitive transducers for rotary

motion, a single and a differential transducer. The sensitivities and
the transfer characteristics are analogous to those for linear move-
ment. The characteristic C =f(<p) can be modified by appropriate

(a) (b)

Fig. (1-2)54. Capacitive transducers for rotary motion:

(a) two-plate capacitor; (b) differential capacitor.

shaping of one of the two plates. The sensitivity of either type (also

that for longitudinal-motion transducers) can be increased by
multiple-plate arrangements.
Another method to obtain high sensitivity is by the use of the

serrated-type transducer shown in cross section in Fig. (1-2)55. A
longitudinal shift of one capac-
itance plate by an amount x against
the other has the effect of changing
the capacitance from the minimum
to the maximum value. The trans-

fer characteristic is similar to that

in Fig. (1-2)53. A sensitivity of

the order of l/^F/0.0001 in. has

been obtained.

y-M

-B

Fig. (1-2)55. Serrated-capacitor dis-

placement transducer.

Capacitive transducers have been used for the measurement of

extremely small displacements down to about one-tenth of an ang-
strom unit(10

-9
cm, 4 x 10-10 in.), i.e., about one-tenth the diameter

of a hydrogen atom. 1 On the other hand, they have been proposed
for the measurement of distances between 3 and 30 m in airplane

altimeters. 2 The change-of-distance method is generally preferable

for the small and very large ranges; the change-of-area method is

used for displacements of the order of centimeters.

1 Natl. Bur. Standards News Bull., 42 (1), 1 (1958).
2 P. C. Sandretto, Proc. IRE, 32, 167 (1944).
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The force requirements can be extremely small, probably the

smallest ofany transducer system, with the exception ofsome optical

systems.
The force between two capacitor plates is

8.85 X 10-12 E2a
F =

2 d2

where E is the potential difference between the plates. Whenacapac-
itive transducer has two plates of an area a of 2 cm 2 which are 1 mm
apart and connected to a potential difference of 100 volts, the force

of attraction between the plates (i.e., the force required to move the

plates by an infinitesimal amount) is of the order of 1 dyne.
The capacitance variations representing the output signal are

generalty between 10~3 and 103
ju/liF; capacitance variations of 10~ 6

fijuF have been observed. 1 The fractional capacitance variations are

of the order of 10-6 to 1; smaller values (2 x 10~9
)
have been

observed in laboratory experiments.
2

The magnitude of the output impedance depends upon the fre-

quency of the alternating current used for the determination of the

capacitance; for practical cases (capacitances of the order of 10 to

several hundred fijuF), the output impedance is in the range between
103and 10 7 ohms. The magnitude of both the output signal and of the

output impedance may be changed by series and parallel capacitor
circuits, but such modifications are always accompanied by a reduc-

tion of the signal.

The dynamic response characteristic of capacitive transducers, as

well as hysteresis, mechanical aftereffects, and drift, and the in-

fluence of the environmental temperature and pressure upon the

transducer performance are all determined by its mechanical con-

struction rather than by its electrical characteristic. The source of

the greatest mechanical difficulties is frequently the insulation em-

ployed to hold the plates in position.
Errors may arise from humidity affecting the insulation resistance

and from stray electric fields inducing parasitic potentials in the not-

grounded plate and its connections.

Cables connecting the transducer with other elements can also

cause serious errors. Any capacitance variation arising in such a

cable can produce a spurious signal. Further noise in such cables can
arise from relative motion between a conductor and the dielectric, in

1 R. Gunn, Phil. Mag., (6) 48, 224 (1924).
2 W. Burger, Z. Physik, 91, 679 (1934).
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particular when such a motion leads to a local separation between the

conductor and the insulator. The phenomenon has been described by
Perls. 1 The effect can be considerably reduced by the application of a

conductive layer (carbon compound) which firmly adheres to the

inside and the outside of the dielectric.

The capacitive displacement transducer is primarily useful where

very small forces are available. The transducer has the principal

advantage that the physical mechanism involved in its action does

not depend upon any physical property of materials, with the excep-
tion of a few constructions involving the use of dielectric materials

between the plates. Therefore, a high degree of stability and repro-

ducibility can be obtained. A disadvantage of the capacitive trans-

ducer is its relatively large output impedance, which requires careful

shielding and short connections to subsequent stages.

The transducer has been vised for a wide variety of measurements of physical

magnitudes, such as pressure, thickness, acceleration, etc., which, as far as they
fall into the scope of this book, are described under the respective headings.
For the application of the capacitive transducer for the measurement of tem-

perature (on the order of 6 x 10_5°C) see W. Sucksmith, Phil. Mag., (6) 43,

223 (1922). The construction of a microbalance with the use of a capacitive
transducer is described by R. Whiddington and F. A. Long, Phil. Mag., (6) 49,

113 (1925). The smallest detectable mass (noise level) is about 10~ 9
gram. A

capacitance-type torque meter and a capacitance transducer with toothed disks

for it are described by H. G. Mills, J. Sci. Instr., 25, 151 (1948). For construc-

tional details on capacitive transducers, see also E. A. Holmes, III, in John F.

Blackburn (ed.), "Components Handbook," M.I.T. Radiation Laboratory
Series, vol. 17, chap. 9, McGraw-Hill Book Company, Inc., New York, 1949.

1-24. Thermal Displacement Transducers

a. Bolometer Systems. The operating principle ofthese transducers

is the following: A spiral made of platinum wire is heated by a con-

stant current. When the spiral is elongated, the cooling rate is in-

creased, and thus the temperature of the spiral and, in further

consequence, its resistance decreases.

A complete transducer system is shown schematically in Fig.

(l-2)56.
2 Four platinum-wire spirals are electrically connected to

form a bridge and mechanically suspended between posts mounted

on a base plate and on a movable lever L\ a rotary displacement of

the lever in the direction of the arrow elongates the spirals A and D
and compresses the spirals B and C. The spirals are heated by the

bridge current; their temperature varies with their elongation. The

variation of temperature leads to a resistance variation and causes

1 T. A. Perls, J. Appl. Physics, 23, 674 (1952).
2 See also E. B. Moss, J. Sci. Instr., 7, 393 (1930).
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an output signal. No data on the performance of this transducer are

reported.
b. Position Convectron. A sealed glass bulb with two arms (Fig.

(1-2)57, is filled with an inert gas such as argon and contains a nickel

wire running centrally through each arm. The wire is electrically

heated to a temperature of about 400°C; cooling occurs primarily by
convection. The convection current, and thus the temperature and

the resistance of the nickel wire, depend upon the angular position of

Base

<VT5w^ -o- -Tinnpo

Fig. (1-2)56. Thermal displace-
ment transducer {after G. A.

Shakespear, British Pat. 219,-

452).

Fig. (1-2)57. Thermal displacement
transducer for rotary movement, con-

vection type.

the arm with respect to the direction of gravitation (arrow); the

resistance of the wire will increase in one arm and decrease in the

other if the transducer is rotated from the zero position. The trans-

ducer is usually connected into a resistance bridge.
The displacement signal can be as high as 50 mV/deg in the vicinity

of the zero position. The sensitivity varies with the applied voltage
and reaches a maximum at about 10 volts. Operation at direct

current is recommended for the measurement of very small angles.

The transducer can be used for an angular movement of 360°; it

permits the detection of angular displacements as small as 1 angular
second with proper stabilization of the supply voltage and of the

ambient temperature.
The output impedance of the convectron transducer varies be-

tween 50 and 200 ohms, depending upon the applied voltage; its

time constant is about 0.1 sec. The noise level is 1 to 5 mV at a-c

operation and considerably less at d-c operation. Random air cur-

rents striking the tube and ambient-temperature variation are likely

to cause errors. The power requirements are less than 1 watt.

The main advantages of the position convectron transducer are
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Electrodes^

1

Area A

sensitivity, simplicity, and the absence of moving parts. Its dis-

advantage for a number of applications is the relatively large time

lag. It should be noted that the transducer sensitivity depends upon
the magnitude of the acceleration as well as upon its direction. If

one ofthese tubes is displaced by an angle of 10° from the vertical and
the output is balanced to zero, it will give a signal of 500 mV when
the acceleration changes by 1 g.

For references concerning similar thermal displacement transducers (bolom-
eter transducers), see P. M. Pflier, "Elektrische Messung mechanischer Gros-

sen," 3d ed., no. 22, p. 235, Springer Verlag, Berlin, 1948. An application of

the thermal transducer for the measurement of sound intensity (the oscillatory

movement of the air cools an electrically heated wire) is described by W. S.

Tucker and E. T. Paris, Phil. Trans. Roy. Soc. (London), (A) 221, 389 (1920-

1921).

1-25. Piezoelectric Transducers

If a force is applied to a solid crystalline dielectric, Fig. (1-2)58, it

will produce stress within the crystal and a deformation of the crystal

lattice. In certain crystals with asymmetrical charge distributions

(e.g., quartz), the lattice deformation

is, in effect, a relative displacement
of the positive and negative charges
within the lattice. The displacement
of the internal charges will produce

equal external charges of opposite

polarity on opposite sides of the

crystal (piezo-electric effect). The

charges can be measured by applying electrodes to the surfaces

and measuring the potential difference between them.

For general literature on the piezoelectric effect, see W. P. Mason, "Piezo-

electric Crystals and Their Application to Ultrasonics," D. Van Nostrand Com-

pany, Inc., 2d ed., Princeton, N.J., 1954; W. G. Cady, "Piezoelectricity,"

McGraw-Hill Book Company, Inc., New York, 1946; W. Voigt, "Lehrbuch
der Kristallphysik," Teubner Verlagsgesellschaft m.b.H., Leipzig, 1928.

The magnitude and polarity of the induced surface charges are

proportional to the magnitude and direction of the applied force F.

Q=dF (1)

where d is a constant of the crystal (piezoelectric constant, see Table

5). The force F causes a thickness variation of the crystal, i.e., a

displacement At. The induced charge, written in terms of the dis-

placement A£, is n y
Q =d _LA_t (2)

A/

Crystal
-

Fig. (1-2)58. Piezoelectric

schematic diagram.

effect,
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where a is the area of the crystal, t its thickness, and Y is Young's
modulus.

stress Ft

strain a At

The charge at the electrodes gives rise to a voltage E = Q/C,
where C is the capacitance between the electrodes. Since C =

eaft

(e, dielectric constant), the output voltage is

dt „ t,

E = — F = g-F =gtP
ear a

(3)

where g is a constant of the crystal (values for g are given in Table 5),

and P is the pressure applied to the piezoelectric crystal.
The piezoelectric element is usually a slab, or "cut," taken from a

Table 5. Piezoelectric Constants
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crystal. The magnitude and direction of the piezoelectric effect in

the cut depend upon its orientation with respect to the crystal axes.

Cuts are identified by the direction of the perpendicular drawn to the

largest face of the cut; if this direction falls into the direction of the

X axis of a crystal, the element is called X cut. Other more complex
cuts are identified by their angular orientation with respect to the

other two crystal axes. 1 The analytical evaluation of the properties of

[c) (d)

Fig. (1-2)59. Modes of operation of piezoelectric transduceis : (a) thickness or

longitudinal compression; (b) transversal compression: (c) thickness shear action;

(d) face shear action (leading to length expansion) (" Piezotronic Technical Data"

from Brush Electronics Corp., Cleveland,; by permission).

crystal cuts is complicated because of the mechanical and electrical

anisotropy of the crystals and because of the variation of the crystal
constants with varying mechanical load.

Piezoelectric elements made from barium titanate ceramics are

free from limitations imposed by the crystal structure. They can be

molded in different sizes and shapes, and the electrical axis can be

"built in" in the production process.
modes of operation, single plates. In single piezoelectric slabs

or plates, four different modes of operation can be distinguished,

depending upon the material and upon the crystallographic orien-

tation of the plate. These modes are shown in Fig. (1-2)59.
1 See examples for quartz in Mason, op. cit., p. 83, fig. 6.3.
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An electric output can arise either in response to a compression-

expansion motion (( 1 -2)59 a and b) or in response to a shearing motion

((l-2)59c and d). Depending upon the material, a compression of the

plate (a and b) can cause a diminution of the plate volume, or it

can cause an expansion of the plate in other directions (transverse

expansion) ,
so that the plate volume remains constant. Most crystals

exhibit a certain transverse ex-

pansion and a small net-volume

change. Internal mechanical cou-

pling within the crystal can cause

the simultaneous response to com-

pression-expansion and shear

action. By the appropriate orien-

tation ofthe cut and application of
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electric signals, the piezoelectric systems illustrated in Figs. (1-2)61
and (1-2)62 are more suitable.

bimorphs, benders. The elements shown in Fig. (1-2)61 (Bi-

morphs, trade name of the Brush Electronics Company) consist of

two transverse expanding plates cemented together in such a manner
that one plate contracts and the other expands. If a voltage is

applied to such an element and if the element is permitted to move

(c)

Fig. (1-2)62. Piezoelectric crystals combined to form "bimorph
twisters."

freely, it will bend as shown (greatly exaggerated) in part a if it is

made from a crystal, or in the form of part b if made from a piezo-
electric ceramic (bimorph bender).
The bimorph bender can be used for input transducers; a bending

of the element causes the development of a potential between the

electrodes. Examples of such systems are shown in part c (end-

supported, center-driven mounting) and part d (cantilever mount-

ing) . Systems of this type are frequently used in phonograph pickup

cartridges.
twisters. In Fig. (l-2)62a two face-shear plates are cemented

together so that their expanding diagonals are perpendicular. If a

voltage is applied to both plates and the system is permitted to move

freely, it will assume a shape as shown, greatly exaggerated, in the

figure (bimorph twister). This motion comes about because the

diagonal AC contracts while the diagonal A'C expands; similarly

BD expands and B' D' contracts.

Mechanical twisting of these elements will cause a voltage between

the electrode terminals. An application for input transducers is

shown in Fig. (1-2)626. The twister is held fixed at the three corners
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B, C, and D. A displacement of the point A in t he direction of the

arrow will cause a twist ing motion of the element and will give rise to

an output voltage. Another application is shown in Fig. (l-2)62c,

where a torsional motion of the drive shaft D causes a twisting
motion of the bimorph and induces an output signal. A third appli-

cation, illustrated in Fig. (1-2)62^, shows the conversion of a move-
ment into the twisting of the piezoelectric element and, in further

sequence, into an electric output signal.

The double curvature in bimorphs, both of the bender and of the

twister type, requires special precaution in mounting the element.

An ideal mounting should permit the desired bending or twisting
motion without interfering with the normal flexure of the element.

This is generally difficult; a practical approach is to hold bimorphs
cemented or clamped between rubber pads.
The mechanical resonance frequency of bmiorphs is considerably

lower than that of the single or stacked piezoelectric elements.

materials. Twenty of the thirty-two crystallographic classes

exhibit piezoelectric properties, but only a few materials are practical
for piezoelectric input transducers, primarily quartz, rochelle salt,

ammonium dihydrogen phosphate (ADP), and ceramics made with

barium titanate. Materials used less often are tourmaline, ethylene
diamine tartrate, dipotassium tartrate, potassium dihydrogen phos-

phate, and lithium sulfate.

Quartz (Si0 2 )
is mechanically and thermally the most stable among

the piezoelectric materials. Its internal electric losses are small, its

volume resistivity is higher than 1014 ohm-cm. Because of its rela-

tively small piezoelectric effects, its application is restricted to such

uses where high tensile strength, high mechanical stability, or opera-
tion at elevated temperature is essential (the material can be operated

safely up to 550°C) . Quartz plates are applicable primarily for thick-

ness and transverse compression-expansion operation, Fig. (l-2)59a
and b.

For the technical preparation and testing of quartz elements, see R. A.

Heising, "Quartz Crystals for Electrical Circuits," D. Van Xostrand Company,
Inc., Princeton, N.J., 1946.

Rochelle salt (NaKC 4H4 6-4H 20) is stable at room temperature
between 35 and 85 per cent relative humidity. At higher humidity it

will deliquesce; at lower humidity it will dehydrate. Coating with

wax is recommended to retard the humidity effects. At a tempera-
ture above 55°C the crystal will disintegrate.

The dielectric constant in the direction of the X axis of the crystal
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varies, within wide limits, with the temperature; also the resonance

frequency of the crystal changes with the temperature.
The X cut ofthe rochelle salt crystal is primarily applicable for face-

shear motion. Crystals can also be cut for transverse (longitudinal)

compression-expansion, and the cuts can be combined to form bender
and twister bimorph systems.
The volume resistivity is of the order of 1012 ohm-cm or more. The

mechanical strength is considerably lower than that of quartz.
Ammonium dihydrogen phosphate ("ADP," NH 4H 2P04 )

has a

higher thermal stability than rochelle salt; it is stable up to a tem-

perature of 180°C, but is used, for technical reasons, with an upper
limit of about 125°C. It operates satisfactorily in a range from zero

to 94 per cent relative humidity if condensation of water on the sur-

face (causing surface leakage) is avoided. The volume resistivity is

considerably lower than that ofthe other substances described above
;

it is about 1010 ohm-cm and decreases strongly with increasing tem-

perature and content of impurities.
The material (primarily the Z cut) is applicable for face-shear and

longitudinal expansion operation and for twister bimorphs. The

sensitivity is high. A crystal 1 cm thick furnishes for a load of 1 dyne/
cm 2 an output voltage of 1.78 X 10~ 4 volt.

Barium titanate ceramics (BaTi0 3 ). The single barium titanate

crystal is ferroelectric, i.e., if exposed to an electric field it becomes

polarized and maintains its polarization after the field is removed.

Application of a field in the reverse direction causes a reverse polari-

zation. The process follows a hysteresis curve.

In the ceramic polycrystalline form, the individual crystals are

randomly oriented. By the application of a polarizing electric field

(of order of 1,000 to several thousand volts per millimeter for about 1

hr at room temperature), the ferroelectric domains are lined up, and

the material becomes piezoelectric. The material loses some of the

piezoelectric activity in the first few days and remains fairly constant

afterwards. The aging process can be accelerated by subjecting the

material to higher temperature (80°C). The addition of about 4 per
cent lead titanate increases the long-time stability.

Barium titanates are applicable for thickness compression-

expansion and for transverse compression-expansion operation,

Figs. ( 1-2) 59a and b; they can be combined to form bender bimorphs,
but they do not operate in shear modes and, consequently, they
cannot be combined to form twister bimorphs.
The thickness compression and the transverse compression effects

are opposite in sign but not equal in magnitude. A volume change



Sec. 1-2] MECHANICAL IXPUT TRANSDUCERS si

produced by subjecting the transducer to pressure from all sides

(hydrostatic pressure) causes an output voltage.
The voltage-output versus strain-input characteristic is not linear,

except over a small operating range. A typical characteristic for

a cylindrical plate loaded axially
1

is shown in Fig. (1-2)63. The

linearity may be improved by prestressing of the transducer and

operating in the central part of the characteristic.

sensitivity. The piezoelectric coefficient d, or charge sensitivity,
shown in Eqs. (1) and (2). varies between 1.4 and 6.3 X 10-10

coulomb/newton. The charge sensitivity diminishes as the size of

the element decreases. 2 Since the

dielectric constant is very high,
about 1,200 to 1,700 at room

temperature, the coefficient g, or

voltage sensitivity, shown in Eq.

(3), is relatively small. Values

reported range from 1.2 x 10~ 2 to

6 x 10-2

(volt/m)/(newton/m
2
.)

The piezoelectric constants can

vary considerably with the temper-
ature, the thermal history ("tem-

perature hysteresis"), and the

composition. In particular, addition ofleadtitanate(PbTi0 3 )
and cal-

cium titanate (CaTi0 3 ) changes the piezoelectric constants and their

variation with temperature, the dielectric constant and its variation

with temperature, and the mechanical properties, i.e., Young's
modulus and the resonance frequency of the piezoelectric elements.

The piezoelectric activity of barium titanate ceases at a temperature
above about 12o°C (curie point). Crystallographic transitions and
variations of the piezoelectric behavior also occur at about -10°C

and — 70°C. The variation occurring at — 10°C is less pronounced,

depending upon the composition of the ceramic body; with certain

compositions it can be made to disappear completely.
The voltage sensitivity of barium titanate is less than that of

rochelle salt and ammonium dihydrogen phosphate, but its tempera-
ture range is wider, its mechanical strength higher, and its insulation

resistance is higher (
1013 ohm-cm). Compared with quartz, it has the

advantage of lower cost. It can be made in various forms and shapes

1 From E. H. Mullins, Proc. Symposium on Barium Titanate Accelerometers,

Natl. Bur. Standards Rept. 2654, August, 1953.
2 T. A. Perls, Proc. Symposium on Barium Titanate Transducers, Nail. Bur.

Standards Rept. 2654, p. 51, 1953.

5 10 15

x 10
3

lb/in
2

(Area -0.2 in
2

)

Fig. (1-2)63. Transfer characteristic of

bariumtitanate transducer.



82 INSTRUMENTATION IN SCIENTIFIC RESEARCH [Chap. 1

which would be difficult or impossible to cut from crystals, and the

direction of the mechanical or electrical axis can be selected by
jDolarization in the desired plane. Furthermore, the relatively large

capacitance of the barium titanate piezoelectric elements can be

considered an advantage. Mullins1 has subjected barium titanate

cylinders to large compressive forces and reports output voltages

up to 60,000 volts just prior to crushing.

frequency response (electric) . The equivalent circuit ofa piezo-
electric input transducer is shown in Fig. (1-2)64. Cc

is the capaci-
tance of the piezoelectric element. R

c
is the leakage resistance of the

piezoelectric element; it is usually
II

cc

Rr
± ACS

&n nT "T"
:R,

Fig. (1-2)64. Equivalent circuit of a

piezoelectric transducer and electric

load.

high, of the order of 108 to 1010

ohms. The resistance between

the terminals is, in general, deter-

mined by the load resistance RL

(order of 10 6 to 10 7
ohms). CL is

the capacitance of the subsequent

stage (load) plus that of the

connecting cables.

Atmedium andhighfrequencies,
the voltage E across the load is determined primarily by the capac-
itances C

c
and CL . These capacitors form a voltage divider, the voltage

E is ECe/(Cc + CL ), independent of the frequency. If the output

voltage is large, it can be reduced by an increase of CL , i.e., by the

parallel connection of a shunt capacitor C s
. At low frequencies, the

voltage E across the load is determined primarily by the reactance of

C
c
and the impedance of the parallel combination CL and RL . The

voltage E is then dependent upon the frequency and decreases with

decreasing frequency. The low-frequency response can be improved
bjr increasing Cc (using a transducer with high capacitance) or by
increasing the load resistance RL . For a steady-state mechanical

force the transducer furnishes no output voltage.
A means to overcome this difficulty and to measure steady-state

loads with piezoelectric elements has been devised by Perls and

Kissinger.
2 A crystal is driven by an electric oscillator at its reso-

nance frequency, and the applied voltage (or the current) is measured.

If mechanical stress is applied to the crystal, its resonance frequency
or its power absorption will change. In the linear part of the opera-
tion characteristic of this device, the output varies by 4 volts for a

1
Mullins, loc. cit.

2 T. A. Perls and C. W. Kissinger, Natl. Bur. Standards Rept. 2390a, p. 12,

June, 1955.
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change of the applied steady-state load of 1 kg. The method has als< i

been used by the same authors for the measurement of steady-state

air pressure surrounding a piezoelectric transducer.

The high-frequency limit is imposed by the mechanical resonance

of the piezoelectric element plus associated mountings. The fre-

quency response of piezoelectric transducers may have spurious

peaks. Some are due to different modes of oscillations in the crystal,

others to vibrations of the transducer mounting, resonances in

attachments, cables, cooling tubes, etc. Such resonances are usually

of a lower frequency and can be eliminated by careful mounting.

String--^

M

tr-*~

P

£
-o
e

Fig. (1-2)65. Oscillating-string transducer,

schematic diagram.

The piezoelectric transducer is simple and rugged, suitable for

many applications where sufficient mechanical force is available.

The phonograph crystal cartridge is, at times, an excellent means for

experimental work in the frequency range from 20 to about 20,000

cps; the output voltage from such cartridges can be as high as

several volts. The piezoelectric transducer has a high output

impedance and requires a high input impedance of the subsequent

stage. Its greatest disadvantage is its lack of response to steady-
state ("d-c") displacements or forces.

1-26. Miscellaneous Transducer Systems

a. Vibrating-string Transducer. The natural frequency of a string

of the length L and the cross-sectional area a held between two fixed

suspensions, Fig. (1-2)65, is

-J-2ZA s
(1)

where F is the force which holds the string taut and causes a tensile

stress a (
= Fja) in the wire, and s is the density of the wire material.

The force F also causes the wire of the original (unstretched) length
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L to be lengthened by the amount AL, and since AL/L = ajY
( Y, Young's modulus of elasticity) ,

the natural frequency can be

expressed by

f = 22A 7T ^

Any change of the length or of the force or of the stress in the wire

causes a corresponding change of the natural oscillation frequency of

the wire.

The mechanical oscillation of the wire is converted into an electric

signal usually by means of an inductive pickup system P located

near the oscillating string. The (steel) wire, in vibrating, varies the

magnetic flux in the air gap of the pickup system; the output signal

is amplified and fed back into an electromagnet M to keep the string

excited in its natural frequency.
The transducer has been used for a range of stress in the string

between 20 and 60 kg/mm
2

. If the stress becomes too low (i.e., lower

than 15 kg/mm 2
)
the wire generally will not produce a pure sinusoidal

oscillation; if the stress is too high, it will exceed the limit of pro-

portionality. The maximum displacements that can be measured

are of the order of one-thousandth of the wire length. The minimum

displacement that can be observed can be very small, since frequency
deviations can be measured with a high amount of sensitivity. It has

been claimed that displacements as low as 0.1
/u
can be detected.

The error of the method is, in general, between 0.1 and 1 per cent.

The frequency variation is a nonlinear function of the displacement
or the force as evident from Eqs. (l)and (2). The process to be investi-

gated must be long compared to the oscillation period of the wire;

variations occurring in j^q of a second have been measured. 1

The natural frequency of the wire varies strongly with tempera-
ture. A variation of temperature from to 40°C causes the same

variation in the output as does a change in stress by 10 kg/mm
2

.

Thermal compensation by mounting the wire on a base with the same

thermal expansion coefficient as the wire is frequently required. The

length of the string is in general between 20 and 200 mm
;

if it is too

short, end conditions become too important and the relationships of

Eqs. (1) and (2) are no longer valid. A ratio of length to wire diameter

of more than 250 is recommended.
The oscillating-string transducer is primarily applicable for large

forces. If thermally protected, its long-time operating stability can

1 H. Moser, Bull, schiveiz. elektrotech. Ver., 25, 689 (1934).
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be very good. The fact that the output appears in the form of a

variable frequency signal can be advantageous in digital systems.

For literature references, see O. Schaefer, Z. Ver. deut. Ing., 63, 1008 (1919);
R. S. Jerret, J. Sci. Tnstr., 22, 29 (1945).

h. Electronic Displacement Transducers. The plate current in a

space-charge-limited vacuum tube isafunctionof theelectrodegeom-

etry. In a diode with a plane parallel anode and cathode of an area

a spaced by a distance d, the electron current is

/ =2.34 x 10- 6 X %,E l

d z

E is the applied plate voltage. The plate current can be changed by
variation of the separation d.

A diode transducer based upon this principle is described by Day1

and is shown schematically in Fig. (1-2)66. It consists of an evacu-

ated tube, closed at one end with a flexible membrane; the cathode

Fig. (1-2)66. Moving-
anode displacement
transducer used for

the measurement of

pressure, schematic

diagram.

Fio. (1-2)67.

Moving - anode
t r ansducer ,

schematic dia-

gram (mec/;«no-

electronic trans-

ducer tube,RCA
type 5734).

assembly C is held in a fixed position, while two anodes A
x
and A 2 are

held by a stem supported in the center of the membrane. A variation

of the diaphragm position increases the distance from the cathode to

one anode and decreases that to the other anode. The system is used

in a bridge arrangement; the transfer characteristic (voltage in the

1 G. Day, J. Sci. Instr., 26, 372 (1949).
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bridge diagonal versus negative pressure applied to the outside of the

membrane) is linear within about 2 per cent. The system is tempera-
ture sensitive, but the influence of the temperature upon the trans-

ducer output can be nearly compensated by a thermistor circuit.

A similar construction is described by W. Ramberg, J. Research Natl. Bur.

Standards, 37, 391 (1946), for use as an accelerometer. The acceleration causes

the movement of two plates within the tubes. See also R. Gunn, Rev. Sei.

Instr., 11, 204 (1940), and J. Appl. Mechanics, 7 (1940), and also U.S. Patent

2,155,420, Feb. 27, 1940, and J. Rothstein, U.S. Patent 2,389,935, Xov. 27,

1945.

Higher sensitivities can be obtained with a triode system, as shown
in Fig. (1-2)67 (Mechano-electronic Transducer, RCA Tube 5734).

The cathode and grid assembly are held in a fixed position within a

vacuum-tight envelope, the anode is supported by a rod which ex-

tends through the center of a thin metal diaphragm sealed to the tube

envelope. An angular displacement of this rod leads to a variation of

the plate current. The transfer characteristic is linear within about

2 per cent. The maximum permissible displacement of the rod is

±0.5° about the zero position. For this displacement, a torque of

13.3 g-cm is required. The moment of inertia of the moving system
is 3.4 rag-cm

2
. The frequency response is limited by the mechanical

resonance of the part ofthe plate shaft within the tube, which is about

12,000 cps. The tube is generally operated with the grid connected

to the cathode and with a plate supply voltage of 300 volts applied

through a 75,000-ohm load resistor. A maximum displacement
of the anode rod by 0.5° results in a variation of the output by
±20 volts. Thermal drift and some low-frequency instability at a

signal level of 1 mV, as well as variations of the output by 1 per cent

of the maximum signal for a variation of the heater voltage by 1 per

cent have been observed by Talbot. 1

c. Ionization Transducer. A glass tube filled with gas at a pressure

of about 10 mm Hg and containing two electrodes is brought into an

electric high-frequency field between the plates Px
and P 2 of a capaci-

tor, as shown in Fig. (1-2) 68a. If the field is sufficiently high, a glow

discharge will arise in the tube. The two electrodes A and B act as

probes in the discharge; their potential is determined by the space

potential of the plasma surrounding each electrode and by the rf

potential induced by their capacitive coupling to the plates P1
and

P 2 . In the symmetry position the net charges of both electrodes are

equal, so that their potential difference is zero. Outside of the sym-

metry position, the charges are different for each electrode and give

1 S. A. Talbot et al., Rev. Sci. Instr., 22, 233 (1951).
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rise to a d-c potential difference. The transfer characteristic, i.e., the

output voltage 7? versus the displacement x, is shown in Fig. (
1 -2) 686.

The potential difference can reach values ofmore than 100 volts. The

sensitivity of the arrangement, AE /Ax, can reach values up to

several volts per micron of displacement. The phenomenon can be

observed from very low excitation frequencies (60 cps) up to the

microwave region. For technical reasons, operation between 0. 1 and
1 Mc is recommended. Accurate frequency stability is not required
for the operation of the transducer. The lifetime of the tube can be

(a)

(b)

*t-Eo

Fig. (1-2)68. Ionization transducer:

(«) basic circuit; (b) transfer charac-

teristic [figures (1-2)68 and (1-2)6!)

from K. S. Lion, Rev. Sci. Instr., 27,

222 (1956); by permission].

{a)

\b)

Fig. (1-2)6!). Ionization transducer

system for large movements: (a)

schematic diagram; (b) transfer

characteristic.

considerably increased by arranging the plates Px
and P 2 in such a

way that the glow discharge is largely confined to that part of the

tube opposite the electrodes. This is the cross-hatched part of the

tube in Fig. (1-2) 68a. The glow surrounding the electrodes A and B
is then reduced, and cathode sputtering is eliminated.

The arrangement of Fig. (1-2)68 is useful for the conversion of

displacements up to about 1 mm. Figure (1-2)69 shows a transducer

system for large movements up to several inches. The tube T is

filled with gas under reduced pressure. One side of a high-frequency
source S is connected through capacitors Cx

and C 2 to the internal
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Fio. (1-2)70. Ionization transducer tube (courtesy of The Decker Corporation.

Bala-Cynwyd. Pa).
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electrodes A and B; the other side of the source S is connected to a

ring electrode R which externally surrounds the tube. A discharge
takes place between A and R as well as B and R. Any asymmetry
of this arrangement brought about by longitudinal shifting of the

ring electrode causes a d-c voltage to arise between A and B. The

purpose of the capacitors C1 and C 2 is to prevent shorting of this d-c

voltage. The output voltage E arising between the internal elec-

trodes A and B varies linearly with the displacement of the external

ring electrode over a wide range. The sensitivity is in general between
1 and 10 volts/mm. which is con-

siderably lower than in the trans-

ducer system of Fig (1-2)68. Also

this system is relatively insensitive

to variation of the supply source;

a change of 10 per cent of the fre-

quency and also a variation of 1

per cent of the supply voltage are

barely noticeable in the output.
Variation of the symmetry can

also be obtained by capacitance-
variation circuits. The output

impedance of the device is of the

order of 1 MQ; therefore, the

succeeding stage must have a high

input impedance. The system is applicable for mechanical displace-

ments of a steady-state character and up to mechanical frequencies
of several thousand cycles per second. 1

d. Mechanic-Optical Transducers. Mechanical displacements can

be converted into electric signals by optic-electrical means, for

instance, by an arrangement consisting of an illuminated slit and a

photoelectrical transducer; the moving object obscures a part of the

slit and causes a variation of the light intensity reaching the

photoelectrical transducer and hence a variation of the transducer

output.
An arrangement of this type used primarily for the conversion of

rotary displacement into a digital output ("shaft-position encoder")
is shown schematically in Fig. (1-2)71. An optical system L produces
a number of parallel light beams which are directed upon corre-

sponding photo transducers P. The light beams traverse an encoder

1 K. S. Lion, Rev. Sci. Instr., 27, 222 (1956). A commercial ionization trans-

ducer tube (T-42, The Decker Corporation, Philadelphia) is shown in Fig.

(1-2)70.

Fig. (1-2)71. Mechanic-optical trans-

ducer, shaft-position encoder with digi-

tal read out; L, light source; D, encoder

disk; P. phototransducers.
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disk D with transparent and opaque segments. Depending upon the

position of the disk, some of the light beams will reach the photo
transducers and cause an output signal; the result appears in binary

digits (e.g., 1, 1,0).

An encoder disk with 10 concentric arrays of segments, for 10-digit

information, is shown in Fig. (1-2)72; a disk of this type gives a

Fig. (1-2)72. Encoder disk for 10 digits.

different output for each of the 210 possible configurations, i.e., it

furnishes information of the angular-disk position with an accuracy
of 360°/l,024, or an angle of about 0.35°. Systems of this type have

been built with disks of 10 in. diameter having up to 17 concentric

segments. An accuracy as high as 10 sec of arc has been obtained.

Instantaneous reading of rotating disks is accomplished by pulse

operation of the light source.1

1 Information by courtesy of Wayne-George Corporation, Boston, Mass.
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1-3. Transducers for Velocity or Acceleration

a. Differentiating Systems . Electric signals which are proportional
to the velocity, the acceleration, or to a higher time derivative of a

displacement are usually formed by electrical differentiation of the

displacement transducer output, as shown in Fig. (1-3) 1. A method,

Displacement-
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the displacement can be converted into an electric signal with one of

the displacement transducers described above. Such a signal can be

converted into a velocity-proportional signal by the use of an inte-

grating network, as shown in Fig. (1-3)2. In general, systems in-

volving integrating networks are preferable to those illustrated in

Fig. (1-3)1, since differentiating networks tend to increase the noise

level.

b. Induction Transducers. The only transducer which converts

the velocity of a movement directly into an electric signal is the

fpj
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uses a rotating yoke of iron or other material with high magnetic

permeability, which alternatingly increases and decreases the flux

passing through the coil. An alternate form in which an iron body
rotates in the gap between a stationary magnet and a stationary coil

is shown by Pflier. 1

The output voltage from all three systems is proportional to the

rotation velocity, provided the load resistance connected to the ter-

minals is very high. If the load current is not negligible, a magnetic
field arises in the coil which can distort the primary (exciting) mag-
netic field and give rise to nonlinearity. Errors may arise from tem-

perature variation. The residual flux and the coercive force of

permanent magnets decrease in general at higher temperatures. The
effect can be reduced by using electromagnets instead of permanent
magnets and compound (shunt-type) windings. Measurement of the

output freqtiency from a-c generators can furnish more accurate

results; however, since most frequency-measuring systems de-

mand constant voltage, means have to be provided to keep the

output voltage from the tachometer constant, i.e., independent of

the rotation velocity. This can be accomplished either with com-

pound windings similar to those used in automobile generators or by
a subsequent stage, e.g., a driven multivibrator. The most accurate

results can be obtained by the use of digital systems, i.e., by counting
the number of cycles during a measured time interval.

c. Separate Measurement of As and At. If a body moves through a

distance As during a time interval At, a velocity-proportional signal
can be obtained by producing electric signals proportional to As and
At and forming the ratio As/ At = v by electrical means. The method
is usually modified by keeping As constant and measuring At elec-

trically, or vice versa. An example of a circuit used to determine the

velocity of a bullet or an explosion wave is illustrated in Fig. (1-3)6.

The two switches (or thin wires) A and B are a distance As apart and
are closed initially. Opening of the switch A causes the appearance
of a voltage between the output terminals (the voltage drop across

E
2 )
which disappears at the opening of the switch B. The length of

the voltage pulse is A? and is inversely proportional to the velocity.

Numerous variations of this method have been described, in partic-

ular in connection with repetitively acting devices such as in tachom-

eters. Either one or several switches or commutators are used;
either the pulse integral or the average pulse height is measured (e.g.,

in "point dwell meters" for the examination of ignition systems in

1 P. M. Pflier, "Elektrische Messung mechanischer Grossen," 3d ed., p. 40,

Springer Verlag, Berlin, 1948.
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combustion engines) or the pulse time or the pulse frequency are

measured.

In the capacitive tachometer a capacitor is alternately charged
from a voltage source and discharged through a meter, as shown in

-±E ±C

Fig. (1-3)6. Circuit furnishing an output pulse
of a duration inversely proportional to the

velocity of a bullet traveling the distance A.s

and opening, in succession, the switches A
and B.

Fig. (1-3)7. Capacitive tachom-

eter; the output current is

proportional to the rotational

velocity of the contact arm A
but independent of the direction

of rotation.

Fig. (1-3)8. Capacitive tachometer

with direction-sensitive indication.

Fig. (1-3)7. The average discharge current / is proportional to the

rate of operation, n.

I =CEn

Another form of such a capacitive tachometer is illustrated in Fig.

(1-3)8. This system, in contrast to that shown in Fig. (1-3)7, fur-

nishes an output current which changes direction if the sense of rota-

tion is inverted.

For general references on tachometers, see the book by Pflier, op. cit., p. 244;

also Ivan A. Greenwood, Jr., J. Vance Holdam, Jr., and Duncan MacRae, Jr.,

"Electronic Instruments," in M.I.T. Radiation Laboratory Series, vol. 21, sec.

4.5, and John F. Blackburn, "Components Handbook," in M.I.T. Radiation

Laboratory Series, vol. 17, pp. 372ff, both McGraw-Hill Book Company, Inc.,

New York, 1948.
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1-4. Liquid-level Transducers

A direct conversion of a liquid-level position into an electric signal

is rarely used. In most cases the level position is detected indirectly,

either by the mechanical movement of a float which is connected to

a displacement transducer, by hydrostatic or pneumatic-pressure

measurements, by optical or acoustic means, or by gamma-ray
absorption (1-1 5) }

1-41. Resistive Methods

a. Contact Systems. The simplest direct-acting liquid-level trans-

ducer consists of one or more contacts at appropriate levels of the

liquid; an electric circuit is closed through the liquid when it reaches

the contact. If the resistivity of the liquid is too

high for convenient current measurement or if

the resistivity is variable, the level variation of

the liquid may be made to change the length of

a mercury column, so that the opening and

closing of the circuit take place between the

mercury and the contact points. A system of this

type with 10 contacts (in 10 U tubes) has been

described by Norman 2 and is schematically
shown in Fig. (1-4)1.

The contacts can be connected to a circuit in

such a way that the variation of the mercury
column causes a stepwise variation of a resist-

ance. The resistance variations can be made to be a linear

function of the length of the mercury column or any other desired

function. A function in which the resistance variation is proportional
to the root of the mercury column displacement has sometimes been

used for orifice-type flow meters; in these meters the flow velocity

is proportional to the root of the pressure difference. Contact

manometer systems with electrical temperature and pressure

compensation (incorporating a second manometer and a resistance

thermometer) are described by Lohmann and von Grundherr, 3 and

by Geyger.
4 The contact systems have the disadvantage that the

1 For a synopsis of such mostly mechanical systems, see Bulletin 1161, sec. 4,

pp. 8 and 9, Minneapolis-Honeywell Regulator Company, Philadelphia, Pa.
2 E. E. Norman, Elec. World, 120, 635 (1943).
3 H. Lohmann and F. von Grundherr, Arch. tech. Messen, V 1245-2, May,

1934.
4 W. Geyger, Arch. Elektrotech., 28, 57 (1934).

Fig. (1-4)1. Liquid-
level transducer with

multiple contacts.
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contact points tend to deteriorate or corrode and that the indication

is discontinuous.

b. Electrolytic Resistance. A continuous method to convert the

level variation of a moderately conducting liquid (water, sea water)
into electric signals is shown in Fig. (1-4)2. It consists of two wires

A and B held at a constant distance a, for instance by means of insu-

lating spacers C, and immersed in the liquid. The resistance between
the wires varies in inverse proportion to the height h of the liquid
level. Therefore, if a constant voltage is applied, the current through

=-n=

f
c

-B

f
l

Fig. (1-4)2. Liquid-level
transducer for use in con-

ducting liquids (electro-

lytes).

Fig. (1-4)3. Equivalent
circuit of the electrolytic-
level transducer shown in

Fig. (1-4)2. R, resistance of

the electrolyte; C, capac-
itance between the elec-

trodes; RF , equivalent loss

resistance of the capaci-
tance C.

the liquid is proportional to the level h. The current sensitivity of

the method, AI/Ah (variation of the current / caused by a variation

of the liquid level h), decreases approximately hyperbolically with

the distance a between the wires. One can, therefore, increase the

current sensitivity by bringing the two wires close together, but

such a procedure will increase the difficulty of keeping the distance

between the wires constant, and a small variation in distance will

produce a large error.

Electrolytic polarization makes it necessary, in most cases, to use

alternating current for the determination of the resistance variation.

The impedance between the terminals of A and B depends upon the

resistance as well as the capacitance between both wires and can be

represented by the equivalent circuit of Fig. (1-4)3. The magnitude
of the capacitance C can be considerable. 1

Capillary forces between the wires and the liquid tend to cause

errors. Under static conditions (no movement of the liquid surface)

the liquid rises on the wire by an amount which depends upon the

wire diameter and the surface tension of the liquid and which is of

1 W. Oesterlin, Arch. tech. Messen, V 1123-12, November, 1952.
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the order of a millimeter if the wires are clean and immersed in clean

water. Contamination of the wires can cause considerable variations

of this value. Under dynamic conditions, i.e., if the water rises or

falls, the water line around the wires can remain behind the true water

level by several millimeters. Where possible, the admixture of a

wetting agent to the liquid, to reduce surface tension, is recom-

mended.

Variations of the resistivity of the liquid, brought about by a

change of concentration of dissolved matter or a change of tempera-

ture, will cause errors. Two methods have been applied to reduce

such errors. One method uses auxiliary contact points arranged at

fixed (known) levels hv h 2 ,
etc. As the liquid rises, its surface makes

electrical contact with one of these points. This occurrence is re-

corded by a mark on the continuous record of the liquid level from

the electrodes A and B. and the contin-

uous record can thus be calibrated. An-
other method uses an auxiliary electrode,

as shown in Fig. (1-4)4. Three electrodes

A, B, and C are immersed in the liquid.

A change of the liquid level causes a vari-

ation of the resistance between the elec-

trodes A and B but not of that between

B and C. The resistance ratio, measured

in a bridge or with a ratio meter, is prac-

tically independent of the conductivity
of the liquid.

An instrument of this type which

measures the water level on a weir, and thus the flow rate, has been

described. 1 Ware 2 describes a liquid-level indicator which is based

upon the resistance variation between the liquid and a servosystem-
controlled contact bar.

A
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changes rapidly as the liquid sodium moves into the plane of the coil.

The method is successful because the tube material is but feebly

magnetic, and the liquid metal is a good electrical conductor. The
transfer characteristic is nonlinear. A similar system for the detec-

tion of conductive liquids (acids, etc.) is described by Broadhurst.1

A different construction for the conversion of the level variation

of a mercury column into an electric signal is shown in Fig. (1-4)6.

d
U

Fig. (1-4)5. Inductive-level trans-

ducer for liquid metals.

Fig. (1-4)6. Alternative arrangement
of a level transducer for liquid metal

(mercury).

The mercury column surrounds the iron core and forms the secondary

winding of a transformer. Depending upon the level of the mercury,
the resistance of this winding (and, thus, the inductance, the power
consumption, or the current on the primary side of the transformer)
varies and furnishes a signal which is a function of the mercury level. 2

1-43. Capacitive Methods

a. Direct Capacitance. Direct capacitive methods for liquid-level

detection are applicable primarily to nonconductive liquids, such as

liquid gases, oil, or gasoline. The liquid forms the dielectric of a

capacitor; its dielectric constant is higher than that of the gas phase
above the liquid. Any rise of the liquid level increases the capaci-
tance between the two electrodes. The electrodes are frequently

arranged in the form of concentric cylinders, as shown in Fig. (1-4)7.

At the lower end of the external cylinder are openings B which permit

hydraulic communication with the outside liquid. If these openings
are sufficiently small, they will cause a mechanical damping of the

surface variations of the liquid, which is sometimes desirable.

The capacitance of a cylinder is

€h
(1)C =

2 In (rjr^
1 J. W. Broadhurst, J. So'. Instr., 21, 108 (1944).
2 G. Ruppel, Arch. tech. Messen, V 1244-1, June, 1933.
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where e is the dielectric constant of the medium between the cylin-

ders, h the length of the cylinders, and r
x
and r 2 the radii of the

cylinder surfaces adjacent to the liquid. If the cylinder capacitor is

only partly filled with a liquid, the capacitance of the arrangement
shown in Fig. (1-4)7 is, for h% r and r > a, in good approximation.

0= ^' +£""'

(2)
2 In [1

- -

(a/r)]
v ;

where li is the height of the liquid level, h" the length of the cylinder
above the liquid surface, as indicated in Fig. (1-4)7, e' the dielec-

tric constant of the liquid, e" the dielectric constant of the gas above
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shown schematically in Fig. (1-4)8. It consists of two plates Px
and

P
2 kept at a fixed distance and electrically insulated from each other.

An a-c voltage En (700 volts, 60 cps) is applied between the electrode

P
x and the water. The electrode P 2 assumes an a-c potential between

zero and that of P
x ;

this potential varies with the level of the water

surface.

The system can be used in two different ways: With stationary

electrodes, the output voltage serves as a measure of the liquid level;

the output voltage decreases with increased water level. The transfer

characteristic (output voltage versus water level) is nonlinear. An-

other method of operation consists in the use of a servosystem which

moves the two electrodes P
x
and P

2 up and down and keeps the

distance between P 2 and the water surface constant. The latter

method furnishes more accurate results. In the practical embodi-

ment, the minimum distance between P 2 and the water surface is

2.5 cm. The instrument operates over a total range of water-level

variation of 4.5 cm, and the error is in the order of 0.5 mm.

1-44. Thermal Method

This method has been applied primarily for the level determination

of liquefied gases but is, in principle, applicable to other systems. A
schematic diagram is shown in Fig. (1-4)9.

A fine wire W extends vertically through a container which is

ftj
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The resistances of both the part of the wire in the liquid and that

in the vapor atmosphere vary with the applied current, as shown in

Fig. (1-4) 10 (generalized characteristic, relative values). In the liquid

(curve a), the resistance increases only slowly with increased current

(only at a higher critical current value does the resistance increase

sharply). In the vapor (curve 6), the resistance rises with gradually

increasing slope. The exact location of these curves varies with the

medium and with the temperature.
The sensitivity increases with decreased wire diameter. Platinum

wires (Wollaston wire, silver removed) of about 10
ju diameter or

platinum ribbons are recommended. The calibration characteristic

(current in the diagonal of a Wheatstone bridge versus liquid level)

is nearly linear if the vapor is at the same temperature as the liquid.
A liquid-nitrogen-level indicator based upon this method is de-

scribed by Maimoni.1 The instrument permits the determination of

the liquid level to within 0.1 in. and has a working range of 2 in.;

changes in the liquid level over this range causes the current in the

bridge diagonal to vary by 20 /liA. The power dissipation is 3.4 mW/
in. Wexler and Corak 2 describe an instrument with a very small wire

which, when arranged in a horizontal position, permits the deter-

mination of the liquid level to better than 0.2 mm. 3

1-5. Pressure Transducers

The field is divided into two sections, one for transducers operating
at high pressures above atmospheric pressure and one for operation
at pressures considerably lower than atmospheric pressure (vacuum
gauges).

Direct-acting transducers for the high-pressure range are based
either upon the variation of a resistance (1-51) or of a capacitance

( 1-52) or upon piezoelectric effects (1 -53), electrokinetic effects (1-54),

or electric gas discharges (1-55).

Direct-acting vacuum gauges are based upon either thermal con-

duction (Pirani gauge, 1-56) or upon ion currents in gases (Ionization

Gauges, 1-57).

A great number of indirect-acting pressure transducers have been

described in which the pressure to be measured causes the mechanical

deformation of a membrane or of a Bourdon tube; the deformation

1 A. Maimoni, Rev. Sci. Instr., 27, 1024 (1956).
2 A. E. Wexler and W. S. Corak, Rev. Sci. Instr., 22, 941 (1951).
3 See also E. H. Quinnel and A. H. Futch, Rev. Sci. Instr., 21, 400 (1950), and

M. S. Fred and E. G. Rauh, Rev. Sci. Instr., 21, 258 (1950).
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is then converted into electric signals by any one of the mechanical

displacement transducers described above. Since these systems of

conversion of pressure into electric signals represent merely combi-

nations of elements, they are omitted. A thermoelectrical pressure
transducer containing a boiling liquid is described by Goodyear.

1 The

boiling temperature of the liquid varies with the pressure and is

measured by a thermistor.

1-51. Resistive Pressure Transducer

If a wire is subjected to an increase of external pressure exerted

from all directions, Fig. (1-5)1, its electrical resistance will change.
The resistance will usually decrease with pressure,

although in some metals it increases, and in

cesium it decreases first and increases at higher

pressures. The effect has been extensively stud-

ied by Bridgman
2 and is caused by a distortion

of the crystal lattice in the metal brought about

by the external pressure.
3

For many metals and over small ranges oi

pressure variations, the resistance changes lin-

Fig. (1-5)1. Bridg- early with a variation of pressure Ap.
man-type pressure

transducer, schema- R — _RQ (1 _|_ 5 Ap) (1)
tic diagram.

where R is the resistance at 1 atm pressure and

b the pressure coefficient of resistance. Average values of the

pressure coefficient of resistance for various metals are given in

Table 6.

The coefficient b is largest for the alkali metals and for bismuth

and antimony, but transducers made from such materials are not

practical, and mercury and manganin are preferred. Mercury has

the advantage that it can be produced with uniform purity, but it

undergoes a phase transition near room temperature in the pressure

range between 6,500 and 7,600 kg/cm
2

;
in this stage the pressure

coefficient of resistance changes slightly (see Table 6).

The pressure coefficient of resistance does not change much with

1 R. S. Goodyear, Elec. Mfg., p. 90, October, 1956.
2 P. W. Bridgman, "The Physics of High Pressure," The Macmillan Com-

pany, New York, 1931.
3 N. H. Frank, Phys. Rev., 47, 282 (1935), and J. C. Slater, "Introduction to

Chemical Physics," chap. 29, McGraw-Hill Book Company, Inc., New York,

1939.
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temperature. Briclgman
1 has shown that for many metals at a pres-

sure of 12,000 kg/cm
2 and in the temperature range between and

100°C the change of b with temperature is of the order of a few per

cent; in some metals it is even less. However, the transducer must
still be used at a constant temperature, since the resistance of' the

probe changes strongly with temperature.
The transducer is suitable for measuring pressures in the range

from zero to above ten thousand kilograms per square centimeter.

Table 6. Average Pressure Coefficients of Resistance b for
Different Metals in the Range 0-12,000 kg/cm

2 at room
Temperature (25°)*

Metal
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range from to 12,000 kg/cm
2 can be found in Table 6, column 3.

The resistance variation follows the pressure variation without time

lag or hysteresis. However, if the pressure is transmitted to the

transducer by a liquid, a time lag may arise because of the increased

viscosity of the liquid at high pressures.
A practical pressure transducer has been described by Bridgman.

1

It consists of a ring-shaped insulating core (bone) 1 cm in diameter

and 0.5 cm thick; an insulated manganin wire (no. 38, approximately
30 ohms/ra) is wound in a noninductive fashion around the core. The
total transducer resistance is 100 ohms. The contact resistance

should be small and should not change with pressure. Of course, the

influence of the contact resistance is small if the resistance of the

transducer itself is large.

The wire must be "seasoned" by successive pressure applications.
Even after continued use, Bridgman observed a zero point shift (i.e.,

a change of resistance at 1 atm pressure) of \ per cent over the period
of a month of continued usage. Periodic calibration is advised.

Bridgman estimated an error of yo Per cent in measuring pressure
from to 13,000 kg/cm

2 and in the temperature range from to 50°C

caused primarily by the reading error of the instruments.

The advantages of the resistive pressure transducer over ?a\y

mechanical gauge are its simplicity and ruggedness. The introduc-

tion of insulated leads into the pressure chamber causes considerable

technical difficulties at very high pressures.

1-52. Capacitive Pressure Transducers

The dielectric constants of gases, liquids, and solids vary with the

pressure and can be measured by capacitive systems: A simple

arrangement for capacitive pres-

sure measurements in benzene has

been described by Trendelnburg
2

and is shown in Fig. (1-5)2. It con-

sists of a cylindrical capacitor suit-

able to withstand the pressure. In

the range between atmospheric

pressure and 1 00 atm, the dielectric

constant changesby \ per cent. The
static transfer function (change

of capacitance versus pressure) is nonlinear, as expected from theo-

retical considerations (Clausius-Mosotti equation). With the help of

2 P. W. Bridgman, Proc. Am. Acad. Arts Sci., 47, 321 (1911).
2 F. Trendelnburg, Z. tech. Physik, 11, 465 (1930).

Fig. (1-5)2. Capacitive pressure trans-

ducer based upon the variation with

pressure of the dielectric constant.
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a compensating nonlinear network the author has succeeded in ob-

taining an output current that is a linear function of the pressure.
The dynamic transfer function is lower by about 20 per cent than the

static transfer function because of the variation of temperature
which accompanies the adiabatic compression.
The system has been used in a pressure range from to 200 kg/cm

2
.

Water and gases dissolved in the benzene may cause a hysteresis ol

the pressure-capacitance characteristic. The method is primarily

applicable to nonpolar substances.

The capacitive method can be used to measure pressure in gases;
the dielectric constant of air (19°C) changes from 1.0006 at 1 atm to

1.0548 at 100 atm.

Variations with pressure of the dielectric constants of solids (Rochelle salt)

have been reported by D. Bancroft, Phys. Rev., 53, 587 (1938); of barium
titanate by B. M. Sul and L. F. Vereshchagin, Compt. rend. acad. sci. U.R.S.S.,

48, 634 (1945); of ionic crystals (MgO, LiF, NaCl, KC1, KBr) by S. Mayburg,
Phys. Rev. ,79, 375 (1950). Pressure cells for the determination of the dielectric

constants at elevated pressure that can be used for pressure measurements are

described by M. G. Vallauri and P. W. Fosbergh, Jr., Rev. Sci. Instr., 28, 198

(1957), and D. W. McCall, Rev. Sci. Instr., 28, 345 (1957).

1-53. Piezoelectric Pressure Transducer

Certain piezoelectric crystals, if exposed to pressure from all sides

("hydrostatic pressure"), will develop a polarization in a preferred

crystal direction; the polarization charge gives rise to an output

voltage. Piezoelectric pressure transducers are primarily useful for

the measurement of transient pressures of the order of several thou-

sand atmospheres and of a time range from a fraction of a second to

more than ten microseconds.

Not all piezoelectric crystals are hydrostatically sensitive; pri-

marily tartaric acid, tourmaline, and sucrose have been used for

pressure transducers. The sensitivity ranges from 5.6 x 10-12 cou-

lomb per (lb/in.
2
)
for sucrose to 21 x 10~12 coulomb per (lb/in.

2
)
for

tartaric acid. The frequently used tourmaline has a sensitivity of

11 X 10-12 coulomb per (lb/in.
2
). The output voltage is a linear

function of the pressure.

A very simple piezoelectric pressure transducer consisting of a

spark plug on which a crystal is mounted is described by Lawson and
Miller. 1 Arons and Cole2 have described the construction and investi-

gation of a piezoelectric pressure transducer for the measurement of

1 A. W. Lawson and P. H. Miller, Rev. Sci. Instr., 13, 427 (1942).
2 A. B. Arons and R. H. Cole, Rev. Sci. Instr., 21,31 (1950).
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will acquire a net charge, the glass being negatively, the water mole-

cules positively, charged. A movement of the glass particles through
the water constitutes a current (streaming current) which can be

measured. Conversely, a movement of the liquid through a station-

ary fritted glass disk gives rise to a potential difference (streaming

potential) between both sides of the fritted disk.

This phenomenon forms the basis of the electrokinetic pressure
meter. The system is illustrated in Fig. (1-5)4 and consists of a

porous porcelain disk and a con-

tainer filled with a polar liquid

(aceto-nitrile) on either side. If

the liquid is pressed through the

disk, a potential difference arises

between both sides of the porce-
lain disk which can be picked up
by means of two wire-mesh elec-

trodes.

To measure static pressure, the

liquid would have to be pressed

continuously through the disk. If

alternating pressure is applied, the

liquid will be pressed back and

forth, and an alternating voltage
will arise between the electrodes.

A commercial form of this pressure
transducer operates over a range
from 10~ 4 to 10 2

psi. The output
is a linear function of the applied

pressure difference. The sensitivity is 350 mV/psi under no-load

condition and about 3 /jA/psi under short-circuit condition. The

output impedance is about 10 5 ohms, shunted by a capacitance of

40 fifxF ±10 jujuF, but can be made to have values up to several

hundred megohms.
The output follows the applied pressure without delay. The dy-

namic response characteristic is flat within 1 dB, from 4 to 15,000 cps
and within 2 dB from 3 to 25,000 cps. The output varies slightly

with temperature; the output voltage changes by about 6 per
cent if the temperature is changed from 70 to — 10°F or to

+ 140°F.

For references see M. Williams, Rev. Sci. Instr., 19, 640 (1948); also C.E.C.

Recordings, 10(6), 6 (1956), and Bulletin 1573, both of the Consolidated

Electrodynamics Corporation, Pasadena, Calif.

Impermeable
porceloin ring

Porous porceloin
disk

Thin diaphragms

Polar liquid

[acetonitrile)

Aluminum ribbons
( output )

Fig. (1-5)4. Electrokinetic pressure
transducer [from C.E.C. Recording, 10,

6 (1956), Consoliiinteil Electrodynamics

Corp., Pasadena, Calif . ; by permission].
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1-55. Pressure Transducers Based upon Electric Gas
Discharges

The most frequently reported electric gas discharge form for air-

pressure and flow-velocity measurements is the corona discharge.
The method is described by Werner 1 and Werner and Geronime. 2

The system is illustrated schematically in Fig. (1-5)5 and consists of

a fine needle point electrode A (Wollaston wire) and a large electrode

B which may either surround the

electrode A or may be a flat or a

cylindrical electrode located in front

of the needle point and separated by
several millimeters from the point.

If a voltage E of the order of 1,000

to 5,000 volts is applied, a corona dis-

charge will form in the vicinity of

the needle point, and a current I up
to ten or more microamperes will be

observed. The general form of the

voltage-current characteristics for

positive and negative points is shown
in Fig. (1-5)6.

/>'

Fig. (1-5)5. Pressure transducer

based upon electric gas discharges;
schematic diagram of point-to-plane
and concentric electrode configura-
tions.

25

20

s"
10
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The voltage-current characteristic is different for positive or nega-
tive polarity of the point and changes strongly with the pressure,

and, to a lesser extent, with the gas velocity. The influence of humid-

ity is slight; that of temperature negligible. The instrument, there-

fore, measures primarily the pressure variation in the flowing gas.

The characteristic is also influenced by the geometry of the needle

point.

The response of the system is extremely fast; pressure variations

in the megacycle region have been observed. In the range from 102

to 10 6
cps, the relative response does not change; the frequency-

response curve is flat throughout this range. The noise level can be

considerable.

Other discharge forms, such as the Townsend discharge or the glow

discharge, have also been investigated as a means to measure velocity

and pressure.

For a summarizing review, see W. M. Cady, Physical Measurements in

Gas Dynamics and Combustion, in R. W. Ladenburg (ed.), "High Speed Aero-

dynamics and Jet Propulsion," vol. 9, sec. C, 3, p. 146, Princeton University

Press, Princeton, X.J., 1954. For references see Werner, loc. cit., as well as

Werner and C.eronime, loc. cit.

1-56. Thermal Gauges

The following thermal transducer is designed primarily for opera-

tion below atmospheric pressure (i.e., as a vacuum gauge). It is

illustrated in Fig. (1-5)7 and it usually contains a fine wire F of

about 0.001 in. diameter mounted
in a glass or metal tube. The

tube is joined to the system where

the pressure is to be measured.

The wire is heated to a tempera-
ture between 75 and 400°C by a

(a ) (6)

current of the order of 10 to 100
. , iiii i Fig. (1-5)7. Thermal vacuum gauges:mA and cooled by heat conduc-

(o) fche temperature of the neated fila.

tioil through the gas surrounding ment F is measured l>y the thermo-

the wire element Th; (b) the temperature of the

At atmospheric pressures the

heat conductivity of gases is inde-

pendent of their pressures. However, as the pressure is reduced, a

point is reached (about 10 mm Hg) at which the heat conductivity

begins to decrease with decreasing pressure. The gas molecules

striking the hot wire carry off energy to the walls of the vessel; the

actual temperature of the wire is then controlled by the rate at which

filament is measured by its resistance

variation.
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Empirical calibration is required. Typical calibration curves are

shown in Fig. (1-5)9. Since different gases have different heat con-

ductivities, the calibration curve for each will be different. For some

applications, notably in the absence of hydrogen, this difference may
be neglected. The Piraui gauge indicates the total pressure, i.e., the

sum of all partial pressures of any gases and vapors present.

The ordinary range of the gauge is from about 1 to 10~3 mm.
Different investigators have extended the range to as high as 15 mm 1

and to as low as 10~ 5 mm Hg.
2 Extension to a limit of 5 x 10-9 mm

17.0
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surrounding the gauge is sometimes recommended. Difficulties may
arise if the gauge is used in an atmosphere of gases that may react

with the hot filament.

The construction of very small Pirani gauges (less than 0.5 cc) is described

by D. G. H. Marsden, Rev. Sci. Instr., 26, 1205 (1955). G. A. Slack, Rev. Sci.

Instr., 27, 241 (1956), describes a gauge ofunusual construction for the measure-

ment of helium pressure at low temperature. For further modification and
references see H. Schwarz, Arch. tech. Messen, V 1341-3, January, 1952.

1-57. Ionization Gauges

a. Thermionic Gmige. The gauge system is constructed like a

triode, i.e., it contains, in a glass vessel, a heated electron-emitting

cathode, a grid surrounding the cath-

ode, and a plate surrounding the grid.

The grid is maintained at a positive

potential (
1 00 to 250 volts) with respect

to the cathode, the plate at a negative

potential (2 to 50 volts), as shown in

Fig. (1-5)10.

Electrons emitted from the cathode

are accelerated by the grid; they will

collide with the gas molecules in the

vessel and will ionize them. The posi-

tive ions in the space between grid
and plate will be collected by the nega-

tive plate ;
those formed in the space between cathode and grid will

migrate toward the cathode. The electrons and negative ions will be

collected by the positive grid.

The rate of ion production is proportional to the amount of gas

present and to the number of electrons available to ionize the gas.

The ratio of positive ions, i.e., plate current i p ,
to the grid current ig

is, therefore, a measure of the pressure p within the tube; i.e.,

i
+

p=k±
h

where k is a constant of the order of magnitude of 10
/.i Hg (mA///A)

varying with the geometry of the tube, nature of the gas, and

operating voltages.
1 The ionization gauge measures the total pres-

sure of all gases present. The indication is continuous and inertia-free.

Thermionic ionization gauges can be used for pressure measure-

ments in the range between 10~3 and 10~ 8 mm Hg. Within this range
the output varies almost linearly from 10-4 to 10-9 amp. If the

1 S. Dushman, Phys. Rev., 17, 7 (1921), and 23, 734 (1924).

Fig. (1-5)10.

zation gauge.

Thermionic ioni
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to log i£
—

log i~
,
eliminates the need for accurately stabilizing

the electron current and permits the reading of the pressure in the

range from 10~3 to 10-7 mm Hg on a single logarithmic scale. The
maximum deviation from a true logarithmic response is 3 per cent

of the full-scale value.

The influence of the filament, grid, and plate geometry upon the

sensitivity of conventional ionization gauges has been investigated

by Kinsella. 1 A relative optimum has been found for a grid structure

of 1 cm diameter with a pitch of 4 mm, 0.2 to 0.3 mm wire diameter;

the sensitivity of the gauge increases with the plate diameter.

Application of excessively high grid or plate voltages to the gauge

may lead to instability (Barkhausen-Kurz oscillations).

Difficulties are likely to arise if gases within the gauge react with

the cathode or with other elements of the gauge (e.g., water vapor,
carbon monoxide, carbon dioxide,

halogen gases, and hydrocarbon

vapors). Oxidation of the filament
c-

R
E or gas absorption may occur if

Tl'- the gauge is operated at a pressure
. . ,. higher than 10~3 mm Hg. Under

Fig. (1-5)12. Radioactive ionization & &

gauge. A, a source; B, housing; c, ion normal conditions a filament life

collector; E, voltage source {alphatron, f 103 to 10 4 hr can be expected.
model 511, National Research Corp., r\ ± • c ±\ • „„„~ , .,

'

, , . .
,

*
Outgassing of the gauge, m par-

Cambrtdge, Mass.; by permission).
& & & & ' r

m

ticular of the grid by passing a high
current through it, is required when the system has been subjected
to a pressure exceeding 10-2 mm Hg. Some gauges are constructed

with a grid and a plate in the form of helical filaments which can

be heated and outgassed by passing a current through each helix.

Extended overloading during outgassing may cause evaporation of

metal on the glass wall and may lead to leakage paths.

For bibliography, see H. Schwarz, Arch. tech. Messen, V 1341-5, May, 1952;

also ibid., V 1341-2, September, 1951, and V 1341-4, March, 1952.

b. Radioactive Ionization Gauge. The instrument is shown sche-

matically in Fig. (1-5)12. It contains a radioactive source A that

emits a particles which ionize the gas in the gauge. The number of

ions formed in the gas is directl}' proportional to the gas pressure as

long as the range of the a particles is longer than the dimensions

of the chamber. The ions are collected at an electrode C and form a

current of the order of 10~9 to 10-13 amp. In the commercial model

(Alphatron, Model 511, National Research Corporation, Cambridge,

1 J. J. Kinsella, Trans. Vacuum Symposium, 1954, p. 65.
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Mass.) a vacuum-tube electrometer is used to detect the current by

measuring the voltage drop across the resistance R.

The transfer characteristic (meter reading versus pressure) is

linear. The error, i.e., the practical deviation from the characteristic,

is '2 per cent. The slope of the characteristics is different for different

gases, as shown in Fig. (1-5)13. This has the advantage that the gauge
can be used as a leak detector. The

gauge will show an indication if a

gas with a relative response differ-

ent from air diffuses through a

leak into the gauge (e.g. ,
H

2 or He) .

On the other hand, the different

calibration characteristics for dif-

ferent gases can cause uncertain-

ties and errors when impurities of

an unknown concentration or

composition are present.
The system can be used over a

range from 1
3 to 1 0~3mm Hg (

1
-3

mm Hg is 10 per cent of lowest

full-scale reading). At lower gas

pressures the mean free path of

the a particles increases beyond the

dimensions of the vessel, so that the probability of a collision is

reduced and the ionization current is very small. X-ray effects as

described under Thermionic Ion Gauges, l-57a, ultimately limit the

useful range of the gauge.
An advantage of the Alphatron over the thermionic ionization

gauge is the absence of the heated filament. The instrument cannot

be damaged by exposure to air of atmospheric pressure and requires

no degassing. The indication is continuous and follows the variation

of the pressure without inertia. The activity of the a source (radium-

gold alloy, rhodium -plated to prevent loss of the short-lived gaseous

daughter products of radium, radon) will rise slightly as the source

comes to equilibrium with its daughter products over the course of

about fifty years. For practical purposes the radiation from the

source will be constant within a few per cent for a period of five years.

For references see J. R. Downing and G. Mellen, Rev. Sci. Instr., 17, 218

(1946); also Electronics, 19, 142 (April, 1946); G. Mellen, Ind. Eng. Chem.,

40, 787 (1948); A. Boburieth, Le Vide, 1, 61 (1946); J. H. Beynon and G. R.

Nicholson, J. Sci. Instr., 33, 376 (1956). A similar instrument in which ioniza-

tion by beta rays takes place is described by C. Deal et al., Anal. Chem., 28,

1958 (1956).

2 4 6

Pressure, x 0001-100 mm Hg

depending upon goin of meter

Fig. (1-5)13. Characteristics of a radio-

active ionization gauge (alphatron,

model 511, National Research Corp.,

Cambridge, Mass.; by permission).
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c. Philips-Penning Ionization Gauge. This gauge is shown in Fig.

(1-5)14. A high voltage is applied to the electrodes C\,C 2 ,
and A and

causes a discharge in the gas. The discharge current depends upon
the electrode geometry, the type of gas in the gauge, and the gas

pressure, and can be used as a means for the pressure determination.

Magnetic field

+ =>

Fig. (1-5)14. Philips-Penning gauge.

At a pressure below 10~ 2 mm Hg, the mean free path becomes so

large that the probability of a collision and ionization is too small to

maintain a discharge. By applying a magnetic field and by using the

geometric arrangement shown in Fig. (
1 -5) 1 4, Penning

1 has succeeded

600i— —
i 1 F 1 1 1

in increasing the path length of

the electrons and in maintaining
a discharge beyond 10-5mm Hg.

Calibration curves ofa Philips-

Penning gauge for different gases
are shown in Fig. (1-5)15. The
useful range ofthe gauge extends

from 10~3 to 10~ 5 mm Hg. Sev-

eral authors have succeeded in

extending this range. Penning
and Nienhuis 2 have technically

improved the gauge and been

able to use it down to 4 X 10-7

mm Hg. Hayashi
3 has extended

therange to lower pressures (
1 0~ 6

)

and, in another modification by reducing the size of the anode ring, to

higher pressure (10
_1 mm Hg). However, at these high pressures

a considerable amount of sputtering occurs which leads to electric

1 F. M. Penning, Physical, 71 (1937), and Philips Tech. Rev., 2, 201 (1937).
2 F. M. Penning and K. Nienhuis, Philips Tech. Rev., 11, 116 (1949).
3 C. Hayashi et al., Rev. Sci. Instr., 20, 524 (1949).

mm Hg

Fig. (1-5)15. Characteristics of a Philips-

Penning ionization gauge for various

gases.
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leakage problems. Redhead 1 has succeeded in developing a gauge

(inverted magnetron) which is capable of measuring pressure in a

range from 10~3 to 10~12 mm Hg.
The gauge is generally operated with direct current of 1,000 to

3,000 volts. It can be driven with alternating current since the

different geometry of the electrodes causes rectification, but the a-c

discharge extinguishes at a pressure below 2 x 10~ 5 mmHg. Start-

ing difficulties are encountered, even at d-c operation if the gauge is

turned on at low pressures. According to Mcllwraith,
2 such diffi-

culties can be overcome by momentarily flashing a filament that is

sealed in a side tube close to the gauge while the high voltage is

turned on.

The magnetic fields used by different authors vary from 300 to

8,000 oersteds. The accuracy of a calibrated gauge is in general of

the order of 3 per cent.

1-6. Transducers Responding to Flow Velocity of Liquids

The only direct-acting flow-velocity transducer, in the strict sense

of the word "direct," is the inductive system described in 1-62.

All others can be considered as indirect (mechanoelectric) systems,
such as the resistive systems (1-61), the sonic system (1-64), or the

radioactive methods (1-65). The thermoelectric system (1-63) is also,

in principle, an indirect-acting system.
A considerable number of methods for flow-velocity measure-

ments have been described which are combinations of mechanical

systems with electrical-displacement transducers. For instance, the

flowing medium can be made to cause a pressure difference in a pitot

tube or a restricted orifice and the pressure is measured with electric

transducers, or the flowing medium causes a displacement of the float

in a rotameter which is transformed in an electric signal.
3 Other

methods use rotating impellers driven by the liquid medium; either

the torque caused by the flow or the rotation velocity of the impeller

is picked up with electric transducers. These combination systems
are omitted from the description. A survey (mostly mechanical) of

basic solutions for flow measurement can be found in Ziebolz. 4

Linearity between the flow velocity and the transducer output

1 P. A. Rtdhead, paper read at the Physical Electronics Conference, M.I.T.,

March, 1957.
2 C. G. Mcllwraith, Rev. Set. Instr., 18, 683 (1947).
3 E. C. Crittendon and R. E. Shipley, Rev. Sci. Instr., 15, 343 (1944).
4 H. Ziebolz, Rev. Sci. Instr., 15, 80 (1944).
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signal is of particular importance when the time average of an inter-

mittent or pulsating flow velocity is to be measured. If the flow

rate is measured by means of a nonlinear system, such as an orifice

and a transducer which measures the pressure difference p before

and in the orifice, and if the flow rate varies with time, the average
flow rate F can be expressed by

F = c(V;p)av

Since there is always an inertia in the measurement of p, it is likely

that not the instantaneous pressure p but the average pressure pav is

measured, so that

F' = cVpw

F' is always larger than F, sometimes by as much as 40 per cent.

Some of the methods for measuring liquid flow can be used for the

flow-velocity measurement of gases as well, e.g., the thermal-, the

sonic-, and the radioactive-tracer methods. Anrep and Downing
1

have used a gas flow-velocity transducer such as described in 1-66 for

liquid flow-velocity measurements. The liquid enters a flask and

displaces the air from the flask. The velocity of the escaping air is

measured with a thermal transducer.

1-61. Resistive Transducer Systems for Liquid Flow Velocity

a. Electrolytic-tracer Method. This method, which is suitable only
for discontinuous measurements of the linear flow velocity and the

volume flow rate of water, has been described by Allen and Taylor
2

and is illustrated in Fig. (1-6)1. The water flows through a conduit

with the average linear velocity v. At the point i\
T

,
a shot of a salt

solution is injected into the stream, causing a cloud of electrolyte with

a conductivity higher than that of the surrounding water. The cloud

moves with the water; the passage of the conductive cloud causes an

increase of an electric current through the electrodes AA and, later,

the electrodes BB, which are spaced from the electrodes AA by a

distance L. The time difference t between these passages is measured

and the velocity is determined from v = L/t. If V is the volume of

the water between the two pairs of electrodes, the flow rate F can be

determined from F = V/t. The method can be modified by measur-

ing the time difference between the injection of the solution and the

passage of the solution cloud through one pair of electrodes.

1 G. V. Anrep and A. C. Downing, J. Sci. Instr., 3, 221 (1925).
2 C. M. Allen and E. A. Taylor, Trans. ASME, 45, 285 (1923).
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The method has been primarily applied for large conduits (order

of magnitude of L is 50 to several hundred meters) and for flow rates

of the order of several cubic meters per second. The salt-solution

injector system for such large channels can be quite complex.
Errors are caused through differences in velocity of the particles

in the conductive cloud (longitudinal growth of the salt cloud as it

moves downstream), leading to uncertainties in the determination

of the time difference t, since the

passage of the cloud through the

electrodes AA or BB is not in-

stantaneous. Allen and Taylor
recommend the elimination of

this error by a graphic method in

which the time difference t is

measured between the center of

gravity of the current-time areas

as indicated in Fig. (1-6)1. Fur-

ther errors may arise through

inhomogeneous distribution of

the particle velocityand variation
of concentration over the cross

section. De Hallerin a theoretical

study
1 indicates that this error

diminishes with increased turbu-

lence (increased Reynolds num-

ber). The error for laminar flow is considerably larger than for

turbulent flow. In order to reduce the error resulting from the vari-

ation of velocity over the cross section, de Haller proposes the use

of a point electrode positioned at a distance of 0.75 to 0.8R (R =
internal radius of the conduit) from the center of the conduit if the

velocity profile is axially symmetric, or of a ring electrode of 0.777? if

the velocity profile is asymmetric. Other authors consider screens

covering the entire cross section of the conduit as the best form of

electrodes.

Experimental studies of the salt-velocity method have been

carried out by Miiller. 2 In a comparative study on flow meters,

Kirschmer and Esterer3 found that the total error of the method is

between 1.2 and 6 per cent. The error is always negative, i.e., the

actual flow rate is larger than that indicated by the method. The

1 P. de Haller, Helv. Physica Acta, 3, 17 (1930).
2 K. E. Miiller, Schweiz. Bauz., 87, 41 (1926).
3 O. Kirschmer and B. Esterer, Z. Ver. deut. Ing., 74, 1499 (1930).

Fig. (1-6)1. Flow-velocity transducer

for liquids: (a) electrolytic tracer

system; (b) current-time function at the

electrodes AA and BB.
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method of injecting the salt solution (single and multiple injectors,

symmetric and asymmetric) is of negligible influence.

The electrolytic-tracer method has been used by Prausnitz and
Wilhelm1 for measuring the turbulent concentration fluctuations

and, thus, the variation with time of turbulence in a liquid. An
electrolyte (hydrochloric acid-methanol mixture) is continuously in-

jected into a stream of tap water. The conductivity fluctuations are

measured downstream by a very
small probe consisting of two ends

of platinum wire (1.2 mm long and
1 mm apart) protruding from the

end of a tapered glass tube. The

Y output signal (variation of resist-

ance with time) is electronically

r2

Fig. (1-6)2. Plow-velocity transducer processed and furnishes informa-

for liquids, electrolytic dilution method. tion for the study of turbulence.

b. Electrolytic-dilution Method.

A salt solution of a concentration C
1 is introduced at a steady and

known flow rate Fx into a stream of a liquid of low conductivity

(water) flowing with the flow rate F
z

. After mixing, the concen-

tration is

^2=^1^ (1)

The concentration C 2 is determined at a point downstream by elec-

.trolytic-resistance measurement (or by any other chemical or optical

method), and the unknown flow rate F z is determined from Eq. (1).

The method has been investigated by Kirschmer and Esterer, op. cit., p. 1505,
and found to be very accurate; the error for large flow rates was found to

vary between 0.03 and 0.06 per cent.

1-62. Liquid-flow Induction Transducer

The liquid, which should have a conductivity of at least 10-5

ohm_1-cm_1
,
flows through an insulating tube as shown in Fig. (1-6)3.

The tube lies in a magnetic field of a flux density B. Two electrodes

are inserted into the tube, their surfaces flush with the inner surface

of the tube. If the liquid flows through the tube with the average

velocity v (averaged over the cross section of the tube), charges
within the liquid are moved to the electrodes, and a potential dif-

ference arises between both electrodes which is

e = Bdv X 10"8 volts (1)

1 J. M. Prausnitz and R. H. Wilhelm, Rev. Sci. Instr., 27, 941 (1956).
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where B is the flux density in gauss, d the distance in centimeters
between the electrodes, i.e., the inner diameter of the tube, and v the

average linear velocity of the liquid in centimeters per second. Equa-
tion (1) can be transformed into

BF 4

~T x
a tt

io-8 volts (2)

Electrode

where F is the average flow rate of the liquid in milliliters per second.

The method has been perfected primarily by the work of A. Koliu and
collaborators. See literature references until 1951 in W. (I. James, Rev. Sci.

Instr., 22, 989 (1951).

The magnetic field is usually of the order of 1,000 oersteds and may
be continuous (direct current) or alternating (alternating current).
In the first case the output voltage
e will be a d-c voltage; in the

latter case it will be an a-c voltage,
and e will denote the instantan-

eous value if B denotes the in-

stantaneous value of the flux den-

sity. The a-c method reduces the

danger of electrolytic polarization
at the electrodes if the frequency
is sufficiently high and permits the

use of a-c amplifiers in subse-

quent stages. At the same time, it

introduces in the output parasitic
a-c voltages from capacitive a-c

pickup and from asymmetric induction in the liquid and in the leads.

The magnitude of these voltages increases with the frequency.
The transducer can be used for flow rates from the order of 10-3

mm/sec up to the highest values. According to Thurlemann1 and

Kolin,
2 the transducer output is independent of the type of flow

(laminar or turbulent) and of the form of the velocity profile. How-
ever, Shercliff3 has shown that any axial asymmetry may severely
influence the output. If the flow velocity near one electrode is appre-

ciably higher than the average velocity, the sensitivity of the trans-

ducer (S = Ae /Av) can be increased by a factor as high as 2, and if

the flow is concentrated near the wall between both electrodes, the

1 B. Thiirlemann, Helv. Physica Acta, 14, 383 (1942).
2 A. Kolin, Rev. Sci. Instr., 16, 109 (1945).
3 J. A. Shercliff, J. Appl. Physics, 25, 817 (1954), and J. Sci. Instr., 32, 441

(1955).

Electrode

Fig. (1-6)3. Flow-velocity transducer
based upon electromagnetic induction
in liquids.
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sensitivity can be reduced by a factor of less than 0.5 or can even be

negative. Even at axially symmetric flow, the sensitivity is 7.4 per
cent lower than that computed from Eqs. (1) and (2). In narrow

rectangular channels the sensitivity is (according to Shercliff) inde-

pendent of the velocity profile. In such conduits the electrodes

should extend over the entire width of the channel.

The output voltage is in general in the microvolt range. A par-
ticular sensitive and accurate instrument is described by James; 1 it

has an input range from zero to about 40 mm/min and furnishes, at

the transducer output, an a-c voltage (11.4 cps) of 0.5
/ttV/(ml)(min)

i 1 per cent for liquids of an electric conductivity of at least

3.5 x 10-6 ohm_1-cm-1 . The electric conductivity of the liquid

determines the output impedance which may vary from several

ohms, for mercury, up to several megohms.
The output is proportional to the flow velocity; the deviation from

linearity can be kept small and corresponds, in the above-mentioned

instrument of W. G. James, to about 0.25 ml/min. The output
follows the variations of the flow velocity without inertia. Flow
transients of 1 msec duration have been measured by Arnold. 2

Errors may arise from parasitic voltages between the electrodes.

Such voltages are independent of the flow and may stem from gal-

vanic potentials between the electrodes and other metallic parts in

the system
3 or from polarization of the electrodes at d-c operation.

Parasitic d-c voltages due to flow (with the magnetic field removed)
have also been observed. They can be eliminated by the use of

graphite electrodes. The use of nonpolarizable electrodes is generally

required at d-c operation. The parasitic a-c voltages mentioned

above can be canceled by an auxiliary compensating voltage of

appropriate magnitude and phase. The amount of random noise

originating in the transducer and the influence of stray electric and

magnetic fields increases, of course, with increased resistivity of

the liquid.

The advantages of the method are reliability, simplicity, and

ruggedness. There are no moving parts or constrictions in the tube.

The response is fast, it is linear, and the output is independent of the

physical properties of the liquid, with the exception of the electrical

conductivity. Disadvantages of the method are the small output

voltage, which requires amplification, and in some cases the high

1 W. G. James, Rev. Sci. Instr., 22, 989 (1951).
2 F. S. Arnold, Rev. Sci. Instr., 22, 43 (1951).
3 A. J. Morris and J. H. Chadwick, Trans. AIEE, Conf. Paper T-l-58, 346

(1951).
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output impedance, which increases the influence of external disturb-

ances. The requirements for accessory equipment can be con-

siderable. A commercial inductive flow meter is shown in Fig. (1-6)4.

1-63. Thermal Flow-velocity Transducer

The method devised for the study of blood flow velocity in animal

experiments ("Thermo-Stromuhr") by Rein1
is analogous to that

Fig. (1-6)4. Exploded view of an electromagnetic-induction transducer for flow-

velocity measurement in liquids (courtesy of The Foxboro Company, Foxboro, Mass.).

described earlier (1911) by C. C. Thomas for the measurement of

flow velocity in gases (1 66).

The instrument is illustrated schematically in Fig. (1-6)5. The
blood flowing in a vessel A is heated in an rf electric field between the

1 H. Rein, Z. Biol., 87, 394 (1928).
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two capacitor plates C1 and C 2 . The rf power—and thus the rate of

heat generated in the blood—is kept constant. The longer the blood

remains in the electric field between the capacitor plates, i.e., the

lower its flow velocity, the more it will heat up. The increase in blood

temperature, i.e., the temperature difference At between a point

upstream and one downstream from the heating device, is measured

by two thermoelements Tx and T2 in thermal contact with the outside

of the vessel. If P is the electric

power converted into heat, the

flow velocity F of the blood can

be found from

En

L
T,

A y K-:-:-:-:-:-:-:-:-'-:-:-:-:-:-:-:-i-;j

Co

F = k
At

rf

Fig. (1-6)5. Flow-velocity transducer

for liquids, thermal method.

where k is an apparatus constant.

The system measures the average
mass rate of flow. The transfer

function (thermoelement output
E versus flow rate F) is approxi-

mately hyperbolic.
The heat produced in the walls

ofthe vessel is practically negligible. The heat losses to the outside are

small, and the heat exchange with the volume of the blood is suffi-

ciently high so as not to cause serious errors. Experiments have
shown that the flow pattern is of no influence upon the output if the

spacing of the thermoelements from the heating device is more than

1.2 times the diameter of the vessel.

The system has been used for the study of flow rates in a range
from about 1 to 300 cm3

/min. The output from the thermoelements

is in the microvolt range. The rf power requirement at the electrodes

is a fraction of 1 watt.

The error varies with the construction and with the flow rate; an

average value of the error is ^5 per cent. Also the dynamic response

depends upon the apparatus construction and the flow rate. A
sudden variation of the flow rate becomes noticeable within less than

0.2 sec, but the output reaches an equilibrium in about 1 to 5 sec (up
to 25 sec). With special systems (improved thermal contact between

thermoelement wires and the walls of the vessel), pulsations of the

blood stream of about one pulse per second can be observed.

The method has found wide publicity and was, for some time, the

only method available for the measurement of blood flow in the

unopened vessel. The later-developed induction method (1-62)
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furnishes more accurate results but requires more space. Both
methods require surgical procedures.

1-64. Sonic Method

The basic setup ofa sonic flow-velocity transducer system is shown
in Fig. (1-6)6; it consists of a sonic transmitter T and a receiver R
separated by a distance d. The transmitter sends an acoustic signal

(pulse or wave train) into the flowing medium. The signal is received

at R at a time At later. The transit time in the flow direction is A^ =
d/(c + v), where c is the sound propagation velocity and v the linear

flow velocity of the medium. A signal traveling against the flow

direction requires a transit time At 2
=

d/(c
—

v). A sinusoidal signal
of the frequency / traveling in the flow direction will arrive with a

phase shift A^ =
2irfdj(c + v);

a signal traveling in the oppo-
site direction will have a phase

T .R

< d

[ .
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commutator switch. The difference in transit time is measured by a

phase-sensitive detector driven synchronously with the commutator
switch.

Linear velocities in water as low as 0. 1 cm/sec have been measured

successfully with this system. The deviation from linearity is indi-

cated to be less than 2 per cent. The dynamic response is limited only

by the frequency of the synchronous commutator. The system when

applied to the outside of the conduit causes no obstructions or dis-

continuities in the flow system, but its application is limited to

conduits with plastic walls or to large conduits where the transmitter

and receiver crystals can be arranged within the conduit. The
measurement of flow in metal pipes with an arrangement outside of

the pipe is not possible, because of the direct transmission of sound

through the metal wall of the pipe, unless special means are used to

suppress the influence of this effect.

1-65. Radioactive-tracer Methods

Both the electrolytic-tracer method and the electrolytic-dilution

method described in 1-61 can be modified b}^ replacing the electro-

lyte by a radioactive solution and deter-

mining the passage of the cloud or the

concentration of the liquid with nuclear-

radiation detectors.

A method suitable for the determination

of the velocity with which a liquid runs out

ofa vessel has been described by Richardson. 1

The method is applicable where the velocity

profile has the general form shown in Fig.

(1-6)8.

The lower part of a vertical tube is filled

with a radioactive-tracer solution, the part
above it with a tracer-free solution. As the

former runs out and is displaced by the latter,

the counting rate measured at a point A
outside of the tube decreases.

If v v is the linear flow velocity at P and v the velocity in the center

of the conduit, their ratio is

Fig. (1-6)8. Flow-velocity
transducer for liquids,
radioactive tracer method.

V, y

Id
(1)

1 F. M. Richardson et al., Nucleonics, 13, 21 (July, 1955).
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The ratio of counting rates at A for circular pipes, according to the

authors, is

9l

Go

y hf\
2

'

d
'

\dj
(2)

where C
t
is the counting rate at the time t and C that at the beginning

of the experiments when the lower part of the tube is completely
filled with a radioactive-tracer solution.

With an aqueous solution of radioactive sodium 24 and a concen-

tration of 0.05 to 0.16 mc/ml, the authors were able to follow the

replacement of the tracer solution by the tracer-free liquid until the

thickness y of the layer adjacent to the wall had diminished to

0.002 in.

The application of the method is limited to special cases and single

runs.

1-66. Transducers Responding to Gas Flow Velocity:

Thermal Systems

a. Thomas Method. The following method originally devised by
Thomas1 has been described primarily for the flow-rate or flow-

velocity determination in gases but is, in principle, also applicable to

the measurement of liquid flow (see 1-63). The method is illustrated

in Fig. (1-6)9. The gas, or liquid, enters a conduit with the tempera-
ture

/j,
which is measured by the thermal transducer T1 (e.g., a resis-

tance thermometer) ;
it then passes a heater H energized by a source

S, and it emerges with the (higher) temperature 1
2 ,
which is measured

by the resistance thermometer T
2 . If the specific heat is constant,

the flow rate F can be determined from

PC

where P is the electric power required to maintain the temperature
difference t 2

—
tj_,
C is the mechanic-caloric equivalent, and c

p
the

specific heat of the gas at constant pressure or the specific heat of the

liquid.

The method can be used in connection with a servo system. For

this purpose the thermal transducers Tx and T 2 are arranged in a

bridge circuit, Fig. (1-6)1 0, which is adjusted so that no current passes

through the meter relay M as long as the temperature difference

t 2
—

ti is of a given value. A feedback loop controls the current

through the heater, and the arrangement acts so as to maintain the

1 C. C. Thomas, ./. Franklin Inst., 172, 411 (1911).
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temperature difference t 2
— tx constant. The electric power neces-

sary to keep this temperature difference constant is proportional to

the flow rate.

The output of the system is an indication of the mass rate of flow

(in kilograms per second) rather than the volume rate of flow (in

cubic meters per second). A reduction of the reading to standard

temperature and pressure is not required, therefore.

The method has been applied primarily to the measurement of

large flow rates, as high as 75,000 ft3/hr; the power requirements for

Fig. (1-6)9. Flow-velocity transducer

system for gases, thermal method.
Fig. (1-6)10. Thermal flow-velocity
transducer for gases, modification of

the system illustrated in Fig. (1-6)9.

such rates are of the order of 1 kW. The restriction of the conduit by
the wires is negligible. Turbulence arising on the wires may be con-

sidered an advantage because it provides for better mixing.
Errors are likely to arise from nonuniform heating of the gas, from

nonuniform distribution of the flow velocity, and from heat loss to

the environment (thermal insulation of the conduit is recommended).

Deposit of dust on the heater will tend to make the response slower

but will not affect the accuracy. Errors resulting from the variation

of the specific heat can become large if the composition of the flowing

gas is altered. The change of specific heat of gases with temperature
and humidity will generally be small and not cause any serious error.

Thermoelements can be used instead of the resistance thermom-
eters. 1 The heat capacity of the thermal transducers, and thus

their inertia, can be kept very low so that the thermal system is

capable of following pulsations of the gas or liquid stream.

1 G. W. Penney and C. F. Fecheimer, J. AIEE, 47, 181 (1928).
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Fig. (1-6)11. Hot-wire probe for flow-

velocity measurements in gases.

Goodyear
1 has used thermistors for flow-velocity measurements.

He claims that velocities as low as 10-3 cc/hr can be measured and

that an operating range of 1 to 10 5 can be obtained.

A modification of this method for the measurement of very high

and rather localized fluid flow velocities has been described by

Cady.
2 The method, called "electronics transit-time anemometer

(ETTA)," operates in the following way: A fine wire 0.004 in. in

diameter and
-|

in. long is stretched, transverse to the Mow direction;

a current pulse of 40 msec dura-

tion is applied that heats the

wire and the passing air. Farther

downstream is a similar wire

acting as a thermal transducer;

its resistance variation caused

by the passing cloud of hot air

is measured oscillographically. The transit time should be between

50 /<sec and 6 msec. The method is applicable to flow velocities

from 100 to 5,000 ft/sec. The accuracy is of the order ±2 per cent.

A similar method, described by Walker and Westenberger,
3
per-

mits the measurement of gas velocity in the range of 40 to 400 cm/sec

with an error of less than 2 per cent.

b. Hot-wire Probe. The basic arrangement is shown in Fig. (1-6) 1 1

and consists of a fine wire W of a material with a large temperature
coefficient of resistivity, such as nickel or platinum The wire is

heated by an electric current and cooled by the gas stream. The heat

loss causes a decrease of the wire temperature and thus of the wire

resistance. The rate of heat loss depends also upon the physical

characteristics of the medium and upon the geometry and the surface

structure of the wire.

The system can be used in two ways, either the heater voltage or

the heater current is kept constant, and the resistance variations of

the wire are used as a measure for the flow velocity of the gas in the

vicinity of the probe. The transfer function, resistance variation

versus gas flow velocity, increases first steeply and, at higher veloc-

ities, with gradually decreasing slope. The method is suitable for

the measurement of small velocities. Alternatively, the resistance

of the wire, i.e., its temperature, is kept constant by varying the

1 R. S. Goodyear, Elec. Mfg., October, 1956, p. 90.

2 W. M. Cady, Physical Measurements in Gas Dynamics and Combustion, in

R. W. Ladenburg (ed.), "High Speed Aerodynamics and Jet Propulsion," vol.

9, sec. C, 3, part I, Princeton University Press, Princeton, N.J., 1954.

3 R. E. Walker and A. A. Westenberger, Rev. Set. Instr., 27, 844 (1956).
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heater current or the voltage, and the current or voltage variations

are used as a measure of the gas flow velocity. The heat loss, and

hence the square of the heater current /, is approximately propor-

tional to the square root of the gas velocity v. 1

P = BVv + c

The resistance-variation method is usually preferred, although
the sensitivity obtained by the constant-temperature method is

superior.

The method is applicable for flow velocities ranging from 0.5 cm/
sec up to very high velocities in the supersonic range.

The application of the method in subsonic and super-

sonic flow is extensively discussed by Kovasznay.
2

Temperature variations of the gas will cause changes
in the transducer output; the temperature influence

can be reduced considerably and readings practically

independent of the gas temperature can be obtained

if the temperature of the wire is high. Another

means to reduce the influence of gas-temperature
variations upon the transducer output consists of a

Fig. (1-6)12. bridge circuit in which one wire is exposed to the flow-
Direction-sen- •

an(j a wjre m an a(j
•

acent bridge arm is exposedsitive hot-wire & & •' °
.

probe. to the resting gas by mounting it in a shielding tube

in the gas stream. 3

The response varies as the position of the probe changes with

respect to the flow direction; it is a maximum if the wire is perpen-

dicular to the flow direction. Arrangements with two wires set under

an angle permit the identification of the angle of flow. Figure (1-6)12

shows an arrangement for measuring airflow direction with two

wires set under an angle of about 10°. 4 The same authors also use

three- and four-wire arrangements for three-dimensional direction

analysis and temperature-independent flow measurement. Fay
5 de-

scribed an arrangement with six wires which measures velocity

1 L. V. King, Phil. Trans. Roij. Soc. {London), (A) 214, 373 (1914); see also

J. M. Burgers, in W. Wien-F. Harms (eds.), "Handbuch der Experimental-

physik," 4th ed., part I, p. 637, Akadem. Verl. Ges. m.b.H., Leipzig, 1931.

2 L. S. G. Kovasznay, Physical Measurements in Gas Dynamics and

Combustion, in R. W. Ladenburg (ed.), "High Speed Aerodynamics and

Jet Propulsion," vol. 9, sec. F2, Princeton University Press, Princeton, N.J.,

1954.
3 G. S. C. Thomas, Phil. Mag., (6) 39, 505 (1920).
4 L. F. G. Simmons and A. Bailey, Phil. Mag., (7) 3, 81 (1927).
5 R. D. Fay, J. Franklin Inst., 183, 785 (1917).
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fluctuation and cancels out temperature-fluctuation effects. Direc-

tional-sensitive hot-wire probes can also be made by the use of two
wires parallel to each other and spaced at a distance of about 0.5

mm. 1

When measuring at very low air speeds, the hot-wire probe must be
used in the position in which it was calibrated, since the self-induced

air current varies with the probe position.

The transducer is apparently not (or very little) influenced by
humidity and, at least at steady flow and low velocities, by the pres-
sure of the medium. But the temperature of the conduit wall can be

of disturbing influence if the hot wire is in close proximity to the wall

(order of 2 mm). This influence is reduced at high gas velocities.

Errors are also caused by the deposit of dirt or dust upon the wire, by
mechanical stress in the wire, and by vibration of the suspension
wires under the influence of the gas-stream impact. Further errors

can be caused by a variation of the composition of the gas
mixture.

The finer the wire, the faster it will follow a fast variation in flow

velocity, but the easier it will break or will be altered by mechanical

stress. Platinum Wollaston wires of a thickness of the order of 1
ju

respond in general to gas- velocity fluctuations in the frequency range
of 1,000 to 10,000 cps (in special cases up to 100,000 cps). The

response of a hot-wire probe to alternating air currents has been

studied by Richards2 and Maxwell3
by mounting the hot-wire trans-

ducers on a tuning fork. The time response of a hot-wire system can

also be measured, according to Ziegler,
4
by connecting the hot-wire

transducer in a bridge and applying a direct current and a super-

imposed alternating current or square wave to the bridge input. The
instantaneous output of the bridge is proportional to the resistance

fluctuation of the wire and the resultant signal can be vised for the

determination of the frequency response.
Hot-wire probes are usually made from platinum, platinum 80-

irridium 20 alloy, tungsten, or nickel. The length of the wires varies

from several centimeters to a fraction of a millimeter; the diameter

varies from 0.1 mm down to the micron range (0.00005 in.).

Heated thermoelements can be used instead of heated wires, but

their time constant is considerably larger than that of a single hot

wire, and their output depends strongly upon heating-current

1 Thomas, loc. cit.

2 R. C. Richards, Phil. Mag., (6) 45, 926 (1923).
3 R. S. Maxwell, Phil. Mag., (7) 6, 945 (1928).
4 M. Ziegler, Proc. Koninkl. Ned. Akad. Wetenschap., 34, 663 (1931).
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variations (at a flow velocity of 25 cm/sec, a change of 1.5 percent

heating current causes a reading error of ±10 Per cent).

The use of thermistors for flow-velocity measurements has been

investigated by Wachter. 1 As expected, the calibration curve de-

pends upon the geometrical shape of the thermistor.

The hot-wire method is the only method which permits the local

measurement of velocity in a small volume and which allows for the

instantaneous measurement of velocity and velocity fluctuations in

unsteady flow. It can be used in flow fields with high gradients and
fast variations of velocity, but the hot wire presents an obstruction

to a flow system which may not always be negligible. The output

depends upon the specific heat of the gas. In gas mixtures, errors are

likely to occur if the ratio of the components is altered, unless bridge
circuits are used to balance out this- effect. Because of variation in

surface structure, wires have to be calibrated individually. Also

wires are likely to change as the result of structural crystallographic

variations, mechanical stress, deposition of dust and, at high tem-

peratures, evaporation. The nonlinearity of the wire can be compen-
sated for by the use of elements with square characteristics in

subsequent stages. Methods for such linearizations can be found in

Jacobs. 2

For summarizing reviews and references, see Kovasznay, loc. cit., and Jacobs,
loc. cit. For the measurement of shock waves in gases, see D. S. Dosanjh, Rev.

Set. Instr., 26, 65 (1955), and J. G. Clouston, L. J. Drummond, and W. F.

Hunter, J. Sci. Instr., 34, 321 (1957). For an application of the same principle
for acoustic measurements ("hot-wire microphone") see W. S. Tucker and E. T.

Paris, Phil. Trans. Roy. Soc. (London), (A) 221, 389 (1920-1921).

1-67. Sonic Systems

The sonic gas-flow-velocity transducer is based upon the propa-

gation velocity of sound which depends upon the flow velocity of the

medium in which propagation takes place. The principle is identical

with that explained in 1-64 for liquid flow-velocity transducers.

An anemometer with four sound receivers oriented at the cardinal

points of the compass in a 10-ft-diameter circle around a sound head

is described by Corby.
3 The time difference between the arrival of

the signals at opposite receivers is 1 5 /<sec/mph of wind velocity.

The instrument displays the instantaneous wind velocity and

1 H. Wachter, Arch. tech. Messen, V 116-5, September, 1956.
2 U. Jacobs, Arch. tech. Messen, V 116-3, January, 1954, and V 116-4, Feb-

ruary, 1954.
3 R. E. Corby, Electronics, 23, 88 (January, 1950).
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direction as a vector on the screen of a cathode-ray tube and is

accurate within 0.5 per cent for wind velocities of 50 mph.

1-68. Transportatiox-of-charge Methods

This method is illustrated in Fig. (1-6)13. Ions are produced at a

place P
l in the flow duct; the ion cloud follows the air with great

~~~ ~

1\6
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Fig. (1-6)13. Flow-velocity transducer system based upon the trans-

portation-of-charge method.

fidelity without influencing the flow pattern. The presence of ions is

detected at a place P 2 downstream at a time At later. The flow

velocity can be determined from

v = d

At

where d is the distance between P1 and P 2 .

The method measures the average stream velocity of the moving-
ion volume element. It cannot give information about the localized

or instantaneous velocity, and it cannot measure the total average

velocity.

The ions are mostly produced within the gas stream by a high-

voltage spark discharge between two electrodes, the voltage being

generated either by an induction coil or by a pulse-modulated rf

source. The latter method is preferable; it permits the control of the
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pulse length. In air (oxygen) the spark method furnishes ionization

predominantly of a negative sign and strong enough for convenient

measurements; but the electrodes projecting into the gas-flow con-

duit are likely to alter the flow pattern. Ionization by a particles

(modulated by rotating or oscillating shutters), by high-energy elec-

tron beams, soft X rays, ultraviolet radiation, and corona discharges
have been considered or tried but have apparently not led to practical
results.

Two different types of detectors are used, the ion collector, i.e.,

an electrode that is charged by a supply voltage and discharged by
the ions which it collects, and the induction electrode pickup, in

which, through electrostatic induction, a voltage is induced by the

passing ion cloud. Both types can be mounted either protruding into

the gas stream or flush with the wall. Figure (1-6)14 shows an ion

,
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Fig. (1-6)14. Ion collector for flow-velocity
measurements in gases.

collector protruding into the gas conduit. It is initially charged to a

high potential and discharged by the ions it attracts. Its main dis-

advantage is the fact that it imparts a velocity to the ions which is

different from that of the neutral gas molecules. The output signal

from such a collector (when connected to an amplifier with 10 MQ.

input impedance) is of the order of 1 mV. The duration of the pulse
is about 0.1 msec. The flush-mounted induction pickup is generally

preferred, its influence upon the flow pattern is negligible, and its

output signal permits accurate definition of the passage of the ion

cloud over the pickup electrode. It is insensitive, however, to ion

clouds having exactly balanced positive and negative charge distri-

bution. The electrode can be formed either by a section of the pipe
or by a metal plate or button set flush with the wall and insulated

from the rest of the pipe, as shown in Fig. (1-6)13.

The signal definition depends upon the width of the electrode in

the flow direction. For the cvlindrical electrode, a width of 20 to 30
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per cent of the tube diameter is recommended; for the Hush-mounted
electrode the width should be about one-half the approach distance,

or y in Fig. ( 1-6)13.

A theoretical treatment of the induction process is given by
Shockley

1 and b}
r Bouwcamp and de Brujin.

2 The polarity of the

peak charge and of the current is determined by the sign of the charge
of the ion cloud. The approach of a predominantly negative charge
causes the flow of positive charges from ground to the pickup elec-

trode P (arrow). The flow direction of positive charges is from the

positive to the negative pole; hence the grid of the following amplifier
becomes negative during the approach of the negative cloud, and

positive thereafter, as shown in curve B, Fig. (1-6)13. The cloud may
travel as much as 2 to 3 in. distance from the electrode. The reference

point for the determination ofthe time difference At is measured from

the point of maximum charge or of zero current and can be deter-

mined, in the latter case, to within 0.2 msec. The ion cloud will

diffuse as it moves downstream, but for drift distances up to 12 in.,

the ionization will remain localized within a cylinder of l^in.
diameter at a drift velocity of 1 50 mph. Moderate lengthening of the

discharge time, that is, of the time necessary to produce the ion

cloud, does not change the waveform at the pickup electrode appre-

ciably, compared to a point charge.
Gas velocities as low as 20 mph have been measured with this

method. The method is not applicable for smaller velocities (because
of radial and axial diffusion and of recombination of the ions) but has

been used successfully in supersonic flow up to Mach 2 (twice the

velocity of sound). Path lengths in the order of 1 to 10 in. have been

used. The accuracy of the method at high velocity is difficult to

evaluate because precision methods for comparison do not exist;

at best the error is estimated with a few per cent. Semicontinuous

operation can be obtained by triggering the gas discharge from the

pickup electrode via a feedback loop and observing the recurrence

frequency, which depends upon the ion transit time. A system of

this kind is described by Mellen. 3

For references see W. M. Cady, Physical Measurements in Gas Dynamics
and Combustion, in R. W. Ladenburg (ed.), "High Speed Aerodynamics and
Jet Propulsion," vol. 9, Princeton University Press, Princeton, N.J., 1954.

1 W. Shockley, ./. Appl. Physics, 9, 635 (1938).
2 C. F. Bouwcamp and X. G. de Brujin, J. Appl. Physics, 17, 562 (1945), and

Errata, 19, 105 (1947).
3 G. L. Mellen, Electronics, 23, 80 (February, 1950).
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1-7. Humidity Transducers

The field is divided into two groups: systems for humidity deter-

mination in gases (1-71 and 1-72) and systems for measurements in

liquids or solids (1-73).

One group of direct-acting transducer systems that furnish an
electric output in response to the humidity of a surrounding gas

atmosphere is based upon the absorption of humidity in a probe,

causing dissociation of molecules into ions. Electrolytic conduction

takes place; the resistance of the probe is a function of the humidity
(1-7 la). An empirical calibration is usualfy required. However, two
methods have been described which permit the absolute determina-

tion of the absorbed water in the probe (1-716 and c).

A second group of transducers is based upon the variation of the

dielectric constant of a gas-water vapor mixture (1-72). The dielec-

tric constant of dry gases is usually not much different from 1
,
while

that of water is much higher. Thus, the concentration ofwater vapor
in a gas may be detected from the measurement of capacitance

(l-72a) or the resonance frequency of a cavity (l-12b).

The humidity in gases can also be determined by measuring the

thermal conductivity of the gas-water vapor mixture, 1 the mobility
of ions,

2 or the absorption of nuclear radiation (see Radiation Thick-

ness Gauges, 1-16). A method for the measurement of very small

degrees of relative humidity (0 to 2 per cent) in air at reduced pressure
is described by Hinzpeter and Meier. 3 The method is based on the

variation with humidity of the cathode fall and the breakdown

voltage in electric gas discharges and is primarily applicable to humid-

ity determination during freeze drying.
There exist also a number of indirect systems for the determination

of humidity in gases. One of these is the wet-and-dry bulb psychrom-
eter with electrical readout (the liquid thermometer being replaced

by resistance thermometers, thermistors, or thermoelements). In-

formation on such systems may be found in Guthmann; 4 another

indirect method, the dew-point hygrometer with electrical readout,

is described in a reviewing paper by Czepek.
5 The formation of the

1 C. Z. Rosecrans, Ind. Eng. Chem. Anal. Ed., 2, 129 (1930).
2 E. Griffiths and J. H. Awbery, Proc. Physic. Soc. (London), 41, 240 (1928).
3 A. R. Hinzpeter and W. Meier, Z. angew. Physik, 3, 216 (1951).
4 K. Guthmann, Arch. tech. Messen, V 1283-3, September, 1932, and V 1283-

11, October, 1953; also Arch. tech. Messen, V 1283-2, 1932, and V 1283-4,

July, 1933.
5 R. Czepek, Arch. tech. Messen, V 1283-6, August, 1940; see also C. W.

Thornthwaite and J. C. Owen, Monthly Weather Rev., 68, 315 (1940); C. W.
Sisco, Instrumentation, 2, 14 (July-August, 1947), and Guthmann, loc. cit.
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condensation of water vapor on a cooled mirror surface causes a

change of light reflection, which is detected photoelectrical ly, or the

condensation changes the resistance between two metal electrodes.

Other indirect systems have been constructed from hygrometers
made of dimensionally varying materials, such as the hair hygrom-
eter in combination with displacement transducers. Some systems
of this type are reviewed by Wexler. 1

Humidity can also be found

from optical measurements, e.g., infrared absorption in connection

with photoelectric devices.

The moisture content in dielectric liquids and solids changes their

dielectric properties, such as the resistivity and the dielectric con-

stant. Methods for moisture determination in solids, based upon the

variation with humidity of these electric properties, are described in

l-73a. Another method for moisture determination by means of

nuclear magnetic resonance measurements is described in 1-736.

The humidity in solids can sometimes be determined by forming
a closed gas space adjacent to the solid. The gas is allowed to come
into humidity equilibrium with the solid, and the humidity of the

gas is then measured. In some cases, humidity in solids can be

determined by means of the beta gauge (1-16).

For general information see A. Wexler and W. B. Brombacher, Methods of

Measuring Humidity and Testing Hygrometers, Natl. Bur. Standards Circ. 512,

September, 1951; Wexler, loc. cit.

1-71. Resistive Teansducers Responding to Humidity in

Gases

a. Resistance-variation Systems. Most resistive humidity trans-

ducers consist essentially of a hygroscopic body which absorbs water

from the surrounding atmosphere and which contains a salt that

dissociates in the presence of water. The concentration of dissociated

ions is determined by the measurement of the electric resistance

between electrodes applied to the test specimen.
An example of a resistive humidity transducer is shown in Fig.

(1-7)1. An insulating plate carries two strips of metal; the space
between the strips is coated with a thin layer of a hygroscopic mater-

ial. Figure (1-7)2 shows a similar transducer; the arrangement with

the interdigitating metal strips has the effect of reducing the resist-

ance between the metal electrodes. Moreover, small local injuries

of the resistive layer do not greatly affect the results. A picture of a

commercial humidity transducer of this type is shown in Fig. (1-7)3.

1 A. Wexler, Electric Hygrometers, Natl. Bur. Standards Circ. 586, sec. 5,

p. 13, September, 1957.
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A considerable number of variations of the basic system have been

described in the literature. 1 The hygroscopic material is either

deposited on impervious insulating surfaces, on fibers or fabrics, or

on porous ceramics. A great number of hygroscopic materials have

R,M?

Fig. (1-7)1. Resistive humidity
transducer; the hygroscopic salt

layer B is deposited between the

two electrodes AA.

Fig. [1- Electrode

arrangement of a resistive

humidity transducer.

Fig. (1-7)3. Resistive humidity transducer (courtesy

of El-Tronics, Inc., Mayfield, Pa.).

also been described or suggested, e.g., sulfuric acid, phosphoric acid,

lithium chloride, calcium chloride, zinc chloride, solutions of the

tetrachlorides of the metals tin, zirconium, hafnium, or lead, and

many others.

The resistance of a sensing element of the described type varies for

a humidity variation from zero to 100 per cent by large orders of

1 Wexler, loc. cit.
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C-*

magnitudes, e.g., from 108 to 10 4 ohms. This fact makes it some-

times difficult to find an electric system capable of measuring and

indicating the entire humidity range on one scale. The measuring cur-

rent should be small so as not to cause an undue heating of the probe.
Several other difficulties are likely to arise in the construction and

the use of such transducers. The effect of water absorption as well as

that of dissociation depends strongly upon temperature. The humid-

ity-temperature relationship of different salts has been studied by
Wexler and Hasegawa.

1

If the hygroscopic body is thick, it will take a long time for it to

come to equilibrium with the surrounding atmosphere; thus the

dynamic response is poor and the indication of the system will show a

lag, sometimes of several hours. If the hygroscopic body is thin, so

that the physical process is limited

to the surface or near-surface layer,

the system is easily affected by sur-

face contamination and mechanical

injury, and the measuring results

may become nonreproducible. The

sensing elements should be protected,

therefore, from exposure to 100 per
cent humidity, because the conden-

sation water is likely to damage the

vulnerable surface. However, Verzar, Keith, and Parchet 2 have used

a 2 per cent solution of sodium polyacrylate. Transducers made
with this materia] are resistant to the formation of water droplets;
their highest sensitivity is in the range between 80 and 100 per cent

relative humidity.

Probably the most successful humidity transducer as far as ac-

curacy, speed of response, and stability are concerned has been
described by F. W. Dunmore and coworkers.

1 H. Diamond, W. S. Hinman, Jr., and F. W. Dunmore, J. Research Natl.

Bur. Standards, 20, 369 (1938); F. W. Dunmore, J. Research Natl. Bur.

Standards, 20, 723 (1938); F. W. Dunmore, Bull. Am. Meteorol. Soc, 19 (6),

225 (1938); F. W. Dunmore, ./. Research Natl. Bur. Standards, 23, 701 (1939);
H. Diamond, W. S. Hinman, F. W. Dunmore, and E. G. Lapham, J. Research
Natl. Bur. Standards, 25, 327 (1940).

The instrument is illustrated in Fig. (1-7)4. It contains an insulat-

ing carrier C (polystyrene) supporting two wires W of noble metal

Fig. (1-7)4. Resistive humidity
transducer; C, insulating carrier; W,
wires; H, hygroscopic coating.

1 A. Wexler and S. Hasegawa, ./. Research Natl. Bur. Standards, 53, 19 (1954).
2 F. Verzar, J. Keith, and V. Parchet, Arch. ges. Physiol., Pfliigers, 257,

400 (1953).
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which are wound in the form of two parallel helices. A hygroscopic

coating JI consisting of polyvinyl acetate or polyvinyl alcohol with a

dilute lithium chloride solution is applied to the surface of the insu-

lating carrier and makes contact with the wires. The resistance

between the wires is measured with an a-c method to avoid polari-

zation. The resistance decreases with increased humidity in a

function approximately proportional with the logarithm of the rela-

tive humidity. A calibration characteristic is shown in Fig. (1-7)5.

10'

10*

o

10
!

10'



Sec. 1-7] MECHANICAL INPUT TRANSDUCERS 141

error that does not exceed il.5 per cent are commercially available.

Variations of relative humidity as small as 0.15 per cent can be

detected. The calibration curve is nonlinear; empirical calibration

is required.
The speed of response is high. If exposed to an abrupt, large

change of humidity at room temperature, the element will assume 63

per cent of its equilibrium resistance within several seconds. But the

speed of response depends upon the velocity of the air current. 1 It

also depends upon the magnitude of the humidity change and upon
the temperature. The resistance changes faster when the humidity
varies from a low to a higher value than it does in the opposite
direction. The response at low temperature is slower than at high

temperature.
Transducer systems with very fast response have been described

by Wexler and Krinsky.
2 Such systems consist of a thin layer of

potassium dihydrogen phosphate, which is deposited on glass by
evaporation in vacuum and which is converted into potassium meta-

phosphate. If exposed to a humidity change from S3. 3 to 100 per

cent, these transducers will reach 63 per cent of the final resistance in

less than J sec at room temperature and in about 10 sec at — 20°(!.

The response time of this transducer is decreased by a factor of about
10 to 30 as compared to the lithium chloride transducer.

An electrical hygrometer based upon the variations with hu nudity
of the electrical properties of anodized aluminium oxide layers has

been suggested by Ansbacher and has been investigated and de-

scribed by Cutting, Jason, and Wood. 3

The transducer consists essentially of a capacitor having as a

dielectric a porous film of aluminum oxide. At least one capacitor

plate should be permeable for the water vapor to permit the pene-
tration of humidity to the aluminum oxide. Both the capacitance
and the resistance of such a capacitor change in response to the

ambient humidity.
The porous oxide layer is formed on aluminum by anodization in

acid electrolyte (17.5 volume per cent H 2S0 4 ,
current density 10 to

100 mA/cm 2
,
30 min). The apparent dielectric constant of such a

1
Gliickauf, ibid., p. .'544.

2 A. Wexler and A. Krinsky, \'atl. Bur. Standard* Tech. News Bull., June,
1954; also A. Wexler et al., ./. Research Natl. Bur. Standards, 55, 71 (lit.")")).

3 C. L. Cutting, A. C. Jason, arid J. J,. Wood, J. Sci. Instr., 32, 425
(

1 955); see

also C.R. Underwood and It. ( '. Honslip,./. »SW. Instr., 32, 432 (
1 955). The varia-

tion with humidity of the dielect rical properl ies of aluminum oxide has been
observed formerly by A. V. Ast in, ./. Research Natl. Bur. Standards, 22, 690

(1939).
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film in the vicinity of the saturation point often exceeds 1,000;

apparent dielectric constants as high as 8,000 have been observed.

The effect is explained by assuming a structure of the aluminum
oxide layer like that shown in Fig. (1-7)6. The deposition of water on

the inside walls of the tubular pores leads to a reduction of the resist-

ance E
1
and to an apparent increase of capacitance between the

applied electrodes. At high degrees of humidity, the capacitance is

Porous cond.

layer

Ai oxide

Aluminum

[a) lb)

Fig. (1-7)6. Humidity transducer based upon the

variations with humidity of the dielectric properties
of aluminum oxide: («) schematic diagram; (b) equivalent
circuit [from C. L. Cutting, A. C. Jason, and J. L. Wood,
J. Sci. Instr., 32, 425 (1955); by permission}.

-Aluminum rod

-Aluminum oxide

'Porous conducting
layer

Insulating
layer

essentially that between the pore bases P and the aluminum on which

the oxide layer is formed.

A practical form of the transducer is shown in Fig. (1-7)7. It con-

sists of an aluminum rod which is oxidized over a part of its surface.

The rod serves as one electrode of

the probe ;
a porous conducting layer

(graphite or a thin evaporated metal

layer) applied to the outside of the

alumina serves as the other elec-

trode. The probe behaves electri-

cally like a parallel combination of

a resistance and a capacitance. A
typical calibration curve is shown
in Fig. (1-7)8. The transducer can be

used for a range ofrelative humidity
from to 100 per cent. The sensi-

tivity (slope of the characteristic) decreases near the saturation

point.

The error of the method is estimated to be about 3 per cent. The

dynamic response to a sudden variation ofambient humidity depends

upon the magnitude and direction of such a variation. Equilibrium

Fig. (1-7)7. Construction of an alu-

minum oxide humidity transducer

[C L. Cutting, A. C. Jason, and J. L.

Wood, J. Sci. Instr., 32, 425 (1955);

by permission].
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is reached when the layer neither gains from nor loses water

to the surrounding atmosphere; i.e., equilibrium is reached at that

temperature ofthe lithium chloride layer at which the partial pres-

sure ofwater over a saturated lithium solution just equals the ambient

water-vapor pressure. The temperature is measured by means of a

resistance thermometer Th (or with any other thermometer), which

should be in good thermal contact with the lithium chloride layer.

The vapor pressure of saturated lithium chloride solution at dif-

ferent temperatures is accurately known from tables; the instrument

needs no empirical calibration, except that for the resistance ther-

mometer. The output can be calibrated in dew-point temperature

directly. The instrument can be used over a range of relative humid-

ities from about 15 to 100 per cent at temperatures between 5 and
100°C and a range of dew-point

temperatures from about —30° to

p. n --^IJllJJlJlllllJiJlJlJJJlllllL^ ,A* about +70°C. The upper limit is

imposed b}^ the thermal instability

of the insulating materials used in

the construction; the lower limit by
Fig. (1-7)10. Humidity transducer, ,, r , .> , jv i-.i- i i • j

,
', ,. ,. the tact that the lithium chloride

electrolysis system, schematic dia-

gram, layer cannot reach a temperature
lower than the ambient tempera-

ture. Therefore, the water-vapor pressure over saturated lithium

chloride solution at ambient temperature constitutes the lowest limit

of the range of this method.

The error of the instrument, expressed in dew-point temperature,
is of the order of i 2 to 3°F. The time required to reach 98 per cent

of the equilibrium temperature is 2 to 4 min. The system must be

shielded against rapid changes ofwind speed and against water drop-
lets. Reconditioning of the cell (with lithium chloride) every 90 to

100 days is recommended.

For literature see W. F. Hickes, Refrig. Eng., 54, 351 (1947), and Instruments,

20, 1128 (1947); also J. H. Conover, Bull. Am. Meteorol. Soc, 31, 13 (1950).

c. Electrolysis System. The system is illustrated schematically in

Fig. (1-7)10. The sensing element S consists of two platinum wires

W
x
and W 2 helically wound inside a Teflon tube of 0.02 in. ID. The

space between the wires is coated with a thin layer of partially

hydrated phosphorous pentoxide (P 2 5 ). A gas stream flows con-

tinuously through the tube; the humidity in the gas is absorbed by
the P 2 5 layer. A d-c voltage which is large compared to the polari-

zation voltage (>2 volts) is applied to the wires; the water is
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decomposed by electrolysis into gaseous H 2
and 2 . The current /

during the time t will decompose a mass of water of

mwater
= Alt

If a humid gas flows continuously through the tube with a constant-

mass flow velocity vm = mmixture/2 on m
gas/tf,

the system will come to

an equilibrium when the rate of water absorbed by the P 2 5 layer is

equal to that electrolytically decomposed. The current is then

*£*„ (1)

where Vw and V
a
are the partial volumina of water and gas. The

constant Jc is

2 X 96,500 PTwater

18.016
X

TF
gas

where IFwater and Wg&8
are the gram-molecular weights of water and

of the gas. In the case of water in air, Eq. (1) will take the form

I = 0.0066 X cvm

where c
(
= F

tt,/Fair )
is the concentration by volume of water in air,

expressed in parts per million (ppm). If the volume flow velocity is

100 cc/min, the current will be 13.2 ^A/ppm by volume (at a tem-

perature of 25°C and a pressure of 1 atm).

The instrument is particularly useful for very small concentrations

of water in the gas, between 1 and 1,000 ppm; commercial instru-

ments (e.g., Beckman Hygrometer, Fullerton, Calif.) have in general

ranges from 0-10 to 0-1,000 ppm. The lower limit is about 1 ppm.
The accuracy of the system is between ±3 to ±5 per cent of the

full scale reading. In the lower ranges of humidity, the water in the

flowing gas will not come into equilibrium with that in the P 2 5

layer. The "efficiency" of the absorption depends upon the flow rate

and the humidity in the gas. Correction curves for freon 12 are pub-
lished by Taylor.

1 Because of the incomplete absorption, empirical

calibration is frequently required.

The dynamic response of the instrument is moderately high. If the

humidity is suddenly increased, the instrument will reach 63 per cent

of the final indication within 1 min. The time lag for a decrease of

humidity is about 2 min.

The pressure of the gas mixture and its mass flow velocity must be

kept constant. If the volume flow velocity is kept constant, as it is in

1 E. S. Taylor, Refrig. Eng., 64, 41 (July, 1956).
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Invar

Fig. (1-7)11. Capacitive humidity
transducer [from P. Webb and M. K.

Neugebauer, Rev. Sci. Instr., 25, 1212

(1954); by permission].

most practical cases, the temperature of the gas mixture must also be

kept constant; otherwise a variation of the temperature causes an

error of 0.3 per cent/deg. The instrument cannot be used for gases
that interact with phosphorous pentoxide.

1-72. Dielectric Systems

a. Capacitive System. The high dielectric constant of water
{<
—'80)

suggests the use of capacitive methods and transducers for the deter-

mination of humidity in gases.

However, the low concentration of

water in air, even at saturation,

causes only a small variation of

capacitance. The dielectric con-

stant of gases under normal con-

ditions changes with a variation of

water content only in the fourth

and fifth decimal position (e.g., di-

electric constant of dry air at 45°C

is 1.000247; at saturation it is

1.000593). Therefore, considerable

experimental means are required for the detection and measurement
of such small capacitance variations.

A capacitive system for the determination of humidity in air has

been described by Webb and Neugebauer.
1 The air flows through a

capacitor, illustrated in Fig. (1-7)11, consisting of two concentric

cylinders. The capacitor is thermally insulated on the outside and

slightly heated. The change of capacitance in response to the varia-

tion of water vapor in the air stream causes a frequency variation of

an oscillator operated at about 2 Mc, which is measured with a beat-

frequency method. The system detects changes of 1 mg water vapor

per liter of air. The dynamic response is fast and limited only bj^ the

flushing time; 50 per cent of the final response is obtained in 0. 1 sec.

b. Operation at Microwave Frequencies {Microwave RefTactometer) .

The most accurate method for the determination of moisture in gases
is the microwave refractometer. An instrument of this type is de-

scribed by Sargent.
2 The method is based upon earlier work. 3

The system is essentially an arrangement in which the resonance

1 P. Webb and M. K. Neugebauer, Rev. Sci. Instr., 25, 1212 (1954).
2 J. Sargent, Natl. Bur. Standards Rept. 4257, June, 1955.

• 3 G. Birnbaum, S. J. Kryder, and H. Lyons, J. Appl. Physics, 22, 95 (1951);

G. Birnbaum and S. K. Chatterje, J. Appl. Physics, 23, 220 (1952); H. E.

Bussey and G. Birnbaum, J. Research Natl. Bur. Standards, 51, 171 (1953).
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frequency of a cavity is measured. The resonance frequency varies

with the dielectric constant of the material contained in the cavity.
If/ is the resonance frequency of the cavity when it is filled with a

reference gas (dry gas, dielectric constant e
) and/j the resonance

frequency when the cavity is filled with the gas to be examined

(dielectric constant ej, then
2

(£)

The quantity ex is the complex dielectric constant; however, pre-

liminary experiments have shown that the loss factor for gases and
water vapor can be neglected in the region of 1010

cps.

A schematic diagram of the system is shown in Fig. (1-7)12. Two
resonant cavities are excited by a microwave source (klystron) K.

K

Fig. (1-7)12. Microwave refractometer for humidity
determination in gases; schematic diagram.

The resonance in each cavity is indicated by the output from a crystal
diode D. A frequency modulator S shifts the klystron frequency in a

saw-tooth fashion. If the two gases in the cavities have different

dielectric constants, resonance will first occur in one cavity and after-

wards in the other cavity, as indicated by the curves on the right side

of Fig. (1-7)12. The resonance maximum appearing at the crystal

detectors will be displaced in time by an amount which is propor-
tional to the difference between the resonance frequencies of the

cavities. At an operating frequency of 1010
cps the difference in

resonance frequency, if one cavity is filled with dry air and the

other cavity with air of a vapor pressure of 100 mb, is 0.27 Mc. The
time difference is measured electronically. In the final form of the

instrument a null-balance technique is used; the output is applied to

a servosystem which mechanically changes the resonance frequency

(volume) of the reference cavity.
The gas temperature and the pressure in either cavity are kept

constant; therefore, the output scale can be calibrated directly in

vapor pressure.
Tests of the instrument at high vapor pressure, i.e., in the range

from 4 to 16 mb vapor pressure, revealed an error in terms of vapor
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pressure of 0.07 per cent; tests at low vapor pressure (order of 0.2 mb)
an error of slightly more than 1 per cent. In terms of dew-point
measurements, the accuracy is better than 0.2°C in the range from
to 40°C, and better than 0.5°C in the range from —40 to 0°C.

The response time is limited by the flow rate of the air through the

cavities. The time constant of the hygrometer (time to reach 63 per
cent of the final value) is approximately 10 sec. In 15 sec the re-

corded trace reaches 90 per cent of its final value.

The wide range and the accuracy and sensitivity of this method are

reached by no other system. The hygrometer is suitable as a (second-

ary) standard for water-vapor pressure measurements, but the tech-

nical requirements are considerable.

A microwave refractometer of somewhat different construction has also been

described by C. M. Crain, Phys. Rev., 74, 691 (1948), and Rev. Sci. Instr., 21,
456 (1950); C. M. Crain and A. P. Deane, Rev. Sci. Instr., 23, 149 (1952).

1-73. Systems for Humidity Determination in Liquids or
Solids

a. Dielectrical Systems. Both the resistivity and the dielectric

constant of dielectric liquids and solids vary with their water content.

Increased humidity in these substances usually has the effect of

decreasing their resistivity and increasing their average dielectric

constant. The dielectric constant of mixtures of pure dielectric

liquids and water can be computed from a simple mixing rule. The
variation with humidity of the electrical properties of more complex
materials, in particular those of organic origin, can only rarely be

found by computation. Electrical moisture determination in such

substances is usually based on empirical calibration procedures.
Even so, the results of measurements may vary strongly from one

specimen to another, and frequently they depend upon the concen-

tration variation of impurities. Small amounts of dissociable salts

can change the resistivity of a substance at a given moisture content

by large factors.

Despite this difficulty, electrical moisture determination has found

many, in particular industrial, applications for materials such as

minerals, sand, coal, oil, salt, soap, food and dehydrated food prod-

ucts, coffee, tobacco, grain, flour, starch, wood, pulp and paper,
fibrous materials, and textiles.

An example for the resistance variation with humidity in solids is

shown in Fig. (1-7)13, in this case for wood. The resistance decreases

nearly exponentially with increased moisture content. However, the

calibration is different for different types of wood, and even for the
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same type of wood, for samples of different origin. The resistance of

wood also varies with the direction of the current; in the direction of

the grain the resistance is about 5^ of that in the direction perpen-

dicular to the grain.

All electrical methods of moisture determination are strongly

influenced by temperature variation. In wood, an increase of tem-

perature from to 30°C reduces the resistance by a ratio 5 to 1 .

The resistivity can be measured with d-c methods, the electrodes

being in direct contact with the test specimen, Fig. (1-7) 14a. Large

voltages (100 volts) are frequently

used, and polarization may be neg-

ligible. In some cases difficulties

arise in obtaining a reliable contact

between the measuring electrodes

and the specimen, in particular if

the specimen has a granular struc-

ture. It is then more advantageous
to measure the resistivity of the

sample in a capacitor, as in Fig.

(1-7)146, by a-c methods at audio- or

radiofrequencies. The equivalent
circuit of such a setup is shown in

Fig. (1-7)1 4rZ ; the variation with

moisture of the resistance R s
or of the dielectric constant (capacitor

C
s )

or of their combination (storage factor, dissipation factor, loss

factor, loss tangent) can be detected and measured with any bridge

arrangement. The presence of the capacitor CF in the circuit in

10

I1010

u 10'

10'

\
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The general behavior of complex dielectric materials as a function

of the applied frequency is shown in Fig. (1-7)15. The dielectric con-

stant decreases with increased frequency, while the loss (conductive

component) increases. 1 The location of the point of inflection de-

pends upon the sample material. Increase of the temperature of the

sample has the effect of shifting the point of inflection toward higher

frequencies. The inflection can take place in a narrow frequency

region, but in most cases it extends over a frequency range of several

10'

"4= c
'10'

go

-K)
2

1
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The intensity of the absorption line, or the height and slope of the

resonance curve, depends upon the number of nuclei present in a

sample. This effect forms the basis of a quantitative determination

of water, i.e., proton nuclei in organic substances. 1 The sample is

placed in a container inside a coil which is supplied by rf current.

Coil and sample are in highly homogeneous magnetic field, Fig.

(1-7)16. The variation of the rf energy absorption, in response to a

Fig. (1-7)16. Coil

and sample of

an arrangement
for the measure-

ment of humid-

ity from nuclear

magnetic reson-

ance [fro?nJ. M.
Shaw and R. H.

Elsken, J . Appl.
Physics, 26, 313

(1955); by per-

mission].

\
O
E
^ 1

4 6 8 10 '12 14 16

Water content,

g of water/100 g dry solid

Fig. (1-7)17. Typical moisture-

calibration curve for dehydrated

potatoes [from J . M. Shaw and R.

H. Elsken, J . Appl. Physics, 26,

313 (1955); by permission].

variation of the frequency of the rf source or variation of the mag-
netic flux density, is measured by an rf bridge system.
The method has been used for organic matter (dehydrated vege-

table tissue) in a humidity range (mass of water to mass of dry tissue)

varying from 1 to 5, for wood having between zero and 1 gram of

water per gram of dry material, for dehydrated potato powder,
wheat kernels, and starch. A typical calibration curve is shown in

Fig. (1-7)17.

As in other applications of the nuclear-resonance method, a high

degree of magnetic-field homogeneity is required. Inhomogeneity
can cause considerable error, more for granular substances than for

homogeneous liquid or gaseous substances, because different grains

1 T. M. Shaw and R. H. Elsken, J. Chem. Phys., 18, 1113 (1950).
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are exposed to different field strengths. This effect causes a variation

of the result, depending upon the mass of material contained in the

sample. The problem is discussed in detail by Shaw and Elsken. 1

With suitable magnetic fields, the maximum error in the deter-

mination of humidity can be kept as low as J^O.3 per cent. The

requirements for instrumentation and accessory equipment for this

method are high.

1 T. M. Shaw and R. H. Elsken, J. Appl. Physics, 26, 313 (1955).



Temperature Transducers

The two most widely used temperature transducers are the resistance

thermometer and the thermocouple or thermoelement. Of these, the

resistance thermometer (2-11) has potentially the highest sensitivity;

it permits the detection of temperature variations in the order of

1/10,000 of one degree centigrade, at room temperature. One form

of the resistive temperature transducer, the platinum resistance

thermometer, forms the basis of the International Temperature
Scale from —190 to +660°C. Metallic resistance thermometers

(2-1 la) can be used in the range from approximately —270 to more

than 1000°C. Semiconducting resistance thermometers (thermistors,

2-116) are generally used in a range from —100 to +300°C, although

special materials have been employed for very low temperatures from

0.15 to 20°K (carbon) and also at very high temperatures between

800 and 1100°C. The sensitivity (change of resistance per unit

change of temperature) of thermistors is usually considerably higher
than that of metals, but their stability and accuracy are generally less

than those of metallic resistance thermometers. The electrolytic

transducer (2-1 lc) is of limited practical importance but may be

useful for some biological applications. The application of the

ionized-gas transducer (2-1 Id) is limited to the range of very high

temperatures, exceeding 4000°C.

Two forms of inductive temperature transducers have been used

(2-12): The first (2-12a), based on susceptibility variations of para-

magnetic salts, is applicable in the range below 4°K; the other,

(2- 126), based on susceptibility variations offerromagnetic materials,

has apparently found only one practical application in the range
153
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between room temperature and the curie point, but seems potentially
a useful method for special purposes.

Also the capacitive temperature transducer (2-13), which is based

upon the variation with temperature of the dielectric constant of

different materials, has found limited practical applications. How-
ever, considering the high sensitivity with which capacitance varia-

tions can be measured, it is potentially a useful system.
Thermoelectric temperature transducers are described in 2-14. The

range of application of these transducers extends from about —200

to about +2400°C, i.e., far into the range of optical pyrometry. The

platinum-platinum rhodium thermoelement is used for the definition

of the International Temperature Scale between 630.5 (zinc point)
and 1063°C (gold point).

The noise thermometer (2-15) represents a promising method of

absolute electric temperature measurement over a wide temperature

range (100 to over 1500°K). However, the experimental difficulties

connected with this method at the present are considerable.

There are, of course, indirect electrical methods of temperature
measurements, such as the combination of a bimetallic strip with a

displacement transducer. Such methods are not discussed in this

book.

For general information on thermal transducers, see American Institute of

Physics, "Temperature, Its Measurement and Control in Science and In-

dustry," Reinhold Publishing Corporation, New York, 1955.

2-11. Resistive Temperature Transducers (Resistance

Thermometer)
A resistance thermometer consists of a resistive element exposed

to the temperature to be measured; the resistance varies with tem-

perature, and the resistance variation is detected in subsequent

stages. In general the resistivity of metals increases with increased

temperature (positive resistance-temperature coefficient); the resis-

tivity of electrolytes, semiconductors, and insulators decreases with

increased temperature (negative coefficient). Within narrow ranges
of temperature where the resistance-temperature coefficient may be

considered constant, the resistance of a conductor at the temperature
t is

R
t
= R [l + a(t

- y] = R (l + a At) (1)

where R is the resistance of the conductor at the temperature t
,
a

the temperature coefficient at tQ ,
and At — t — t . For larger tem-

perature ranges the resistance follows more accurately the form

R
t
= RQ {1 +a At +£ A*2

) (2)
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Table 7 shows values of the resistance-temperature coefficient a for

different materials at room temperature. Values of a reported in the

literature vary considerably.

Table 7. Resistance-temperature Coefficients a

at Room Temperature, °C_1

Nickel
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Through the use of fixed series and parallel combinations of resist-

ances, the characteristics of resistance thermometers can be altered

to approximate a prescribed function, e.g., a linear one. 1

a. Metallic-resistance Temperature Transducers. Most metals
show an increase of resistivity with temperature which is first

linear and then increases in accelerated fashion. In particular iron,

400

E

/*

300

?200

£100



Sec. 2-1] TEMPERATURE TRANSDUCERS 157

the usable range is about ">") times that of an ordinary resistance

thermometer. The effect seems to be caused by small amounts of

lead impurity in the wire, which gradually become superconducting.
1

At low temperature the resistance is affected by the presence of mag-
netic fields. Varying amounts of lead in the wires allow their use in

intermediate or strong fields. 2

Several forms of resistance thermometers have been developed for

the measurement of surface temperatures. The resistance wire is

mounted in grid form on the flat end surface ofan insulating cylinder;
the diameter of the probe can be made as small as 1 mm diameter. 3

Other constructions consist of a Connecting

wire~~^
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The relation between resistance and temperature above 0° is

given by the Callendar equation.
1

a\i? / V100 7100
v y

R
t

— En { t \ t

1 -
^r=i,

x 10° +
'few

-
Vioo < 36)

where £ is the temperature in degrees centigrade, _K
<5

i?
,
and R100 are

the resistance values at the temperatures t°, 0°, and 100°C, respec-

tively. For very pure platinum, a = 0.00392 and d is between 1.49

and 1.50. For temperatures below down to — 190°C, a further

correction is furnished by Van Dusen. 2 A discussion of the accuracy
of the Callendar and Van Dusen equations is furnished by Mueller. 3

The resistance thermometer is not used as a standard below
— 190°C because in this range the resistance-temperature charac-

teristic is greatly affected by impurities and each resistor requires a

separate calibration. The National Bureau of Standards maintains

a group of platinum resistance thermometers calibrated in the range
from 1 1 to 90°K. Other thermometers may be calibrated against
these standards. 4

technical, details. The diameter of the wire varies from 0.02 to 0.6 mm,
the latter for temperatures of 1000°C ;

for general use, the preferred type of wire

is about 0. 1 mm in diameter. For thermometers that closely duplicate those

of the National Bureau of Standards, the wire should be smooth, free of

defects, and drawn from an ingot which has been completely fused (not from

a forged sponge). It should conform to the purity test, that is, the ratio of the

resistance at 100°C to the resistance at CC should be larger than 1.391. The

character of the metal may be tested by melting the end of the wire in a flame;

it should melt quietly, without sputtering, scintillating, or evolving volatile

material. In general, for stability the wire should be heated to incandescence

for some time (E. F. Mueller, loc. cit.). The wire is then formed into a coil and

mounted on a framework such as a mica cross. For methods of mounting, see

J. A. Beattie et al., Proc. Am. Acad. Arts Sci., 66, 167 (1930-1931); also C. H.

Meyers, J. Research Natl. Bur. Standards, 9, 807 (1932). For calorimetric work,

the form described by T. S. Sligh, Natl. Bur. Standards Sci. Papers, 17, 49

(1922), is commonly used. A very compact form of a resistance thermometer

is described by Meyers.

X H. L. Callendar, Phil. Trans. Roy. Soc. {London), 178, 160 (1887).
2 M. S. Van Dusen, J. Am. Chem. Soc, 47, 327 (1925).
3 E. F. Mueller, in "Temperature," pp. 162ff., Reinhold Publishing Corpora-

tion, New York, 1941.
4 H. J. Hoge, in "Temperature," p. 141, Reinhold Publishing Corporation,

New York, 1941; H. J. Hoge and F. G. Brickwedde, J. Research Natl. Bur.

Standards, 22, 351 (1939).
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The total resistance of the element can vary from 0.1 to hundreds
of ohms. Elements of thin wire and high resistance are preferred for

low-temperature measurements, since otherwise the resistance varia-

tion is too small for convenient measurement. The thermometer
element should be aged at the highest or lowest temperature to which
the thermometer is to be exposed, until the resistance at 0°C remains
unaltered.

In constructing a resistance thermometer, care should be taken to

exclude excessive water vapor, since it is likely to be a cause of leak-

age resistance. Some workers recommend baking the support to

Fig. (2-1)4. Construction of resistance thermometers.

eliminate moisture. Annealing of the platinum wire and of the leads

after the wire has been applied to the carrier is recommended in order

to prevent strain. Protective tubes for resistance thermometers can
be made from glass, quartz, porcelain, or metal (nickel). For high-

temperature work, the tube is usually filled with air at £ to ^ atm;
for low temperature, the inside pressure should exceed the outside

pressure by about 1 atm. The protecting tube at low temperature
should be gas-tight to avoid condensation of water. For use below
— 190°C the tube should be filled with helium to avoid condensation
of air. For the connecting wire inside the protecting tube, gold or

silver is satisfactory. The external leads are usually made from

copper and connected to copper terminals, which should be mounted
close together in order to reduce the influence of thermoelectric

effects. Figure (2-1)4 shows some practical constructions of resist-

ance thermometers.

Resistance thermometers are the most accurate of all temperature-

sensing devices. In the vicinity of 0°C or at room temperature,
measurements within an accuracy of 1

-4°C can be made. Ordinarily,

however, the error is several thousandths of a degree. At 450° the

accuracy does not exceed several hundredths of a degree, and around
1000° the accuracy is not higher than about one-tenth of a degree.
To obtain an accuracy of 0.00 1°C, except at low temperatures, a
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precision of resistance measurements of 2 to 4 parts in a million is

required.
The resistance thermometer is primarily applicable for the

measurement of small temperature differences where the output
from a thermocouple would be too low for convenient measurement,
but it is also very accurate for the measurement of large temperature
differences and high temperatures. Errors resulting from undesired

thermoelectric potentials at the connections may be detected by
reversing the polarity of the supply voltage; a deflection of the null

detector, when the polarity is reversed, indicates a thermoelectric

effect. The error can usually be corrected by taking the average of

both readings.

Disadvantages of resistance thermometers are the need for aux-

iliary apparatus and power supplies, and the relatively large size

which makes it impossible to measure temperature in a small volume,
as with a thermocouple or a small thermistor.

If the measuring current is too high, it will heat the transducer

element and cause an error. This condition is indicated when the

temperature reading changes with a change of current through the

transducer. If a measurement with the currentIx furnishes a reading
of temperature tx and a measurement with I

2
a reading of t

z ,
the

corrected temperature
1
is given by

I2

1
—

2

A current of less than 10 mA through the transducer is usually safe

if the resistance wire is thicker than 0.05 mm and is immersed in a

medium of high thermal conductivity (water).

b. Semiconducting-resistance Temperature Transducers {Thermis-

tors). Thermistors are solid semiconductors, usually with a large

negative resistance-temperature coefficient in the order of — 5 per
cent change of resistance per degree centigrade of temperature

change (i.e., about 10 times as large as that of metals). Also thermis-

tors with a positive temperature coefficient as high as +14 per cent/
°C in a range from 50 to 225°C have been made. 2 Thermistors

consist of mixtures, mainly of the oxides but also of other compounds
(sulfides, silicates) ofMn, Ni, Co, Cu, U, Fe, Zn, Ti, Al, orMg. Carbon
is also used. Thermistors are in general produced by compressing
mixtures of such compounds in powder form to beads, rods, or disks

1 H. Moser, in F. Kohlrausch, "Praktische Physik," 20th ed., sec. 4.162, 3.

B. G. Teubner, Veiiagsgesellschaft m.b.H., Stuttgart, 1955.
2 H. A. Sauer and S. S. Flaschen, "ProceedingsIRE-RETMA-AIEE-WCEMA

Electronics Components Symposium," pp. 41-46, Engineering Publishers,

Babylon, N.Y., 1956.
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and sintering the mixture at high temperature into a solid mass.

Electrodes are applied by firing on metal colloids, by applying metal

pastes or paints, or by shrinking the material around wires. Typical
forms of thermistors are shown in Fig. (2-1)5. Depending upon the

composition, the resistivity of thermistor materials can have values

ranging from 10_1 to 109 ohm-cm, but it is usually in the range

% o

Fig. (2-1)5. Typical thermistors.

between 10 2 and 10 6 ohm-cm. Small admixtures of impurities or

physical alterations caused by heat treatment can result in a per-

manent change of the resistivity by large factors. The resistivity

decreases, in general, with the amount of impurities present. Figure

(2-1)6 shows the variation of the resistivity with temperature of two

different thermistor materials, and also, for comparison, ofplatinum.
Between and 300°C the resist-

ance of the thermistors decreases

by a factor of about 1,000, while

the resistance of platinum in-

creases in the same range by a

factor of 2.

The resistivity variation fol-

lows approximately the empirical

equation

9(Blt-Blt )

Pt
= Poe

-200 -100 300 400100 200
Temperature, °C

Fig. (2-1)6. Resistivity of platinum
and of two thermistor materials versus

temperature.

where p t
is the resistivity at the

temperature t, and p is the resis-

tivity at the temperature t (t and

t are expressed in degrees Kelvin) .

B is a constant which varies for

different materials and is usually in the order of 4,000. A more

precise expression for the resistivity is given by Becker, Green,

and Pearson. 1

1 J. A. Becker, C. B. Green, and G. L. Pearson, Trans. AIEE, 65, 3 (Novem-

ber, 1949); see also O. J. M. Smith, Rev. Sci. Instr., 21, 344 (1950).
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Table 8 (taken from the same publication) shows values of the

resistance R, the temperature coefficient a, and the constant B for

a typical rod-shaped thermistor element.

Table 8. Characteristic Values of a Thermistor at Different
Temperatures

Temp. (t Q ),
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Gruess1 has used thermistors made of sintered aluminum oxide at

temperatures between 800 and 1100°C. The transducers have a life-

time of several months.

Carbon resistors have been used for the measurement of very low

temperatures (below 20°K) either in the form of carbon strips con-

sisting of a thin conductive layer of carbon granules held with a

binder and mounted on the object to be measured2 or in the form of

commercial radio resistors of about 2 to 150 ohms. 3 Both types
exhibit a large increase of resistance in the range from 20 down to

almost 0.1 5°K. The useful range of the carbon-strip resistor may be

varied by varying the size of the carbon granules. The radio resistor

is, in general, more stable than the carbon strip; in the range from

20 to 1°K the resistance value is reproducible within about 0.2 per
cent. Both types are relatively insensitive to the influence of mag-
netic fields. They should be sealed offfrom exposure to liquid helium.

Most thermistors of the oxide type exhibit an aging effect, i.e., an

increase of resistance with time. About 0.5 to 1.5 per cent of the

resistance variation takes place during the first day or week of its

use, but changes of as much as 1 per cent may still occur after several

months. Preaging (exposing the thermistor to a temperature slightly

higher than that to which it is to be subjected) is recommended
where high stability is required; preaged thermistors may vary by
as little as 0.2 per cent/year. Thermistors with pure electronic con-

duction exhibit less variation with time than such with ionic or

mixed conduction. Enclosure of the thermistor in glass or other

suitable materials to exclude chemical alterations diminishes the

aging effect.

The advantages of thermistors over metal resistance ther-

mometers are, besides their high temperature coefficients, their rela-

tively small size, which makes localized temperature measurements

possible. Thermistor beads ranging in diameter from 0.006 to 0.1 in.

are commercially available. Because of their low specific heat, ther-

mistors draw practically no heat from the object to be measured.

Temperature differentials as low as 0.001°F have been measured
with thermistors. Besides this, thermistors are physically rugged
and have large resistance values which permit adequate impedance
matching with the associated electronic equipment and, for many

1 H. Gruess, Arch. tech. Messen, J 221-2, December, 1937.
2 W. F. Giauque, J. W. Stout, and C. W. Clark, J. Am. Chem. Soc, 60, 1053

(1938); T. H. Geballe et al., Rev. Sci. Instr., 23, 489 (1952).
3 J. R. Clement and E. H. Quinnel, Rev. Sci. Instr., 23, 213 (1952), and

J. R. Clement et al., Rev. Sci. Instr., 24, 545 (1953).
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Copper electrodes-

practical purposes, eliminate the influence of the lead-wire resistance

upon the temperature measurements.

For literature references, see Smith, op. cit., p. 350, and H. Kanter, Arch.

tech.Messen, Z 119-3, July, 1955; Z 119-4, August, 1955; Z 119-5, September,
1955; Z 119-6, December, 1956.

c. Electrolytic-resistance. Temperature Transducers. The electric

resistance of electrolytes decreases with increased temperature. The
resistance variation is, in general, of the order of —2 per cent/°C but

can reach values as high as 8.9 per cent/°C

(for a 42.7 per cent sodium hydroxide solu-

tion). Polarization, the development of

gas, and instability are likely to cause

difficulties. The use of a-c circuits is

recommended in order to reduce polari-

zation.

A stable electrolytic sensing element

that can be used for d-c operation is de-

scribed by Craig.
1 It consists of a solution

of cuprous chloride, hydrochloric acid,

and ethyl alcohol in a capillary tube with 1 mm bore. The electrodes

are made of copper. The resistance-temperature coefficient is in

the order of — 2 per cent/°C. Temperature measurements obtained

with this transducer are accurate to within 1°C. Figure (2-1)8

Fig. (2-1)8. Electrolytic tem-

perature transducer.

Table 9. Resistivity and Resistance-temperature Coefficient
of Electrolytes at 25°C

Electrolyte
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temperature of the gas. The relation between the degree of ionization

and the temperature has been derived by Saha.1 The conductivity

of the gas becomes measurable in the region above about 4000°K.

The relationship between ionization and temperature has been

used by Suits2 to measure the temperature in an electric-arc dis-

charge operating between 1 and 10 atm of pressure. The accuracy
is of the order of 10 per cent. The method is inherently suitable for

the measurement at very high temperatures above ten thousand

degrees Kelvin.

2-12. Inductive Temperature Transducers

a . Variation ofSusceptibility of Paramagnetic Salts. The magnetic

susceptibility % of certain paramagnetic materials changes with tem-

perature according to Curie's law:

C

where C is the curie constant (a characteristic of the paramagnetic

material) and T the absolute temperature. These changes with

temperature of the susceptibility of such

salts as iron ammonium alum or iron

ammonium sulfate which have a very
low curie point, can be used to measure

extremely low temperatures in the range
below 4°K.

The susceptibility is usually determined

by means of an arrangement as shown in

Fig. (2-1)9. A current source produces
in a primary coil P a magnetic field of

several gauss. Two secondary windings
FlG -

(
21

)
9 - System used for

~ , „ n . -j. J* J.- inductive temperature trans-

S^ndS 2 are wound in opposite directions
ducer> wd upon suscepti .

and Connected, as shown, to a galvanom- bility variation of a specimen

eter. In the absence of a paramagnetic
B - E > voltage source; A,

,, ..
-, l-i-i switch: P, primary, S, and S-

specimen, the voltages induced in both
sec0ndary

t
windings of a trans-

secondary windings are equal and of former; G, galvanometer.

opposite sign, and the galvanometer
should show no deflection when the switch A is closed. If a sample
B of a paramagnetic salt is introduced in one coil, the voltage

induced in this coil is increased, and upon closing the switch A
the galvanometer receives a ballistic impulse proportional to the

1 M. N. Saha, Phil. Mag., 40, 472 (1920).
2 C. G. Suits, J. Appl. Physics, 10, 728 (1939).

P
l 00000 0000000000000000 000000 J

f sz
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susceptibility of the salt. The coils are usually kept in liquid

hydrogen to keep their resistance low and constant.

The susceptibility method is the primary method for the measure-
ment of lowest temperatures. However, the experimental require-
ments are considerable and the results appear in "curie temperature"
and have to be corrected for the thermodynamic temperature scale.

For general information and references, see C. F. Squire, "Low Temperature
Physics," pp. 147, 156-157, McGraw-Hill Book Company, Inc., New York,
1953; W. A. Allis and M. A. Herlin, "Heat and Thermodynamics," pp. 180-

181, McGraw-Hill Book Company, Inc., New York, 1952.

b. Permeability and Eddy-current Losses. An empirical method of

measuring temperatures by measuring the change of permeability
and eddy-current losses in ferromagnetic materials is described by

Keinath. 1 The method is primarily

applicable for temperature determina-

tions in rotating parts, such as heated

steel cylinders or rollers, and does not

require direct physical contact between

the rotating part and the measuring
device.

A schematic diagram is shown in

Fig. (2-1)10. A steel cylinder of varying
Fig. (2-1)10. Inductive tempera- , . r j.i i r
. i ,

r
temperature lorms the yoke ol an lron-

ture transducer. 1- J

core inductor L from which it is sepa-
rated by a small air gap. A variation of the permeability or of the

eddy-current losses resulting from a temperature change of the

steel cylinder affects the magnitude of the magnetic flux and is

reflected in a change of the reactive and resistive component of L,

which can be detected in subsequent stages. Empirical calibration is

required. No data on the performance of this method are available.

2-13. Capacitive Temperature Transducer

The dielectric constant of some insulating or semiconducting
materials varies with temperature; a capacitor made up with such a

material as a dielectric changes capacitance with temperature and

can be used as a temperature transducer.

A material of this kind, a titanate named Thermacon, is de-

scribed by Dranetz, Howatt, and Crownover. 2
Depending upon its

1 G. Keinath, Arch. tech. Messen, J 215-2, January, 1934.
2 A. I. Dranetz, G. N. Howatt, and J. W. Crownover, Tele-Tech, June, 1949,

p. 36.



Sec. 2-1] TEMPERATURE TRANSDUCERS 167

composition, it can have a negative or positive temperature
coefficient. Three of the specimens presented in this paper have
the following properties:

a. Dielectric constant at room temperature, 46; temperature co-

efficient,
—

0.0003/°C.
b. Dielectric constant at room temperature, 490; temperature

coefficient, — 0.003/°C.
c. Dielectric constant at room temperature, 18; temperature co-

efficient, +0.0001/°C.
In the temperature range from —40 to -f-160°C, the dielectric con-

stant changes linearly with the temperature.
Some materials (e.g., some barium titanates in the vicinity of the

curie point) exhibit very large changes of dielectric constant with

temperature, but show a large hysteresis of the dielectric constant
versus the temperature function which limits their application to

temperature-sensing elements. Other materials, such as polyvinyl
alcohol, show a variation of the dielectric constant from 8 to 500 in

a temperature range from 25 to 85°C as measured at 60 cps. However,
these materials also show an increase of dielectric losses with tem-

peratures of such magnitude as to make their application for tem-

perature measurements impractical.

For numerical values of the temperature constant of some dielectrical mate-
rials, see Dwight E. Gray (ed.), "American Institute of Physics Handbook,"
sec. 5d, McGraw-Hill Book Company, Inc., New York, 1957.

2-14. Thermoelectric Transducers (Thermoelements or

Thermocouples)

The contact potential between two dissimilar metals varies with
the temperature of their junction. If two dissimilar metals A and B
are joined together as shown in Fig.

(2-1)11, and if their junction points Px

and P
2 are kept at the temperature tx

and t
2 , respectively, an electromotive

force (emf )
arises which causes a current

in the circuit. The thermal emf is to a \ / \l
first approximation a linear function of YpHw t -J %P~^
the temperature difference At = t 2

— t
x |

and is independent of the temperature ^ ,„,»., ™
, ..

r
i. n i

Fig. (2-1)11. Thermoelements,and the temperature gradient of the basic system.
wires themselves. The thermal emf can
be used, therefore, to measure the temperature difference At between
the two contact points Px and P 2 . The order of magnitude of the
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thermal emf is in general several millivolts for a temperature
difference of 100°C.

The emf is usually measured by cutting one of the conductors, for

instance at the point M ,
and inserting a meter. Since the connecting

wires are in general made from a material C, other than A and B, the

circuit assumes the form of Fig. (2-1)12. The sum total of all emfs
in such a circuit is zero as long as all connecting points P1 ,

P
2 ,
and P 3

are at the same temperature tv However, if the point P 2 is exposed—
-j

, to a temperature t 2 =tx
—

At, an emf
c'

f*\ W*H arise in the circuit, which is again

c yJ to a first approximation proportional—^ ' to At. The magnitude of the thermal

emf is independent of the presence ofP3 I*-*,H l^
\ t the third metal C as long as the contact

-
^"IA u-b~ points Px and P 3 are at the same tem-

r y "1 perature. If the temperature of P
x

and P 3 is not the same, the total emf

developed in the circuit is equal to the
Fig. (2-1)12. Thermoelement

algebraic sum of the thermal emfs de-
made from two wires A and B; i i , v

• ,-
. „ veloped at each l unction.

junction point /, at temperature r J

t 2 ; the wires A and B are con- The thermal emf is usually measured
nected, with a wire c made from either with a galvanometer (millivolt-
a third material, to the meter M. i _\ ±4-- „4.„ i,j.i c
„. D , D i meter) or a potentiometer, both ol
The junctions I

J
l
and iJ 3 are kept

' L

at the temperature tv which can be directly calibrated in

terms of temperature. The galvanom-
eter measures the emf indirectly by measuring the current

produced by the emf. Since the current depends also upon the

resistance in the circuit, the measurement is correct only if the

resistance is constant. Variation of temperature of the wires tends

to vary the resistance, thus introducing an error in the measurement.

The error can be minimized if the resistance in the circuit is large

compared to such resistance variations. Since it is desirable that

the greatest voltage drop is across the meter, meters with relatively

high resistances are employed, although the use of such meters

reduces the sensitivity of the measuring system.
A current in the thermocouple circuit tends to develop heat in the

wires as well as in both junctions (Joule effect). A further influence

of a current in the circuit is a temperature increase of one junction

and a temperature decrease of the other junction (Peltier effect). The

magnitude of these effects is frequently negligible. The current

errors can be completely avoided by measuring the thermal emf with

a potentiometer method.
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The output voltage of the thermoelement is proportional to the

temperature difference A/ between the two junctions only within a

narrow range of temperature. The output voltage E ,
as a function

of the temperature, follows more accurately the expression

E„ At + \Bt
2 &* (1)

where / is the temperature of one junction, the other junction being

kept at a temperature of 0°C. The constants A, B, and C depend

upon the materials of which the thermoelement is made; for values

of A, B, and C see the International Critical Tables. AlsoEq. (1) can

be considered only as an approximation which is correct within a

limited temperature range (for instance, for the platinum-platinum
90-rhodium 10 element only between 630.5 and 1063°C). All

thermal emfs are reduced to zero in the vicinity of the absolute zero

point.
The sensitivity (also frequently referred to as thermoelectric

power Q) of a thermoelement is

S
dE
~dt

A + Bt + Ct2

and is usually expressed in microvolts per degree centigrade. The

magnitude of S depends upon the chemical composition and the

Table 10. Thermoelectric Sensitivity S = dEjdt of Thermoelement
Made of Materials Listed against Platinum, /*V/°C

(Reference junction kept at a temperature of Q

C)

Bismuth
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in Table 10 can be computed from the difference of the values of S.

Example: Copper versus platinum, 6.5; constantan versus plati-

num, — 35; copper versus constantan. 6.5 — (—35) = 41.5
/aV/°C.

Because of the variation of the sensitivity S with temperature, the

sequence of the materials in Table 10 varies with temperature, too.

Calibration curves and tables for a number of standardized thermo-

couple combinations are available from the National Bureau of

Standards and from the Leeds and Northrup Company in Phila-

delphia. For thermoelements made from nonstandard materials,

empirical calibration is required.
The more common types of thermocouples are described in Table

1 1 . For detailed information concerning the properties and specifi-

cation for standardization of the metals used in these thermoele-

ments, see the monograph on thermoelectric thermometry by Dike. 1

For general information on thermoelectric thermometry, see also

Roeser. 2

The wires from which thermoelements are to be made should be annealed

at a temperature higher than that at which the thermoelement is to be used.

It is important that the wire is homogeneous, since otherwise a temperature

gradient along the wire will cause parasitic thermal emfs (Becquerel effect).

The wire can be tested for homogeneity by connecting both ends to a galvanom-
eter and moving a bunsen burner along the wire; the galvanometer should

not show any deflection. The contamination of platinum or platinum-rhodium
wires can sometimes be removed by heating the wire for a few minutes to about
1300°C to oxidize the impurities. Oxides can be removed from the surface

with a molten borax bead flowing down the wire.

The wires can be joined together by soldering or welding. Platinum thermo-

elements are usually welded (without twisting the end) in an oxygen-hydrogen
flame or in a carbon arc without the use of a flux. Copper-constantan and iron-

constantan thermoelements can be twisted with moderate strain and silver-

soldered. Some authors recommend the use of ammonium chloride or rosin

flux. Borax or fluorspar is recommended as a flux for chromel-alumel thermo-

elements. Thin wires can be welded by discharging a capacitor of several

microfarads, charged to a voltage of 20 to 100 volts, through the junction. Soft

solder (tin-lead) and low-melting alloys, such as Woods metals, are satisfactory
at lower temperatures. See F. Kerkhof, Arch. tech. Messen, J 2404-1, October,
1940. Thermoelements must be protected from mechanical injuries, chemical

contamination, and electrical disturbances (leakage, a-c pickup, galvanic emf
in electrolytes). Platinum-platinum rhodium thermocouples are particularly

susceptible to damage if exposed to vapors of other metals, or to hydrogen,
sulfur, and carbon monoxide. Thin wires are more susceptible to contamina-

tion than thick wires. Protection in metal or ceramic tubes is required in most

1 P. H. Dike, "Thermoelectric Thermometry," Leeds and Northrup Com-

pany, Philadelphia, 1954.
2 W. F. Roeser, in "Temperature," pp. 180ff, Reinhold Publishing Corpora-

tion, New York, 1941.
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Extension

wires

applications, but such procedure increases the time lag of the thermoelement
and is likely to cause the thermoelement temperature to be different from the

temperature to be measured. Metal tubes are usually adequate for the base-

metal thermocouples, which are protected from contamination by their oxides,
but may be entirely unsatisfactory if furnace gases are present. Sometimes
two tubes are used, e.g., a tube of fused silica inside a second tube of metal,
silicon carbide, or fire clay. The primary tube of low volatility is intended

to be impervious to gases at high temperatvires, and the secondary tube pro-
vides resistance to mechanical and thermal shock and corrosion. All ceramic

materials tend to become conductive at higher temperatures. For further refer-

ence on protection tubes, see P. H. Dike, op. cit., chap. 4F.

A needle thermoelement for subcutaneous and intramuscular tem-

perature measurement is described by Krog.
1 Thermoelements with

extremely small heat capacity are frequently used for radiation

measurements (see 5- 14a). High-velocity thermocouples for gas-

temperature measurements are described by Mullikin. 2

reference point. The temperature / 2 of the measuring junction
P 2 in Fig. (2-1)12 can obviously only be determined if the tempera-
ture tx of the reference junctions P1

and P 3 is constant and known.
Technical difficulties in keeping the

reference junctions at a constant

temperature may arise, for instance,

if the junction points P1 and P3 are

in the vicinity of a furnace. It is

customary, in such cases, to connect

the two wires A and B with two
extension wires A' and B' leading
to a place tR where the reference

temperature is constant, as shown
in Fig. (2-1)13. The materials of

A' and B' must be chosen so that

the thermal emf at the junction

points P1
and P 3 is negligible. Such

extension wires (for instance, a chromel-alumel pair) made up as

an insulated duplex cable are commercially available for most

practical thermocouple combinations. Because of the high price of

platinum thermoelements, extension wires for platinum-platinum
90-rhodium 10 elements usually consist of copper and a nickel-

copper alloy. The thermoelectric emf of these materials versus

platinum and platinum rhodium is negligible within a limited

temperature range.
1 J. Krog, Rev. Sci. Instr., 25, 799 (1954).
2 H. F. Mullikin, in "Temperature," p. 775, Reinhold Publishing Corporation,

New York, 1941.

Fig. (2-1)13. Thermoelement arrange
ment with extension wires.
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For precision work the reference junction should be kept at 0°C in

a distilled-water ice bath. In some industrial applications the refer-

ence junction is buried at a depth of 4 to G ft underground, where the

temperature is sufficiently constant throughout the year. For some

uses it is preferable to keep the reference junction at room tempera-

ture or in a thermostatically controlled constant-temperature bath,

usually at a temperature of about 50°C.

Errors resulting from variations of the reference temperature may
be minimized or eliminated by manual or automatic mechanical

X
M ~

R\

:

N

R

VPz.W

Fig. (2-1)14. Circuit for manual

compensation of the error resulting

from temperature variation of the

reference junction tR .

Fig. (2-1)15. Circuit for automatic

compensation of the error resulting

from temperature variation of the

reference junction tR .

(bimetallic-spring) adjustment of the meter or by electrical means.

Figure (2-1)14 shows a potentiometer setup for manual electric com-

pensation of the reference-temperature variations. With the contact

point N in a fixed position, the thermal emf of the junction P 2 is read

on the scale M after adjusting the sliding contact M until the gal-

vanometer G reads zero. The temperature of the reference junction

tR is read on a thermometer, and the influence of a temperature
variation is compensated for by manual adjustment of the sliding

contact N on a scale N, usually calibrated in temperature degrees.

Automatic compensation can be obtained by replacing the fixed

resistors R and R' and the slide wire N by a network containing a

temperature-sensitive element R
t ,
as illustrated in Fig. (2-1)15. The

potential variation of the point N' compensates for the changes in

thermal emf resulting from a variation of the temperature tR . An-

other method of reference-point temperature compensation is shown

in Fig. (2-1)16. The three fixed resistors Rx ,
R 2 ,

and R 3 and the

temperature-sensitive resistor R
t
form a normally balanced bridge,
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which is fed from a small d-c voltage source EA . The bridge becomes
unbalanced for any change of the temperature-sensitive resistor R

t

and furnishes an output voltage which compensates for the change
of thermal emf occurring at the reference junction.
A further means to reduce the effect of temperature variation of

the reference junction is to use thermoelements with curved charac-

teristics, as shown in Fig. (2-1)17. The platinum-platinum rhodium

Fig. (2-1)16. Alternate circuit for

reference-temperature error compen-
sation.

200 400 600 800 1,000
Temperature, °C

Fig. (2-1)17. Thermoelements with
curved characteristics which eliminate

the error resulting from temperature
variation of the reference junction.

thermoelement curve rises slowly in the vicinity of 0°C and faster at

higher temperature, thus leading to a reduction in the error produced

by the reference-temperature variation. The curves for the nickel

copper-nickel iron thermoelements show almost no increase of the

thermal emf between and 200°C. If the reference junction of such

a thermocouple is held within this range, any temperature variation

will cause a reading error of less than 2°C for a reference-temperature
variation of lOC^C. 1

For measuring procedures on thermocouples, see Wm. F. Roeser and T.

Lonberger, Methods of Testing Thermocouples and Thermocouple Materials,

Natl. Bur. Standards Circ. 590, February, 1958.

2-15. Noise Thermometer

The electrons in a conductor at temperatures above the absolute

zero point are in constant random motion. This motion of the

1 \V. Rohn, Z. Metallic., 16, 297 (1924); Kulbush and Kalinin, Prdzisions-

industrie (Moscow), 1933, nos. 3 and 4; referred to by G. Keinath, Arch. tech.

Messen, J 241-3, July, 1934.
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Amplifier
Bondposs

filter #

electrons produces randomly varying potentials between the termi-

nals of a conductor which increase in magnitude with the tempera-
ture of the conductor. 1 The mean square voltage V2 between the

terminals of a conductor with the resistance R which is held at

the absolute temperature t in degrees Kelvin is proportional to the

product Rt.

Such randomly occurring potentials contain frequency com-

ponents from zero to the highest
measurable frequencies. If meas-

ured within a limited frequency
band A/, the mean square voltage
is

V2 = tictR A/

where A; is the Boltzmann constant,

1.37 x 10-23 joule/deg. A resistor in the kilohm range at room

temperature will have an rms noise voltage of a few microvolts

measured in a frequency interval of 10 4
cps.

A schematic diagram of a noise thermometer is shown in Fig.

(2-1)18. In principle, a measurement of the noise voltage generated
in a resistor would be sufficient to

Resistorprobe

Fig. (2-1)18. Xoise thermometer, sche

matic diagram.

Wollaston wire

0.0001"

Platinum wire
carriers Quartz tube

"'Platinum tube
0.002" thick

determine its temperature. How- ,„„„„* .„

ever, the accurate determination

of a mean square voltage in the

microvolt range is technically diffi-

cult.

Garrison and Lawson 2 and

Hogue
3 have successfully built

noise thermometers for the

1000°K range in which they com-

pare the unknown temperature of

one resistor with the known

temperature of another. Their

method is the following: A resistor Rx
at the known temperature t

x

is adjusted in value until the noise voltage from it is the same as

that from another resistor R 2 at the unknown temperature t 2 . When
this adjustment is made, the temperature t2 is given by

Fig. (2-1)19. Resistance probe of a

noise thermometer [from J. B. Garrison

and A. W. Lawson, Rev. Set. Instr., 20,

785, (1949); by permission].

t. -ffl
1 J. B. Johnson, Phys. Rev., 32, 97 (1928).
2 J. B. Garrison and A. W. Lawson, Rev. Sci. Instr., 20, 785 (1949).
3 E. W. Hogue, Natl. Bur. Standards Rept. 3471, July, 1954.
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The voltage comparison is made by repetitive switching from one

resistor to the other. The output voltage is amplified, rectified, and

integrated. The switching method eliminates differences in amplifier
characteristics and drift. The temperature probe of Garrison and
Lawson is a resistance in the kilohm range. It consists of a platinum
Wollaston wire (0.0001 in.) enclosed in a protective platinum cylin-

der, as shown in Fig. (2-1)19, and it is suitable for temperatures up to

1400°C. For higher temperatures, tungsten can be used.

The noise thermometer can measure temperatures over a wide

range (100 to 1700°K) with good accuracy; 0.1 per cent has been

claimed over the entire range with very careful selection of the elec-

tronic components, while 1 per cent requires no special precautions.
The resistance element itself requires no calibration. There are no

thermal hysteresis effects, and any metal can be used. Carbon resis-

tors are not suitable because of inhomogeneities in their structure.

The technical difficulties in overcoming stray capacitance, pickup,
and drift are considerable.



Magnet ic Transducers

The most widely used magnetic transducer (a transducer that re-

sponds to magnetic field strength) is the induction coil or search coil

(3-11). The stationary search coil (3-1 la) requires a variation with

time of the magnetic field; it is useful whenever the field can be

turned on or off or when it varies periodically with time. Where this

cannot be done (e.g., the magnetic field of the earth or that in mag-
netic circuits containing ferromagnetic materials which show a resid-

ual flux density), the moving coil (3-116) furnishes adequate results.

The movement can be a translation, a rotation, or an oscillation. A
particularly useful induction system is the crystal-driven oscillating

loop; it is capable of measuring an area of not more than 0.15 mm2
.

The output from the search coils is a voltage which may be constant,

alternating, or a pulse. Special search coils have been devised for

measurements in inhomogeneous fields (3-1 lc).

Transducer systems based upon the effect of a magnetic field on

moving electric charges are described in 3-12. The magnetic field

may act on the electrons in a moving metal disk (3- 12a) or upon the

charged carriers of electricity in a moving conducting liquid (3-126),

or it may act on moving free electrons (3- 12c) or on electrons and

positive holes moving in a crystal lattice (3-1 2d).

The variation with magnetization of the permeability of certain

ferromagnetic materials forms the basis of a further group of trans-

ducers (3-13). The permeability variation may lead to a change of

inductance (3-13a), or it may cause a variation in magnitude and
direction of the magnetic flux density (3-136); it may cause a dis-

tortion of a wave shape and, in further sequence, the generation of

177
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harmonics (3- 13c), or it may lead to a phase shift of an a-c voltage

(3-13d).

Another group of magnetic transducers is based upon the phenom-
enon of nuclear resonance (3-14).

There is a further group of transducers which do not directly
furnish an electric output in response to a magnetic input, but will do

so in combination with other transducers or servosystems (3-15). The
direct response may be a mechanical displacement (3- 15a), a tem-

perature increase (3-156), or it may be of an optical character (3-15c).

Magnetic fields have been measured in a range from 10~ 6 to about

10 6 oersteds (flux densities 10~ 6 to 10 6
gauss). The magnetic field of

the earth is in the order of 0.5 oersted; its horizontal component
varies between 0.15 and 0.4 oersted. Permanent magnets produce
fields in the order of 100 to 10,000 oersteds. The field strengths in

electrical machines and in particle accelerators are in the order of

10,000 to 20,000 oersteds. Electromagnets for laboratory use may
produce fields in narrow gaps up to 60,000 oersteds. Kapitza

1 ob-

tained field strengths in the order of 500,000 oersteds, and Wald2

field strengths in the order of 450,000 oersteds. Furth and Wanick3

succeeded in obtaining fields lasting from 50 to 200 fx&ec and reaching
values as high as 600,000 oersteds. Foner and Kolm 4 have produced
fields of 750,000 oersteds.

Information about the useful range of different transducer systems

may be found in Table 12. The most sensitive systems are the

electron-beam magnetometer and the even- harmonic method. The

highest absolute accuracy is obtained with the nuclear-resonance

system .

A system of a given sensitivity for use at low field strength may
well be used in fields of higher intensities if the unknown field

strength is compensated for by known bias field, such as the field

produced by a coil of well-defined dimensions through which an

adjustable current passes. The transducer system is then used as a

null detector, or it measures variations of magnetic field strength.

For summarizing literature and references on magnetic fields and their meas-

urements, see L. F. Bates, "Modern Magnetism," Cambridge University Press,

London, 1948; R. M. Bozorth, "Ferromagnetism," Bell Laboratory Series,

D. Van Nostrand Company, Inc., Princeton, N.J., 1951; H. Neumann, 4rcL
tech. Messen, V 391-4, August, 1940; E. C. Stoner, "Magnetism and Matter,"

1 P. Kapitza, Proc. Roy. Soc. (London), (A)115, 658 (1927).
2 T. F. Wald, J. Inst. Elec. Engrs., 64, 509 (1926).
3 H. P. Furth and R. W. Wanick, Rev. Sci. Instr., 27, 195 (1956).
4 S. Foner and H. H. Kolm, Rev. Sci. Instr., 27, 547 (1956).
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Methuen & Co. Ltd., London, 1934; E. M. Underbill (ed.), "Permanent Magnet
Handbook," Crucible Steel Company of America, Pittsburgh, Pa., 1957;

S. R. Williams, "Magnetic Phenomena," McGraw-Hill Book Company, Inc.,

New York, 1931.

io"

10"

10"

Induction method:

d-c fields

a-c fields

Moving coils:

Translation

Rotation

Oscillation

Induction in moving liquids

Magnetron tubes

Electron-beam magnetometer
Hall effect

Bismuth spiral

Inductance variation

Permeability variation

Even harmonics method

Peaking strips

Nuclear resonance

Moving coil

Wire-loop deflection

Single-wire mech. defl.

Thermal method

Faraday effect at microwaves

Orientation in colloidal susp.

10"

10"
4

10"

10"

10"

c::

10'

10"

10
4

,-J

10
z

10"

II]

Table 12. Useful Range of Magnetic Transducer Systems

Field strength, amp/m
Field strength, oersteds^

Induction in gauss J

Induction, volt-sec/m
2

10
6

i

10
4

10

]_.
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$

3-11. Induction Systems, Search Coils

A coil having n turns and an average area a is placed in a magnetic
field of uniform strength H, Fig. (3-1)1. The direction of the mag-
netic field is perpendicular to the plane formed by the loop. Any
change of the magnetic field produces an instantaneous voltage e

c

between the loop terminals, which is propor-
tional to the rate of change of the magnetic
field

dH
e = napi

——
(la)

where
// is the magnetic permeability. If the

direction of the magnetic field is not parallel
to the coil axis but forms an angle <x with the

axis, Eq. (la) changes to

H,B

Fig. (3-1)1. Search-coil

magnetic transducer. na/ii

dH
lit

cos a (2)

The magnetic field strength H corresponds to a magnetic flux

density of magnitude
B = piH (3)

so that Eq. (la) can be written as

dB
na

dt

The total flux through the area a of the loop is defined as

O = ajuH = aB
so that Eq. (la) can also be written as

d0>
e°= n

Tt

(lb)

(4)

(lc)

The Eqs. (la), (16), and (lc) describe the relationship between the

rate of change of a magnetic flux through a loop and the voltage
induced in the loop. In general, however, the input magnitudes to

be converted into electrical signals are not the time derivatives of

H, B, or O but the magnitudes themselves. The integral form of

Eq. (la) furnishes a relationship between any change of the magnetic
field AH and the transducer output.

e dt = na/j, AH (5a)

That is, the voltage-time integral appearing at the transducer output
is proportional to the change of the magnetic field strength AH
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taking place during the time t to ^ and is independent of the rate of

change within this period. In practice, the magnetic field strength is

frequently changed from zero to the value H, so that AH = H, or

from the value —H to +//, so that AH = 2H. The integral form of

Eq. (16) gives «
e dt = na AB (56)

and, correspondingly, from Eq. (lc),

= n A<I> (5c)

The physical relationships expressed in Eqs. (1) and (5) form

the basis of all induction-type magnetoelectric transducers. They
differ only in the manner by which a change of flux is accomplished.
The voltage e appearing at the output terminals can be measured

with any suitable meter which measures instantaneous values. The

voltage-time integral can be measured with any suitable electric

integrator. Ballistic galvanometers or fiuxmeters are frequently
used because of the sensitivities for small voltages generated by low

impedance sources. Many of the integrating methods require that

the integration time t
x
—

t be short compared with the time constant

of the integrating device. For this reason the rise time or decay time

of the flux variation A® must be short compared with the time

constant of the integrator.
a. Stationary Search Coils, d-c fields. If the input field can be

turned on or off or can be reversed or varied between defined limits,

a stationary coil can be used as a transducer and will furnish an

output according to Eq. (la) or (~xi). The method is not applicable

in the presence of ferromagnetic materials, which may cause a resid-

ual flux of unknown magnitude. There is no restriction in size,

shape, or number of turns of the coil, except that the coil should be

so small that the field is homogeneous over its area. A larger coil,

while still measuring correctly the total flux through its area, will

produce an output proportional to the average field strength or

flux density over the area of the coil. (For an exception, see the flux

ball, 3-1 lc).

The constant of the coil, na, can be found with fair accurac}'"

from the coil dimensions. Kussmann1 recommends the determi-

nation of na by counting the number of turns n and measuring the

length of the (unwound) wire. Higher accuracy may be obtained

1 A. Kussman, in F. Kohlrauch, "Praktische Physik," H. Ebert and E. Justi

(eds.), 20th ed., p. 220, B. G. Teubner Verlagsgesellschaft m.b.H., Stuttgart,
1956.
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by calibrating the coil in a magnetic field of known field strength,
such as the inside of a long induction coil. An accuracy of 0.05 per
cent can be obtained.

The search coil method is applicable for fields from 10~3 oersted up
to the highest available field strengths. For fields of a strength less

than 10-3 oersted, the output voltage is usually too small for con-

venient measurement.

a-c fields. If the field strength varies sinusoidally with time, the

induced voltage is sinusoidal too and can be measured, either directly

or after amplification, with a-c instruments. The method is also

applicable to fields of periodic but not sinusoidal character if the

necessary corrections for wave shape are applied. The sensitivity

of the a-c magnetic field strength measurement can be very high.

Fields of the order of 10-5 oersted have been measured. 1
Stray

magnetic fields, mostly of line frequency but also ofhigher harmonics,

can introduce considerable error. The error can be reduced by mag-
netic shielding of the source of the stray field or eliminated by placing
the axis of the pickup coil at an angle of 90° with respect to the stray

field. 2 It is also possible, though experimentally difficult, to elimi-

nate the influence of the stray field

by compensation with a second

field of proper magnitude, phase,
and wave shape produced by an

auxiliary coil.

For low frequency of the a-c

field, the output from the coil is

frequently too low for convenient

detection. At high frequencies in

the rf range, the capacitive coup-

ling between adjacent turns of the

pickup coil tends to reduce the output.
b. Moving Coils. When the magnetic field strength cannot be

varied, the induction method can be applied by changing the coil

position in such a way that the total flux linked with the coil changes

by a defined amount. A simple arrangement consists of a coil with

flexible leads, Fig. (3-1)2, which is moved from a region where the

field strength is practically zero into the magnetic field
(
AO = O) or

in the opposite direction (AO = —
O). The output voltage-time

integral is observed. This method is particularly applicable for the

measurement of fields in narrow gaps, using flat coils. Instead of

1 R. Bernard and F. Davoine, Compt. rend. acad. sci., 231, 6S7 (1950).
2 K. S. Lion, Funk, 5, 431 (1928).

Fig. (3-1)2. Moving search coil.
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moving the coil in or out of the field, it can be rotated through an

angle of 90° (AO = O) or 1S0° (A0> = 20)).

Both methods are applicable for fields as small as 10-2 oersted.

For smaller fields the coil dimensions become unwieldy or the output
voltage becomes too small for convenient measurement.

Axis of
rototion

Coil axis

Direction

of H

Fig. (3-1)3. Rotating search coil with slip rings for a-c

output.

The continuous conversion of magnetic fields into electric signals
is accomplished with an arrangement such as that shown sche-

matically in Fig. (3-1)3. Ifthe coil Lis placed in a uniform magnetic
field H and is rotated continuously with the angular frequency a>, a
sinusoidal voltage will appear at the output with an rms value

najuHcoE =

Direction ofH "^S-r- x>^

A/2

The ends of the coil are connected to slip rings, and contact is made
with brushes. The axis of rotation must be perpendicular to the field

direction. The rms value or peak
value of the output is independent
of the direction of the magnetic
field normal to the axis of rotation.

However, the phase angle between
the instantaneous value of the a-c

voltage output and the position of

the rotating coil furnishes infor-

mation about the field direction;
the instantaneous voltage is a

maximum when the coil plane is

parallel to the field lines. If a d-c output is desired, a rectifying
commutator can be used as shown in Fig. (3-1)4. This arrangement

Commutator

Fig. (3-1)4. Rotating search coil with
commutator for d-c output.
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permits a relatively simple determination of the field direction if

the position of the contact brushes can be varied; the output is a

minimum when the position of the brushes is in the direction of

the magnetic field. An instrument built on this basis is described

by Peters. 1 Its most sensitive range is 0.04 to 2 oersteds, its accuracy
1 to 2 per cent.

The methods illustrated in Figs. (3-1)3 and (3-1)4 are applicable
for field strengths above about 10-2 oersted. If the fields are not

Transformer

Flexible coupling and
drive mechanism

Fig. (3-1)5. Rotating search coil with inductive coupling to the out-

put circuit.

homogeneous, the output will not be purely sinusoidal and will con-

tain higher harmonics, so that an absolute determination of the field

strength is difficult. Errors are likely to arise from brush noise, con-

tact potentials, and thermoelectrical potentials at the brushes. The
use of silver or siiver-graphite brushes lubricated with a thin layer
of petroleum jelly has been recommended.
A method to overcome contact errors has been developed by Wills2

and is illustrated in Fig. (3-1)5. The rotating coil is driven by a

flexible cable; the connections from the coil are led to the primary

winding ofa transformer which rotates within a stationary secondary
coil. The output from the secondary coil is measured. The loss of

signal level due to leakage of the magnetic field of the transformer is

considerable.

Errors may arise from variation ofspeed of the driving motor, from

mechanical instability, such as oscillation of the coil and the suspen-
sion during rotation, and, in particular at low field strengths, from

stray fields from the driving motor. Distances up to two meters

between the motor and the pickup coil have been employed to reduce

this source of error. Variations with time of the measured field

1 W. A. E. Peters, Elektrotech. Z„ 71, 193 (1950).
2 M. S. Wills, J. Sci. Instr., 29, 374 (1952).
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strength can be observed, but such times must be large compared
with the period of rotation. The sensitivity varies widely with the

construction and is in general between 0.1 and 10 mV/oersted. An
accuracy of better than 0.1 per cent can be obtained.

The general requirements for the conversion of magnetic fields

into electric voltages by means of oscillating coils are expressed in

Eqs. (2) and (5a, b, and c). In some oscillation transducers, the angle
between the field lines and the coil axis changes with time or is never

I
Coil axis

Coil frame F

Fig. (3-1)6. Oscillating search coil, schematic diagram
[from J . Grosskowski, J. iSci. Instr., 14, 335 (1937)].

zero degrees, so that the cos a term of Eq. (2) must be included in

Eq. (5a, b, or c). The oscillation of the coil must produce a change of

flux linked by the coil. The movement of a coil along its axis or

perpendicular to its axis in a homogeneous field does not produce
such a change of flux.

Figure (3-1)6 shows an example of an oscillating-coil transducer.

A frame F of a width b is exposed at one end to a magnetic field with

perpendicular component H. The field in the remaining part of the

coil is H . (HQ is small compared to H, or it is zero.
)
The coil vibrates,

driven by a mechanical linkage D, in the direction of the arrow. The
rms voltage appearing at the terminals is

En =
2tt

V2
fdbri[x{H

— H
)

where d is the oscillation amplitude (measured from the middle

position to one side), and/ is the oscillation frequency. The oscilla-

tion amplitude should be small compared to the homogeneous zone

of the magnetic field.
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A different kind of oscillating coil is shown in Fig. (3-1)7. The

frame is placed in a magnetic field in the direction indicated and

oscillates through an angle 2a. The output from the coil is

2tt

Direction

of H

Fig. (3-1)7. Search coil for rotary oscil

lation.

E = ——
anfcf./j,H

V2

where a is the area of the coil, n the number of turns, /the frequency
of oscillation in cycles per second, a the amplitude of rotation in

radians, and H the component of the field strength perpendicular to

both the axis of oscillation and the zero position of the coil axis. The

output is not purely sinusoidal

but contains the second harmonic,

even for small angles of oscillation

(1 to 4°). Klemperer and Miller1

have measured field strengths of

the order of magnitude of the

earth's field with an accuracy of

1 per cent; the sensitivity of

their instrument is 1.2 x 10~3

volt/oersted.
Because the coil measures only

one component of the field, as de-

scribed above, two coils mounted

perpendicularly upon each other can be used to measure two com-

ponents of the field simultaneously without changing the position

of the apparatus.
2

Figure (3-1)8 shows a long coil of many turns. One end is in a

region A where the field strength parallel to the coil axis is HA ;
the

other end Z is well into a region of zero field strength, and the field

strength may fall off in any arbitrary fashion between A and Z. The

coil is oscillated in the direction of the axis with the amplitude d,

and the frequency/. The induced voltage arises from the changing
number of flux linkages and is described by Eq. (5c). It has the

instantaneous value

*YICL

^ =— pHAd2iTf cos (2tt/0

where I is the length of the coil and n the total number of turns.

1 O. Klemperer and H. Miller, J. Sci. Instr., 16, 121 (1939).
2 J. Kuntziger and P. Luonn, Bull. Sci. AIM (Bel.), 18, 319 (1938); H.

Neumann, Arch. tech. Messen, V 391-5, September, 1939.
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If a field gradient dHA/dx exists at the end A, an additional voltage
e
2 will be induced.

dHA d2

e 2
= nan ^ %;

2*/ sin (4tt/"«)

In practice, e
2 is much smaller than ex ,

and since it is of twice the

frequency, it can be separated.
If a very short, flat coil is oscillated longitudinally at A, it will

produce e 2 only, and there will be no signal due to HA .

X

H

Drive
mechanism

<?„=£>, +<?2

Fig. (3-1)8. Long search coil; one end A extending into a magnetic
field HA ; the magnetic field at the other end Z is practically zero.

The method is suitable for measurements of flux densities in the

order of 50 to 100,000 gauss and for field gradients from 1,000 to

100,000 gauss/cm. For a coil of 1,150 turns, 0.1 cm radius, 3.5 cm

length, driven at a frequency of 1,000 cps with an amplitude of 0.001

cm, the sensitivities are

A.rms

pHA
E

2,rms

= 0.46 x 10- 6
volt/gauss

2.3 X 10-10 volt/(gauss/cm)
(x dHAjdx

The long coil transducer is suited for applications in measuring
localized fields such as in magnetic lenses. 2

Chapin
3 describes two oscillating magnetic-transducer systems

which are driven by piezoelectric crystals and which measure an

extraordinarily small area. The more sensitive system uses as a

pickup coil a single wire loop of 1 mm length and a total travel of

0.154 mm. It is driven by a bimorphic crystal at a frequency of 872

cps. Its sensitivity is 3 X 10~ 8
volt/gauss. The system is useful for

1 J. F. Frazer et al., Rev. Sci. Instr., 26, 475 (1955).
2 C. Fert and P. Gautier, Compt. rend. acad. sci., 233, 148 (1951).
3 D. M. Chapin, Rev. Sci. Instr., 20, 945 (1949).
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the measurement of flux density down to less than 1 gauss. The noise

level is equivalent to 0.2 gauss.
c. Special Search Coils, coils for use in inhomogeneous fields.

The determination of the local field strength in inhomogeneous
fields requires a small search coil

so that the field is practically

homogeneous over the cross-

sectional area of the coil. Such
coils are inherently insensitive;

the signal level at the output
terminals of such coils is in general
too small for measurement in mag-
netic fields of low field strength.
The difficulty can be overcome by
using the flux ball described by
Brown and Sweer. 1

The method is based upon the

fact that "the value of the mag-
netic field strength at a point is

equal to the volume average of

the field over the interior of any
sphere centered at that point and
not containing any source of the

field" (Brown and Sweer). A
sphere of this type surrounding

the point P is shown in Fig. (3-1)9. The net flux linked with the coil

Fig. (3-1)9. Flux ball.

O =
%-nr

znB
z center

is where r is the radius of the sphere, n the number of turns per unit

oflength measured along the axis, and -S
ZiCenter

is the z component
of the flux density at the center of the sphere if the axis is in the

z direction.

For increased sensitivity, the entire sphere is filled with windings

(solid flux ball) made up of cylindrical coils of different lengths and
diameters as shown in Fig. (3-1)10. Such a coil may be thought of as

consisting of concentric spheres; the net flux linked with the solid

flux ball is the sum of those linked with each sphere. The entire flux

linked with the solid flux ball

O'
4 1

15
""

WD,
T ^center

P z

1 F. W. Brown, Jr., and J. H. Sweer, Rev. Sci. Instr., 16, 276 (1945).
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Fig. (3-1)10. "Solid" flux ball,

partly seen in cross section to

show the arrangement of the

single layers.

where D
p
is the layer spacing, and Dz

is the spacing between adjacent
turns (effective wire diameter).
A disadvantage of the flux ball is its physical dimensions, which

are considerabty larger than those of a flat coil, and which make it

impossible to measure fields in narrow

gaps or in close proximity of a mag-
netic pole.

Herzog and Tischler1 have shown
that an ordinary cylindrical coil can be

employed instead of the flux ball if

the ratio of the length L to the outer

diameter D has the value LjD = 0.72.

The voltage-time integral at the out-

put of this coil depends only upon the

change of field intensity in the center

of the coil. The authors found that in

using coils of this shape the results

of measurements in an inhomogene-
ous field are practically independent

(within less than 1 per cent) of the size of the coil.

d. Magnetomotive-force Transducer Coil. A magnetic potential
difference or magnetomotive force M between two points A and B
is defined as

M = [ Hds

it is independent of the direction and length of the path as long as s

does not surround a current-carrying conductor. The transformation

of a magnetomotive force into an electric signal can be obtained, in

analogy to the transformation of magnetic field strengths into elec-

tric signals, through the use of a special coil, the "magnetomotive-
force meter." 2

The instrument consists of a long coil (about 1 m in length), as

shown in Fig. (3-1)11. Two layers of fine wire are wound on a band
or belt of a flexible plastic material, both in the same direction, as

shown schematically in Fig. (3-1)12. For practical reasons, con-

nections are made to the center of the coil.

If the two ends of the coil are brought to two points in a magnetic
field between which a magnetomotive force M exists, and if the field

1 R. F. K. Herzog and O. Tischler, Rev. Sci. Instr., 24, 1000 (1953).
2 W. Rogowsky and W. Steinhaus, Arch. Elektrotech., 1, 141 (1912); for a

summarizing review and references, see H. Neumann, Arch. tech. Messen, J
64-1, May, 1934.



190 INSTRUMENTATION IN SCIENTIFIC RESEARCH [Chap. 3

is turned on or off or if the coil is removed from the two points, a

voltage-time integral will arise between the output terminals, which

is

/ V

The number of turns n, the cross-sectional area a of each turn, and

Fig. (3-1)11. Search coil for measure-

ment of magnetomotive force.

Belt

Fig. (3-1)12. Cross section of the search

coil illustrated in Fig. (3-1)11.

the length I can be measured separately, or the coil can be calibrated

empirically.

3-12. Systems Based upon Magnetic Effects on Moving
Charges

a. Rotating Disk. A magnetic transducer based upon the effect of

the magnetic field upon the electrons in a moving-solid conductor is

illustrated in Fig. (3-1)13. It consists

of a rotating metal disk (copper, alumi-

num) with contact brushes applied to

the axis and the periphery. The con-

duction electrons in the metal disk are

moving with the disk in circular paths.

Under the influence of the magnetic
field, the electrons are deflected in a

direction perpendicular to the mechan-

ical movement and the magnetic field,

thus causing a potential difference be-

tween the center of the disk and the

periphery. With the notations of Fig. (3-1)13, the (d-c) output

voltage is

e =
""(»?

—
r\)fixH

Fig. (3-1)13. Rotating disk ("uni-

polar" generator) as a transducer

for magnetic field strength.
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where/ is the frequency of rotation in revolutions per second. The

sensitivity of the method is low. 1

b. Induction in Moving Conductive Liquids. Instead of a moving
solid conductor, a conductive liquid flowing through a magnetic field

can be used for the construction of a magnetoelectric transducer. 2

Figure (3-1)14 shows a schematic

diagram of the mercury jet mag-
netic transducer of Kolin. A stream

of mercury passes through an insu-

lating tube with the average veloc-

ity v. Two fixed, diametrically

opposite electrodes A and B are

inserted in the tube, their small

end Surfaces flush with the inner Fl°- (3-1)14. Mercury-jet magnetic
n pj.ij.1. txjx- transducer [from A. Kolin, Rev. Sci.

walls 01 the tube. Instead ol mer- T . ,, „
L

XQ /1q^ Km
Instr., 16, 209 (194o)].

cury, any other conductive liquid

can be used (e.g., salt water).
3 If the transducer is exposed to a

magnetic field H in the direction perpendicular to the plane formed

by the tube axis and the line connecting the electrodes, a voltage

appears between the electrodes A and B of a magnitude

E = dvfxH

where d is the distance between the electrodes, i.e., the internal

diameter of the tube. A mathematical analysis of the transducer

principle is presented by Thurlemann, 4 with consideration of electri-

cal eddy currents originating in the conductive liquid. The output

voltage is proportional to the average flow velocity for both laminar

and turbulent flow and is independent of the velocity distribution

over the cross section of the tube.

Since the mercury is flowing continuously, fast field changes can

be followed and the method is applicable to the measurement of time

varying or a-c fields of a frequency up to several kilocycles. Field

directions and field gradients can be measured by the use of further

pairs of electrodes.

The absolute accuracy depends on the accuracy with which d, the

separation of the electrodes, and v can be determined. The velocity
can be measured with an accuracy of 0.1 per cent. With reasonable

1 Cited by H. Neumann, Arch. tech. Messen, V 391-5, September, 1939,

and V 391-4, August, 1940; also L. W. McKeehan, J. Opt. Soc. Am., and
Rev. Sci. Instr., 19, 213 (1929).

2 First proposed by A. Leduc, J. Physique, 46, 184 (1887).
3 See B. Thurlemann, Helv. Physica Acta, 14, 383 (1941).
4 Thurlemann, ibid.
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physical dimensions, the sensitivity is of the order of 0.4 microvolt/
oersted. The instrument is applicable to the measurement of field

strengths above 1 oersted.

c. Magnetron Tubes. A magnetron, shown in Fig. (3-1)15, con-

sists of an electron-emitting cathode C surrounded concentrically by
a cylindrical anode A . Electrons move from the cathode to the anode
under the action of an applied voltage Eb

and form a current / in the

external circuit. The path of the electrons is radial, as shown in

Fig. (3-1)15. Magnetron tube, sche-

matic diagram and circuit.

Fig. (3-1)16.
Electron paths
in a magnetron.

Fig. (3-1)16, path 1. If a magnetic field H is applied in the direction

of the tube axis, the electrons will travel in a curved path (path 2),

and if the field strength is increased, a condition will be reached

in which no electrons reach the anode (path 3) and the current

diminishes to zero. The condition at which this occurs depends upon
the intensity of the magnetic field H and the applied plate voltage
E

b
. The critical magnetic field strength at which current cutoffoccurs is

(r
2
cl
rl)]

(1)

where e is the charge and m the mass of the electron, r
c
the radius

of the cathode, and ra the radius of the anode. If the diameter of the

cathode is small compared to that of the anode, the term 1 —
(r^/t'l)

in Eq. (1) can be neglected.
In practice, the critical magnetic field strength is not accurately

defined. The current in Fig. (3-1)17 decreases with a finite slope

owing to tube asymmetries, variations of the initial velocity of the

electrons, space charge (occurring in particular at low plate voltages),

fringe effects at the ends ofthe cylinder, and, in directly heated tubes,

differences of the effective plate voltage along the axis. Empirical
calibration of the transducer is required for accurate results.

Three basic methods for the operation ofthe magnetron transducer

are available:

1 . The plate voltage Eb
is kept constant, as indicated by the lines
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aa in Figs. (3-1)17 and (3-1)18, and the current Ib is measured. 1 The

method is applicable for field strengths below 20 oersteds and for

small variations of field strength. The sensitivity is high, of the order

of 20 mA/oersted. Feedback circuits for the increase of sensitivity

and stability are described by Rossiger.
2

2. The current I
b is kept constant by variation of the plate volt-

age Eb ,
as shown by the line bb in Fig. (3-1)18. The voltage Eb

is

Fig. (3-1)17. Characteristics of a

magnetron illustrating the plate
current / as a function of the mag-
netic field strength B for different

plate voltages Eb
.

Fig. (3-1)18. Plate current-

plate voltage characteristics of

a magnetron; parameter, mag-
netic field strength.

measured. The method is primarily applicable for medium field

strength and for large variations of field strength. A direct-reading
instrument based upon this method is described by Gundlach. 3 The

range extends from about 200 to 1,200 gauss.
3. A resistance is inserted in the plate circuit; the applied voltage

Eb is kept constant, and the current I
b
or the voltage across the

resistor or the magnetron tube is measured, as shown by line cc in Fig.

(3-1)18. This method, first proposed by Hull, is applicable for small

or medium fields, depending upon the size of the resistor.

The magnetron transducer has the advantage that no moving
parts and no variation of the measured field are required. The inertia

of the system is negligible up to 10-8 sec. The probe can be made

fairly small and has no effect upon the measured field. Weinzierl 4 has

used anode cylinders with a diameter as small as 0.5 mm sealed in

glass tubes of 6 mm diameter. Ferromagnetic materials, such as

nickel, must be avoided in the construction of the tube. If operated
under temperature-limited conditions, the filament temperature

1 A. W. Hull, Phys. Rev., 22, 279 (1923); M. Rossiger, Z. Physik, 43, 480

(1927), and Z. Instrumentenk., 49, 105 (1929).
2
Rossiger, ibid.

3 F. W. Gundlach, Arch. tech. Messen, V 391-3, July, 1938.
4 P. Weinzierl, Rev. Sci. Instr., 21, 492 (1950).
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must be kept very constant to keep the tube from drifting. At high
field strengths and high plate voltages the operation tends to become
unstable and oscillations of very high frequencies may set in.

d. Electron-beam Magnetometer. The observation of the magnetic
deflection of a long, focused electron beam furnishes a sensitive

method for the detection and measurement of very small magnetic
fields and field variations in the order of 10~ 6 oersted. 1

Electron
gun assembly

Co/lector

plotes

Differential

amplifier

Collector

plates

Fig. (3-1)19. Electron-beam magnetometer, schematic diagram.

The arrangement is shown schematically in Fig. (3-1)19. It con-

sists of a vacuum tube with an electron-gun assembly (electron-

emitting, accelerating, and focusing system) at one end. At the other

end at a distance of 1 m are two semicircular collector plates. The
collector plates are overlapping but electrically separated. An elec-

tron beam of small cross section strikes both plates, and if the beam
is symmetrical, the electron currents to both plates are equal. The
current is measured by a differential d-c amplifier; the difference

furnishes a measure of the beam deflection caused by a magnetic
field H, in Fig. (3-1)19 assumed to be perpendicular to the drawing

plane, and hence can be used for the determination of the field.

The deflection of the electron beam is

y = 0A5kBl2 ~=
Ve

where y is measured in centimeters; B in gauss; I, the length of the

beam, in centimeters; and E, the accelerating voltage, in volts. The
constant k is determined by the optics of the system (order of magni-
tude 0.5 to 0.7).

1 L. Marton, L. B. Lederer, and J. W. Coleman, Natl. Bur. Standards Rept.

2381, March, 1952.
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The sensitivity of this method is very high, permitting a measure-

ment of magnetic fields of the order of 8 X 10-6 gauss with a signal-
to-noise ratio of 9.7 : 1 .

The experimental difficulties are considerable. The accelerating

voltage, which is of the order of 600 to 1,500 volts, must be kept
constant to 1 part in 10 4

. The output current is of the order of 10~ 8

amp; for the desired sensitivity

the differential amplifier must be

built to detect differences in cur-

rent of about 10-12 amp.
e. Hall-effect Transducers. A

plate of an appropriate conductor

or semiconductor such as bismuth

or germanium is connected to a

voltage source as shown in Fig.

(3-1)20, so that a constant current

/ passes through it. Two contacts

C and D are applied to equipotential points, usually in the middle

of the sides. If a magnetic field B traverses the plate in a direction

perpendicular to the current vector / and the connecting line CD, it

will tend to deflect the moving charges toward the top or the bottom

of the plate, depending upon the sign of the charges. Thus, a

potential difference, the Hall voltage, will develop between the

electrodes C and D, which is

Fig. (3-1)20.

transducer.

Hall-effect magnetic

t

where EH is expressed in volts, / in amperes, B in gauss, and t, the

thickness of the plate, in centimeters. KH is the Hall coefficient in

volt-centimeters per ampere-gauss.
The polarity of the output voltage depends upon the direction of

the current and of the magnetic field, as well as upon the sign of the

Hall coefficient. The dimensions of the plate are not critical. Prac-

tical values are 1.2 cm length, 0.4 cm width, and 0.05 cm thickness.

The Hall voltage varies somewhat with the ratio of width W to

length L of the plate.
1 A ratio WJL = § is recommended.

The Hall coefficient KH depends upon the material of the plate, as

shown in Table 13. The value of KH for bismuth, silicon, and tellu-

rium is higher by a factor of about 10 5 than that of most other metals;

the value for germanium by a factor of about 10 8
. The values ofKH

for different substances vary with the amount of impurities. Plates

1 A. von Ettinghausen and W. Nernst, Wien. Ber., 94, 644 (1886).



196 INSTRUMENTATION IN SCIENTIFIC RESEARCH [Chap. 3

must be calibrated individually. The Hall coefficient changes with

the temperature and with the magnetic field strength. At room

temperature and at a field strength of 1,000 gauss, a temperature
increase of 10°C causes an increase of the Hall coefficient for germa-
nium by about 4 per cent, and for bismuth by about 10 per cent.

Table 13. Hall Coefficients for Different Materials

Material
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temperature changes if the metal is exposed to a magnetic field. The
effect is noticeable in some metals at room temperature and is

strongest in bismuth; the resistivity of bismuth in strong magnetic
fields (of the order of 20,000 oersteds) can rise to twice that measured
at zero field strength. This phenomenon forms the basis of the

magneto-resistive transducer system shown in Fig. (3-1)21 .

A thin wire of bismuth is wound in the form of a flat bifilar spiral of

about \ to 3 cm diameter. The spiral is cemented between two thin

Mica
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be used only for the measurement of constant (d-c) magnetic fields,

and the resistance should be measured with direct current.

The response characteristics of bismuth transducers depend

strongly upon the chemical composition (i.e., impurities) and the

method of preparing and handling the wire. Using very pure bis-

muth, compressing the wire while at a temperature close to the

melting point and annealing the spiral are recommended. 1 The

response also depends somewhat upon the geometric form of the

spiral and the direction of the magnetic field. The bismuth wire

shows, in general ,
an anisotropic behavior. Conn and Donovan2

describe a method of preparing a bismuth wire by drawing bismuth

in glass capillaries, dissolving the glass, and forming the wire into a

loop. This method reduces the anisotropy. The magnetic sensi-

tivity
—

slope, (ARjR)/AB—of thin bismuth films is very small but

can be slightly increased by repeated heating and cooling.
3

The characteristic of the prepared probe changes considerably
with temperature. In the linear part of the characteristic and at

room temperature, a change in temperature of 1°C causes a change
in resistance of about 0.4 per cent (corresponding to a change of the

magnetic field of 80 oersteds). The sensitivity increases considerably
at lower temperature. For this reason and since the thermoelectric

effect of bismuth against other metals is very high and likely to intro-

duce errors, operation of the transducer at constant temperature and

measurement of the resistance at low current (to avoid heating) are

required. With adequate provisions for constant temperature or

with temperature-effect compensation, the transducer can be used

for magnetic fields from 500 oersteds up to the highest field strengths
with an accuracy of about 1 per cent. Smith 4 describes a bridge in

which two bismuth spirals of approximately 30 ohms are arranged
in opposite bridge arms. For temperature compensation the two

other bridge arms are made from nickel which has approximately the

same resistance-temperature coefficient as bismuth. The sensitivity

S = AiJAB, i.e., the change of current in the bridge diagonal indi-

cated by the meter divided by the change ofthe magnetic flux density
in the bismuth plate, is of the order of 1 mA per 1,000 gauss.

For a theoretical summarizing paper and references concerning other

materials showing magnetoresistive effect, see J. P. Jan, "Galvanomagnetic

1 G. Bublitz, loc. cit.

2 G. K. T. Conn and B. Donovan, loc. cit.

3 J. A. Becker and L. F. Curtis, Phys. Rev., 15, 457 (1920), and F. K.

Richtmyer and L. F. Curtis, Phys. Rev., 15, 465 (1920).
4 G. S. Smith, Trans. AIEE, 56, 441 (1937).
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and Thermomagnet ic Effects in Metals," in "Solid State Physics," pp. Iff and
sec. 10, p. 30, F. Seitz and D. Turnbull (eds.), Academic Press, Inc., New
York, 1957.

3-13. Transducers Based on Permeability Variation

The magnetic permeability fi(=~ dB/dH) of ferromagnetic ma-
terials varies with the magnetization and is, therefore, a function of

the external magnetic field to which a ferromagnetic body is ex-

posed. Various transducer systems are based upon this phenome-
non

; they differ by the means by which the change in permeability
is detected.

a. Inductance Variation. Boucke1 describes a System consisting of

a coil with a ferromagnetic core; the inductance of the coil is a func-

tion of the permeability of the core, and it changes with the external

magnetic field. A ferromagnetic core of high permeability would

cause a field deformation and introduce a considerable error in the

measurements. This error is reduced to about 10 to 20 per cent by
the use of a core of compressed powdered magnetic material (50 to 70

per cent iron powder: grain size, several

microns, with a resinous binder). The
most suitable core material shows an

initial permeability between 10 and 12,

which diminishes to about 2 to 3 in
,

. n i i k a i
• Fig. (3-1)23. Inductance-varia-

strong magnetic fields. A fiat washer is .. ... A& & tion magnetic transducer.

formed of this material, and a toroidal

coil is wound around it, as shown in Fig. (3-1)23. The final coil is

about 1 mm thick and about 6 mm in diameter; it is electrostatically

shielded and has an inductance of several microhenrys.
The transfer characteristic, i.e., the fractional change of induc-

tance (AL/L) as a function of the externally applied field, is non-

linear; in the range from zero to 12 oersteds the value of A.L/L
increases slightly; beyond this range it decreases in the form of an S

curve. The fractional change of inductance is about 10 per cent for a

field variation from zero to 24,000 oersteds. The sensitivity changes
with the direction of the magnetic field with respect to the coil. The

core material does not show any hysteresis.

Using the most sensitive method for the measurement of the

inductance variation AL (rf beat-frequency method), a magnetic-
field variation of 0.01 per cent can be observed in the range be-

tween 300 and 2,000 oersteds. The smallest absolute field strength
to be measured is about 1 oersted. Empirical calibration is required.

1 H. Boucke, Arch. tech. Messen, V 391-1, June, 1937.
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Because of the large residual field deformation caused by the probe,
the method lends itself primarily to relative measurements.

b. Time Variation of Magnetic Permeability. A variation of the

above method is illustrated in Fig. (3-1)24. The transducer system
contains a fine wire M of Mumetal 1

(a ferromagnetic alloy with a

permeability which changes strongly with the magnetizing field).

The wire is connected in a loop and arranged within a coil L. An a-c

current of audiofrequency passes through
the wire M and produces a circular field in

and around the wire. This field changes
the permeability of the Mumetal wire, but

because of its direction it will not, by itself,

induce a voltage in the coil L. If now an

external field H is applied in the direction

of the coil axis, it will produce a magnetic
induction B

z
= juH . Since ft

is a time vary-

ing magnitude, Bz varies with time and

Fig. (3-1)24. Magnetic
transducer based upon the

variation with time of a

Mumetal wire M; L, pickup
coil.

causes a voltage to be induced in the coil L.

Hn

The frequency of this voltage contains pri-

marily the even harmonics of the applied

audiofrequency. Experimental calibration

is required. If the instrument is to be used

as a zero device, a d-c current can be sent through the coil L which

compensates the external field H . Palmer2 describes an instru-

ment based upon this principle, which is capable of measuring field

strengths from 2 x 10~3
(10~

5 with

great care) to 50 oersteds. The

accuracy is betterthan . 1 per cent .

The probe is about 4 cm long and
0.5 cm in diameter. A similar de-

vice with two coils is described by
Gregg.

3 The permalloy wire is 0.3

cm long and has a diameter of 0.25

mm. The finished probe is 0.3 cm
long and has a diameter of 0.2 cm.

c. "Even-harmonic'''' Method.

Higher sensitivity and higher

accuracy than can be achieved with the methods described above can

be obtained with the system shown schematically in Figs. (3-1)25

1 Mumetal, trade name, Allegheny Ludlum Steel Corporation.
2 T. M. Palmer, Proc. Inst. Elec.^Engrs. (London), 100, (II) 545 (1953).
3 E. C. Gregg, Rev. Set. Instr., 18, 77 (1947).
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and (3-1)26. A sinusoidal voltage from an a-c generator is applied to

two probe coils Cj and C 2 . The coils contain ferromagnetic cores of a

material which shows high permeability and saturation at low mag-
netizing field strength (permalloy). The current is high enough so
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the core axis, the two cores will be magnetized in the same direction

by the external field and in the opposite direction by the magnetizing
a-c current. As shown in Fig. (3-1)26, dx and d 2 ,

the voltages induced
in the secondary coils D

x and D 2 ,
will be phase-shifted in different

directions so that an output voltage containing primarily the second
harmonic (and higher even harmonics) of the excitation frequency
will appear at the output terminals, as shown in Fig. (3-l)26e. This

voltage can be filtered, amplified, and rectified in subsequent stages.
The output voltage of the second harmonic is

^o.rms
= 44 X I0-9WO/Vr#

where n is the number of turns of the coils C 2 and D 2 ,
a the cross-

sectional area of the ferromagnetic core in square centimeters, fir the

(effective) permeability of the core, /the frequency of the a-c genera-
tor, and H the externally applied field. The factor h depends upon
the ratio of magnetizing field strength HM to the field strength Hs at

which saturation occurs :

4
. 2# s

h = - sin —-?
77 HM

The method can be used for very small field strengths from 5 x 10-4

oersted1 to above 10 oersteds. Adams, Dressel, and Towsley
2 de-

scribe an instrument for the range of 1
-3 to 1 00 oersteds . The transfer

function (output voltage versus external field strength) is approxi-

mately linear; only at high field strength does the curve flatten out,

and at very low field strength (at about 10~ 5
oersted) does an output

voltage remain which does not diminish to zero at zero oersteds.

Reversal of the field direction reverses the phase but not the magni-
tude of the output voltage. If one of the cores is inverted so that not

only the fundamental frequency but also the even harmonics cancel,

the arrangement can be used for the measurement of magnetic-field
differences. The response time depends upon the frequency of the

excitation voltage. For frequencies in the order of 1 to several kilo-

cycles per second, magnetic fields varying within more than 0.01 sec

can be measured. No errors due to residual flux are encountered.

The sensitivity is of the order of 1 volt/oersted; the output im-

pedance usually several hundred ohms. A summarizing report on

systems of this type, including references, has been published by
Kuhne. 3

1 V. Vaquier, R. F. Simons, and A. W. Hull, Rev. Sci. Instr., 18, 483 (1947).
2 G. D. Adams, R. W. Dressel, and F. E. Towsley, Rev. Sci. Instr., 21, 69

(1950).
3 R. Kuhne, Arch. tech. Messen, V 392-1, August, 1952.
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d.
"
Peaking Strips." The arrangement is shown schematically in

Fig. (3-1)27. It consists of a wire probe M of a ferromagnetic ma-

terial, such as permalloy, which exhibits a hysteresis loop, as shown
in Fig. (3-1)28. The wire probe is surrounded by three coils. In Fig.

(3-1)27 these are shown separately; in practice the coils should be

long and overlapping. The coil C
1 is connected to an a-c source and

produces an alternating magnetic field varying periodically between
—H

s
and -\-Hs

. Every time the field passes in the positive direction

M
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The method is applicable only to steady fields or to time-varying
fields of a frequency which is low compared to the frequency of the

a-c current supplied to the coil C
1

. The more uniform the field

strength, the sharper are the pulses induced in C
2 ;

the method fur-

nishes poor results in inhomogeneous fields.

The dimensions of the ferromagnetic probe M are not critical; the

ratio of length to diameter should be large to obtain narrow and well-

defined pulses. The magnetic properties of most suitable ferromag-
netic materials are quite dependent upon temperature and mechan-
ical deformation; they vary with the magnitude of the applied field

and the frequency of the a-c generator. Kelly
1 recommends the use

of a molybdenum-permalloy wire of 5 cm length and 0.005 cm
diameter, annealed in a hydrogen atmosphere inside a quartz tube

and sealed after annealing.

3-14. Nuclear Magnetic Resonance Systems

a. Nuclear-absorption Method. Protons and neutrons possess an

intrinsic magnetic moment, and hence atomic nuclei have, in

general, a magnetic moment of a magnitude which depends upon the

number and the arrangement of the protons and neutrons in the

nucleus. Ifa nucleus with a magnetic moment is placed in a magnetic
field, the field will exert a force on the nucleus. Because ofthe quanti-
zation of the nuclear angular momentum which always accompanies
the magnetic moment, the nucleus can assume only certain orien-

tations in a magnetic field, each orientation corresponding to a

certain level of energy. In the simplest case of a proton (H1
)
which

has only two permitted orientations in the field, there will be two

states of slightly different energy corresponding to the two orienta-

tions. The energy difference AE between the two energy levels is

proportional to the magnetic field strength. Transition from the

lower to the higher energy level is accomplished by an absorption of

energy. The energy can be supplied by an electromagnetic field of

frequency ("resonance frequency")

AE
'•
=T

where h is Planck's constant. The energy AE is proportional to the

external magnetic flux density B, and hence

h = yB (i)

Values of y are: proton in H 20, 4257.76 ± 0.1 cps/gauss; lithium 7
,

1 J. M. Kelly, Rev. Sci. Instr., 22, 256 (1951).
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Fig. (3-1)2!). Nuclear magnetic reso-

nance system, basic diagram: C, coil;

N, sample; P t
and P 2 poles of magnet.

1654.61 ^0.1 cps/gauss. Measurement of magnetic field strength
can be accomplished, therefore, by the determination of the fre-

quency at which a sample containing hydrogen or lithium absorbs

energy. Using these substances and flux densities of 102 to 10 4
gauss,

the nuclear-resonance frequency is

in the range between 10 5 and 10 8

cps.

A schematic diagram of a trans-

ducer system based upon this

nuclear-resonance phenomenon is

shown in Fig. (3-1)29.

A sample N of a salt or a solution

of a substance containing H 1
,
for

instance, or Li 7
,
is mounted within

a coil C and is brought into the

magnetic field between the poles Px
and P 2 of a magnet, so that the

axis ofC is perpendicular to the magnetic field. The output from an

rf oscillator is applied to the coil. The frequency of the oscillator is

varied continuously through resonance, and

the absorption of energy is observed with

the measuring system M . The frequency at

which a maximum of absorption occurs is

measured, and the unknown field strength
is computed from Eq. (1).

Two different systems M for the detection

of the nuclear magnetic resonance frequency
can be used. The measuring system M can

be constructed so that its output indicates

the change in the resistive component of the

complex coil impedance. In this case a curve

with a maximum is found as shown in Fig. (3-1)30 (nuclear-resonance

absorption). Or the measuring system M furnishes an output which

is proportional to the reactive component of the resonant circuit, so

that a curve is found as shown in Fig. (3-1)31 (nuclear-resonance

dispersion).

The method is practical for field strengths from about 300 to 20,000

gauss (for proton probes mostly from 300 to 8,000 gauss, for lithium

probes from 2,000 to 20,000 gauss) corresponding to a frequency

range from 1 to about 30 Mc. Field strengths have been measured

down to the order of the earth's magnetic field. 1 The accuracy of the

method is very high and is primarily determined by the accuracy
X M. E. Packard and R. Varian, Phys. Rev., 93, 941 (1954).

/o f

Fig. (3-1)30. Nuclear mag-
netic absorption curve.
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a
a>

Q

with which the frequency of the rf generator can be measured.
Accuracies as high as 1 part in 10 4 to 10 5 have been obtained.

The nuclear magnetic resonance effect is very small and the reso-

nance is very sharp. (The Q factor of a nuclear-resonance system is

in the order of 10 6
). The requirements for the

equipment to detect the resonance absorp-
tion and to measure the frequency are

considerable.

A method to facilitate the detection of

resonance is shown in Fig. (3-1)32. The basic

arrangement is identical with that of Fig.

(3-1)29, but a second field is applied (coils D)
which is energized by a 25- to 60-cycle source.

These coils produce an a-c magnetic field of

approximately 5 to 30 gauss which is super-

imposed on the steady field and which period-

ically changes the resonant frequency of the

probe. The a-c source is also connected to the horizontal deflection

system of a cathode-ray oscilloscope; a signal which is proportional
to the absorbed power is formed in the network M and is applied to

the vertical deflection system. Because the a-c field periodically

changes the resonance frequency of the probe, a resonance curve will

fn f

Fig. (3-1)31. Nuclear mag-
netic resonance dispersion
curve.

r f -AA/W
generator

30-cps
generator

D

i

<*•
D

M

N C
Pz

T-

A^

Fig. (3-1)32. Nuclear magnetic resonance arrangement
for display of the absorption curve on the screen of a

cathode-ray oscillograph: P
x , P 2 , poles of magnet; AT

,

sample; C, coil; D, auxiliary coils.

appear on the screen. The resonance frequency is read when the

resonance maximum appears at the center of the screen, -i.e., when
the instantaneous value of the a-c field is zero. The resonance curve

is sometimes complicated by transient phenomena.

For detailed descriptions of this and other experimental arrangements, see

E. R. Andrew, "Nuclear Magnetic Resonance," chap. 3, Cambridge University
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Press, London, 1955. For literature on the measurement of magnetic
fields by magnetic nuclear resonance methods, see the same book, chaps. 4.9

and 4.10.

Energy can be absorbed from the electromagnetic rf field only if

more nuclei are in the lower energy level. The continuous absorption
of energy from the rf field has the effect of increasing the number of

nuclei in the higher level. Ifthe population of both levels is the same,
the sample ceases to absorb energy from the rf field (the sample is

"saturated"), and no absorption effect can be noted. In order to

observe the nuclear-resonance effect, it is necessary, therefore, to

work at very low rf field strength where no saturation effect occurs.

Fig. (3-1)33. Nuclear magnetic induction system: P
lt

P2 , magnetic poles; C\ and C2 , coils, axes perpendicular
upon each other and upon permanent field P

1
and P

2 ;

A7
, sample.

Energy from a nucleus in a higher level can be dissipated by the

transfer ofenergy to the neighboring atoms in the lattice (and raising
the lattice temperature). The nuclear-lattice interaction can be

enhanced, and the observation of resonance absorption improved
through the addition of a small amount of a paramagnetic ion, such
as ferric nitrate, Fe(N0 3 ) 3 , or, to a lesser extent, by using H 1 nuclei

in highly viscous fluids. 1

b. Nuclear Magnetic Induction. The arrangement is shown sche-

matically in Fig. (3-1)33. It consists of a sample N containing

magnetically resonant nuclei (H 1 in water or hydrocarbon, Li 7 in a

salt solution) in an rf energized coil C
x
between the poles of a magnet.

A pickup coil is oriented at right angles to both the direction of the

steady magnetic field and the axis of the rf coil. The change of

magnetization induces a voltage in this coil which may be amplified
and observed. The induced voltage is a maximum at the same fre-

1 X. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. Rev.,73, 679 (1948).
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quency/ at which resonance absorption occurs. The physical proc-

ess is similar to that of the absorption phenomenon.
1

All nuclear-resonance methods require a good field homogeneity

(gradient not more than several gauss per centimeter throughout the

volume of the probe), since otherwise the resonance curve is too

broad for convenient measurement. Small probes containing not

more than 0.03 cm3 of water have been used successfully for measur-

ing field gradients up to 300 to 400 gauss/cm. The value of the

nuclear magnetic resonance method lies primarily in its high absolute

accuracy. The experimental requirements are considerable.

3-15. Indirect Systems

The following systems do not furnish an electric signal in response

to a magnetic input; they produce a mechanical force, a displace-

ment, a thermal, or an optical output which is converted into an

electric signal by additional means.

a. Mechanical Methods, freely suspended magnets. In prin-

ciple, any magnetometer, i.e., a system of freely suspended magnets,
can be used as a magnetoelectric trans-

ducer, if means are provided to con-

vert the angular displacements of the

magnets into electric signals. A combi-

nation of this kind has been described

by Gollian and Reilly
2 and is shown

schematically in Fig. (3-1)34. A mag-
net needle N is mounted in an enclosed

capsule F so as to turn freely in a hori-

zontal plane around the pivot A. The

capsule is filled with a semiconducting

liquid (commercial ethyl alcohol) ;
four

contacts B, C, D
x ,

and D 2 are pro-
vided. The arrangement is connected

in a bridge circuit. Any deviation of the needle from the symmetry

position causes a bridge unbalance and produces a voltage e at the

output terminals. The output signal changes as an approximately

parabolic function with the angular needle displacement, and varies

from 0.3 to 1 volt for a variation of position from zero to 10°. The

resistance between the electrodes B and D for symmetry position of

the needle is in the order of 50,000 ohms.

1 See Andrew, op. cit., chap. .3.8, and F. Bloch, W. W. Hansen, and M. E.

Packard, Phys. Rev., 69, 127 (1946), and Phys. Rev., 70, 474 (1946).
2 S. E. Gollian and E. G. Reilly, Rev. Sci. Instr., 22, 753 (1951).

Fig. (3-1)34. Mechanoelectric mag-
netic-field transducer: N, magnet
needle; A, pivot; F, capsule filled

with semiconducting fluid; B, C,

Dj. and D 2 , contacts.
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moving coil magnetometer. A moving coil, Fig. (3-1)35, with n
turns and the cross-sectional area a

(
= L W) is suspended so that it

can turn around an axis yy. A current / passes through the coil. If

the coil is placed in a magnetic field H in the direction of the coil

plane, a torque t will tend to rotate the coil against the restoring

y

I

Fig. (3-1)35. Moving-
coil magnetometer.

G

Fig. (3-1)36. Wire-loop magnetom-
eter.

H

H =

force of the springs or of the suspension wires. For a small angular

displacement q? the torque is

r = Ia?ifiH = Tccp

where k is the spring constant. If the current is regulated so that

the same small angular displacement is always obtained
(99
= const),

then the magnetic field can be found from

hp C

an/ul I

The apparatus constant C can be found from calibration in known
fields. 1 The method is applicable for magnetic field strengths be-

tween 10 and 10,000 oersteds. Traces of iron in the coil tend to

introduce errors.

force upon a wire loop. A rectangular wire loop of the form
shown in Fig. (3-1)36 is suspended from the arm of a scale so that the

lower (horizontal) bar of the loop reaches into a magnetic field of the

strength H. If a current / passes through the loop, it will exercise a

force downward or upward which is

F = blfiH
1 H. S. Jones, Rev. Sci. Instr., 5. 211 (1934).
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where b is the length of the bar. The force can be balanced by placing
a weight of G grams on the other side of the scale.

The method is applicable for strong fields (order of 10,000 oersteds)

„ and furnishes quite accurate results; the

error is of the order of i of 1 per cent. 1 The
\ current is of the order of | amp, the length

i K b about 0.5 cm. The sensitivity, i.e., the

change of weight on the scale per change
,' of magnetic field strength, is of the order

s
of 0.1 mg/oersted.
A similar arrangement is shown in Fig-

(3-1)37. A metal ribbon A (of silver or
FiCx. (3-1)37. Wire-loop mag- , \

•
i i i r -a

netometer, alternate method, aluminum) is held between two springs 8.

A current / passes through the ribbon. In

a homogeneous magnetic field H, perpendicular to the drawing
surface, a force will act on each element of the conductor A which is

proportional to the product IfiH dl. Under the influence of this

force the wire will deflect. The current / is varied until the wire just
makes contact with the electrode K. The magnetic field strength
can be found from

»-?
where G is a constant found by experiment. The instrument is useful

for field strengths above 10 oersteds. 2

b. Thermal Methods. When a conductor is placed in an oscillating

magnetic field, eddy currents are induced in the conductor and heat

is generated. The resulting increase in temperature at a given fre-

quency is a measure of the magnetic field strength.
The simplest embodiment of this principle is a mercury thermom-

eter. The mercury bulb is placed in an rf magnetic field, and the

temperature is read. The sensitivity ofthe arrangement can be modi-

fied by surrounding the thermometer with a metallic loop or with

ferromagnetic materials in which additional heat is produced by
hysteresis. Figure (3-1)38 shows calibration curves of a thermom-
eter with a bulb of 40 mm length and 5.5 mm diameter. In the

upper part of the curve, the sensitivity is relatively high, so that

field variations of 0.1 per cent can be measured. The disturbance

of the rf magnetic field by the presence of the metal may be

considerable.

1 A. Farber, Ann. Physik, 9, 892 (1902).
2 F. Schroter, Z. Instrumentenk., 44, 477 (1924).
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Faster response (and presumably less disturbance of the field) can

be obtained with a thermoelectric method. According to Laporte
and Vasilesco,

1 a thermoelement junction in an evacuated vessel is

placed in the magnetic rf field. The cold junction is outside the field

and kept at constant temperature. The emf is measured with a galva-
nometer or microammeter. Figure (3-1)39 shows the thermocouple

75

?50

25
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magnetic field H
z
is applied, as indicated by the arrow, the plane of

polarization will be turned through an angle

cp
= VLjuHz

V is the Verdet constant of the substance in the vessel C. (More

accurately, V expresses the angle of rotation per centimeter of path
length in the substance under the influence of a field strength of 1

oersted for the sodium d line of 589 m/i.) Some values of Verdet
constants are given in Table 14. The values vary with the tem-

perature and with the wavelength of the light. The angle of rotation

is usually determined by rotation of the analyzer.

Table 14. Verdet Constants at Room Temperature, for Na d Lines

(In min/cm-oersted)

x 10-3H
2
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^

£*

x
ft.

£
Fig. (3-1)41. Optical magnetic
transducer based upon the

orienting effect of magnetic fields

upon colloidal particles in a

suspension.

where E
t
is the amplitude of the incident electric vector, V the Verdet

constant, I the length of the ferrite body, and II
z
the magnetic field

strength in the lengthwise direction of the ferrite. The value of
/ua ,

the apparent permeability of the ferrite, is a function of fi,
the true

permeabilit}'. and the physical size of the specimen; (ia increases

linearly with l/d (ratio of length to diam-

eter) and approaches jli
as l/d approaches

infinity. It is desirable to select a ferrite

with high //.

If the ferrite transmits with little loss

and the rotation has been very slight,

the analyzer will reflect most of the

power back to the source through the

ferrite. To prevent this reflection and

still detect a signal, an absorber must

be inserted into the waveguide after

the ferrite. which will absorb any com-

ponent polarized in the same direction

as the incident microwaves. If the fer-

rite has a large absorption coefficient, this is not necessary, but in

this case the ferrite lowers the intensity, and Eq. (1) must be multi-

plied by the e" /a where a is the absorption coefficient.

The method is applicable to the measurement of magnetic fields

in a range from 10~ 5 to 10 oersteds. In the range above 10 oersteds

the ferrite tends to become saturated, and the output characteristics

become nonlinear. The sensitivity is very high; flux-density varia-

tions of the order of 10~ 5
gauss and rotations of 10~ 4

deg have been

detected. The field should be uniform throughout the volume of the

ferrite. The method is limited by noise introduced by the ferrite, by

inhomogeneity of the ferrite, and by temperature variations. 1

LIGHT ABSORPTION IX COLLOIDAL SUSPENSIONS. Figure (3-1)41

shows a schematic diagram of an arrangement in which a variation

of light absorption in colloidal suspensions takes place under the

influence of a magnetic field. 2 A vessel C is placed in the magnetic
field between the poles of a magnet. A light beam passes through the

two prisms P and through the cell in a direction parallel to the field.

The cell is filled with a colloidal suspension of particles that are

opaque, anisotropically diamagnetic or paramagnetic, and non-

spherical, such as colloidal graphite (diamagnetic) in water. The

absorption of light in this suspension depends upon the projected
1 P. J. Allen, Proc. IRE, 41, 100 (1953), and Rev. Sci. Instr., 25, 394 (1954).
2 F. D. Stott and A. von Engel, Nature, 161, 728 (1948).
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area of the graphite particles. A magnetic field has the effect oforient-

ing the anisotropically diamagnetic particles; the thermal motion of

the particles tends to reestablish random orientation. An exact

theory of the process is given by Stott. 1 The optical transmission

along the magnetic field increases by about 30 per cent for a field

variation from about 100 to 3,000 oersteds. Similar experiments
were carried out by Mueller and Shamos 2 with Fe

2 3 in mineral oil

and CC1 4 in fields below 10 gauss. At higher field strength saturation

sets in. The orientation time for the particles in a magnetic field is

relatively short, while the decay time is in the order of 0. 1 to 1 sec for

small graphite particles and even longer for Fe
2 3 particles in oil.

1 F. D. Stott, Proc. Phys. Soc. (London), (B) 62, 418 (1949).
2 H. Mueller and M. A. Shamos, Phys. Rev., 61, 631 (1942).
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Electrical Transducers

Electrical transducers convert certain electrical quantities into elec-

tric signals. An electric signal, as defined in theintroduction, iseither

a voltage, a current, an impedance, or a variation or a time function

of these quantities. The input quantity applied to the transducer is

of an electrical nature but does not have the character of an electric

signal; it may be a free electric charge, such as free electrons or ions

(4-1), or a space charge (4-2), or it may be a space potential (4-3), a

surface charge or surface potential (4-4), or an electric field strength
(4-5).

4-1. Transducers Responding to Free Charges

The two most frequently used transducer systems for the measure-
ment of free electrons and ions with a kinetic energy larger than
thermal energy are the charged plate (4-1 la) and the Faraday cage
(4-1 1&). Positive and negative charges of thermal energy in atmos-

pheric air can be measured with the Gerdien ion counter (4- 12a). A
system for the measurement of the excess charges in air (positive
minus negative charges) is described under 4-126. A method for the

measurement of moving ion clouds is described in 1-68.

Electrons, positive ions, and alpha particles can also be measured
with electron multipliers, similar to the photomultipliers described

in 5-1 lc. The efficiency of the electron multiplier for incident elec-

trons of an energy of 500 eV is almost 100 per cent, but decreases for

lower as well as for higher energy.
1

1 J. S. Allen, Rev. Sci. Instr., 18, 739 (1947), and Z. Bay, Rev. Sci. Instr., 12,
127 (1941); literature references in both papers.
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Electrons and ions which possess sufficient kinetic energy to

ionize can also be measured with ionization chambers (5-2 la), Geiger
counters (5-216), and scintillation counters, as well as with the cloud

chamber, with a calorimeter, and by their photographic action or by
fluorescence.

4-11. Electrode Systems

a. Charged-plate Electrode. The simplest receiver for electric

charges consists of an insulated metal plate arranged in the beam of

the charged particles, as shown for negatively charged particles in

Figs. (4-1)1 and (4-1)2. The incident charged particles discharge the

R

H

En

1

l^_
1
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enters the cage through a small opening. Reflected primary charges
and secondary electrons traverse the inside of the cage at different

angles, but their chances to leave the cage are very small, so that

practically all incident charges are measured. A diaphragm D in

front of the opening prevents incident charges from reaching the out-

side of the cage where they could produce secondary electrons. The

diaphragm has either the form of a disk in front of the opening side of

the cage or it surrounds the cage and
serves as an electrostatic shield.

The few electrons leaving the cage ^D ^c
have in general a velocity of the order

of 100 eV and can be driven back into ---

the cage by the application of a poten-
tial between the cage and the shield or

by a magnetic field. For high-energy FicfeL(4-1)3. Faraday cage,

particles, the bottom of the cage should

be made from a material with low secondary emission, such as

beryllium or carbon. Most of the secondary electrons emitted from

such surfaces have an energy of only a few hundred electron-volts,

even if the primary energy is about 400 keV. The use of such

materials in the cup tends to reduce the number of double second-

aries from the walls of the cup.
1

Errors are likely to arise from the collection of electrons and ions

in the vicinity of the cup. Enclosing the cup in an evacuated

envelope reduces this effect. Further errors may arise if high-energy

particles penetrate the cup; the influence may be reduced by using a

thick layer of carbon and lead at the bottom of the cup. A Faraday-

cup monitor for electron beams of an energy ranging from 4 to 300

MeV with an error of less than 0.5 per cent is described by Brown and
Tautfest. 2

The potential to which the Faraday cage is charged is proportional
to the charge and the number of the incident particles and is inde-

pendent of their kinetic energy. For large incident beam currents,

the current from the cage to ground (or to any other reference elec-

trode) can be measured with a galvanometer or by measuring the

voltage drop across a large resistor. If the beam current is small, it is

more advantageous to accumulate a charge on the cage during the

time t and measure the cage potential E. This potential should be

small to reduce leakage currents. If E is small compared with the

1 J. G. Trump and R. J. Van de Graaff, Phys. Rev., 75, 44 (1949).
2 K. L. Brown and G. W. Tautfest, Rev. Sci. Instr., 27, 696 (1956).
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beam energy expressed in electron-volts, then the beam-current can

be found from

. CE

-E

t

where C is the capacitance to ground of the cage.
The charged plate and the Faraday cage permit the measurement

of a charge as small as 103 to 10 4 electrons. 1
Large errors are likely to

occur from inadequate insulation.

The charged plate and the Faraday cage can be used to measure

the velocity distribution in a beam of charged particles. For this

purpose an opposing potential is

applied to the cage, and the beam
current is measured as a function

of this potential. The arrangement
is shown in Fig. (4- 1 )4a for electron

beams. With increasing voltage
—E an increasing number of elec-

trons are unable to enter the cage
and the current decreases as shown
in Fig. (4-1)46. The differentiation

of this curve furnishes the velocity
distribution curve shown in Fig.

<4-l)4c.

4-12. Gas-flow Systems

a. Gerdien Ion Collector. This

system is used primarily for the

determination of the number and
the concentration of ions in gases

(air) but can also be used for the

measurement of ion mobility and
air conductivity. The system is

illustrated schematically in Fig.

(4-1)5 and consists of a cylindrical capacitor, the external cylinder

being grounded and the internal electrode C charged to a voltage E.

Air containing ions is drawn through the capacitor; the ions are

attracted toward the electrode C and cause in the external circuit

a current which is proportional to n, the concentration of ions, i.e.,

the number of ions per cubic meter, to their charge q and to the

1 O. Klemperer, "Einfuhrung in die Elektronik," p. 30, J. Springer Verlag,

Berlin, 1933.

•Increasing neg. potential
of the cage

Number of

electrons

(c)

Velocity, e volts

Fig. (4-1)4. Application of the Faraday
cage for the determination of electron

velocity distribution: (a) circuit dia-

gram; (b) voltage-current characteris-

tic; (c) differentiated voltage-current
characteristic.
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volume flow velocity M in cubic meters per second. If the voltage E
is sufficiently high so that all ions are deposited on the electrodes, the

current is

I=nq31 (I)

The voltage-current characteristic of the counter is shown in Fig.

(4-1)6. The law expressed by Eq. (1) is valid only in the saturation

region, i.e., at voltages above E
s

. In this region, the system can be

used for the determination of nq, the concentration of charges, or,

if q is known, the concentration of ions (n
+ or n~). Positive and nega-

tive charges are counted separately by applying either a negative or a

2R

Fig. (4-1)5. Gerdien ion collector.

Voltage E

Fig. (4-1)6. Voltage-current
characteristics of the ion col-

lector, used for the determina-

tion of the ion mobility.

positive potential to the insulated electrode C. The ion currents are

frequently too small to be measured by the voltage-drop method

indicated in Fig. (4-1)5; higher sensitivity is obtained by electrom-

eter methods. The electrometer is inserted between the points A
and G; it is charged initially and should not be allowed to discharge to

a value below Es .

In the region below E
s
not all ions are drawn to the electrode; the

current then depends upon the ion mobility k (i.e., the velocity of

the ion, in meters/second, if exposed to a field of 1 volt/m). In this

region the current is

k
r man—

kn
(2)

where k
g
is the "threshold mobility," i.e., the mobility of those ions

which are just driven to the electrodes. Ions with a mobility smaller

than k
g
are not deposited at the electrodes. The threshold mobility

is a constant of the apparatus, it depends upon the counter geometry
and the applied voltage and is, for the parallel-plate capacitor with

homogeneous flow throughout the volume between the plates,

e Md
kg
~

aE (3a)
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(d, distance between plates; a, area of the plates) and for the cylinder

capacitor
2e M(In Rlr)-

(36)k„
LE

For R, r, and L, see Fig. (4-1)5.

In the region below E
s
the Gerdien capacitor can thus be used to

measure air conductivity, defined by nk, the product of ion concen-

tration and ion mobility.
The ion mobility k can be determined by finding experimentally

point S in Fig. (4-1)6; at this point the ion mobility k is equal to

kg ,
so that k can be found from Eqs. (3a or b). A sharp bend at S is

present only if the ions in the gas stream have the same charge and

mobility. In any other case the characteristic shows several bends

from which, in simple cases, the presence of the components (ion

spectrum) can be found.

For summarizing reviews and references, see H. Israel, Arch. tech. ^lessen,

V 656-2, August, 1953, and V 656-3, June, 1955; also O. W. Torreson, in

J. A. Fleming (ed.), "Physics of the Earth," Chap. 5, McGraw-Hill Book Com-

pany, Inc., New York, 1939. An airborne "ion filter" is described by R. Gunn
in H. R. Byers (ed.), "Thunderstorm Electricity," Chap. 8, pp. 199ff., The

University of Chicago Press, Chicago, 1953.

b. Excess of Ions of One Polarity. A metal cylinder A packed with

fine-grade steel wool is held, electrically insulated, within a grounded-
metal shield B, as shown in Fig.

(4-1)7. The cylinder A is initially

discharged. Air containing ions of

either polarity is drawn through the

steel wool; the ions are discharged
in contact with the steel wool and

give their charge to the cylinder A.

If the concentration of positive and

negative charges is equal, the cylin-

der A will remain uncharged. How-
ever, if more ions of one polarity are

present, the cylinder will become

blower

Fig. (4-1)7. Excess-ion collector:

B, grounded container; A, insulated

electrode.

charged to that polarity, and its voltage will be

E = n'Mt

where n' is the concentration of the excess charge (i.e., the number

per cubic meter of charge of one polarity minus that of the other
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polarity), M the gas-volume flow velocity in cubic meters per second,
t the collection time in seconds, and C the capacitance to ground
(shield) of the cylinder A.

The method has been used in atmospheric-electricity studies to

determine the space charge, i.e., the local concentration of excess

charge in the air; excess-charge concentrations from 3.3 x 10~12 to

160 x 10-12 coulomb/m
3 have been measured. 1

4-2. Space Charges

Space charge is the local concentration of positive ions n+ or of

electrons and negative ions n~ in a medium.
The classical transducer for the space-charge determination in

highly ionized gases is the Langmuir probe (4-21).

The space charge in atmospheric air is defined as the local excess

concentration of ions of one polarity. It can be determined by
measuring the concentration of ions of either polarity, n+ and n~,
with the Gerdien counter (4- 1 2a) and forming the difference n+ - - n~.

Alternatively, the Brown excess-ion counter (4-126) can be used; its

output is directly proportional to the space charge as defined above.

In cases where the space is well localized and the geometry of the

electric field is well defined, the space charge can be determined from
electric-field measurements (4-5).

4-21. Langmuir Probes

In highly ionized gases, with a concentration of ions larger than
10 8

per cubic centimeter, the space charges and the space potential
can be found from the voltage-current characteristics of a probe
inserted in the ionized gas (plasma).
The probe arrangement is shown in Fig. (4-2)1. Figure (4-2)2a

illustrates the usual voltage-current characteristic. If the probe

potential E p is highly negative with respect to the plasma potential

(point A), electrons will not be able to reach the probe; only a con-

stant positive ion current i+
, independent of the probe potential, is

noted.

If the probe potential is made less negative (point B), some elec-

trons will reach the probe, and with further reduction of the negative

potential, the electron current (obtained by deducting the ion current

i+ from the total current i) will increase exponentially. By plotting
the logarithm of the electron current density, j = (i/a), to the probe

1 J. G. Brown, Terrestrial Magnetism and Atm. Elec, 35, 1 (1930), and 38,
161 (1933).



222 INSTRUMENTATION IN SCIENTIFIC RESEARCH [Chap. 4

versus the probe voltage E v , Fig. (4-2)26, a straight line a is obtained.

The slope of this line depends upon the electron temperature tr

(assuming a Maxwell velocity distribution) so that t~ can be found
R.rom

dE a

k d log J"
(1)

If the probe potential is made less negative, the electron current

will be equal to the ion current, so that the total current is zero

Fig. (4-2)1. Langmuir probe: C,

cathode; A, anode of discharge
tube; ED , discharge voltage source;

P, probe; probe potential adjusted

by varying voltage source E; S, ion

sheath formed in front of negatively
biased probe.

Fig. (4-2)2. Voltage-current charac-

teristic of the Langmuir probe.

(point G). With further reduction of the negative probe potential,

the slope /5
of the log i versus E v characteristic changes. The bend of

the characteristic occurs when the probe potential is equal to the

space potential E
s . At this point, provided no collision occurs in

the sheath, the electron current is approximately

H-
aen'

27T?n~
(2)

where e is the charge, m the mass ofthe electron, and k the Boltzmann
constant. The quantity a is the area on the plasma side ofthe sheath

covering the probe; with a plane probe, a is approximately equal to

the surface area of the probe. The electron concentration n~ can be

computed from Eq. (2). The positive-ion concentration n+ is about
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equal to the electron concentration n~. Errors are likely to arise from
surface contamination of the probe.

For theoretical consideration and alterations of the theory due to probe
geometry (cylindrical and spherical probes), see A. Von Engel, "Ionized Gases,"

pp. 262ff., Oxford University Press, London, 1955, and G. Francis, "The Glow

Discharge at Low Pressures," in S. Fliigge (ed.), "Encyclopedia of Physics,"
vol. 22, pp. 62ff., Springer Verlag, Berlin, 1956.

4-3. Space Potential

A space potential is the potential at a given point in an electric

field. It is usually expressed as the potential difference between this

point and a fixed electrode (e.g., ground).
The space potential in an electric gas discharge with a high ion

concentration can be measured with the Langmuir probe (4-2). For
the measurement of space potentials in the earth's atmosphere,

special probes ("collectors") have been developed; they are de-

scribed in 4- 3 1 . The space potentials in electron optical arrangements
can be measured with a system described in 4-32. The application of

this system is limited to special cases; more frequently the space

potential is found from model experiments in the electrolytic trough
(4-33).

4-31. Potential Probes, Collectors

A space-potential probe as used for atmospheric-electricity studies

generally consists of a metallic electrode S, well insulated by a rod A

n'03^
*-A

S
Rq—AW—r

—•—t

Re

Es R,

U\
rfr

c-^

Fig. (4-3)1. Potential

probe, collector: S,
metal electrode; A,
insulated rod.

Fig. (4-3)2. Equivalent
circuit of the potential

probe illustrated in Fig.

(4-3)1.

from ground (or from the reference electrode), as shown in Fig. (4-3)1.

The electrode S should be small compared to the dimensions of the

field, so that the field is practically homogeneous in the vicinity ofthe

probe. When exposed to an electric field, the electrode S will gradu-

ally assume the local potential E s by exchange of charges with the
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environment; i.e., the ions and electrons in the atmosphere will cause

a charge or discharge of the probe until its potential is equal to the

space potential at the place of the probe.
This exchange of charges between the probe and its surroundings

is a slow process and may lead to erroneous readings if the field and
the space potential vary with time or if the amount of charges
carried from or to the electrode S becomes comparable to that leaking
off through the insulator. The situation is evident from Fig. (4-3)2,

where the charge-discharge path between the probe S and the sur-

rounding potential Ps
is indicated by an equivalent resistor R

e , the

capacitance between the insulated probe and ground by C, and the

insulation resistance by Ra . Only for Ra > R
e

is the voltage E
across the capacitor equal to the space potential Es

. A number of

systems have been developed which permit a faster exchange of

charges between the probe S and its environment and lead to a reduc-

tion of the equivalent resistance R
e to a value between 10 9 and 1012

ohms. 1

A reduction of the magnitude of R
e has the further advantage of

reducing the time constant of the probe system, which, for Rn > R
e ,

is proportional to R
e
C. Since C (including the electrometer connected

to it) is of the order of 100 /u/uF, the time constant of a collector is

between 0.1 and 100 sec.

water-drop collector. A container with water is connected

with the probe electrode. The water is either permitted to drip from

the container or is forced by compressed air through one or several

nozzles, so that it leaves the container in the form of a spray. Each

droplet carries with it a certain amount of charge (the magnitude and

polarity determined by electrostatic induction), until the potential
of the probe is equal to the space potential. An airborne water

collector is described by Gunn. 2

Drawbacks of the system are the need for replenishment of the

water, the insulation difficulty of the water container if located in-

doors and connected to the outdoor probe, or the danger of freezing.

IONIZATION COLLECTORS, POINT-DISCHARGE COLLECTOR. The Col-

lector is connected with a fine point. The electric field strength at

the point is high so that ionization occurs. The discharge current

from the point to the surrounding field is

i = a{F 2 - ilf2
)

1 H. Israel, Arch. tech. Messen, V 656-3, June, 1953.
2 R. Gunn in H. R. Byers (ed.), "Thunderstorm Electricity," Chap. 8, pp.

199ff., The University of Chicago Press, Chicago, 1953.
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where F is the field strength prevailing at the point under operating
conditions and M the minimum field strength of the point at which

a discharge occurs. Both M and the proportionality constant a

depend upon the radius of curvature of the point.
1 The indication of

the point collector is influenced by the wind velocity.
2

The system is primarily useful for the measurement of relatively

large potentials and field strengths (atmospheric studies of distant

thunderstorms) .

flame collector. The collector contains a candle or a kerosene

burner, the escaping flame gases contain ions which carry the charge
off the probe. The system is simple and useful for orientating experi-

ments, but it is not very stable and is rarely used nowadays.
radioactive collector. The probe contains a radioactive ma-

terial which ionizes the air in the vicinity of the collector. Materials

emitting a rays are preferred because the effect of a rays is limited to

the immediate vicinity of the probe, so that the field at greater dis-

tance from the point remains undisturbed. The radioactive material

is generally deposited on small metal plates or foils and protected by
a thin lacquer or enamel layer. The collector is most suitable for the

measurement of small, relatively steady potentials ("fair-weather

potential gradient").

4-32. Electron Optical System

A simple system for the measurement of space potentials in elec-

tron tubes (concentric diodes) is described by Kenyon.
3 The inner

side of the anode is coated with a fluorescent layer, which can be

observed. A probe consisting of a fine tungsten wire is introduced in

the space between cathode and anode parallel to the tube axis, i.e.,

in an equipotential surface, to avoid field disturbances. The probe is

connected to a potential between those of the anode and the cathode.

If the probe potential is equal to the space potential, the probe will

not alter the flow of electrons; if its potential is different from the

space potential, it will cause a shadow or a bright line on the fluores-

cent screen.

The accuracy of the method is about 1 per cent for measurements
in the space between cathode and about three-quarters of the way
toward the anode, but diminishes as the probe approaches the

anode.

1 F. J. W. Whipple and F. J. Scrase, Geophys. Mem. (London), no. 68.
2 J. A. Chalmers and W. W. Mapleson, Repts. Progr. in Physics, 17, 101

(1954).
3 D. E. Kenyon, Rev. Sci. Instr., 11, 308 (1940).
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4-33. Electrolytic Trough

Space-potential distributions in electrostatic fields can be found

from model experiments in the electrolytic trough. For similar elec-

trode configurations, the distribution of the stationary field in a

homogeneous conductor (electrolyte) is analogous to that of an

electrostatic field in a homogeneous dielectricum.

The electrolytic trough
1 consists of a shallow insulating container,

as shown in Fig (4-3)3, filled with an electrolyte. Metal electrodes A
and B are inserted so that the field con-

figuration of this model is analogous to

that of the simulated system. The elec-

trodes are connected to an a-c source S

(to avoid polarization). If a conductive

stylus P is inserted into the electrolyte,

its potential can be found by comparison
with that along the calibrated resistor

R. M is a zero indicating system (e.g.,

a headphone). By setting the movable
contact C at fixed points on the resistor

R and moving the stylus P so that the

meterM does not indicate any potential

difference, equipotential lines can be

lines are the trajectories to the equi-

Fig. (4-3)3. Electrolytic

trough: A and B, electrodes

immersed in electrolyte; P,

stylus; C, variable contact on
resistive voltage divider R; M,
zero indicator.

drawn. The electric-force

potential lines.

Conductive paper (Teledeltos Paper, Western Electric Company)
can be used in two-dimensional systems, instead of the electrolytic

trough, but it does not furnish as accurate results as an electrolyte

because of local variation of the conductivity of the paper.
The electrolytic trough chosen should be as large as is practical so

that errors resulting from the influence of the walls upon the field

distribution are avoided. Polarization can be avoided by making all

the electrodes from the same material and as large as possible. The

resistivity of the electrolyte should be reasonably high. The stylus

usually consists of a thin wire; good results have been obtained with

a stylus consisting of a tungsten wire of 0.001 in. diameter fused into

the end of a glass capillary. Unavoidable capacitances between

electrodes and probes cause an incomplete zero reading. The effect

can be reduced by capacitive balance, i.e., inserting of variable

capacitors between A and P, and B and P.

For review, see R. Strigel, Arch. tech. Messen, V 312-1, February, 1943.

1 C. L. Fortescue and S. W. Farnsworth, Proc. AIEE, 32, 757 (1913).
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4-4. Surface Charges and Surface Potentials

4-41. Wilson Plate

A simple system for the measurement of surface charges which are

induced by relatively large electric fields is shown in Fig. (4-4)1. The

system
1 uses an insulated electrode P which, for practical measure-

ments of atmospheric electricity, is flush with the ground but insu-

lated from it. In other applications it may be surrounded by a guard

ring.

For the measurement in d-c fields, the plate is first shielded by a

grounded cover S and momentarily discharged. The shield S is then

F

ir w >f y

<
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A
pj.

C

4-42. Vibrating Capacitor

The surface potential or contact potential
1 between two electrodes

varies with the chemical and physical structure of the electrode

surfaces; the observation of the variations of the potential of an

electrode versus that of a constant-reference electrode can furnish

information of a chemical or physical process taking place at the

-\
surface. Surface layers are some-

times vulnerable, so that meas-

urements ofthe contact potential
must be carried out without

touching the surface.

A system suitable to measure

such potential differences was
first described by Zisman2 and is

illustrated in Fig. (4-4)3. It con-

sists of two electrodes A and B
which together form a capacitor
C . The surface of one electrode

M

B

^
^

R\

Hsy

WWvVS

Fig. (4-4)3. Vibrating capacitor: C,

capacitor; A, fixed, and B, vibrating
electrode driven by motor M; excursion

of the vibrating electrode is 25. may be altered by applying the

material to be investigated to it.

If E
c
is the potential difference between the electrode surfaces, Q =

C E
C

is the charge of the capacitor. Any change of capacitance
will cause a current (neglecting R) of

•
dQ Fl=
Tt
=E

<

dC« + c
dE

c

dt dt
(1)

Under steady-state condition (E c
= constant), the second term in

Eq. (1) vanishes.

A driving mechanism M causes one electrode to oscillate with a

frequency/ (angular velocity co = 2tt/) by an amount ±d about its

middle position. If d is small compared to the average distance d,

the capacitance can be expressed by

and the current is

C = CQ I 1 — - sin cot

E
c
coC - cos cot

d

1 For nomenclature see A. A. Frost, Rev. Sci. Instr., 17, 266 (1946).
2 W. A. Zisman, Rev. Sci. Instr., 3, 367 (1932).
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Usually a voltage rather than a current output is required and can be
obtained by the insertion of a resistor R, as shown in Fig. (4-4)3. If

R < 1/C, then the output voltage is

e =—E
c
RcoC - cos cot

The method can be transformed into a null method by inserting in

the circuit an adjustable voltage E p derived from a potentiometer.
If E p is equal to E

c
and of opposite polarity, the output voltage e

disappears. Changes of potential of the order of 10 ^V can be
measured.

The method is very sensitive. The presence of polar vapors (such
as ethyl alcohol) in the laboratory air of a concentration by weight
of 1 part in 107 can change the surface potential of a stainless-steel

plate by voltages in the millivolt range.
1 A gold-plated reference

electrode covered with a layer of calcium palmitate about 20 mole-

cules thick is recommended.

For further references, see A. A. Frost, loc. cit.% S. Rosenfield and W. M.
Hoskins, Rev. Sci. Instr., 16, 343 (1945); W. E. Meyerhof and P. H. Miller,

Jr., using a single forward movement of one electrode, Rev. Sci. Instr., 17, 15

(1946); H. H. Kolm, apparatus with rotary movement, Rev. Sci. Instr., 27,
1046 (1956); H. G. Yamins and W. A. Zisman, J. Chem. Phijs., 1, 656 (1933).

4-43. Surface Charges on Insulators

The (usually irregularly distributed) electrostatic charges on the

surface of an insulator can be detected and measured by the use of

a moving electrode. An instrument of this type is described by
Devins and Reynolds.

2 It consists essentially of a fine wire, its end
surface (area, 0.05 mm 2

) scanning in a rotatory motion the surface

to be examined at a distance from the surface of about 1 mm. A
charge on the insulator surface changes the potential of the wire by
electrostatic induction. The resolution is of the order of 1 mm.

4-5. Electric Fields

In general, the local electric field strength F = dEfds in a d-c field

cannot be converted directly into an electric signal. Indirect-acting

systems furnishing an electric output in response to electric d-c field

strengths are the following:

1 G. Phillips, J. Sci. Instr., 28, 342 (1951).
2 J. C. Devins and S. I. Reynolds, Rev. Sci. Instr., 28, 11 (1957).
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4-51. Indirect Systems

a. Space-potential Systems. Two probe electrodes (collectors) P1

and P 2 of the type described in 4-31 are brought into the electric

field, as shown in Fig. (4-5) 1 . The distance between the probes in the

direction of the field is As; the voltage measured between the probes
is &.E. The field strength can be approximated from

„ A#
As

Frequently only one probe is used, and the potential between

the probe and one field-terminating electrode (usually ground) is

measured. In variational (a-c) electric fields,

if '
. \ the space-potential measurement is, in prin-

_,.
"/ ~"r~"{-~ ^-T""

—
? ciple, simpler than in d-c fields, since the field

variation causes, by electrostatic induction,

the generation of an a-c potential between

"\" the electrodes, as in Fig. (4-4)2. The con-

necting leads should be in the direction of
ig.

(
-

)
.

( ec no e ^ equipotential lines to avoid field defor-
I with two probes, r x

and ^ L

p
2

. mation.

b. Surface-charge Systems. If an insulated

electrode is exposed to an electric field, such as the Wilson plate

illustrated in Fig. (4-4)1, the field will cause a surface charge of the

electrode by electrostatic induction. The field strength F in the

immediate vicinity of the electrode is related to the surface-charge

density a by

F = a = _Q = CE,
e e a e a

where e is the dielectric constant, Q the charge of the electrode, a the

electrode surface, C the capacitance of the electrode against ground,
and E the voltage measured against ground.

Any one of the surface-charge systems described in 4-4 can be used.

The Wilson plate is frequently used in atmospheric-electricity

studies, primarily for measurement during violent thunderstorms.

4-52. Method Based upon Moving Charges (Electron-beam
Probe)

The following method is primarily applicable to the measurement

of electric fields in evacuated systems or such filled with gases under

reduced pressure (glow discharges). As shown in Fig. (4-5)2, an elec-

tron beam B emitted and focused by an electron gun G passes

through the electric field in a gas discharge that takes place between
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A

the two electrodes C and A. The electric field causes a deflection of

the electron beam which can be observed on the fluorescent screen F.

The method is very sensitive. Warren, 1 who has combined this

system with a feedback arrangement that com-

pensates the beam deflection by an auxiliary

magnetic field, has measured fields from 1,000

down to 0.2 volts/cm.
The gas in the tube tends to cause a diffusion of

the electron beam. With a gas discharge tube of

a diameter of 1 cm and a beam velocity of about

20 kV, the application of the method is limited

to pressures below about 1 mm Hg.

-B

//

For further literature references, see the paper by
Warren, ibid.

4-53. Method Based on Luminous-gas Dis-

charge in rf Fields

f

Fig. (4-5)2. Electron-

beam system for the

measurement of elec-

tric fields: A and C,
electrodes between
which an electric gas
disci large passes; 67,

electron gun; .B, elec-

tron beam; F, fluores-

cent screen.

A system for the measurement of high field

strengths (of the order of several hundred volts

per centimeter) in rf fields has been described by
Lion. 2 The system is shown schematically in

Fig. (4-5)3. A spherical tube B containing gas
under reduced pressure is brought into the electric rf field. If the

field strength is sufficiently high, an electrodeless glow discharge
will arise in the tube. The tube is surrounded by an insulating, light-

tight shield S which may be constructed

as a light guide. The light emitted from

(Q- tjj\
the tube falls upon a photoelectric cell P

s
-^ which is outside the field and which is con-

nected to an amplifier and a meter.

Calibration curves (light emitted by
the tube B versus field strength) are

shown in Fig. (4-5)4. The transfer char-

acteristics are linear, but their slope
varies with the frequency of the rf field.

The system avoids metallic parts in the

field, the glow tube does not disturb the field appreciably, and the

power consumption of the tube is, in general, a fraction of a watt.

1 R. W. Warren, Rev. Sci. Instr., 26, 765 (1955).
2 K. 8. Lion, Helv. Physica Acta, 14, 21 (1941), and Rev. Sci. Instr., 13, 338

(1942); a similar system is described by J. F. Steinhaus, Rev. Sci. Instr., 27
575 (1956).

Fig. (4-5)3. Electric-field trans-

ducer for measurement in

strong rf fields: B, electrode-

less discharge tube: «S, tubular

light shield; P, photoelectric
receiver.
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The spherical shape of the tube permits the measurement of the field

strength \F\, regardless of the direction; if the direction of the field

is of interest, the spherical tube can be replaced by a longitudinal
tube. The error in fields that are

practically homogeneous over the

volume of the sphere (diameter
about 1 to 2 cm) is about 2 per
cent. The system cannot be used

at field strengths below about 20

to 100 volts/cm (depending upon
the frequency). The indication is

instantaneous.

200 400
Volts/ cm

600

Fig. (4-5)4. Calibration curves of the

system shown in Fig. (4-5)3, for differ-

ent frequencies of the rf field.

4-54. Thermal Method in rf
Fields

If a high-frequency field is main-

tained in a conductive medium

(electrolyte), power will be absorbed in the medium. The power con-

centration in watts per cubic centimeter in every volume element of

the conductive medium is

aeF*
V

8 77

where a is the conductivity of the medium, e its dielectric constant,

and F the field strength. The power is converted into heat. If heat

exchange between different parts of the medium is negligible, the

field-strength distribution in the medium can be determined from

local temperature measurements. 1

1 J. Paetzold and P. Betz, Z. ges. exp. Med., 94, 696 (1934); see also K. S.

Lion, Arch. Physical Med., 28, 345 (1947).



Radiation Transducers

The field is divided into two sections: transducers responding to

optical radiation (5-1) and transducers responding to ionizing
radiation (5-2).

5-1. Optical Radiation Transducers

Optical transducers comprise photoemissive systems (5-11),

photoconductive (5-12). photovoltaic (5-13), and thermal systems

(5-14).

5-11. Photoemissive Transducers

A photoemissive transducer, Fig. (5-1)1, contains in general a

metallic cathode C and an anode A in an evacuated envelope. Light
strikes the cathode and liberates elec-

trons. The electrons are attracted by
and move toward a positive anode and

thereby form an electric current.

If a light quantum of the wavelength
X interacts with an electron bound in a

metal, the entire quantum energy A =
he/?, (h, Planck's constant, 6.62 x 10-34

watt/sec
2

; c, propagation velocity of

light, 3 X 10 8
m/sec) will be converted into the kinetic energy of the

electron.

The kinetic energy enables the electron to leave the metal surface

with an energy

a =--*?
233

Fig. (5-1)1. Photoelectric cell

and basic circuit.
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where ecp is the energy required for the electron to overcome the

binding forces of the metal, e is the charge of the electron, and
cp is

the work function of the material of the cathode. Of all elements,
the smallest values for

cp
are found for the alkali metals, in particular

°
6x10

4

a

Normal
photoelectric
effect on

p/otinum
[ordinate left)

b

Selective

photoelectric
effect on

potassium
ordinate

right)
-

2x10'

.5

1.0

-0.5

5 4

Energy, ev

J_ J

250 300
Wavelength, mju

400 500 600

Fig. (5-1)2. Quantum yield for photoelectric emission: (a) normal

photoelectric effect on a platinum surface; (6) selective photoelectric
effect on a potassium-oxygen surface (after R. W. Pohl, Optik, Springer

Verlag, Berlin, 1940; by permission).

for cesium; compounds of the alkali metals can have even smaller

work functions.

The energy with which the photoelectrically liberated electron

leaves the metal becomes zero for

he
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wavelength from zero at the threshold wavelength, in general, in a

monotonic function. A normal photoelectric effect is demonstrated

by Fig. (5-1)2, curve a. Some metals, e.g., alkali metals in an atmos-

phere containing oxygen or hydrogen, show a considerably increased

yield in a narrow wavelength range. A selective photoelectric effect

is shown by Fig. (5-1)2, curve b. The selective photoeffect has its

origin in a thin surface layer.

The quantum yield on pure metal surfaces is of the order of 0. 1 per
cent, i.e., one electron emitted per thousand absorbed quanta. Com-
mercial photoelectric devices have a quantum yield of the order of 5

per cent. Quantum yields as high as 30 per cent have been observed
and used in photoemissive devices.

The photoelectric effect is not limited to metals but occurs also on
insulators and semiconductors.

The photoelectric current / is proportional to the illumination O
of the cathode

where S is the sensitivity, a magnitude depending upon the composi-
tion of the cathode surface and, to a lesser extent, upon the tube
construction. <I> is the incident radiation flux, expressed either in

watts or in lumens. Correspondingly, the sensitivity is expressed
either in amperes per watt ("radiant sensitivity") or in amperes per
lumen ("luminous sensitivity").
The sensitivity of photoemissive cathodes varies strongly with the

wavelength of the incident radiation. The response characteristic

I —fW depends upon the composition and the processing of the

cathode. A considerable amount of work has been done to produce
photocathodes of high sensitivity over the entire spectrum or in

certain ranges of the spectrum.

For references, see V. K. Zworykin and E. G. Ramberg, "Photoelectricity
and Its Application," John Wiley & Sons, Inc., New York, 1949; P. Gorlich,
"Die lichtelektrischen Zellen," Akademische Verlagsgesellschaft Geest and
Portig K.-G., Leipzig, 1951; A. Sommer, "Photoelectric Tubes," Methuen &
Co., Ltd., London, and John Wiley & Sons, Inc., New York, 1951; for review

papers, see M. Ploke, Arch. tech. Messen, J 391-5, November, 1953, and J 391-6,

January, 1954.

Three types of photoemissive cathodes are being used:

1. Ag-O-M type (M stands for an alkali metal). The cathode con-

sists essentially of a silver layer that is oxidized and covered with a

layer ofan alkali metal (e.g., cesium). The cathode has one maximum
sensitivity in the region around 800 m// and a second maximum in the
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ultraviolet region. Examples of response characteristics are shown
in Fig. (5-1)3, £-1 and £-3.

2. Sb-M type ("alloy type"). The maximum response for these

cathodes is between 400 and 500 m/*, the threshold wavelength
between 600 and 700 iyiju. The thermionic dark current (see below)
of these cathodes is small. At the response maximum, the quantum

100

80

60

40

£0

f.\
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70 per cent of the radiation at 250 m/u. Quartz transmits ultraviolet

light down to 200 m/u and begins to absorb substantially at shorter

wavelengths. Ultraviolet radiation and radiation of smaller wave-

lengths can also be measured by converting it into visible light by
means of a fluorescent screen and measuring the screen brightness
with photoelectric devices that are sensitive to visible radiation. 1

100

80

60

t 40

ce

20
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visible light, equals 1 lumen. Sometimes (but rarely) the Interna-

tional Candle is used as a standard source. The International Candle
furnishes a radiation of 1.05 x 10~ 4

watt/cm
2 at a distance of 1 m.

For a maximum output, the peak of the photocathode response
characteristic should be matched to that of the light source. The

100

80

t 60

40

20
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The thermionic emission from the cathode can be computed from
the Richardson law. If the applied plate voltage is high enough to

cause all emitted electrons to move to the anode (no space charge),
the thermionically emitted current is

iT = Aat2e~^IKt)

where A is a constant (for pure metals about 1.2 X 10 6
amp/ra

2
deg

K2
), a the area of the cathode, / the temperature in degrees Kelvin

<p
the work function of the emitting metal

in volts, e the electron charge in coulombs,
and K is Boltzmann's constant. The therm-

ionic emission increases rapidly as
99 dimin-

ishes, i.e., as the threshold wavelength is

shifted toward the infrared part of the

spectrum. The thermionic emission can be Fig. (5-1)6. Photoelectric

reduced considerably by cooling of the cel1 with guard rin8 to re -

.... i i. j a r •
i.- 1 i_ duce the effect of leakage

emitting electrode. A refrigerating chamber rrent

for this purpose is described by Engstrom.
1

Leakage current over the glass wall of the tube can be reduced by
reducing the voltage applied between the electrodes or by cleaning
and drying the glass surface or coating it with a water-repellent com-

pound. A very good means to avoid the influence of the leakage
current in the output consists in the application of a guard ring
around one of the electrodes. A circuit diagram for the guard ring

arrangement is shown in Fig. (5-1)6.

The current caused by the impact of positive ions upon the cathode

and current caused by field emission are, in general, less important
than leakage current and thermionic emission. Both can be reduced

by reducing the applied voltage; apparently, the current caused by
ion impact can be reduced by cooling. Static charges on the glass
wall are usually avoided by coating the walls of the tube with a

conductive layer.

Several methods have been used to separate the dark current from

the photoelectric current: The light source can be modulated or

periodically interrupted (light chopper) before entering the photo-
electric cell. The resulting photoelectric a-c component in the output
from the photoelectric device can be separated from the d-c com-

ponent, i.e., thermionic and leakage current.

Kalmus and Striker2 have placed the photoelectric cell in the field

1 R. W. Engstrom, Rev. Sci. Instr., 18, 587 (1947).
2 H. P. Kalmus and G. O. Striker, Rev. Sci. Instr., 19, 79 (1948).
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of an a-c magnet driven with 200 cps, as shown in (5-1)7. The mag-
netic field deflects the electrons (both photoelectric and thermionic

emission) and modulates the electronic current with 400 cycles, while

the leakage current remains unmodulated. The a-c component is

amplified in a subsequent a-c amplifier. The method permits with

simple means the measurement of light

intensities down to 3 x 10~7 lumen at a

Cof/iode signal-to-noise ratio of 1.

Shot effect, i.e., the random fluctuation

of the electron current through the tube,

causes a variational (a-c) current, super-

imposed on the tube current. The frequency
of the variational current is uniformly

Fig. (5-1)7. Arrangement distributed over the frequency spectrum,
for the separation of leakage i ,i i i , r ,i •

, •
. tT but the measurable part ot this current isand emission current by i

magnetic modulation of the limited by the band width A/ of the associ-

emission current [from H. ated equipment. The mean square value
P. Kalmus and G.O. Striker, r , , ,

.

Rev. Sci. Instr., 19, 7!.
of the current IS

(1948); faj permission], p _ 3 2 x 10~19/ Af

where /„ is the average emission current in the tube. If the load

resistance connected to the tube is R, the mean square value of the

noise output voltage caused by shot effect is

E2
S
= 3.2 x 10"19/i?2 A/

Johnson noise, i.e., a randomly varying potential difference arising

between the terminals of a resistor, caused by thermal agitation of

the electrons, is

El = UctB A/
At room temperature

E'fh
= 1.6 X lO-20^ Af

where k is the Boltzmann constant, / the absolute temperature of the

tube, and R is either the value of the load resistance or of the resistive

component of the complex load impedance.
The total noise voltage, comprising shot noise and Johnson noise,

is, at room temperature (t
= 293°K),

^v.rms = [3-2 X 10-™R(IR - 0.05) A/]'

a. Vacuum Photoelectric Cells. The standard circuit for vacuum

photoelectric cells is shown in Fig. (5-1)1. In general, these cells

have a moderate sensitivity; the luminous sensitivity is between 10



I"

Fig. (5-1)8. Photoelectric cells: (a) low-leakage type with anode terminal cap;

(b) twin type; (c) cartridge type; (d) small type for end-on observation (Radio

Corporation of America).

241
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and 100 //A/lumen, the radiant sensitivity is between 0.002 and 0.1

/xA[ju\V for illumination at peak spectral sensitivity. Vacuum cells

are stable and do not change their characteristic over long periods of

time, particularly when operated at low plate voltages and pro-
tected from excessive light.

Constructions of common photoelectric cells are shown in Figs.

(5-l)8a to d. Low values ofleakage current (order of magnitude 10~10

f
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The response time of the vacuum photoelectric cell is limited only

by the transit time of the electrons and is of the order of 10-9 sec.

However, the response time of a circuit connected to the photo-
electric cell may be increased by the capacitance of the tube (of the

order of 1 to 5 fifiF) and the resistance of the circuit.

The range of light intensities for which a photoelectric cell can be

used is limited at the lower end by noise consideration and dark
current (see the general considerations mentioned above) and at the

upper end by fatigue effects and stability considerations. The illumi-

nation should be such that the emission current for continuous opera-
tion does not exceed the order of 1 //A/cm

2 of the cathode surface.

The output impedance is of the order of several megohms.
The maximum ambient temperatures which can be tolerated are

100°C for tubes with S-l, S-d, and £-8 surfaces and 75°C for £-4 and
$-5 surfaces. For constant sensitivity over long periods, operating

voltages of 20 volts or less are desirable, since at high voltages

positive-ion bombardment from the residual gases may alter the

cathode.

b. Gas-filled Phototubes. The sensitivity of a phototube can be

increased by amplifying the number of electrons in a gas discharge.
An inert gas at a pressure of about 1 mm Hg is introduced and a

potential of about 1 00 volts is applied to the electrodes. The emitted

photoelectrons are accelerated in the direction of the field, taking

energy from the field and losing some of it by elastic collisions with

the gas molecules. Eventually the electron, after attaining an energy
of about 20 eV, will ionize an atom and produce a positive ion and a
new electron. The two electrons are then accelerated again to pro-
duce more electrons; the positive ions are directed to the cathode,
where a fraction of them will release further electrons. The result-

ant amplification of the photocurrent may provide a gain by a

factor of 5 to 10. The gain depends upon the applied voltage and,
to some extent, upon the tube geometry. The current enhancement

by gas filling may be greater, by 20 to 30 per cent, for infrared light

(900 m^) than for red light (660 m/t)
1

.

The luminous sensitivity of gas-filled phototubes is between 40 and
150 //A/lumen, the radiant sensitivity between 0.01 and 0.15 /j,A[juW.
The permissible current density is between 10 and 30 //A/cm

2 of the

cathode surface for continuous operation and up to 600 //A/cm
2 for

short-time applications.

Voltage-current characteristics of gas-filled phototubes are shown
in Fig. (5-1)10. Below the ionization potential of the gas (~15 volts)

1 W. S. Huxford, Phys. Rev., 55, 754 (1939).
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the curves are identical with those of vacuum tubes. With further

increase of the applied voltage, the current rises with increasing

slope. If the voltage is raised too high, a self-sustained glow dis-

charge will set in which may damage the cathode surface. Operation
of the tubes at voltages below this critical value, and the insertion of

40 60
Anode voltage, volts

80 100

Fig. (5-1)10. Voltage-current characteristic of a gas-
filled photoelectric cell {from RCA Tube Manual, Tube

1P-41; by permission).

a resistor to limit the current in case of an accidental overvoltage are

recommended.
The output current is not strictly a linear function of the light flux;

at higher levels of illumination in particular, the curve presenting

output current versus incident light flux rises with increased slope.

Since the current in a gas tube is carried by electrons as well as by
positive ions, it is reasonable to expect a time lag in the response,
which is not observed in a vacuum tube. Figure (5-1)11 shows the

current output for a silver-cesium oxide-cesium phototube con-

taining argon at a pressure of 0.15 mm Hg, operated at different

voltages and irradiated with light pulses. For light signals modu-
lated sinusoidally at different frequencies, the output drops off at

higher frequencies, Fig. (5-1)12. For some applications the drop of

the frequency characteristic may be compensated for by subsequent
networks.

Dark currents in commercial gas tubes are, in general, of the order

of 10-8 to 10-7 amp. Gas phototubes are available with the same

spectral characteristics in the visible and infrared as vacuum photo-
tubes. Their application is primarily in the field of relay operation
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and sound reproduction where their slight nonlinearity and lower

output at high frequencies play a minor role. In physical structure

they resemble corresponding vacuum phototubes.
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upon an electrode, the dynode Dv where each incident electron

causes the emission of several secondary electrons. The same process

is repeated at the dynodes D 2 ,
D 3 ,

.... The electrons from the last

dynode stage are collected by a positive anode A
,
and the current Ia

is measured. If the gain of each stage (the number of electrons

.&---

Fig. (5-1)13. Photomultiplier, schematic diagram.

formed by secondary emission for each primary electron) is g and if

n dynode stages are used, the total amplification is

A = g
n

The value of g varies with the voltage between successive dynodes
and with the surface composition and the geometry of the dynodes
from 0.5 to about 10.

The focusing of the electrons from one stage to the next can be

accomplished with magnetic or electrostatic electron-optical sys-

tems. Recent constructions use electrostatic focusing systems
almost exclusively.

1

Commercial photomultipliers are built with 9 to 14 stages and furnish a gain

between 105 and more than 10 7
(10

9
, EMI tube 6262): Nucleonicr, 10 (3), 34

(1952). Photomultipliers with a greater number of dynodes have been built:

18 stages, with a gain up to 1012 , described by N. Schaetti, Helv. Physica Acta,

23, 108 (1950); 19 stages, by A. Lallemand, Le Vide, 4, 618 (1949). Refer to

Chem. Abstracts, 44, 381b (1950).

The gain and the sensitivity of photomultipliers vary with the

voltages applied to the dynode stages. A typical characteristic for a

single stage showing the gain per stage over a wide range of applied

voltages is shown in Fig. (5-1)14; for continuous operation only the

part indicated by a solid line is used. In this range, the characteristic

can be expressed analytically, according to Larson and Salinger,
2
by

g = kVWst
1 For references on the construction of photomultipliers, see G. A. Morton,

"The Scintillation Counter," in L. Marton (ed.), "Advances in Electronics,"

vol. IV, pp. 7 Iff., Academic Press, Inc., New York, 1952.
2 C. C. Larson and H. Salinger, Rev. Sci. Instr., 11, 227 (1940).
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where k is a constant and E
8i

is the voltage applied to the stage. A
characteristic showing the over-all current amplification of a photo-

multiplier as a function of the applied voltage is shown in Fig. (5-1)15.
The amplification can be controlled, within wide limits, by chang-

ing the supply voltage applied to the photomultiplier. A further

12
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primarily by the method of operation of the photomnltiplier (see

below). The lower limit is set by a dark current and by noise. By
counting the pulses caused by individual photoelectrons, the lower

limit in a 5-min period of observation is 2 x 10~16 lumen. 1 At high
levels of illumination, the useful range of a photomultiplier is limited

by fatigue and lifetime considerations. This limit is, in general, of

the order of 10~ 6 to 10~ 4 lumen for standard photomultipliers and
continuous operation but can be raised appreciably for intermittent

operation.
An exposure to light in excess of the specified level can cause a

reversible and, under extreme conditions, irreversible reduction of

the sensitivity (fatigue). The fatigue effect can be caused, even with-

out the application of a voltage to the photomultiplier, by an attach-

ment of electronegative gases that remain in the tube after pumping.
2

With voltage applied to the photomultiplier, the impact of positive
ions tends to deteriorate the cathode surface or the dynode surfaces.

Also, the exposure to high levels of illumination causes electrons to be

emitted from the cathode at a high rate. These electrons are not

replenished fast enough from internal layers, and a number of posi-

tive ions remain unneutralized. 3 The result is a decrease of sensitivity
and may be a shift of spectral distribution, in particular a reduction

of the photoelectric threshold to shorter wavelengths. Frequently,
the photocathode recovers after a period of idleness (several minutes

to hours) in darkness at room temperature; recovery may also be

achieved by short heating or by irradiation with red or infrared light

of a wavelength longer than the threshold wavelength. A fatigue
effect also occurs at the last dynode stage or stages under the in-

fluence of high current. If the continuous anode current is less than

1 mA, the tube usually recovers after storing in darkness for a day.
At higher currents, the sensitivity can be irreversibly lost.4 The
effect is probably caused by a dissociation of surface molecules at the

last dynode and a subsequent diffusion of the cesium off the surface. 5

Commercial photomultipliers are available with opaque or trans-

parent photocathodes. Tubes with transparent photocathodes are

usually built for end-on observation so that the cathode can be

brought close to the illuminating source (e.g., scintillation crystal).
1 R. W. Engstrom, J. Opt. Soc. Am., 37, 420 (1947).
2 J. H. de Boer, "Electron Emission and Adsorption Phenomena," chap. 6,

The Macmillan Company, New York, and Cambridge University Press, London,
1935.

3 de Boer, ibid., chap. 8, sec. 96.
4
Engstrom, loc. cit.,

5
Report on a paper by L. Cathey, Nucleonics, 16, 59 (June, 1958).
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For the same application, windows and photocathodes of large di-

mensions (>4 in. in diameter, more than 15 in. 2 of area) have been

built. The sensitivity of the cathode is not always constant over its

entire surface but there may be zones of higher or lower sensitivity.

output characteristics. For continuous operation and if long-
time stability is required, the output current should be limited to a

value of 10~ 5 to 10~ 4
amp. For a short duration of not more than 30

sec an average current of 10~3 or even 10~2 amp is allowable. Much

higher currents can be used for pulsed operation. The operation of a

tube furnishing output-current pulses as high as 0.2 to 0.3 amp is

described by Greenblatt;
1 a tube for pulsed operation with an output

current of the order of 1 amp is described by Post;
2 and Singer,

Neher, and Ruehle3 have operated photomultiplier tubes with out-

put-current pulses as high as 15 amp.
The output impedance is essentially that of the load resistor in the

anode circuit; it is, in general, in the megohm range, but for pulse

operation values as low as 100 ohms have been used. 4

The output from a photomultiplier is a linear function of the inci-

dent light. The deviations from linearity are about 3 per cent for a

variation of the light flux between 10~9 and 10~3 lumen. Nonlinearity

resulting from space charges in the last stages may set in at higher

light levels. Such space charges frequently occur not at the anode

stage but at the third or second-to-the-last stage. Nonlinearity at

low levels (scintillation counters) may be due to statistical vari-

ations. 5
Nonlinearity of photomultipliers caused by the action of the

voltage divider which supplies the partial voltages for the dynode
stages is discussed below under Circuits for Photomultipliers.
The response time of a photomultiplier is, in general, shorter than

10-8 sec. In the time interval between 10~9 to .10~ 8
sec, dynamic

errors begin to become noticeable. Primarily two effects can be
observed: a time delay between input and output signal and a spread
of the transit time. A short light pulse will cause a longer pulse
of anode current (time dispersion). The time delay between input
and output signal is due to the finite transit time of the electrons

through the tube. The time dispersion is due (1) to differences in

the initial velocities of the emitted photoelectrons, (2) to differ-

ences in path lengths of the electrons, and (3) to a lesser extent, to

1 M. H. Greenblatt et al., Nucleonics, 10, 44 (August, 1952).
2 R. F. Post, Nucleonics, 10, 46 (May, 1952).
3 S. Singer, L. K. Neher, and R. A. Ruehle, Rev. Sci. Instr., 27, 40 (1956).
4
Post, loc. cit.

5 G. A. Morton, op. cit., p. 78.
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fluctuating time lags in secondary emission. This latter time dis-

persion is probably of the order of 10~n to 10~10 sec. Sard, 1 in a

theoretical study, has shown that for a single electron a current pulse
in the anode circuit of a duration of about 6 X 10-10 sec is to be ex-

pected. Practically observed time spreads under normal operating
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than 10~10 sec. 1 The time dispersion decreases approximately with

the square root of the applied voltage per stage and can be reduced,

therefore, by operating the photomultiplier at higher than normal

voltage (see Pulsed Operation, below).

Undesirable signals can be caused by dark current and noise. Dark

current, by itself, does not necessarily introduce an error if correc-

tions for it can be applied. However, the noise component ofthe dark

current is frequently objection-

able. The dark current in com-

mercial photomultipliers at room

temperature is generally of the

order of 10~7
amp.

The dark current is caused by
three phenomena: (1) leakage cur-

rent, predominantly at the inside

of the tube and frequently caused

by traces ofcesium, but also occur

ring at the outside of the tube and

in the tube socket
; (

2
)
thermionic

emission from the photocathode
and, to a smaller extent, from

the first dynode stages, and (3) re-

generative ionization, i.e., the impact of positive ions upon the

cathode, but also the incidence of light from excited gas molecules

and from glass fluorescence upon the cathode. The relative magni-
tude of these three sources of dark current and their variation with

the voltage applied per stage are shown in Fig. (5-1)16.

The dark current is frequently expressed by the equivalent light

input, i.e., by that amount of light at the cathode that causes an

anode current of the same magnitude as the dark current. The equiv-

alent light level is proportional to the dark current but inversely

proportional to the sensitivity. If plotted against the sensitivity,

which increases with increasing voltage per stage, a curve like that

shown in Fig. (5-1)17 will ensue.

Leakage current on the outside can be reduced in some cases by

coating the outside of the tube with a conductive layer and applying

appropriate potentials.
2

The thermionic component of the dark current can be reduced by

1 Anon., Report on the Sixth Scintillation Counter Symposium, Washington,

Nucleonics, 16, 58-59 (June, 1958).
2 Z. Naray, Acta Physica Acad. Sci. Hung., 5, 159 (1955), and H. J. Marrinan,

J. Opt. Soc. Am., 43, 1211 (1953).

,1C)

m
0.1 1 10 100 1,000

Sensitivity, omp / lumens

Fig. (5-1)17. Light input equivalent to

the dark current of a photomultiplier

(from RCA Tube Manual, Tube 6342;

by permission).
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cooling of the tube. Roughly, each 10°C decrease of temperature
causes a reduction of the thermionic current to one-half. The ther-

mionic current may also be reduced by reducing the sensitive area of

the photo-cathode, as described by Naray.
1 By electron-optical

ioo no
Volts per stage

Fio. (5-1)18. Noise output from three photomultiplier
tubes as a function of the voltage applied per stage [from
R. W. Engstrom, Rev. Sci. Instr., 37, 420 (1947); by per-

mission].

means an image of a small area of the photocathode is formed on the

first dynode. Thermal electrons from outside this area do not reach

the dynode, and the anode current due to thermionic emission is

reduced by a factor of IOO. 2

Noise in photomultipliers is of twofold origin: the random varia-

tion of the thermionic emission and that of the photoemission. The
rms noise current, measured at the anode, is

(J*)*
= G[2e Af(i t + i p)f

where G is the amplification (gain) of the photomultiplier tube, e the

charge of the electron, A/ the bandwidth of the detecting system, i
t

the thermal emission from the cathode (at room temperature of the

1
Naray, loc. cit.

2 See also G. E. Kron, Astrophys. J., 103, 324 (1946).



Sec. 5-1] RADIA TK) .V TliA SS hl
r

( 'EUS 253

order of 10-14 amp), and i p
the photocurrent at the cathode. The

signal-to-noise ratio is

S

N \2e &f(i t + iv)l
(1)

Engstrom
1 remarks that this equation does not include the noise

resulting from thermionic emission from the dynodes, which he esti-

mates to be 3 per cent ofthat expressed in Eq. (
1
),
nor that associated

with random secondary emission, of the order of 15 per cent.
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Fig. (5-1)19. Variation of signal and noise with the tempera-
ture of the photomultiplier. The signal-to-noise ratio can
be found as the difference between both curves [from R. 11'.

Engstrom, Rev. Sci. Instr., 37, 420 (1947); by permission].

From Eq. (1) one would expect that the signal-to-noise ratio is

independent of the amplification and, therefore, independent of the

voltage applied per stage. However, this is not so in practice.

Experimentally obtained characteristics, shown in Fig. (5-1)18, indi-

cate that the signal-to-noise ratio decreases slightly with increasing
voltage per stage until, at a voltage where regenerative ionization
sets in, the S/N ratio declines sharply.
The most effective means to reduce the noise level in photo multi-

pliers consists in reducing the thermionic emission by operating the
tube at low temperature. The effect of temperature on the signal
output and the noise output is illustrated in Fig. (5-1)19. Reduction

1
Engstrom, loc. cit.
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of the temperature from room temperature to that of liquid air

reduces the noise level by a factor of 100.

The equivalent noise input, i.e., that light intensity at the input of

the photomultiplier which furnishes at its output a current equal to

the rms noise output over a band width of 1 cycle is, for commercial

photomultipliers operated at room temperature, between 5 x 10-13

and 10-11 lumen.

The noise spectrum is flat over a frequency range from to 10 8
cps,

but falls off between 10 8 and 109
cps.

1 Gordon and Hodgson
2 have

observed a reduction of the noise level by a factor of 7 in a photo-

multiplier that was kept in darkness for five weeks. The effect seems

to be due to a decay of glass fluorescence.

Comparison of a photomultiplier with a photoelectric cell plus

amplifier furnishes the following result: Both the photoelectric cell

and the photomultiplier exhibit thermionic emission noise and shot

noise, which appear amplified at the output. However, the ampli-
fier following a photoelectric cell and the coupling resistor between

the photoelectric cell and the amplifier also cause a noise component
(Johnson and shot noise) in the output. This noise from the amplifier

is constant; it does not diminish if the light intensity decreases.

Consequently, the signal-to-noise ratio for a photocell plus ampli-
fier decreases for small light intensities. On the other hand, the shot

noise from a photomultiplier is proportional to vip ,
therefore pro-

portional to the root of the incident light intensity, so that the shot

noise decreases more and more with a decrease of the incident light

intensity and only thermionic emission remains as a limiting factor.

However, the superiority of the photomultiplier exists only at small

photoelectric currents. At higher levels of light, when the photo-
current from the cathode reaches the order of 10-6 amp, the signal-to

-

.noise ratio is almost the same for both systems.
3

Investigations of the influence of temperature upon the perform-
ance of photomultiplier tubes have led to contradictory results.

While some authors find a slight increase of amplification with in-

creasing temperature, as shown, for instance, in Fig. (5-1)19, others

have observed a decrease of amplification, sometimes up to 40 per
cent for a change of temperature from —15 to — 50°C. 4

The movement of the electrons can be strongly influenced by
1
Sard, loc. cit.

2 B. E. Gordon and T. S. Hodgson, Nucleonics, 14, 64 (1956).
3 J. A. Rajchman and R. L. Snyder, Electronics, 13, 20 (December, 1940).
4 F. E. Kinard, Nucleonics, 15, 92 (April, 1957); further references in the

same paper.
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stray electric and magnetic fields. Even the magnetic field of the earth

can cause variations of the photomultiplier output. Adequate
shielding should be provided where such stray fields cause errors.

Stray light entering the tube can cause erratic results.

operation or PHOTOMULTiPLiERS. Three different methods of

operating photomultipliers are generally distinguished :
(

1
)
The light

flux falling upon the cathode can be continuous; the output from the

photomultiplier is read directly or after d-c amplification. This
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Fig. (5-1)20. Operating ranges for photomultipliers [from M. Ploke, Arch. tech.

Messen, J 391-6, January 1954; by permission].

method is generally applicable when the incident light level is higher
than 10-8 lumen. At lower levels, the unavoidable drift of d-c ampli-
fiers can cause serious errors. (2) The light beam can be periodically

interrupted or modulated by alternating current, and the output can
be fed into a-c amplifiers, which are inherently more stable. The
method has the further advantage that the band width of the

output-signal detector can be restricted so that the noise level is

reduced. The method is in general applicable for light levels as low
as 10-13 lumen. (3) For lower light levels the bursts caused by single

photoelectrons are observed or counted. This method permits the

measurement of smallest light levels, down to the order of 2 x 10~16

lumen. A synopsis of the different methods of operation for photo-

multiplier tubes is shown in Fig. (5-1)20.

circuits for photomultipliers. The simplest circuit to obtain

the appropriate voltages for the single stages is a resistive voltage
divider, as shown in Fig. (5-1)21 . The operating voltage applied to

the voltage divider is ofthe order of 1 kV
;
for d-c output, the positive

pole is preferably grounded; the partial voltages for the single stages
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are between 70 and 150 volts; the output signal E appears across

the load resistance RL and is usually amplified in successive stages.

Higher voltages are frequently applied to the initial stage to improve
the collection of photoelectrons emitted from the cathode; high
collection efficiency (95 to 100 per cent) at this stage is important to

improve the signal-to-noise ratio. In photomultipliers with a large

number of stages (n > 10), the last stage or stages also are frequently

operated at higher voltages to

reduce space charges. An example
of a nonuniform voltage distri-

bution and its effect on pulse-

height distribution curves is given

by Greenblatt. 1

The output signal follows a linear

function of the incident light flux

for small and moderate light levels

when the current i b through the

photomultiplier tube is small com-

pared to the current i
t through the

resistive network. If the incident

light flux increases, the current

through the tube increases too, in

particular that between the last

dynode and the anode. If this cur-

rent approaches the voltage divider

current i
t ,
the voltage distribution of the voltage-dividing network

will be upset ;
the voltages between the last stages will be diminished,

those between the initial stages will be increased (under some con-

ditions to the extent that an internal breakdown occurs). The result

may be an increase or decrease of the gain as shown in Fig. (5-1)22.

The nonlinearity may be useful; for instance, the increase of gain in

the region A may be desirable, or the output-current limitation in the

region B may protect the photomultiplier tube from damage caused

by exposure to excessive light. A circuit with approximately linear

response where such protection is enhanced by the use of series resis-

tors is shown in Fig. (5-1)23.
2 The transfer characteristic of a photo-

multiplier used in connection with this circuit is not entirely linear

and has peaks and valleys caused by electrostatic defocusing.

Since the amplification of photomultiplier tubes varies strongly

with the supply voltage, operation at constant voltage and the use of

1 Greenblatt et al., op. cit., p. 47.

2 R. W. Engstrom and E. Fisher, Rev. Sci. Instr., 28, 525 (1957).

Fig. (5-1)21. Photomultiplier wit;..

resistive voltage divider: C, cathode;

A, anode; 1 to 9, dynodes; Es , supply

voltage; E , output voltage across load

resistor RL .
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stabilized supply sources is required. For instance, a variation of the

supply voltage by 1 per cent can cause a variation of the photo-

multiplier output by as much as 10 per cent.

Numerous methods have been devised to avoid the variation with

load of the partial voltages incurred with resistive voltage dividers.

O)

o

+-o
o
Q.

.
-O -^

1.0 1.5

Light flux
, arbitrary units

Fig. (5-1)22. Relative response of an RCA 931-A photomultiplier
as a function of the light flux in the circuit of Fig. (5-1)21. ib ,

anode current; i
t , voltage divider current for zero light flux

[from R. W. Engstrom and E. Fischer, Rev. Sci. Instr., 28, 525

(1957); by permission].

11111
—Supply voltage

—

Fig. (5-1)23. Compensated resistive voltage divider; all

resistance values in megohms [from R. W. Engstrom and
E. Fischer, Rev. Sci. Instr., 28, 525 (1957); by permission].

For pulsed light (e.g., scintillation counters), the insertion of capaci-
tors in parallel to the resistors of the dividing network, as shown in

Fig. (5-1)24, is frequently satisfactory. Only the last few stages need,
in general, such a capacitive bypass.

1

1 F. H. Marshall, J. W. Coltman, and A. I. Bennett, Rev. Sci. Instr., 19,

744 (1948); R. Dehn, Brit. J. Appl. Physics, 7, 144 (1956); J. A. Rajchman
and R. L. Snyder, Electronics, 13, 20 (December, 1940).
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Voltage-stabilizing elements, such as gas- discharge stabilizers
(
VR

tubes) in voltage-dividing networks, have been described by Mackay
and Soule1 and by Stump and Talley.

2 The use of Zener diodes is

described by Flagge and Harris. 3 A circuit diagram of the Zener-

diode stabilized voltage divider is shown in Fig. (5-1)25. An improved
circuit of this type is described by Hendrick. 4 The methods do not

2

100 K each 0.01 0.01 0.01 0.01

Fig. (5-1)24. Resistive voltage divider with parallel

capacitors in the last four stages [from F. H. Marshall,
J. W. Coltman, and A. I. Bennett, Rev. Sci. Instr., 19, 744

(1948); by permission].

/^I D2 03 Z>4 05 06 07 08 09 Ao^h

M -W- -w- N " W
"k 0.082

<l <!0
^9

k8.2 k.75 k6 k5 <3.3 <2.8 <1.8 <0.9

/./ 0.63 0.63 0.72 0.75 0.82 1 1.2 1.35

-

Unregulated d-c voltage
-

Fig. (5-1)25. Zener diode stabilized voltage divider; all

resistance values in megohms [from B. cVE. Flagge anal O. R.

Harris, Rev. Sci. Instr., 26, 619 (1955); by permission].

permit a variation of the partial voltages to allow for optimum
focusing or gain control. This drawback is overcome in a voltage
divider described by Kane, 5 who uses triodes as voltage-stabilizing
elements. The dynode voltages remain practically constant for an

anode current variation from zero to about 6 raA. A resistive voltage
divider in conjunction with an auxiliary battery which affords con-

siderable stabilization but reduces the gain to about one-fifth that

1 A. S. Mackay and R. R. Soule, Electronics, 22, 101 (January, 1949).
2 R. Stump and H. E. Talley, Rev. Sci. Instr., 25, 1132 (1954).
3 B. d'E. Flagge and O. R. Harris, Rev. Sci. Instr., 26, 619 (1955).
4 R. W. Hendrick, Rev. Sci. Instr., 27, 240 (1956).
5 J. V. Kane, Rev. Sci. Instr., 28, 582 (1957).
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obtained with the standard resistive voltage divider (at the same

supply voltage) is described by Sherr and Gerhart. 1

If continuous operation of the photomultiplier is not essential, the

multiplier may be operated at alternating current of line frequency,
or higher frequencies, or even at radiofrequencies. Inductive voltage
dividers and circuits for a-c operation are described by Zworykin
and Ramberg.

2 Since the sensitivity of the photomultiplier increases

strongly with applied voltages, the photomultipliers supplied with

alternating current will be operative only during the short times
when the a-c voltage is near the positive peak value. For this reason,
the signal-to-noise ratio of an a-c operated photomultiplier is less

than for d-c operation.
pulsed operation. The operation of photomultipliers at high

supply voltages is desirable because it improves the amplification,
the current output, and the time-dispersion of the amplified pulses.

Frequently, the applicable voltage is limited by the effects of ion

impact upon the cathode or the earlier dynode stages, leading to

noise, instability, and breakdown of the tubes. Since the ion mo-

bility is small compared to that of the electrons, these undesirable

effects can be reduced by application of the supply voltage for very
short times. Post,

3 has operated photomultipliers with pulses of a

duration of 2.5 x 10-6 sec or less (repetition rate, 60 per second) and
a voltage of four to five times the maximum specified value for d-c

operation and has increased the over-all amplification from 5 x 10 5

to 10 9
. About 10 to 20 per cent of the commercial tubes investigated

could withstand this method of operation. The operation of tubes

where the application of high voltage causes field emission cannot be

improved by pulsed operation. Singer, Neher, and Ruehle4 have

operated photomultipliers with pulses of 10-7 sec duration and an
over-all dynode voltage of 10 kV.

PHOTOMULTIPLIER CIRCUITS FOR LOGARITHMIC CHARACTERISTIC.

The absorption of light follows an exponential law; the optical den-

sity D of a light-absorbing layer is defined by

D = log10 ^

1 R. Sherr and J. B. Gerhart, Rev. Sci. Instr., 23, 770 (1952).
2 V. K. Zworykin and E. G. Ramberg, "Photoelectricity," pp. 259 and 260,

John Wiley & Sons, Inc., New York, and Chapman & Hall, Ltd., London,
1956.

3
Post, loc. cit.

4
Singer, Neher, and Ruehle, loc. cit.
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where I is the intensity of the incident light, and / that of the trans-

mitted light. It is sometimes desirable to obtain an output signal
that is proportional to the logarithm of the incident light flux, for

instance, if the optical density D is to be displayed on a linear scale.

A method to operate a photomultiplier with a logarithmic charac-

teristic has been described by Sweet1 and is illustrated in Fig. (5-1)26.

-vUrWUrK4ArUrWUrW-L/T
Ra 0.

M\\-
Es

i£

Fig. (5-1)26. Circuit for the operation of a photo-

multiplier with a logarithmic characteristic [from
M. H. Sweet, J. Opt. Soc. Am., 37, 432 (1947); by

permission].

First, the direct light from the source L (without absorber) is per-
mitted to fall upon the photomultiplier; the illumination intensity
at the cathode is I and the observed current at the photomultiplier

output is iQ . Second, an absorber A is brought between the source L
and the photomultiplier ;

the light intensity at the cathode is reduced

to the level I and causes a lower output current i. The supply voltage
to the photomultiplier is then raised by the amount AE until the

former value ofthe output current i is reached again. The sensitivity

of the tube, i.e., the current for a given illumination, is nearly an

exponential function of the supply voltage, as shown in Fig. (5-1)15;

therefore, the variation of the supply voltage AE at constant output
current is nearly inversely proportional to the logarithm of the illu-

mination intensity, and a meter measuring the applied voltage can

be calibrated directly in terms of the optical density D of the ab-

sorber. Measurements of the optical density usually extend over a

range of D from to 3, corresponding to a range of illumination

intensities from 1 to 1,000. Over this range the characteristic devi-

ates from a straight line (correct logarithmic function) by about 10

1 M. H. Sweet, J. Opt. Soc. Am., 37, 432 (1947).
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to 20 per cent. This deviation can be corrected, for instance, by
appropriate division of the scale of the indicating meter.

The circuit shown in Fig. (5- 1 )26 automatically keeps the output
current nearly constant. An increase of the photoinultiplier anode
current causes the grid of the triode to assume a more negative

potential, resulting in a reduction of the voltage applied to the resis-

tive voltage divider and the different stages of the photoinultiplier.

Logarithmic densitometers composed from photoelectric cells and
elements with logarithmic characteristics are also described by
Miller,

1 and by Tiedman. 2

For review articles and references on photomultipliers, see S. Rodda, "Photo-

electric Multipliers," McDonald & Co., Ltd., London, 1953; Zworykin and

Ramberg, op. cit., chap. 8; Morton, op. cit.; Gorlich, loc. cit.

d. Photocounters. The Geiger counter (5-216) is essentially a photo-
electric receiver, which is normally limited to very energetic quanta
which cause photoionization and
the liberation of electrons either in

the walls of the counter or in the

gas volume. A counter for ultra-

violet and visible light has first

been described by Rajewsky.
3

A schematic diagram ofthe light

counter is shown in Fig. (5-1)27.

A cylindrical tube C has a window
W that permits ultraviolet and
visible light to enter the inside of the counter. The anode A consists

of a fine wire held in the center of the tube by means oftwo insulators

/. The counter is filled with a suitable gas plus a quenching agent of

a pressure of a few centimeters Hg. A photoemissive layer P is

arranged opposite the window. Electrons liberated from the photo-
emissive layer migrate toward the anode and cause ionization by
collision on their way to the anode. In its original form the counter

could be used only for the detection of ultraviolet incident light.

Rajewsky indicates that he was capable of measuring as little as 1 2

quanta/(cm
2
)(sec) in an observation time of 10 to 12 min. The

quantum yield is low, about 10~ 3 to 10-4 electron/quantum.
Different authors have tried to improve the quantum yield and

1 C. W. Miller, Rev. Sci. Instr., 6, 125 (1935).
2 J. A. Tiedman, Electronics, 14, 48 (March, 1941).
3 B. Rajewsky, Z. Physik, 63, 576 (1930); Phijsikal. Z., 32, 121 (1931); Ann.

Physik, 20 (5), 13 (1934).

I

Fig. (5-1)27. Photocounter, schematic

diagram.
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the spectral response of the photocoimter. Locher1 has investigated
a great number of photoelectric surfaces, liquids, solids, metals, and
insulators and has apparently succeeded in covering a spectral range
from 90 to 750 m/j,.

Further work in this direction is described by K. H. Kreuchen, Z. Physik,

94, 549 (1935), and 97, 625 (1936); W. Christoph, Ann. Physik, 23, 747 (1935),
and Physikal.Z., 37, 265 (1936); O. S. Duffendack and W.E.Morris, J. Opt.Soc.

Am., 32, 8 (1942); M. V. Scherb, Phys. Rev., 73, 86 (1948).

The greatest difficulty is the interaction of the gas in the counter

with the photoelectric surface. 2 Bauer3 and Kiepenheuer
4 have tried

to overcome this difficulty by separating the counter from the photo-
electric system by means of thin metal foils or glass membranes. The

point counter has also been used for the measurement of small light

intensities. 5

For review papers, see H. Neuert, Arch. tech. Messen, V 422, March, 1942,

and C. E. Mandeville and M. V. Scherb, Nucleonics, 7, 34 (November, 1950).

5-12. Photoconductive Transducers

Almost all semiconductors are photoconductive, i.e., their elec-

trical resistance decreases when they are exposed to light. The effect

is particularly strong in selenium, in

metal sulfides, oxides, and halides, as

well as in germanium and silicon. The
basic transducer circuit is shown in Fig.

(5-1)28. While the photoconductive

layer P is kept in darkness, its resist-

ance is high, and only a small dark

current will be observed. Exposure to

light causes a decrease ofresistance and,

consequently, an increase of the current (photocurrent).
A review of the plrysical processes in photoconduction is given by

Rose. 6 The photoconductive process is initiated by the absorption
of an incident photon which causes the excitation of an electron or

other carrier to the level of the conduction band. The carrier is then

A
^-

Light

*s

Fig. (5-1)28
basic circuit

Photoconductor,

1 G.
2 G.
3 H.
4 K.
5 H.

L. Locher, Phys. Rev., 53, 333 (1938), and Phys. Rev., 42, 525 (1932).

W. Barnes and L. H. du Bridge, Phys. Rev., 49, 409 (1936).

Bauer, Z. Physik, 71, 532 (1931).

O. Kiepenheuer, Z. Physik, 107, 145 (1937).

Bauer and B. Sturm, Z. Physik, 94, 85 (1935).
6 A. Rose, in R. G. Breckenridge, B. R. Russell, and E. E. Hahn (eds.),

"Photoconductivity Conference," John Wiley & Sons, Inc., New York, and

Chapman & Hall, Ltd., London, 1956.
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free to move through the crystal lattice and form a current. It re-

mains in this state for the duration r, the statistical average lifetime

of the carrier in the conduction band. The total increase of the num-
ber of free carriers, caused by F excitations/sec, is

N = tF

The lifetime r of the carriers is determined by their rate of recombi-
nation

;
the lifetime of commonly used photoconductors ranges from

10- 5 to 10- 2 sec.

The photocurrent in a photoconductor can be expressed by
eFr

P m
-* r

where Tr is the transit time of the carriers between the electrodes. If

an ohmic contact exists between the electrodes and the photocon-
ductor (i.e., in the absence of a barrier layer), new carriers can move
into the photoconductor as the primary carriers move through the

photoconductor and out of the space between the electrodes. Since

these new carriers take the place of the former, the carriers can be
considered to be still alive. The gain of the photoconductor, i.e., the

number of charges passing through the photoconductor per photon
excitation, is

T

J
T

The gain can range from less than unity to several orders of magni-
tude higher than unity. Gains of more than 10 4 have been observed. 1

transfee function. In general, the resistivity decreases and the

photocurrent increases with increasing incident light flux. The trans-

fer function, i.e., the characteristic of photocurrent versus incident

light intensity, can follow a wide variety of patterns; it can increase

linearly with the light intensity (t>, or it can follow a On law in which
the exponent n can be smaller than unity (sublinearity, n between
0.5 and 1). It can also be larger than unity (superlinearity). The
situation is further complicated by the fact that the magnitude of

n not only depends upon the photoconductor but also upon the level

of incident light intensity and upon the temperature. Nonlinearity
of the transfer function can appear if the photoconductive trans-

ducer is connected in series with a load resistor, so that the partial

voltage applied to the photoconductor changes with the level of

illumination. A feedback circuit which improves the linearity of the

transfer function in such cases is described by Rittner. 2

1 R. W. Smith, Phys. Rev., 97, 1525 (1955).
2 E. S. Rittner, Rev. Sci. Instr., 18, 36 (1947).
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Photoconductors can respond to radiation over a spectral range
extending from thermal radiation through the infrared, visible, ultra-

violet spectrum into the range of X rays and gamma rays; some of

the photoconductors also respond to bombardment with a rays and
electrons. The spectral response of a photoconductive transducer

drops sharply at longer wavelengths. The "cutoff wavelength" (i.e. ,

either the wavelength at which the output is equal to the noise level

or, in the English literature, that wavelength at which the output is

decreased to 50 per cent of its maximum value) depends upon the

temperature. Cooling of the photoconductor generally increases its

response to longer waves.

The radiation sensitivity of commercial photoconductive trans-

ducers is of the order of 300 /uA/ftW for a radiation of a wavelength
at which the photoconductor has a maximum sensitivity. The lumi-

nous sensitivity of photoconductive transducers varies widely, from
about 10~ 4 to 10 amp/lumen. The sensitivity depends, of course,

upon the applied voltage (and upon many other parameters), so that

comparisons of photoconductive devices on the basis of sensitivity

only are of little value. A standardized method to evaluate a photo-
conductive cell or to compare the performance of different cells has

been proposed by Jones. 1

In general, the photoconductor current increases linearly with the

applied voltage. Polarization phenomena or barrier layers may
cause an apparent deviation from linearity.

2 An exponential increase

of current with the applied voltage can also be due to space-charge
limitation. 3

Nonlinearity of the exponential-increase characteristic

is particularly pronounced in photoconductive powders. Thomsen
and Bube4 have found, in cadmium sulfide and cadmium selenide

layers produced from microcrystalline powder in a plastic solution,

that at low field strength the current varies with the fourth or fifth

power of the field, but that at fields greater than 4,000 volts/cm the

current-field relationship is linear. The apparent reason for this effect

is that at low field strengths the current is limited by the high resist-

ance of the plastic layers between the much less resistant photo-
conductor granules. This barrier effect is reduced as the voltage

increases and the voltage-current characteristic approaches a linear

relationship.

The photocurrent does not follow instantaneously a variation of

1 R. C. Jones, Rev. Sci. Instr., 24, 1035 (1953).
2 R. W. Smith, and A. Rose, Phys. Rev., 92, 857 (1953).
3 A. Rose and R. W. Smith, Phys. Rev., 92, 857 (1953).
4 S. M. Thomsen and R. H. Bube, Rev. Sci. Instr., 26, 664 (1955).
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the illumination, but rises gradually after the excitation is applied

and decays gradually after the excitation is removed. The time con-

stants can vary for different photoconductors from microseconds to

several minutes; also both time constants decrease with the level of

illumination and increase with the temperature. A typical charac-

teristic^ a commercial cadmium sulfide cell is shown in Fig. (5- 1)29.

Rise and decay times of photoconductor currents are not identical



Table 15. Technical
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electrodes, which cause an ohmic contact at the interfaces. The

noise spectrum flattens off at low frequencies.

Photoconductivity caused by exposure to visible light can be re-

duced (quenched) by the radiation from a second, infrared light

source. Taft and Hebb 1 have shown that the photoconductive cur-

rent caused in a cadmium sulfide crystal by a radiation of about 550

m/u can be reduced by additional radiation; the quenching effect is

largest for an additional radiation of a wavelength of about 820 to

1,380 m/A. An explanation of the effect is given in the same paper.

The physical properties of the most frequently used photoconduc-
tors are summarized in Table 15. It is to be noted that the functional

relationships between the parameters for the different photoconduc-

tors, as well as their physical properties, may change by orders of

magnitude in the presence of impurities or vary with the method of

processing. The numerical values found by different authors vary

widely, therefore.

Methods for the preparation of photoconductive layers will be

found in the reference column on Table 15.

(1) V. K. Zworykin and G. E. Ramberg, "Photoelectricity," p. 181, John

Wiley & Sons, Inc., New York, 1950; (2) P. K. Weimer and A. D. Cope, RCA
Rev., 12, 314 (1951); (3) R. Frerichs, Phys. Rev., 72, 594 (1947); (4) S. M.

Thomsen and R. H. Bube, Rev. Set. Instr., 26, 664 (1955); (5) R. H. Bube and

S. M. Thomsen, J. Chem. Phys., 23, 15 (1955); (6) F. H. Nicoll and B. Kazan,
J. Opt. Soc. Am., 45, 647 (1955); (7) R. W. Smith and A. Rose, Phys. Rev.,

92(A), 857 (1953); (8) A. Von Hippel et al., J. Chem. Phys., 14, 370 (1946);

(9) A. Von Hippel and E. S. Rittner, J. Chem. Phys., 14, 370 (1946);

(10) C. W. Hewlett, Oen. Elec. Rev., 50, 22 (April, 1947); (11) R. J. Cashman,
OSRD Rept. 5998, October, 1945; (12) L. Sosnowski, J. Starkiewicz, and

O. Simpson, Nature, 159, 818 (June, 1947); (13) B. Wolfe, Rev.Sci. Instr., 27,

60 (1956); (14) G. K. Teal, J. R. Fisher, and A. W. Treptow, J. Appl. Phys.,

17, 879 (1946); (15) J. X. Shive, Bell Lab. Record, 28, 337 (1950); (16) S. Ben-

zer, Phys. Rev., 72, 1267 (1947); (17) J. N. Shive, Proc. IRE, 40, 1410 (1952);

(18) R. P. Chasmar, in R. G. Breckenridge, B. R. Russell, and E. E. Hahn

(eds.), "Photoconductivity Conference," John Wiley & Sons, Inc., New York,

1956; also G. W. Mahlman, W. B. Nottingham, and J. C. Slater, in R. G.

Breckenridge, B. R. Russell, and E. E. Hahn (eds.), "Photoconductivity Con-

ference," John Wiley & Sons, Inc., New York, 1956; (19) R. G. Seed, Ger-

manium Photosensitive Devices, Bulletin, Transistor Products, Inc., Waltham,

Mass.; (20) Manual, RCA Tube Div., Harrison, N.J.; (21) Pamphlet, "Clairex

Crystal Photocell," Clairex Corporation, New York.

For general references on photoconductivity, see R. G. Breckenridge, B. R.

Russell, and E. E. Hahn (eds.), "Photoconductivity Conference (Atlantic City,

November, 1954)," John Wiley & Sons, Inc., New York, and Chapman and

Hall, Ltd., London, 1956; R. C. Jones, "Performance of Visible and Infrared

1 E. A. Taft and M. H. Hebb, J. Opt. Soc. Am., 42, 249 (1952).
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Detectors," in "Advances in Electronics," p. 63, Academic Press, Inc., New
York, 1953. For an extensive list of references, see also P. Gorlich, Arch. tech.

Messen, J 394-1, September, 1958.

5-13. Photovoltaic Cells

The photovoltaic, or barrier-layer, cell, also Photronic cell (trade

name, Weston Instruments Division of Daystrom, Inc.), consists

basically of three solid layers, Fig. (5-1)30, a base plate B, a semicon-

ducting layer S, and a transparent metal electrode T . Proper proc-

essing produces a thin insulating barrier layer between the semi-

conductor and the transparent metal layer. If light strikes the

barrier layer, a voltage is generated Light

between the output terminals, the rx
base plate being positive, the s-

transparent electrode negative. b

Crystalline selenium is mainly

V/////////////,

used as a semiconducting material. Fig. (5-1)30. Photogalvanic system:

Cells With Silicon and germanium B - base plate; S, layer forming barrier

n . , 1-1111 layer at interface with transparent
layers have been described lately. n/etal layer T
The cuprous oxide employed for-

merly is rarely used today. Cuprous oxide lends itself to the produc-

tion oftwo different cell types : one where the barrier layer is formed

between the base plate and the cuprous oxide layer (back-wall cells)

and another where the barrier layer is formed between the cuprous

oxide and the transparent metal layer (front-wall cells).

For references concerning processing of photogalvanic cells or semiconduct-

ing substances other than those mentioned above, see the review articles by

Zworykin and Ramberg, op. cit., chap. 11 and references, pp. 214-215; D.

Geist, Arch. tech. Messen, J 392-2, December, 1954; A. Kellermann, Arch,

tech. Messen, J 392-3, February, 1955.

The physical mechanism which initiates the generation of an emf

in photogalvanic cells is the absorption of an incident quantum
which leads to the formation of an electron and hole pair. The

electric field in the barrier layer causes a separation of the carriers

and, in further sequence, the generation of a charge between the

semiconductor and the metal layer. The charges can either flow

back through the barrier layer (internal current) or can cause a

current in an external circuit connected to the terminals.

The open-circuit voltage is independent of the area of the photo-

galvanic cells. It increases in a near-logarithmic fashion with

increasing illumination, as shown in Fig. (5-1)31 . The short-circuit

current is proportional to the area of the cell and increases linearly
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with the level of illumination, as shown in Fig. (5-1)32. The transfer

function (output current versus illumination) deviates from linearity

(1) at very high levels of illumination, (2) if only a part of the sur-

face is illuminated, and (3) if the load resistance is not small com-

pared to the internal resistance of the cell, as shown in Fig. (5-1)32.

£ 300
a>

200

100

o
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The sensitivity of photogalvanic cells can be fairly high; that of

commercial selenium cells is of the order of 1 mA/lumen for small

load resistances. The open-circuit output voltage of selenium cells,

at high levels of illumination, can attain values from 200 to 600 mV.
The sensitivity of cuprous oxide cells is only about one-tenth that

of selenium cells. The power output is about 10~ 8
watt/cm

2 at a light

flux of 0.01 lumen and increases to 10~5
watt/cm

2 at 10 lumens. In

the same light-flux interval the internal resistance decreases from

10 5 to about 103
ohms/cm

2 of cell area.

The spectral response of selenium cells extends from about 250

to 750 m/z, with a maximum response at about 570 m/u; occasionally
values for the threshold wavelength of 850 to 1,200 m/ji and a

maximum response at 720 m^ are found. 1 Selenium cells respond
also toX rays.

2 The spectral response of the cuprous oxide front-wall

cell extends from less than 300 to 630 m/u with a maximum at 520

m/i; that of the cuprous oxide back-wall cell from 570 to 1,400 m/u
with a maximum response near 630 m/x. The response ofgermanium
cells is primarily in the infrared part of the spectrum (maximum
response 1,500 m/z, threshold about 1,700 m//) but extends into the

visible region. The threshold wavelength of silicon is 1,200 m//.
The quantum yield in photogalvanic cells is in the vicinity of 1.

The electrical (voltage-current) characteristic of the photogal-
vanic cell is complicated by the nonlinearity of the system. The
internal resistance, i.e., the resistance of the barrier layer, depends

upon the current density and therefore upon the illumination and
the load resistance. Hence, impedance matching is possible only
under a given level of illumination. A voltage-current characteristic

(relative values only) is shown in Fig. (5-1)33. The base curve A
denotes the rectifier characteristic of the system without illumina-

tion. By plotting the resistance-load line, the output voltage,

current, and power as well as the internal resistance can be found

in the usual way.
The generation of an emf within the cell takes place a short

time after the exposure to light (of the order of 10-6 sec). However,
the build-up of the output voltage is delayed by the large internal

capacitance of the barrier-layer system. The equivalent circuit of

a photogalvanic cell is shown in Fig. (5-1)34. The capacitance of

selenium cells is very high, of the order of 0.01 to 0.1 farad/cm
2

,
and

is less for cuprous oxide cells. Germanium cells have a much faster

1 Kellermann, loc. cit.

2 B. Lange and P. Seleny, Naturwissenschajten, 19, 639 (1931); K. Scharf

and O. Weinbaum, Z. Physik, 80, 465 (1933).
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response and have been successfully operated with light modulated
at a frequency of several megacycles. The decay time of the output
voltage of germanium cells is of the order of 10 ^sec and increases

strongly at lower temperature.
1

L oad line RL

IE

Fig. (5-1)33. Voltage-current characteristic of a photo-
galvanic cell.

i
vWAA

The influence of the temperature upon the open-circuit voltage
is considerable; the voltage decreases rapidly with increased tem-

perature. The influence of the tem-

perature upon the short-circuit cur-

rent is much less pronounced. Figure
tt£ c-- j?p< ftL < (5-1)35 shows the variation with

temperature of the current output
for different load conditions. Tem-

porary (reversible) fatigue and the

permanent reduction of sensitivity
in photogalvanic cells have been ob-

served by some authors, while others

have experienced a variation of less

than 1 per cent in the course of a year.
The application of an auxiliary voltage and a load resistance in

series with the photosensitive barrier layer changes the operation

1 M. Becker and H. Y. Fan, Phys. Rev., 78, 301 (1950).

Fig. (5-1)34. Equivalent circuit of

a photogalvanic cell: Rs , series

resistance; C, capacitance; RP ,

parallel resistance of the cell; RL ,

load resistance.
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the order of 1 mm2
. The operation of the photodiocle can be under-

stood from the characteristic of Fig. (5-1)33. Without illumination

the barrier layer acts as a rectifier. The forward current (first quad-

rant) rises sharply with the applied voltage -\-E in the forward

direction. The influence of the illumination is small, since the for-

ward dark current is high already. The dark current in the reverse

direction —E is small, but the current in the reverse direction

increases strongly with increased level of illumination. The photo-
diode is operated in this region of voltages and currents, i.e., in the

third quadrant.

Figures for sensitivity of photodiodes quoted in the literature

vary from less than 10 to about 50 mA/lumen. The spectral

response extends from the visible to the infrared region, about 2.2
/j,,

with a maximum relative sensitivity in the vicinity of 1.5 /u.
The

output noise level is around 3 to 10 juV and exceeds that of photo-
voltaic cells; the noise for 1 cps band width decreases with increased

frequency. Increase of temperature causes an increase of the photo-
current as well as of the dark current. The use of an a-c supply

voltage for the operation of barrier-layer cells has been described

by Sargrove.
1

The combination oftwo photodiodes, back to back, forms a photo-
transistor. It can be connected in any one of the customary circuits

for npn transistors, the output current being controlled by light

falling into the central p region. Both the photocurrent and the

dark current appear amplified at the transistor output.

5-14. Thermal-radiation Transducers

Thermal-radiation transducers are primarily applicable to the

measurement of infrared radiation, where the energy of the single

quantum is too small to cause photoelectric effects. All thermal-

radiation transducers consist essentially of a thin metal strip which

absorbs radiation, so that its temperature is increased. The tem-

perature is measured either (a) with a thermoelement, (b) through
the accompanying variation of resistance with temperature (bolom-

eters), or (c) by increase of thermionic emission from a filament.

a. Radiation Thermoelements. The radiation thermoelement

shown schematically in Fig. (5-1)38 consists of a thin disk F on

which a thermoelement T is fastened. Radiation striking the disk

is absorbed and causes an increase of the receiver temperature. The

system comes to equilibrium when the power dissipated from the

1 J. A. Sargrove, J. Brit. Inst. Radio Engrs., 7, 86 (May-June, 1947).
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disk by radiation, conduction, and convection is equal to the in-

cident radiation power. For most practical applications, the output

voltage is a linear function of the incident radiation power density
in microwatts per square centimeter.

The receiver disk is usually made from a thin sheet of gold leaf,

silver, or platinum foil, and the thermocouple wires are soldered or

F^ '

E

Fig. (5-1)38. Radi- Fig. (5-1)39. Radi-
ation thermoele- ation thermoele-
ment: F, disk; T, ment: T, thermo-
thermoelement.

j
unction .

welded to the foil (e.g., by a capacitor discharge). A different con-

struction is shown in Fig. (5-1)39; it consists of a flat strip of two
different metals forming a thermoelement.

Numerous radiation-thermoelement constructions have been

developed, primarily with the aim to increase the sensitivity and
shorten the response time of the element. The following means
have been employed:

1. use of very thin thermoelements. Thin elements have a

small heat capacity and, therefore, a fast response; also the heat

conduction from the thermoj unction through the thermoelement
wires or foils diminishes with a decrease of their cross section. Moll

and Burger
1 have soldered together relatively heavy sheets of the

two metals which form the thermoj unction. The resulting sheet

was then rolled down to a foil of 5
/u thickness, from which strips

were cut. Another construction uses a thin insulating carrier, on

which, on slightly overlapping adjacent areas, two different metals

are deposited by cathode sputtering or evaporating.
2 The elements

produced in this way have high mechanical stability, and the method

permits a wide choice of metals. Similar radiation thermoelements

(0.1 /Li thickness) can be made by electrolytic deposition.
3

2. multiple thermoelements. The output voltage can be in-

creased by the use of multiple thermocouples, all connected in series

1 W. J. H. Moll and H. C. Burger, Z. Pkysik, 32, 575 (1925).
2 H. C. Burger and P. H. van Cittert, Z. Physik, 66, 210 (1930); L. Harris

and E. A. Johnson, Rev. Sci. Instr., 4, 454 (1933), and 5, 153 (1934).
3 C. Muller, Naturwissenschaften, 19, 416 (1931), and R. V. Jones, J. Sci.

Instr., 14, 83 (1937).
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(thermopiles), as shown in Fig. (5-1)40. One set of thermoj unctions

is exposed to the incident radiation, the other side is protected
from it. A series-parallel linear thermopile has been described by
Crane and Blacet. 1 Whether or not the use of thermopiles offers an

advantage over the single thermoelement depends upon the level

of the incident radiation, its cross-sectional area, and the input

impedance of the subsequent stage.
2 Roess and Dacus 3 have shown

that the signal-to-noise ratio of the

radiation thermoelement is a maxi-

Radiatmn —~. mum for the single thermoelement.

3. REDUCTION OF CONVECTION AND
CONDUCTION TO ATMOSPHERE SUR-

ROUNDING THE THERMOELEMENT.

Fig. (5-1)40. Radiation thermopile These losses can be reduced by
made from several thermoelements, enclosing the tliermojunction ill an
alternate junctions exposed to radi-

-,
i ^^^ •*.• -j.

,.
J ' evacuated envelope. 1 he sensitivity

rises in the form ofan S-shaped curve,

starting at about 1 mm Hg, and reaches a final value at about 10~ 4

mm Hg. The increase ofsensitivity through evacuation depends upon
the construction of the element and amounts to a factor varying be-

tween 10 and several hundred.4 Of course, the enclosure envelope
causes absorption ofradiation in the glass wall and limits the spectral

range for which the thermoelement can be used. This difficulty

can be remedied, to some extent, by the use of thin windows or

windows of quartz and other infrared or ultraviolet transparent
materials.

4. REDUCTION OF RADIATION LOSSES FROM THERMOJUNCTION.
Since these losses depend upon the temperature of the junction, an

operation of the element at low temperatures can increase the sensi-

tivity of the system. Cartwright,
5 who used the radiation thermo-

element at the temperature of liquid air, found an increase of

sensitivity by a factor of 10 as compared to operation at room

temperature. (For other possible advantages of operation of the

element at low temperature, see the paper by Cartwright.)
Different methods have been used for blackening the exposed

surface in order to absorb as much as possible of the incident radia-

tion. Soot, turpentine smoke, and camphor smoke are useful in air

1 R. A. Crane and F. E. Blacet, Rev. Sci. Instr., 21, 259 (1950).
2 See F. Kerkhof, Arch. tech. Messen, J 2404-1, October, 1940.
3 L. C. Roess and E. N. Dacus, Rev. Sci. Instr., 16, 164 (1945).
4 G. Rosenthal, Z. Instrumentenk., 59, 432 and 457 (1939).
5 C. H. Cartwright, Rev. Sci. Instr., 4, 382 (1933).
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but not in vacuo because of their low thermal conductivity. ( lolloidal

graphite (Aquadag) has been recommended. Platinum black,

electrolytically deposited from a solution of 1 part platinum chloride

and 0.00S part of lead acetate in 'M) parts of water at a current

density of 10 mA/cm
2

,
furnishes good results. Blackening by evapo-

ration of bismuth and antimony in the presence of air at a pressure

of 0.5 to several millimeters Hg has been reported by Pfund1 and

by Burger and van Cittert;
2
evaporation of gold in an H 2 atmosphere

by Roess and Dacus; 3 and evaporation of aluminum by Gilliam. 4

With proper blackening the radiation thermoelement has an equal

spectral response over the entire spectrum from the ultraviolet to

the far infrared. The only limitation is that imposed by the window

material mentioned above.

The sensitivity of radiation thermoelements is of the order of a

fraction of a microvolt for an incident radiation of 1 /^W/cm
2

. Data

furnished by different authors frequently do not permit comparisons.

The useful receiving areas of elements vary from a fraction of a

square millimeter to several hundred square millimeters. For opti-

mum sensitivity, the receiving area should not exceed the cross

section of the incident beam. The output impedance is between

10 and 100 ohms and can reach higher values with multiple thermo-

elements. The response time of radiation thermoelements may vary
from a fraction of a second to several seconds. Systems with very
short response time (~0.1 sec) are described by Roess and Dacus, 5

as well as by Cary and George.
6

For references and bibliography, see the review papers by M. Czerny and

H. Roder, Ergeb. exact. Naturw., 27, 70 (1938); also H. Cary and K. P. George,
loc. tit.; F. Kerkhof, loc. tit.; L. Geiling, Arch. tech. Messen, J 2404-2, Novem-

ber, 1955, and J 2404-3, February, 1956. An extensive study of the ultimate

sensitivity is due to D. F. Horning and B. J. O'Keefe, Rev. Sci. Instr., 18,

474 (1947). A further study, primarilyconcernedwith noise in thermal-radiation

receivers, is published by R. C. Jones, "Performance of Detectors for Visible and

Infrared Radiation," in L. Marton (ed.), "Advances in Electronics," vol. 5, p. 1,

Academic Press, Inc., New York, 1953.

1 A. H. Pfund. Rev. Sri. Instr., 8, 417 (1937).
2 H. C. Burger and P. H. van Cittert, Z. Phijsik, 66, 656 (1933).
3 Roess and Dacus, loc. tit.

4 E. J. Gilham, J. Sci. Instr.. 33, 338 (1956). For further information on

blackening methods, see A. H. Pfund, in W. E. Forsythe (ed.), "Measurement

of Radiant Energy," McGraw-Hill Book Company, Inc., chap. 6, pp. 210ff.,

New York, 1937.
5 Roess and Dacus, loc. tit.

6 H. Cary and K. P. George, Phys. Rev., 71, 276 (1947).
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b. Radiation Bolometers. 1 The radiation bolometer, Fig. (5-1)41,

consists essentially of a thin strip of a material which absorbs radia-

tion; the temperature increase causes a variation of the electrical

resistance of the strip.

The bolometer strip is commonly used in a Wheatstone bridge or

a similar suitable network. The bridge is balanced while the bolom-

eter is protected from radiation. The ratio of voltage unbalance

caused by exposure of the bolometer strip

to the unit radiation (in watts per square

centimeter) is frequently used as a measure
^_ R, &R for the sensitivity of the bolometer. 2

The transfer characteristics of metal

bolometers are essentially linear, at least

Fig. (5-1)41. Radiation
within the generally employed practical

bolometer. limits. The sensitivity is proportional to

the current passing through the bolometer

at low current densities; as the current density increases, the

sensitivity reaches a maximum, since the radiation losses increase

proportionally with T3
.

Design considerations for bolometers of high sensitivity and short

time response are analogous to those for radiation thermocouples
treated above. The sensitivity can be increased by reduction of the

thermal losses, the speed of response by reduction of the heat capac-

ity of the strip. The bolometer is frequently made from a very thin

strip of metal, such as Wollaston foil (platinum), or evaporated on

a nonconducting carrier (nitrocellulose pellicles). The reduction of

the thickness cannot be driven too far, since the resistance-tempera-

ture coefficient of very thin metal layers is considerably less than

that of metal in bulk form.

A number of older constructions are reviewed by T. Dreisch, in H. Geiger-
K. Scheel (eds.), "Handbuch der Physik," cbap. 26, pp. 842ff., 1928. Recentwork

on metal bolometers may be found by E. B. Baker and C. D. Robb, Rev. Sci.

Instr., 14, 356 (1943); I. Amdur and C. F. Glick, Rev. Sci. Instr., 16, 117 (1945);

W. G. Langton, J. Opt. Soc. Am., 36, 355 (1946); C. B. Aiken, W. H. Carter,

Jr., and F. S. Philips, Rev. Sci. Instr., 17, 377 (1946); B. H. Billings, E. E.

Barr, and W. L. Hyde, J. Opt. Soc. Am., 36, 354 (1946), and 37, 123 (1947),

and Rev. Sci. Instr., 18, 429 (1947). A theory of the metal bolometer may be

found by R. P. Chasmar, W. H. Mitchell, and A. Rennie, J. Opt. Soc. Am., 46,

1 The bolometer is also used for the measurement of physical phenomena
other than radiation, e.g., mechanical displacements or alternating currents.

Such applications are not considered in this section.
2 P. Moon and W. R. Mills, Jr., Rev. Sci. Instr., 6, 8 (1935).
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469 (1956); a theoretical study primarily concerning the frequency character-

istic of bolometers exposed to radiation of a periodically fluctuating intensity

is due to J. N. Shive, J. Appl. Physics, 18, 389 (1947).

Dielectric materials, instead of metals, can be used for the con-

struction of bolometers. The first dielectric bolometer, using cello-

phane or pliofilm (in an a-c bridge), is described by Moon and

Steinhard. 1 A theoretical study by Ewles2 reveals that the sensi-

tivities of radiation thermoelements and metallic radiation bolom-

eters are almost alike, while that of dielectric bolometers can be

considerably higher (see, however, below).

The resistance-temperature coefficient of semiconductors can be

much higher than that of metals (by a factor of about 10), and a

number of authors have used semiconductors for the construction

of bolometers. Bauer3 has investigated bolometers made from

cuprous oxide; Brattain,
4 Dodd, 5 and Wormser6 have employed

thermistors. Gilliam 7 has built a bolometer from semiconducting

antimony which has a high resistance (18 MQ). Ward 8 described a

bolometerforhighradiationintensities, 1.4cal/(cm
2
)(min), containing

one thermistor exposed to radiation and another measuring environ-

mental temperature. The indication of this system is almost

independent of the environmental temperature in the range between

-19 and +0.5
o
C.

The resistivity of electronic conductors becomes zero at very low

temperatures (superconduction). In the transition zone from normal

conduction to superconduction the resistance-temperature coeffi-

cient attains very high values (of the order of several thousand per
cent per degree), so that bolometers operated in the transition range
are very sensitive. The operation at low temperature also offers

other advantages, such as the reduction of noise and of thermal

reradiation. Superconducting bolometers were first built with tan-

talum wires operated between 3.22 and 3.23°K. 9 Later construc-

tions used columbium nitride operated at 15°K. 10
Superconducting

1 P. Moon and L. R. Steinhard, J. Opt. Soc. Am., 28, 148 (1938).
2 J. Ewles, J. Set. Instr., 24, 57 (1947).
3 G. Bauer, Phys. Z., 44, 53 (1943).
4 W. H. Brattain, J. Opt. Soc. Am., 36, 354 (1946).
5 R. E. Dodd, J. Sci. Instr., 28, 12 (1951).
6 E. M. Wormser, ./. Opt. Soc. Am., 43, 15 (1953).
7 E. J. Gilham, loc. cit.

8 W. H. Ward, J. Sci. Instr., 34, 317 (1957).
9 D. H. Andrews et al., Rev. Sci. Instr., 13, 281 (1942).

10 D. H. Andrews, R. M. Milton, and W. DeSorbo, J. Opt. Soc. Am., 36, 353

(1946), and N. Fuson, J. Opt. Soc. Am., 38, 845 (1948).
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bolometers are "at best 2 to 3 times better than the Golay pneumatic
detector1 and 10 to 20 times better than the best thermopiles and

room-temperature bolometers." 2

Comparison of different bolometers is very difficult. A consider-

able number of parameters enter in the performance characteristics

of bolometers as they do in other light transducers, as has been

pointed out by Jones,
3 so that data on the sensitivity or the input

or output characteristics have very limited value and are omitted

here. Comparative studies made by Fuson 4 are tabulated in Table

16; others made by Billings, Barr, and Hyde 5 in Table 17. The

Table 16. Comparison of Thermal-radiation Receivers*

Type
Shortest response

time, msec
AJ , watts |

Superconducting bolometer

Platinum strip bolometer

Evaporated nickel bolometer

Semiconducting bolometer

Thermocouple
Golay (pneumatic) detector

x 10"10

* N. Fuson, J. Opt. Soc. Am., 38, 845 (1948).

t AJ is that value of steady incident radiation power which produces a

steady output equal to the rms Johnson noise.

Table 17. Comparison or Thermal Receivers*

Type Response time
Calc. threshold,

watts

Metal bolometer

Thermistor bolometer

Dielectric bolometer

Thermocouple

4.0 msec
3.0 msec
3.5 sec

0.2 sec

3.3 x 10~8

7.2 x 10" 8

2.3 x 10~4

3.0 x 10~6

* B. H. Billings, E. E. Barr, and W. L. Hyde, J. Opt. Soc. Am., 37, 123 (1947).

comparison in the originals of these tables is made under certain

standardized conditions. Variations of these conditions may change

the relative merit of these bolometers by orders of magnitudes.

1 M. J. E. Golay, Rev. Sci. Instr., 18, 357 (1947).
2 N. Fuson, loc. cit.

3 R. C. Jones, Rev. Sci. Instr., 24, 1035 (1953).
4 Fuson, loc. cit.

5 B. H. Billings, E. E. Barr, and W. L. Hyde, J. Opt. Soc. Am., 37, 123 (1947).
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Fid. (5-1)42. Thermionic radia-

tion detector: E
f , filament volt-

age source; E
b , plate voltage.

c. Thermionic Detector. The system is similar to a thermionic

diode with a directly heated cathode, as shown in Fig. (5-1)42. The

applied plate voltage and the filament temperature are chosen so

that operation in the temperature-limited region occurs. If radia-

tion strikes the cathode, its temperature
will be raised, and the plate current will

increase. For theory and references,

see Jones. 1

5-2. Transducers for Ionizing Ra-

diation

The transducers described in this

section are based upon the ion-pro-

ducing effect of radiation; they include

the ionization chamber (5-21) and the

gas-filled counters (5-22), as well as the crystal counter(5-23). Scin-

tillation counters and Cerenkov counters are omitted, since they
are not considered electrical instrumentation elements, but rather

combinations of systems that convert ionizing radiation into light

with transducers that convert light into electric signals.

Ionizing radiation is either of an electromagnetic nature, such as

X raj's or gamma rays, or of a corpuscular nature, such as alpha or

beta rays.

Ionizing radiation can sometimes be converted into electric signals

by transducers for optical radiation. Photomultipliers, for instance,

can be sensitive for gamma radiation;
2 also the response of some

photoconductive and photogalvanic systems extends into the X-ray
and gamma-ray region, and some of them respond to alpha and beta

radiation (see 5-12 and 5-13). Radiation of charged particles can

be converted into electric signals also by transducers for free charges

(4-1).

Ionization chambers and proportional counters (as well as scin-

tillation counters) measure the energy per cubic centimeter and per

second of the absorbed radiation, while Geiger counters measure the

number of particles without regard to their energy.

5-21. Ionization Chambers

The ionization chamber, schematically illustrated in Fig. (5-2)1,

consists essentially of two electrodes, A and B, well insulated from

1 R. C. Jones, in L. Marton (ed.), "Advances in Electronics," sec. IV, 4,

p. 50, Academic Press, Inc., New York, 1953.
2

.J. D. Graves and G. E. Koch, Rev. Sci. Instr., 21, 304 (1950).
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Fig. (5-2)1. Ionization chamber:
A and B, electrodes; C, chamber; D,

diaphragm; E, voltage source; M,
meter.

each other within a chamber C. A voltage source E produces an
electric field between the electrodes. Ionizing radiation entering
the space between the electrodes causes the removal of electrons

from some of the gas molecules, which thereby become positive ions.

The electrons and the ions are separated by the applied electric

field; they move in opposite direc-

tion toward the electrodes and in

doing so form an electric current,

which is measured by a meter M.
On their way to the electrodes,

the ions and electrons may recom-

bine to neutral molecules. If the

applied voltage is low, the velocity
of the electrons and ions is small,

and the electrons and ions (or nega-
tive and positive ions) will have time to recombine; the current is

small. The current increases with the applied voltage, Fig. (5-2)2,

and reaches a constant value (satu-

ration current) when all ions are col-

lected on the electrodes before they
have a chance to recombine.

The field strength required to

reach saturation rises with the

amount of ionization, i.e., with

incident radiation intensity, and
with the pressure in the chamber.

Higher field strengths are also

needed if the ionization is caused

by alpha particles (because of the

increased recombination in col-

umns). Ifelectron attachment takes

place in contaminated gases, satu-

ration cannot be reached, and the

current may increase steadily with increased voltage, as shown in

Fig. (5-2)2, curve d.

At very high ionization density or in high-pressure chambers

where the voltages required to obtain saturation are impractically

high, operation in the range of the very beginning of the voltage-

current characteristic is recommended (at about 1 per cent of the

saturation voltage). In this region the current is proportional to

the square root of the incident radiation intensity.

/
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For a steady flux of ionizing radiation, and if the losses of charges
within the chamber can be neglected, the saturation current is

/ = N 8e

where NQ is the number of particles arriving in the sensitive volume
of the chamber per second and causing ionization, S is the number of

ion pairs formed per ionizing particle, and e the electron charge.
The current can be measured with a galvanometer, but is in general
too small for this instrument. Measurement of the voltage drop
across a large resistance or electro metric methods are usually

employed. A convenient way to measure very small radiation inten-

sities consists in charging the ionization chamber to a voltage Ev
Fig. (5-2)2, and exposing it to radiation for a time t. The chamber
will discharge to a voltage E 2 which should still be above E

s ,
the

voltage at which saturation occurs. If E
x and E

2 are measured

electrometrically, i.e., without drawing current from the charged
chamber, the average current during the time t can be found from

r C(EX
- E 2 )

where C is the capacitance of the ionization chamber (integrating-
chamber method).
The sensitivity of the ionization chamber increases with the num-

ber of ion pairs formed per incident ionizing particle and decreases

with the number ofions lost during their travel through the chamber.
The number of ion pairs formed per incident ionizing particle is,

approximately,

n =Slp (1)

where 8 is the specific ionization (number of ions per centimeter

of length and per atmosphere of pressure), I the average path length
of the ionizing particles through the chamber, and p the pressure in

atmospheres.
The proportionality of the current with pressure as expressed by

Eq. (1) is correct only in the range below 10 atm. At higher pressure
the sensitivity increases at a reduced rate, and in the range above
20 to 200 atm (depending upon the field strength) the sensitivity
of the chamber decreases, because the mobilities of the ions are

reduced and recombination is increased. 1

1 H. A. Erickson, Phijs. Rev. (1) 27, 473 (1908).
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Losses occur through recombinations. The rate of recombination

of positive and negative ions is by a factor of 10 4
larger than that of

positive ions and electrons. Negative ions are formed by electron

attachment, primarily in the presence of impurities. Gases of very

high purity (>99 per cent) should be used to reduce attachment.

response to ionization varying with time. The current pass-

ing through an ionization chamber is frequently measured by the

voltage drop across a series resistor R, as shown in Fig. (5-2)3. The
time constant of the ionization-chamber circuit is then determined

by the product RC. If the resolving time of the subsequent detect-

ing equipment together with the RC network is t, the value of r

must be substituted for RC.
The capacitor is charged to the voltage E. Any transition of

charges dq within the chamber causes a discharge of the capacitor
and a variation of the voltage across the chamber or across the

resistance R of a value

. ^ dq n
AE =— = 1.6 x 10- 7 -

e C

where C is the capacitance of the chamber plus that of the amplifier

input, and n is the number of ion pairs formed. The capacitor is

recharged from the source E through the resistor R. Two cases

can be distinguished:
1. Ion pulse chamber. The time constant RC is large compared

to the time required to collect the ions. The output pulse rises

rapidly at first until all electrons are collected (of the order of 1

^sec) and then rises slowly until all ions are collected (about 1 msec).

The pulse then decays with the time constant RC.
The maximum voltage of the pulse in this case is

AE »
=—

c
— =

~C

where Qq and Qq are the positive and negative charges produced

by an ionizing particle, and C is the capacitance of the chamber

plus that of the input to the amplifier. N is the total number of

ions produced in the chamber.

The ion pulse chamber thus furnishes information as to the total

number of ions produced in the chamber, but its response is slow,

so that the chamber is not suitable for fast counting. The response

characteristic of the subsequent amplifier must extend to low fre-

quencies, and the amplifier is, therefore, subject to microphonics of

the counter (see below) and a-c pickup.
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2. Electron pulse chamber. The time constant RC is larger than

the time required to collect the electrons but small compared to the

collection time for the ions (order of RC is 10 to 20 //sec). The

pulse height in this case is

c
E P

-

Since the total number of negative charges is close to that of

positive charges, the electron pulse chamber also furnishes informa-

tion as to the total number of ions produced in the chamber. This

±rE

C± E-AE
i

1
R AE,E

T

Fig. (5-2)3. Equivalent cir-

cuit of an ionization chamber.

Fig. (5-2)4. Ionization chamber with

built-in grid.

chamber is faster, but has the disadvantage that the pulse height

depends upon the location within the counter where the charges
are produced. By the insertion of a grid between the two electrodes,

as in the Frish chamber, Fig. (5-2)4, this difficulty can be overcome.

The grid is held at a potential between those of the electrodes. Elec-

trons produced between the negative electrode and the grid will

pass through the grid and will be recorded; the influence of the ion

movement upon the collector is shielded by the grid.

The energy of an ionizing particle that spends its whole energy
within the chamber can be found from

Qw

where Q is the charge induced in the collector, and W is the energy

required for the formation of an ion pair (about 35 eV for alpha rays
in air).

The mean square fluctuation of the output voltage is approxi-

mately (within a factor of 2)

Atf 2

E~me RH me

where E is the output voltage, / the current through the resistor R.

m the average number of ion pairs produced by each particle in the
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chamber, e the electron charge, and r the resolving time of the

detecting equipment.
The smallest amount of ionization (instantaneous value) that can

be detected with the ionization chamber depends upon the current

sensitivity of the stage following the chamber. One roentgen per
hour causes an ion current of the order of 10-13 amp/cm

3 at 1 atm.

With a 1,000-cm3 chamber, the current is, therefore, 10~10
amp.

If 10~16 amp can be measured (this is about the practical limit of

most electrometrical current measuring systems), 1 firjhr can be

detected. The integrating method (which measures the total X-ray
dose or the average intensity over a long time, rather than instan-

taneous values of radiation intensity) is, of course, capable of

measuring smaller values of radiation intensity.

Errors in ionization-chamber measurements are likely to arise if

either the primary particles or the secondary electrons strike the

walls or the electrodes. Limiting the cross section of the incident

beam, Fig. (5-2)1, diaphragm D, and the use of large chambers help

to prevent such errors.

The ion current in a small chamber is primarily caused through

secondary electron emission from the walls of the chamber. If the

chamber is to be used for the absolute measurement of X-ray in-

tensity (which is based on ionization in air), the walls ofthe chamber

should be made of a material which causes per incident X ray the

same ionization current as air (air-equivalent chamber).
1 Such

materials consist usually of a mixture ofgraphite, aluminum, silicon,

or magnesium with a plastic binder. 2

Background ionization and spurious discharges may cause further

errors and may reduce the ultimate sensitivity of the chamber. The

chamber walls are frequently contaminated to a small degree. Alpha

particles usually come from contaminations of the chamber walls.

Some authors recommend zinc, iron, steel, and aluminum to be used

as construction material for the walls and advise against the use of

copper, brass, or platinum. A thin layer of carbon black or collodion

applied to the inside walls of the ionization chamber frequently

reduces the effect of alpha rays. The effect of alpha emission from

the wall is reduced if the counter is filled with gas at high pressure.

Beta or gamma rays from the outside can be shielded by thick layers

of lead or similar materials.

1 H. Fricke and O. Glasser, Fortschr. Rontgen, 33, 239 (1925).
2 R. Glocker and E. Kaupp, Strahlentherapie, 23, 447 (1926); see also E.

Miehlnickel, Ann. Physik, 20, 737 (1934).
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Insulation difficulties can be reduced by a guard-ring arrange-

ment, as shown in Fig. (5-2)5. The guard ring frequently serves as

an electrostatic shield of the collector; adequate shielding of the

collector and the leads should be provided. The charged ionization

chamber, in particular the parallel-plate chamber, is in its construc-

tion very similar to a condenser microphone. A small displacement
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electrons in the walls, which, in turn, cause the formation of ion

pairs in the gas. Ionization chambers and counters for the former

radiation should, therefore, be provided with thin windows or thin

walls, while the wall thickness for the more energetic radiation

should be made "greater than the maximum range of the secondary
electrons, yet not so thick as to produce any appreciable attenua-

tion of the primary gamma radiation." 1

A multiple-plate ionization chamber for X rays is shown in Fig.

(5-2)6. The chamber has the advantage that its volume and, there-

fore, its sensitivity are large, yet the spacing between the electrodes

is small and the time required for the collection of electrons and
ions is short. Therefore, the resolving time for very fast X-ray pulses
is short (on the order of a fraction of a millisecond).

A chamber type frequently used for X-ray dose determination

is illustrated in Fig. (5-2)7. Chambers of this kind can be built

quite small (less than 1 cm 3
)
for application in body cavities or for

"point-by-point" measurement of dose distribution.

A chamber with a thin window W, primarily useful for the measure-

ment of a rays, is shown in Fig. (5-2)8.

Extensive descriptions of ionization chambers for use in nuclear research

will be found in Rossi and Staub, loc. cit. Ionization chambers for use in X-ray
dosimetry are reviewed by R. Jaeger, Arch. tech. Messen, V 61—1, January,
1941. For further descriptions and extensive literature, see S. A. Korff, "Elec-

tron and Nuclear Counters," D. Van Nostrand Company, Inc., Princeton, N.J.,

1946, and D. H. Wilkinson, "Ionization Chambers and Counters," Cambridge

University Press, London, 1950.

5-22. Gas-filled Counters

a. Geiger Counters with Cylindrical Geometry. The most common
form of counter is shown schematically in Fig. (5-2)9. The anode

consists of a thin tungsten or platinum wire held by insulators within

a cylindrical cathode. The cathode is thin enough, or has a window,
to permit radiation to enter the tube. The counter is filled with a

gas, such as argon, to which is added a small amount of polyatomic

gas (e.g., alcohol). The pressure in the counter is in general between

a few centimeters Hg and atmospheric pressure. A voltage is applied

through a resistance R and causes an electric field in the counter

which is strongest around the anode. If an ionizing particle enters

the counter and causes ionization, a discontinuous electric gaseous

1 B. B. Rossi and H. H. Staub, "Ionization Chambers and Counters,"

McGraw-Hill Book Company, Inc., New York, 1949.
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Fig. (5-2)9. Geiger-Miiller counter and

basic circuit.

discharge will take place in the counter. As the result of this dis-

charge, an intermittent current will How and a voltage pulse

will appear across the resistance R. The current can be many
orders of magnitude larger (up to 10 9

)
than the current caused by

the movement of the electrons and

ions formed by the ionizing par-

ticle.

Four different modes of opera-
tion of the counter can be distin-

guished, dependingprimarilyupon
the magnitude of the voltage ap-

plied to the counter:

region a: ionization chamber
region, fig. (5-2)10. An ionizing

particle, such as an a or
j3 particle,

entering the tube will produce electrons and ions. If a voltage is

applied, the charges will be separated; the electrons will drift to-

ward the anode, and the positive

ions toward the cathode. If the

voltage applied is high enough to

move the electronsand ions toward

the electrodes before an appreci-

able fraction of them recombine,

yet not so high that ionization by
collision occurs, the number of

charges moving toward and arriv-

ing at the electrodes is equal to the

number produced by the initial

ionizing event. The migration of

the electrons and ions toward the

electrodes causes a current and the

appearance of an output signal

across the resistor R, which is pro-

portional to the number of ions n

formed by the incident ionizing

radiation :

AE = kn

The counter acts as an ioniza-

tion chamber. The size of the pulse

500 1,000

Applied voltage, volts

,500

^Counting rate;

number of large

(Geiger) pulses

per second

500 1,000 1,500

Applied voltage, volts

Fig. (5-2)10 (top). Operating character-

istics of counters: .4, region of ioniza-

tion chamber; B, region of proportion-

ality; C, region of limited proportion-

ality; 1), Geiger region; E, region of

unstable operation.

Fig. (5-2)11 (bottom). Counting rate

versus applied voltage of a Geiger
counter.
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is independent of the applied voltage within the region A (see Ioniza-

tion Chambers, 5-21).

region b: proportionality region. As the applied voltage is

raised the kinetic energy of the electrons and ions increases, so

that between collisions they will accumulate enough energy to create

new electrons and ions by inelastic impact with neutral molecules.

This process arises first in the close vicinity ofthe wire (anode) where
the field strength is highest. Each electron and ion formed by
collision may produce new ions; the current increases in the form
of an avalanche (Townsend avalanche). If n electron-ion pairs are

formed by the incident particle and if (A — 1) ion pairs are formed

by each initial electron on its way toward the anode, then A X n

ion pairs will migrate toward and be collected by the electrodes, and
the output signal will be

AE = IcAn

The size of the output pulse is, therefore, proportional to n, the

number of ions initially formed by the incident radiation. A is the

amplification factor; its value depends upon the applied voltage
as well as upon the wire radius, the capacitance of the counter

system, the gas pressure, and the kind of gas. The value of A is

between about 1 and 100 for proportional counters filled with raon-

atomic and diatomic gases and can rise to 10 4 for counters filled

with polyatomic gases. The discharge in the counter ceases when
all electrons and ions are collected at the electrodes.

The magnitude of the proportional pulse can be as high as 10 to

100 mV. The pulse rises to a maximum value in a fraction of a

microsecond; the decay time depends upon the time constant of

the network following the counter. In general, the entire counting

process has a duration of several microseconds. After that time the

counter is ready for the recording of another pulse.

The proportional counter permits the measurement ofthe number
of particles caused by primary ionization and, therefore, of the

energy of the ionizing particles. It is, furthermore, useful for the

observation of highly ionizing particles, such as a particles, in the

presence of a low ionizing radiation (e.g., y-ray background).
REGION C: REGION OF LIMITED PROPORTIONALITY. As the applied

voltage is further raised, the behavior of the counter changes

primarily in two respects :
(
1

)
For low-energy ionizing particles, the

size of the output pulse increases with increasing voltage faster than

in the proportional region, and (2) for high-energy ionizing particles,

the pulse size rises with increased applied voltage, but to a lesser
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degree. Therefore, in the region C, the output pulse is not propor-
tional any more to the initial ionization (number of ion pairs formed

by the ionizing particle), until at the upper limit of the region of

limited proportionality all pulses have the same size regardless of

whether they are initiated by one or many ion pairs. The amplifi-
cation factor can rise as high as 10 7

. Counters are rarely used in the

region of limited proportionality; the description of the physical
mechanism is omitted, therefore.

region d. geiger-counter region. The characteristic property
of a counter operated in the Geiger region is the appearance of out-

put pulses that are all of the same size, independent of the number
of ions initially formed by an incident ionizing particle or radiation.

The physical mechanism which leads to the formation of a Geiger

pulse is initially the same as that giving rise to a proportional pulse:
An incident ionizing particle produces an electron-ion pair. The
electron drifts toward the positive central wire and, within a narrow

region around it, causes ionization by collision and the formation

of an avalanche.

Before the electrons and ions formed in the avalanche are col-

lected at the electrodes, a second phenomenon takes place. Light
emitted from excited atoms in the first avalanche causes photo-
ionization of the gas molecules and the liberation of new electrons

which cause further avalanches. The light emission proceeds in

every direction, but only in the vicinity of the central wire is the

field strength high enough to facilitate the formation of new ava-

lanches. The discharge spreads along the wire, therefore, until the

entire anode is surrounded by a narrow cylinder of ions, and the

discharge becomes self-sustaining.

The termination of the discharge comes about in the following
manner. The positive ions surrounding the central anode move
toward the cathode with a velocity which is considerably smaller

(because of their mass) than that of the electrons. These ions cause

a positive space charge surrounding the positive wire; as they move
toward the cathode, the positive space-charge cylinder ("the virtual

anode") increases in diameter and, therefore, the field strength in

the counter decreases. [The field strength at a radius r between the

cylinder radius r
c
and the wire radius ra is F = Ejr log [rjra).] The

discharge ceases when the field strength within the counter has

fallen below the level where a discharge can be sustained.

The pulse size of Geiger counters is, in general, between 1 and 10

volts and sometimes higher; the amplification factor is between 10 7

and 109
.
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The discharge will be reignited if the positive ions arrive at the

cathode and liberate new electrons. To avoid this possibility, three

different methods of "quenching" the counter are available.

1. Resistance quenching. The capacitance of the counter is

expressed by the equivalent capacitor C in Fig. (5-2)9. The gas-dis-

charge process reduces the voltage on this capacitor; the capacitor
is recharged through the resistor R. If the time constant CR is

made longer than the time required to sweep the ions out of the

counter, no reignition will take place. The method requires time

constants of the order of 10~2
sec; during this time the counter is

inoperative, and the method cannot be used for fast counting.
2. Electronic-quenching methods. A number of systems have

been devised in which the output pulses from the counter cause an

electronic circuit to reduce or remove the voltage on the counter

temporarily and then to recharge the counter. The systems can be

made to operate in about 10~ 4 sec. 1

3. Self-quenching counters. The admixture to the inert gas in

the counter of a small amount (about 10 per cent) of a polyatomic

gas (i.e., generally a gas with four and more atoms, frequently a

hydrocarbon such as methane or alcohol vapor) changes the quench-

ing characteristic of the counter profoundly and prevents a reigni-

tion of the discharge. The photons emitted from the monatomic or

diatomic gas interact with the polyatomic gas. Thus, these photons
are prevented from reaching the cathode where they may liberate

new electrons. Instead, they are absorbed by the heavy organic

molecule, which is either predissociated or decomposed. If the

energy is finally carried to the cathode surface, it is too small to

cause a photoelectric emission. Counters filled with such gases

usually have a higher starting potential than non-self-quenching

counters, their lifetime is shorter because of the decomposition of

the quenching agent in each discharge, and they show variation

of their behavior at low temperatures, where condensation of the

quenching agent may occur.

If the counter is exposed to ionizing radiation and the voltage
across the counter is raised, the counting rate will first increase, as

in Fig. (5-2) 1 1 . Then follows a region, the plateau, where the count-

ing rate will only slightly increase. This is the region in which the

counter should be operated. In the plateau region the number of

discharges is directly related to the number of ionizing particles

striking the tube and does not depend appreciably upon the applied

potential. No counter has an ideal plateau of a slope zero; at best

1 See Korff, op. cit., chap. 7B.
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the plateau rises with <1 per cent/100 volts. At the end of the

plateau the counting rate increases again, and the counter may pro-
duce self-sustained, continuously repeating pulse discharges even in

the absence of external ionizing radiation. Operation of the counter

in this region, Fig. (5-2)102?, is likely to damage the counter.

Figure (5-2)1 1 is not to be interpreted in the sense that the number
of counts below the starting potential E s

is zero. Rather, a large
number of small pulses can be observed at voltages below E

g , pro-

portional pulses of different sizes, but smaller than (Jeiger pulses.

The number of proportional pulses counted depends upon the sensi-

tivity (discriminator setting) of the subsequent amplifier stage.

If an electron or ion pair is produced by incident ionizing radia-

tion, the counter will start to respond after a very short time delay
^

,
as shown in Fig. (5-2)12. This

time delay is due to the electron

transit time; it is of the order of

a fraction of a microsecond and

may exceed 1 ^sec only in large

counters. The output pulse rises

to its maximum value in a few

microseconds and decays within

several hundred microseconds.

During this time the counter does

not register any ionization caused

by a new incident particle or radiation (dead time). After that

time there follows a period (recovery time) where the counter will

respond with small pulses; toward the end of the recovery time

the pulse increases to normal size. 1
Also, the recovery time is of

the order of several hundred microseconds. It is shorter in non-

self-quenching counters than in those filled with a quenching agent.

The highest level of radiation for which a Geiger counter is suit-

able is determined by the recovery time of the counter. In com-

mercial counters, this time is of the order of 30 to 300 /isec; the

highest counting rate is, therefore, 3 X 103 to 3 x 10 4
cps.

In the plateau region, the number of counts is proportional to the

number of primary ionizations provided the ionizing particles arrive

at a sufficiently low rate. As the number of incident ionizing par-

ticles or the incident radiation rises, the counter cannot follow any

longer; the number of counts, as well as the average output current,

reaches a maximum and then declines with further increase of

incident radiation. The situation can be remedied, and the region of

1 H. G. Stever, Phys. Rev., 61, 38 (1942).

Fig. (5-2)12. Pulse height-time dia-

gram of a Geiger counter.
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0.4

incident radiation for which the counter is suitable can be extended

by operating the counter intermittently, i.e., with square pulses.

A discharge will then occur only if an ionizing particle traverses the

counter during the time when the square pulse is applied to the

counter. 1 The scale factor, i.e., the ratio of counting rate for con-

tinuous (d-c) operation to that of intermittent (pulse) operation, is

F
s
= llwf, where w is the pulse width and/ the pulse repetition rate.

Besides an extension of the useful range of the counter toward

higher levels of radiation, the pulsed operation offers two further

advantages: (1) The rate of spontaneous counts is reduced (Rossi

and Staub describe a counter of
p (~)

0.125 in. diameter which is pulsed
six times per second and furnishes

not more than six spontaneous
counts per hour), and (2) the size

of the pulse is greatly increased

(on the order of 1,000 volts) be-

cause, for the duration of the

pulse, the voltage can be raised

above the sparking potential.

Two curves representing the

average counter current versus

radiation intensity for d-c and

pulsed operation are shown in Fig.

(5-2)13. The linear range of the

average tube current versus incident radiation intensity is increased

without altering the performance of the tube at lower radiation

levels.

The lowest level of radiation that can be measured with a Geiger

counter depends upon the background counting rate and upon the

error that can be tolerated. If the number of background counts in

any time interval t is CB ,
the number of counts resulting from

incident radiation (the radiation to be measured) is C
s ,
and if C T

(= C
s + CB )

is the number of total counts measured in the time

interval t, the statistical probable error of C T is
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background counting rate, the probable error can be expressed by

VrjS + 2B 1

e =
vs Vt

V.'. •.•.•.• .^.^.^.'.'.
l

.'.^.^

^ Window

/-Anode

Cathode-- \,

mm
) +

The error, at a given level of radiation, diminishes in proportion to

the root of the observation time t. The minimum radiation intensity
5 that can be measured with a given error, or the time required to

obtain a measurement, diminishes, of course, with a reduction of

the background counting rate. An
increase of the counter efficiency

i]
does not necessarily produce

the same result, since it may also

lead to an increase of the back-

ground counting rate. 1 The back-
i ,. r Fig. (5-2)14. Cross section of a Geiger-

ground counting rate oi commer- ; , , .., ,6 o counter tube with window.
cial counters is between 1 and 50

counts/min; the efficiency, for instance for the
ft

radiation of C14
,

is between 2 and 10 per cent.

Commercial Geiger counters are predominantly of two types, the

cylindrical type as illustrated in Fig. (5-2)9 and the end-on type as

shown in Fig. (5-2)14.

The cylindrical type is primarily used for gamma radiation and,
if the walls are sufficiently thin, for the more energetic ft

radiation.

The wall thickness of commercial counters expressed in absorbing
mass per unit wall surface area can be made as small as 30 mg/cm

2
,

but is in general above 300 mg/cm
2

. Counters vary in length from

2 to 40 in. and in diameter from 0. 125 to 2 in. The operating voltage
is between 400 and 1,500 volts; the length of the plateau is around

200 volts, the slope of the plateau of the order of 1 to 10 per cent/ 100

volts. The recovery time of the counters varies from less than 100

to 400 /^sec.

End-on-type counters are used in general for the counting of a

and
ft rays and soft X rays which can penetrate the thin windows

usually made from mica or Mylar (trade name, E. I. du Pont de

Nemours & Company). Counters of the type shown in Fig. (5-2)14

can also be used open (windowless counter). The radioactive speci-

men is placed in front of the opening within a closed housing, and the

filling gas (for Geiger counters, 99 per cent helium plus 1 per cent

isobutane; for proportional counters 90 per cent argon plus 10 per

1 See Tracerlog, no. 84, p. 7, issued by the Tracerlab, Inc., Boston, April,
1957.
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cent methane) flows in a slow stream through the counter. The
relative yield of these counters for the soft

/5
radiation of carbon 14

(0.155 MeV) is approximately

Counter
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Fig. (5-2)16. Geiger point counter.

All-glass counters have been described by Maze. 1 Connection is

made by means of a layer of colloidal graphite ("Aquadag")
applied to the outside of the glass envelope. The effective resistance

of the glass wall is of the order of 10 8 ohms.
The sensitivity to gamma rays can be increased by increasing

the surface area of the cathode, for instance, by employing screen or

metal gauze cathodes. The gain is moderate; an increase of the

surface area by a factor of 4 increases the relative sensitivity by
about 50 per cent.

The lifetime of a self-quenching counter is limited by decomposi-
tion of the quenching agent. Good counters have a life of the order

of 1010 counts; counters rilled with methane as a quenching agent
havealifetime of about 10 8 counts. At
the end of its useful life the operating

potential of the counter, the slope of

the plateau, and the number of spuri-

ous discharges increase, and multiple

pulses ("bursts") begin to appear.

Operation of the counter near the

lower limit of the plateau is recom-

mended to increase the lifetime. Because of the absence of decom-

position of the quenching agent, the lifetime of non-self-quenching
counters can be considerably longer.

Design considerations and constructional details of counters for alpha-, beta-,

gamma-, and X-ray counters, as well as detectors for neutron recoils (n,a) and

(n,p) reactions and fission detectors, may be found in Rossi and Staub, op. cit.,

chaps. 5-9. For further references, see D. H. Wilkinson, loc. cit.; S. A. Korff,

op. cit.; H. Friedman, Proc. IRE, 37, 791 (1949); D. R. Corson and R. R.

Wilson, Rev. Sci. Instr., 19, 207 (1948); G. J. Hine and G. L. Brownell, "Radia-

tion Dosimetry," Academic Press, Inc., New York, 1956; J. Sharpe, "Nuclear

Radiation Detectors," Methuen & Co., Ltd., London, and John Wiley & Sons,

Inc., New York, 1955.

b. Point Counters. The counter type originally used by Geiger
is the point counter illustrated in Fig. (5-2)16. It consists of a needle

N held by an insulator within a cylindrical metal chamber C. An
open window in front of the needle point permits ionizing radiation

to enter the counter. The point counter is generally used in air at

atmospheric pressure; it can be used with the needle at a positive
or at a negative potential ;

the discharge mechanism and the behavior

of the counter are, of course, different with different polarity.

1 R. Maze, J. phys. radium, 7, 164 (1946).
2 Evans and Mugele, loc. cit.
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Point counters filled with argon or nitrogen and a quenching agent
have been investigated by Lion and Vanderschmidt. 1 The counting
rate increases first sharply with the applied voltage, as shown in

Fig. (5-2)17, region A . With further increasing voltage there follows

a region (B) of stable counting in which the counting rate increases

linearly with the voltage. At still higher voltages the counting rate

increases again rapidly (C), and the operation becomes unstable.

The quenching agent has the effect of broadening the region B as

u,uuu
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the order of several hundred volts. The counting rate versus voltage
characteristic is similar to that shown in Fig. (5-2)17. For stable

counter operation a series resistor greater than H) 5 ohms must be

used, as well as a quenching agent.
1

The discharge in the parallel-plate counter does not spread

throughout the entire counter but remains localized in that region
where the incident particle causes the liberation of a primary elec-

tron. The discharge is terminated when the voltage across the

counter has fallen below the minimum sustaining value. The capaci-
tance of the parallel-plate capacitor is larger than that of the cylin-

drical or the point counter; the dead time and the recovery time are
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A similar counter system described by Chang and Rosenblum 1

and illustrated in Fig. (5-2)21 consists of a wire stretched tautly

parallel to a metal plane. The plane has rounded edges to reduce

the, field strength and to prevent flashover at these ends. The
counter has a plateau region between 4,500 and 6,500 volts. The rate

of spurious discharges is less than 1 count in 4 hr, and the dead
time is about 10~ 4 sec. 2

5-23. Solid-state Transducers for Ionizing Radiation

a. Crystal Counters. The crystal counter, schematically illustrated

in Fig. (5-2)22, consists of a slab of a crystal such as silver chloride
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magnitude A, the '"Schubweg," is the average distance moved by a

cluster of electrons in the crystal; it depends upon the crystal
material and is proportional to the applied field strength. The pulse
size rises first linearly with the applied voltage and approaches
saturation at higher field strengths. In the linear part the pulse size

is directly proportional to the energy of the incident particle. If

the incident particle penetrates deeply into the crystal and causes

the release of electrons uniformly throughout the crystal volume,

Eq. (1) changes to

d

A crystal acts as a good counter only if the Schubweg A has a magni-
tude from a few tenths of a millimeter to 1 cm. The number of

electrons released by an incident particle of a given energy depends

upon the energy required per ion pair formation. In a crystal, this

energy is about 5 to 10 eV as compared to about 30 eV in a gas.

Only a fraction (e.g., 60 per cent) of the energy of the incident

particle is used to release electrons; a 1-MeV beta particle causes

in a silver chloride crystal about 1.2 x 10 5 electrons. The lowest

detectable energy for an incident particle is of the order of 1 keV

(100 to 200 electrons).

A polarization effect takes place in some crystals. The immobile

holes in some crystals form a positive space charge near the negative

electrodes; the electrons trapped near the positive electrode form
a negative space charge. These space charges eventually reduce the

effect of the applied field and the size of the output pulses. Under
certain conditions, the polarization effect can be overcome by
periodically reversing the applied field. Another possibility to

reduce the positive space charges is to irradiate the crystal with

infrared light. The polarization effect limits the lifetime of the

crystal counter. If the polarization cannot be removed, a counter

exposed to an incident gamma radiation of 1 MeV will have a life-

time of 10 6
counts/cm

3 of crystal material; exposed to an alpha radia-

tion of 5 MeV energy, it will have a lifetime of 10 8
counts/cm

3
. The

lifetime is practically unlimited when the space charges are removed.
The output pulse and, therefore, the resolving time of the counter

are considerably shorter than that of the ionization chamber or of

the Geiger counter. The resolving time depends upon the applied

field; for a field strength of about 5 kY/em the resolving time of the

silver chloride or silver bromide counter is about 0.2 //sec. that of

the diamond counter only 0.04 ^sec.
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A number of materials have been found suitable for counting,
the most frequently used crystals are silver chloride, silver bromide,
and thallium bromide-thallium iodide at the temperature of liquid

air, and diamond, sulfur, and cadmium sulfide at room temperature.
Two groups of cadmium sulfide crystals exist, a nonluminescent

group and an impurity-activated luminescent group. The former
have normal counting properties, the pulse size being determined

by the number of electrons released by the incident particle. The
luminescent cadmium sulfide crystal exhibits a multiplication effect;

the incident ionizing particle causes the release of electrons which

give rise to a semipermanent conduction phenomenon in the counter

and, in further sequence, to a voltage pulse that is enormously
larger than in the nonluminescent crystal. A single alpha particle

may cause a pulse of 10 volts; the duration of this pulse is of the

order of 0.1 sec, several orders of

magnitude larger than that of the

ordinary (silver chloride) crystal
counter.

Many materials require careful

preparation before they count,
and not all specimens of the same
material show any counting action.

Annealing and careful heat treat-

ment are required for silver and
thallium halides. Suitable meas-

ures have to be taken to avoid

strain; gas ionization in the vicin-

ity of the crystal can be avoided

by evacuation. Adequate insulation and low-capacitance mounting
must be provided. The amplifier following the counter must have a

fast rise time and a low noise level. The crystal should be kept in

darkness to avoid photoconduction.

Extensive lists of references may be found in the review papers by R.

Hofstadter, Nucleonics, 4, 2 (April, 1949), and 29 (May, 1949); Proc. IRE,
38, 721 (1950).

b. Radiation-induced Photoconductivity. Alkali halide crystals
that are exposed to high-energy radiation (e.g., gamma or X rays)
become colored and in this state are photoconductive. If such crys-
tals are afterwards exposed to light, they will be bleached again.
If a voltage is applied to the crystal, as shown in Fig. (5-2)23, a

current will flow during the bleaching process. The magnitude of

XE

Fig. (5-2)23. Arrangement for the

measurement of radiation-induced

photoconductivity: X, crystal; E,

voltage source (300 volts); G, guard
ring to eliminate the effect of surface

current; B. compensation arrange-
ment to eliminate the effect of dark
current.
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the current pulse is proportional to the X-ray dose to which the

crystal was exposed.
The method has been investigated with potassium bromide crys-

tals by Lichtenstein. 1 The magnitude of the output pulse is pro-

portional to the X-ray dosage in the range between 2.5 to about

5,000 mr. The lowest value of radiation dose to be measured is

imposed by the residual (dark) photoconductivity of the crystal and

is about I mr. A dosage of 1 roentgen given to a crystal of 1 cm3

results in an output pulse of about 5 volts. The sensitivity varies

for different crystals of the same type by about 1 to 3; the variation

is probably due to differences in impurities.

1 R. M. Lichtenstein, AIEE-IRE Conference on Electronic Instrumentation

in Nucleonics and Medicine, New York, Oct. 31-Nov. 2, 1949.
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Gravitation, thermal method for

measuring, 73

Guard-ring arrangement, for ioniza-

tion chambers, 287

in photoelectric cells, 239

in resistive gauges, 7-8

Hall coefficient for different materials,

table, 196

Hall effect, 195

Hall-effect magnetic transducers,

195-196

Hot-wire probe, 129

Humidity transducers, 136-152

for gases, 137-148

alumina type, 141-143

systems, capacitive, 141-143, 146

dielectric, 146-148

electrolysis, 144-146

electrolytic, 137-143

resistive, 137-143

thermal, 143-144

Humidity transducers, liquids or

solids, 148-152

dielectric systems, 148-150

nuclear magnetic-resonance

method, 150-152

resistive, 149

test electrodes, 149

Hygrometers (see Humidity
transducers)

Impedance matching, 2

Induction, electrostatic, for gas flow-

velocity measurement, 133-135

for space-potential measurements,
223-225

for surface-charge and surface-

potential measurements,
227-229

Induction system, acceleration trans-

ducers, 91-93

displacement transducers, 62-66

for flow-velocity measurements,
120-123

for magnetic field measurements,
180-192

nuclear magnetic resonance, 207-

208

velocity transducers, 91-93

Inductive system, displacement trans-

ducers, 44—62

liquid-level transducers, 97-98

for magnetic field measurements,
180-190

for temperature measurements,
165-166

thickness gauges, 11-14

Infrared -sensitive transducers, photo-

conductive, 264, 266-268

photoemissive, 235-238

photogalvanic, 271

thermal, 274-281

Input impedance, 2

Input transducers, definition, 1

Instrumentation, elements, 1

general properties, 2

response to environmental influ-

ences. 4

transfer characteristics, 3

useful range, 2
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Integrating systems for velocity and

displacement measurements,
91

Intracardial-pressure transducer, 51

Intramuscular-temperature measure-

ment, 172

Ion collector for flow-velocity
measurements in gases, 134

Ion covinters, charged plate, 21G

Faraday cage, 216-218
Gerdien collector, 218-220

multiplication method, 215

Ion current in gas discharges, 221-223
Ion impact on cathode in photo-

emissive systems, 238-239
Ion mobility, 219-220
Ion tracer method for flow-velocity

measurements, 133

Ionization of gases for temperature
measurements, 164

Ionization collector for space-

potential measurement, 224

Ionization transducer, 86-89

Ionizing radiation transducers,

281-303
ionization chambers, 281-288

air-equivalent, 286

with built-in grid, 285

guard-ring arrangement for, 287

ion pulse, 284

multiple-plate, 287-288
for particle-energy measure-

ments, 285-286

response to time-varying
ionization, 284-286

thimble, 287-288

solid-state systems, 300-302

crystal counters, 300-302
radiation-induced photo-

conductivity, 302-303

Joule effect in thermoelements, 168

Langmuir probes, 221-223

characteristics, 222

Leakage current, in photoemissive

systems, 238-239
in photomultipliers, 251-252

separation from photocurrent, 239

Length gauges (see Thickness gauges)

Light-sensitive transducers (see

Radiation transducers)
Linear variable differential trans-

former, 48

Liquid -level transducers, 95-101

capacitive systems, 98-100
contact systems, 95-96

electrolytic resistance, 96-97
inductive methods, 97-98
thermal method, 100-101

Logarithmic characteristic of photo-

multipliers, 259-261
Luminous sensitivity in photo-

emissive systems, 235

Magnanini's solution, 43

Magnesyn, 62-63

Magnetic transducers, 177-214

based on magnetic effects on moving
charges, 190-199

electron-beam magnetometer,
194-195

Hall-effect system, 195-196

magnetron-tube circuits, 193

magnetron tubes, 192-195

rotating disk, 190

based on permeability variation,

199-204

"even-harmonic" method,
200-202

inductance-variation method,
199-200

peaking strips, 203-204

time variation of permeability,
200

indirect systems, 208-214

mechanical methods, 208-210

moving-coil magnetometer, 209

wire-loop magnetometers,
209-210

induction, in coils (see search coils,

below)
in conductive liquids, 191-192

magnetoresistive systems, 196-199

preparation of bismuth probes,
198

nuclear magnet ic-resonance absorp-
tion, 204-208
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Magnetic transducers, nuclear mag-
netic-resonance induction,

207-208

optical systems, 211-214
based on Faraday effect, 211-213
based on light absorption in

colloidal suspensions, 212-214
search coils, 180-190

coil constant, 181-182
flux ball, 188-189

magnetomotive-force coil,

189-190

moving, 182-188

oscillating, 185-188

rotating, 183-185

stationary, 181-182

for use in inhomogeneous fields,

188-189

thermal systems, 210-211

useful range, table, 179

Magnetoelastic transducer (magneto
restrictive), 56-60

Magnetoresistive transducers,
196-199

Magnetorestrictive transducer, 56-60

Magnetron tubes for magnetic field

measurements, 192-194

Mechanic-optical transducer for dis-

placement measurements, 89

Mechano-electronic transducer, 85

Microwave refractometer for humidity
measurement in gases, 146

Modifiers, definition, 2

Moisture transducers {see Humidity
transducers)

Moving-anode transducer for

displacement measurements,
85

Moving-coil magnetometer, 209

Moving-coil system for displacement
measurements, 64

Multiple-plate ionization chamber,
287-288

Mylar for Geiger-counter windows,
295

Needle thermoelements, 172

Noise, in cables, 71-72

in Geiger counters, 294-295

Noise, in photoconductors, 265-268
in photoemissive systems, 240

in photomultipliers, 252-254
in potentiometers, 29

Noise thermometer, 174-176

Nuclear magnetic resonance, for

humidity determination,
150-152

for magnetic field measurements,
204-208

Optical radiation transducers,
233-281

photoconductors, 262-269

photocounters, 261-262

photodiode, 273-274

photoemissive systems, 233-262

phototransistor, 274

photovoltaic cells, 269-274
radiation bolometers, 278-280

radiation thermoelements, 274-277

thermal systems, 274-281

thermionic detector, 281

Oscillating-string transducer, 83

Output impedance, 5

Output transducers, definition, 2

Parallel-plate counters, 298-299

Peaking strips, 203-204

Peltier effect, 168

Permeability-variation method, for

displacement measurements

(magnetoelastic transducers),
56-60

for magnetic field measurements

{see Magnetic transducers)
for thickness gauges, 13

Photoconductive transducers, 262-

269

gain of, 263

noise in, 265-268

properties of technical photo-
conductors, table, 266-267

quenching effect, 268

response time, 264-265

spectral distribution, 264

threshold wavelength, 264

Photocounters, 261-262
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Photodiode, 272-274

Photoelectric cells, 233-261

gas-filled, 243-245

response time, 245

photomultipliers, 245-261

(See also Photomultipliers)

vacuum, 240-243

Photoemission, 233-235
Photoemissive cathodes, 235-237

Photomultipliers, 245-261

amplification, 246

circuits, 255-261

comparison with photoelectric all-

plus amplifier, 254

dark current, 250-254

fatigue effects, 248

gain control, 246-247, 256-259
influence on, of stray fields, 254-255

of temperature, 251-255

with logarithmic characteristic,

259-261

noise, 252-254

operation, 255

response time, 249

spectral distribution of sensitivity,
247

thermionic emission, 251-252

time dispersion in, 249

voltage dividers for, 256-259

Phototransistor, 274

Photovoltaic cells, 269-274

spectral distribution of sensitivity,
271

threshold wavelength, 271

Piezoelectric-displacement trans-

ducers, 74-83

bimorph benders, 77

bimorph twisters, 78

frequency response, 82

materials for, 79-80

piezoelectric constants of, table,

75

modes of operation, 76

Piezoelectric effect, 74-76

Piezoelectric pressure transducers,
105-106

Plateau in Geiger counters, 292-293,
295

Point counters, 297-298
"Point dwell meter," 93

Polarization effect in crystal counters,
301

Position convectron, 73

Potential probes, 223-225
Potentiometers for displacement

measurements, 25-30

helical, 25

moment of inertia, 29

noise in, 29

nonlinear, 26-28

sine and cosine, 27-28

torque, 28

Pressure transducers, 101-117

Bridgman type, 102-104

capacitive, 104—105

electrokinetic, 106-108

gas-discharge system, 108-109

for intracardial measurements, 51

ionization gauges, 112-117

Philips-Penning type, 116

piezoelectric, 105

resistive, 102-104

pressure coefficient of materials,

table, 103

thermal gauges, 109-112

Probes, for space charges, 221-223

for space potential, 223-225

Proportional counters, 290

Quantum yield, in photocounters,
261-262

in photoemission, 234-235

Quartz, piezoelectric effects, 79

Radiant sensitivity, photoemission

systems, 235

Radiation bolometers, 278-280

comparison, 280

dielectric, 279

superconducting, 279-280

Radiation gauges for thickness

measurements, 17-23

absorption, 18

alpha, 22-23

backscatter, 18

beta, 21-22

gamma and X-ray, 19-21

Radiation-induced photoconduc-

tivity, 302-303
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Radiation thermoelements, 274-277

Radiation transducers, 233-303

for ionizing radiation, 281-303

for optical radiation, 233-281

Radioactive collector, 225

Radioactive-tracer method for flow-

velocity measurements,
126-127

Recombination of ions in ionization

chambers, 282, 284

Recovery time in Geiger counters, 293

Reluctance-variation transducer,

induction system, 65

inductive system, 47

thickness gauges, 11-13

magnetic shunt system, 12-13

permeability-variation system , 1 3

Resistance-temperature coefficient of

materials, table, 155

Resistance thermometers, 154-165

construction, 158-159

Resistive transducers, displacement or

force, 24—44

gas-flow velocity, 129-132

humidity, 137-143, 148-150

liquid-flow velocity, 118-120

liquid level, 95-97

magnetic fields, 196-199

optical radiation, 262-269, 278-280

pressure, 102-104

for temperature, 154-165

thickness, 7-10

Response time in photoconductors,
264-265

Rochelle salt, piezoelectric effect, 79

Rotating disk for magnetic field

measurements, 190-191

Rotating search coils for magnetic
field measurements, 183-185

Salt -injection method for flow

measurement, 119

Saturation current, in ionization

chambers, 283

for measurement of ion mobility,
219

in vacuum photoelectric cells, 242

"Schubweg" in crystal counters, 301

Search coils for magnetic field

measurements {see Magnetic
transducers)

Sensitivity, definition, 3

Shaft position encoder, 89

Shot effect in photoemissive systems,
240

Space-charge transducer, 221-223

Space-potential transducers, 223-225

Spark coimters, 299-300

Speaker system for displacement
measurement, 64

Spectral distribution of sensitivity in

photoemissive systems, 235

Spreading resistance, 8

Spring transducer, 30

Strain gauges, 31-37

bonded, 34

foil, 34

high-temperature, 37

metal film, 36-37

semiconducting, 37-42

sensitivity of different materials,

table, 32

unbonded, 33-34

wire, 31-36

Stray capacitance, 66

Subcutaneous temperature measure-

ment, 172

Surface-charge transducers, 227-229

Surface conduction, 8

Surface-potential transducers,

227-229

Surface-temperature transducers, 157

Synchros, 60-62

Tachometer, capacitive type, 94

induction type, 92

Teledeltos paper, 226

Temperature transducers, 153-176

capacitive systems, 166-167

dielectric systems, 166-167

electrolytic systems, 164

inductive systems, 165-166

based on permeability variation,

165-166

based on susceptibility varia-

tions, 165

ionized gases, 164
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Temperature transducers, noise

thermometer, 174-176

resistance thermometers, 154—160

circuits for, 155

construction, 158-159

influence of measuring current,

160

resistive systems, 154-165

electrolytes, 164

metallic resistance thermometer,
154-160

semiconductors, 160-164

thermal ionization, 164-165

thermistors, 160-164

thermoelectric systems, 167-174

titanates, 166-167

Thermal method for measurement of

displacement, 72-74

electric rf field strength, 232

gas-flow velocity, 127-132

humidity, 143-144

liquid-flow velocity, 123-125

liquid level, 100-101

magnetic rf field strength, 210-211

pressure, 109-112

radiation, 274-281

radiation bolometers, 278-280

radiation thermoelements,
274-277

thermionic detector, 281

vacuum, 109-112

Thermionic emission, in photo-
emissive systems, 238-239

in photomultipliers, 251-252

Thermistors, 160-164

characteristic values at different

temperatvires, table, 162

comparison with metallic resistance

thermometers, 163

for high temperature, 163

voltage-current characteristic, 162

Thermoelements (thermocouples),
167-174

basic system, 167

extension wires for, 172

jaroperties, table, 171

protective tubes for, 172

for radiation measurements,
274-277

Thermoelements (thermocouples),
reference-junction tempera-
ture, 172-174

compensation of variation,

173-174

technical preparations, 170-172

thermal emf measurement, 168

thermoelectric sensitivities, table,

169

Thermo-Stromuhr, 123-125
Thickness gauges, 7-23

based on current flow pattern, 9-10
contact squares, 9, 10

based on voltage breakdown, 16-17

capacitive system, 14-15

inductive, 11-14

eddy-current systems, 11, 13, 14

magnetic-shunt system, 12-13

permeability-variation system, 13

reluctance-variation systems, 12

radiation systems, 17-23

absorption, 18

alpha, 17-19, 21-22

backscatter, 18

beta, 17-19, 21-22

isotopes for, table, 21

gamma, 17-20

isotopes for gamma and X-ray
gauges, table, 19

mass absorption coefficient of

X-rays, 19-20

X-ray, 17-20

resistive, 7-9

guard-ring arrangement for, 8-9

ultrasonic method, 17

Thimble ionization chamber, 287-288
Threshold mobility of ions, 219

Threshold wavelength, of photo-
conductors, 264

of photoemissive cathodes, 234-237
of photovoltaic cells, 271

Time dispersion in photomultipliers,
249

Transfer characteristics, 3

Transfer function, definition, 3

Turbulence transducer, 120

Ultraviolet-sensitive transducers,

photoconductive, 264
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Ultraviolet-sensitive transducers,

photocounters, 262

photoemissive, 234-238

photogalvanic, 271

Vacuum gauges, 109-117

alphatron, 114

ionization, 112-117

Philips-Penning type, 116-117

Pirani, 109-112

radioactive type, 114—115

thermal systems, 109-112

thermionic, 112-114

Variable differential transformer, 48

Variable-reluctance phonograph pick-

up, 65

Velocity distribution of ions or

electrons, 218, 221-223

Velocity transducers, 62-66, 91-94

induction type, 92-93

measurement of s and t, 93-94

Verdet constants, 212

Vibrating capacitor, 228-229

Vibrating-string transducer, 83

Villari effect, 56

Voltage dividers for photomultipliers,
256-259

Water content (see Humidity trans-

ducers)

Water-drop collector, 224

Wilson plate, 227

Wire strain gauges, 31-36

X-ray gauges, 19-21

X-ray-sensitive transducers, based on

gas ionization, 281-300

photoconductive, 264

photogalvanic, 271

solid-state systems, 300-303

X rays, mass absorption coefficient, 20


















