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Atomic absorption spectrometry using a continuum

soux-ce (i'LAC) presents several advantages distinct from

atomic absori'Jtion using lino sources. Among these arc-e a

saving in time of analysis, saving in cost of sources and

the capability of non-resonance line 3.b3orption measurements,

An instrumental system employing double modula.tion -

mechanical chopping of source radiation and v;avelength

modulation of radiation transmitted by the absorpti.on cell ~

offers advantages over normal AAC. Improvement in signal-I;o-

noise ratios and decireased sensitivity to background as

compared to normal KAG are the most important advantages.

In this work, a doubly modulated system is described and

the theory underlying its operation derived. It is shown

that both first and second derivatives of the transmitted

XI
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spectriim caji be obtained. The first derivative appears at

a frequency equal to the sum or the difference of the tv/o

Liodulatioii frequencies, Hhile the second derivative appears

at the sum or the difference of the chopping frequency and

tv/ice the v/avelengbh modulabion frequency. Experiments

are described v/hich verify the validity of the theoretical

expressions. Analytical curves and limits of detection

are pi>esented fox* the follov/ing eight elements: Ag, Ca,

Cd, Cr, Cu, Fe, Mg a;ad Ni,

Xlll



CHAPTER I

IlITRODUCTION

Atomic absorpbion spectrometry has proven, its utility

as a practical analytical tool in laboratories throughout

the '.rorld over the past fifteen years since Walsh [1]

introduced it in 1955. In his cla.ssic jpaper, he indicated

that the measurement of the atomic absorption line profile

of an. element in a fl.amc should provide a clue as to the

atomic concentration j.n the flame » IIov;ever, in order to

3?esolve the spectral profile of an absorption line,

monochromators having nearly unattainable resolving pov;er

would be .required. ]?uj?thermore , the question of v/hether a

continuujji would have sufficient spectral energy in an

interval of the size of an absorption line, that is 0.01
o

to Go 03 A, to provide an acceptable signal-to-noise ratio

led him to propose that measurement of the peak atomic

absorption coefficient at the line center using a line

source would provide similar qu;antibative inforiiiation.

Because an atomic line source concentrates most of its

spectral output inbo the resonance lines characteristic of

that element, it v/ould p.rovide sufficient energy in the



spectral intorv.al of interest in addition to lov/oring the

resolving' pov;er criteD?ion for the inonochroiaator to. that of

having the capability of merely isolating the spectral line

of interest from any close lying linos. Because of these

arguments, the development of atomic absorption instrumen-

tation has excluded the use of continuum sources to a large

extent. It is unfortunate that this has been the case since

continuum sources offer several advantages over line sources.

These have been enumerated by several authors [2,5,^,5,6]

and include the requirement of having only one scarce

instead of a source for each element (or small groups of

elem.ents) of interest; the saving of bine in source align-

ment, and ease of background correction. In addition,

McGee and \7inofordner [2] and Passel ot^_al. C5] have shov/n

that the limits of detection by atomic absorption using a

continuum source approaches that using line sources for

many elements. At low concentrations of absorber, hov;cvcr,

the absorx)tion line half-width becomes insignificant v/ibh

respect to the spectral bandwidth of the monocliromator and

v;hile the line may be discerned, the signal-to-noise ratio

is low. It was thought that the vreak signal due to the

absorption line profile could bo extracted from the noise

ajid enhanced by using a derivative technique v/hich has been

employed successfully in other areas of spectroscopy.



The -technique of derivtitive spectroscopy, thai; is,

taking the derivative of the transmitted spectriun v^ith

respect to tirae or v/avelength, v/as first introduced in 1955

by Giese and French [7] > They demonstrated its theoretical

utility in resolving overlapping absorption bands having

as much as 90 per cent overlap. Collier ar.d Singleton [8]

applied the technique to infrared absorption siDectra by

taking the second derivative of the si:)ectrura electronically,

Hovrever, as Bonfiglioli and Brovetto [9] <'ind Perregaux and •

Ascarelli [10] point out, ana]-og differentiation of the

detector output results in treatment of the noise component

contained in the signal as v/ell as the information component.

The frequency spectrum of the noise component differs from

the frequency spectruia of the information component. There-

fore, the noise in the derivative signal may become a grea.ter

proportion then, in the original signal with the result that

the signal-to-noise ratio of the derivative- signal is lower

than that of the original signal. Bonfiglioli and Brovetto

developed the theory for a self-modulating derivative

optical spectrometero [91 v;hich employed a vibrating mirror

to modulate the image of the spectrum. They showed, as

vjrill be derived in Chapter II, that by modulating the

spectrum spatially and detecbing at the apx^ropriate

frequency, the derivative of the transmitted spectrum may be

obtained. In this manner, only the derivative of the desired



signal is obtained, wi bh the noise component of the signal

maintaining its relo.tive proportion or even decreasing. In

fact, noise arising from random fluctuations in phototube

output proved to "be the liniiting noise in the derivative

system. Since this type of photon noise has a constant

spectral noise pov/er over the entire frequency spectrum,

its contribution to the signal v/ill be identical for both

modulated and unmodulated systems. Their system proved

efficacious in the analysis of complex molecular absorption

bands [11] of rare earth nitrates in aqueous solutions.

Various ingenious techniques have been employed in

obtaining a modulated spectrum. Gtauffer and Sakai [12]

used a rotating mirror stepped along one diameter to modu-

late the spectrum image by a discrete amount. Balslev [15]

modulated the exit slit of his monoclironiator by mechanically

linking it to a loudspeaker vibrating at 175 Hz, The

derivative spectrum obtained vras used to study the influence

of stress on the indirect optical absorption edge in silicon

and germa-nium crystals, Williams and Eager [I'l-] also

employed an oscillating exit slit bo study the second

derivative absorption spectra of gaseous atmospheric pol-

lutants. Perregaux and Ascarelli [10] studied the first

derivative absorption spectrum of Ip in an incandescent lamp

using a glass refractor plate to modulate the spectrum. In

their system, the plate was cpo>dLed to a steel ribbon which



was oscillated by neaiis of a piezoelectric bimorpli. Sliaklee

and Rov;e [15] used a fused silica refractor plate to modu-

late the reflectance spectra of InP and GaP at several

temiDoratures. Snellenian et al . [16] nodulated the einissioa

specbra of elements in a flame using a quartz refractor

IDlate and by operating in the second deirivative raode v/ere

able to detect Ba in the presence of la3?ge amounts of Ca.

The first application of derivative spectrometry to atomic

absorption \-rejs by Snelleraan [17] ^.'ho used a mirror to scan

the imago of the dispersed spectruju across the exit slit

of the monoclrromator. It v/as primarily his work v/hich led

to the development of the present system,

A continuiun source and double modulation, that is,

modulation of the 3?o.diation falling on the flame and

emerging from it, v;as esnployed in this experimental system.

A theory was developed to predict the response of the

insticumentation to variation of experimental parameters.

Several authors [9, 15 9 1^^-) 15^18 ,191 have developed theoretical

intensity exrjressions for derivative spectrometers. Hov/-

ever, none have used their expressions as quantitative

predictors of e:q)erimental signals. The derivation of

theoretical expressions in this work closely parallels the

derivations of Bonfiglioli and Brovetto [9] and Shal-clee and

Rowe [15]. The quantitative predictions of the theory were

investigated and the system was used to construct analytical



curves and limits of detecbion for eight elements: Ag, Ca,

Cd, Cr, Cu, Fe, Hg, and Ni.



CIL'LPTER II

THEOHETIG.'IL CONSIDERATIONS

Hechanical Chopper Modulation

In atomic absorption spoctropliotoraetry , it is

important to eliuinato an/ signal arising in tho absorption

cell which is not due to absorption of source radiation.

Since in most atomic absorption systems the absorption

cell is a xlan.e, there axe three possible sx)urious sources

of signal arising in the cell: emission due to flame gas

combustion products; atomic emission and/or fluorescence

of analyte atoms in tho flame, and Rayleigh scattering of

source radiation by small unevaporated solvent droplets or

other small particles. Fortunately, in m.ost cases, none of

these has much effect upon the radiation passing tbjcough

the flame. IIov;ever, because atomic absorption signals are

due to the attenuation of source radiation by absorbing

species in the flame, any emission due to flajue gas products

or onalyte atoms v/ill decrease this attenuation and cause an

apparent decrease in absorption v/hich would be interpreted

as a smaller concentration of absorbers in the absorption

cell. Likewise, Rtiyleigh scattering of source radiation
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1/ould increase the attenuation of the radiation passing

through the flaine v;hich v/ould be interpreted as a higher

concentration of absorbers in the flarae thaai v/ere actually

there

.

By modulating the source radiation and measuring the

detector signal at the aiodulation frequency and with the

correct phase relationshir), omission from the flame cell

.

can be rejected. The effect of Rayleigh scattering is

eliminated by v;avelength modulation. As a result of the

source modulation, the signal due to absorbing species

appears a.s an ac component, at the frequency of modulation,

superimposed upon the dc signal due to flame cell emission.

In practice, source modulation is usually accomplished by

mechanical chopping using a motor driven disk having

alternating transparent and opaque sectors vrhich intersect

the beam of radiation emanating from the source along the

optical path of the system.

The modulated source radiation, if it is focussed

on the chopper disk, is actually nearly square-vrave modu-

lated, IIo'T-ever , in order to treat the system mathematically,

it is convenient to assume the source radiation is sinu-

soidally modulated. In this case, the modulated source

c ~? —1spectral radiance, B^ (v/atts centimeter " steradian

-1 ^
nanometer ) , ra.-ay be expressed as

o o



v;lierG B, is tli'e uninodulated source spocbrai radiance

„p _i „i
(uat'bs era "sr nm ^

) and <'o-, is bhe froiiuency of source

modulation. In Equation (1) it is assuraed that there are

equally siaed transparent' and opaque sectors an.d therefore

where B?, is the average source spectral radiance incident

upon the flame cell.

Refractor Plate ?Iodulat3.on

The wavelength nodiilation of the system is

accomplished in this work by the use of an oscillating

quarts plate. Because the index of refraction of the quartz

plate is different from that of air, a beam of light inci-

dent on the plate vrill be refracted if its angle of

incidence varies from 0°, The lateral disr)lacei;ient of the

refracted beam may be expressed as

d ~ t'Cos a (t.3n a - tan cc') (5)

v/here d is the lateral displacement (ma) , t is the plate

thickness (nua) , a is the angle of incidence and a' is the

angle of refraction. It may be clearly seen from Figure la

that the follov/ing relations hold

cos a - ~^. , tan a = X+Zl tan a' = ? (^)
y L» o



?il2, la.—-Refraction of an axial beam incident to
the refracto:? plate at on Giigle, a.

Fig, lb.—Refraction of a non-ajcial beam incident
to the refractor plate at an angle, a.
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By rearrangiiig and substituting, one obtains Equation (3).

From Snell's lav/

n tan a = n* tan a' (5)

v/here n and n' are the index of refraction of air and the

plate, respectively. Substitution of Equation (5) into

Equation (3) yields the exact expression for the lateral

displacemenl;

d = t'cos a (tan a - ^-r tan a) (6)

For vei'y snail angles cos cc is nearly UJiity and

sin a is approxiraately a. Considering rx to be unity, the

small angle approximation for the lateral displacement

becomes

d = t a (1 - ^-r) (7)

It is clear from this equation that the latex'al displacement

of the incident beon from the optical axJ.s is proportional

to the thicllaiess of the refractor plate and to the ^uigle it

makes v/ith the incident beam.

The lateral displaceraent of the image of the en-
o

trance slit at the exit slit plane in v/avelength units, A, is

a = d R^ (3)

vmere R, is the reciprocal linear dispersion of the nono-

chromator (A una ).
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Tho result of OGcillabing tho refractor plate

periodically so that the angle of the iacideiit beam varies

periodically from a to -a at some ojigular frequency cop is

to oscillate tho entrance slit image ahout some nean v;ave-

].engbh, ?\.^, v.liich corresponds to the position of the grating

of the Eionochromator with the refi->actor plate r)orpendiculai^

to the entering light beam. The position of the mobile

spectrum with respect to the grating setting, X , may be

e-:cpressed as

X = X -!- a sin (Op t (9)

where \ is the mean, v/avelength passing through the exit

slit.

The Hayleigh scattering mentioned in the pj?eceding

section is accounted for by v;avolength modulation. Since

Rayleigh scattering is independent of wavelength ovei' a

smaJ.l wavelength range for a given particle size, any

scattering will be tho same at the absorption line and

close by it. Thus, there will be a const;int difference

betvreen the baseline signal and the absorption signal

v/hether scattex\ing is present or not.

In addition to causing a lateral displacement of an

axial beam incidcrit upon it at some ongle a, the refractor

plate also causes a displacement of non-axio.l beams pa3?allel

to the optical axis, Figure lb,



1^1-

S - d/ sin a (10)

v/hero S is the parallel displacemeat of the image (rani). By

substituting tlie email an.sle approximation for d ond for

sin a the following result is obtained

S ^- t(i - ^v) (11)

?or the case of quartz, this means that the image of the

incident beam is disTJlaced a distance of approximately

one-third the thiclcness of the refractor plate. In practice

the result is a slight defocussing of the exit iaiage v/hich

can be neglected.

Intensity; E:cpressi ons

Inten.sity expressions v;hich allov/ quaD.titative pre-

diction of e:iperimental signals will be derived in the

follovn'/Ag section. It v;ill be shovm that signals corres-

ponding to both first and second derivatives of the

transmitted specti-uju are i^rodicted. The e:q)rossions de-

rived for this system are general and apply equally to

spectra containing narroif or broad linos.

The e:cperimental arrangement for v/hich the e:>rpres-

sions vri.ll bo derived is. illustrated in ii'igure 2. The

source employed must be a continuum for the expressions to

hold. The source radiance and the radian.ce at each impor-

tant i^oint are also indicated in Figure 2,
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The continuum sou3?ce spectral radiance, B, , is

focussed onto tho blade of a chopper wheel rotating at an

angular frequency ro-, , The modulated spectral radiance, B, ,

o

is then focussed onto a flaiae absorption cell into which

analyte absorbing si:)ecies may be introduced. The radian.ce

transmitted through the absorption cell, 3/,p, is related to

the incident radiance, B? , by the absorption lav; [3i20]
o

where E, is a modified atomic absorption coefficient defined

by Equation (15) oi^d 1 is the path lengbh of tho flame.

Ordinarily, k^ , the tr-ue atomic absorption coefficient for

an atomic vapor is used in Equation (12) and is a fmiction

of vjavelength; tiie peak atomic absorption coefficient, k^;

and the half--v;idth of the absorption line, AX. [21]. How-

ever, when medium resolution monocliromators having spectral

bandv;idths equal to or larger than the half~v;idth of the

absorption line aj^e used, the apparent half-v/idth of the

spectral profile viow-cd by the monochromator is approximately

the same as the s.pectral bandwidth [22], The apparent

half~v/idth is herein defined as

A = Vs^ + A/\| (15)

o

A is the apparent half-width (A) an.d s is the spectral band-
o

v^idth of the monochromatoi-" (A)

s = R^W (I'O



18

In Equation (I'!-), W is the slit v/idth of thv3 aionochromator

(ca) arid Rt is the 3?ociprocal linear dispeiosion of the

monocliromator (A cm" ). Furthermore, the value for k° "^,

the peak atonic absorption coefficient at the line center,

is also affected by the spectral bandv;idth of the nono-

chronator. Kostkoxrski and Bass [25] have calculated the

change in k for various spectral bandv/idth-to-absorption

line half-:/idth ratios. For ratios greater than 2, which

is generally the case for real analytical sibuations in-

volving atomic lines, k varies from 75 per cent to less

than 50 per cent of the true k . According to the above

discussion, Ic, may be expressed as

2

\ = e\ '''^'
X -x^

(15)

where p is a coefficient less than 1,0 to account for the

diminution of k^ due to finite spectral bandv/idth atid \^
o ^ .0

is the v/avelength at the center of the absorption line

profile. This expression only approximates reality since

it describes a line having a Gaussian type of profile.

Hov;ever, considering the line as having a simple shape

instead of its true shape which results from the several

broadening T)rocesses occurring in flames, the expression

becomes amenable to mathematical treatEient. Equabion (12)

may be rev/ritten in a form v/hich indicates more clearly

that the exponential term simply e:q)resses the transmission
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of the flar:\e cell as a fmiction of v/avelength

B«j = B°^1-(X) (16)

The radiance oroiisiaitoed bhrough the abooi-otion coll

is focusGcd upon the entraiTice slit of a monochro' lator after

v;hich it passes through a 3:eiractor plate modulated at an

angular frequen.cy cOp^ 'iho effect of the displacenent of the

image (desci-ihed in the previous section) is to cause the

ST)ectruin produced by the grating of the monochroiaator to

periodically oscillate about a mean v;avelengi;h, X .

corresponding to the central v;avelength of the spectral

band of radiation emerging from the exit slit --/hen the

monochroiaatox* is used in its conventional mode. The v/ave-

lenpjth of the oscillating spectrum vrhich is viev;ed by the

centei' of the exit slit at any time t is given by Equation

(9)

X " X -h a sin^'o t
c d.

Therefo3?e, the radiation one.rging from the exit slit of the

modulated system, B,,,(^^ jt)? is a function of the periodic

oscillation of the spectrum about the center of the exit

slit. Also, a.s a result of the finite v;idth of the exit

slit, B,.i(A.^,t) is also a function of the spectral band'/idth

of the monoclirouator. The modulated spectrum passing the

exit slit may be expressed in the form of an integral of
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B, rn convoluted v/ith ohe slit function of the iionoclu-'orn.r.tor,

S(\), evaluated over the spectral handv/idth of the nono-

cliromator

\i\^,t) = / 13^5, a(\)ca (1.7)

\ - s/2

In the case of a monochroniafcor having equal entrance

and e>cit slits and unit magnification v;ithin the aono-

chromator, S(\) is a triangular function and is expressed

S(\) - 1 -
'I'

, IXI = |\ - \^\ < s

(10)
S(\) - ,1X1 --- \K - \^\ > s

B, ni as ezcpressed 07 Equation (16) may be rev/ritten

as a function of the raodulated spoctrujii atid the slit v;idth.

\a?
^ \ ^'^c

'' ^ ^^T-'^<->2 '^ '^ '^1
^'-'^^'^c

*' ^ sin^)^ t + |X| )B
ft.T A.

O

(19)

Substitution of Equations (13) and (19) into the

integral of Equation (17) yields

E,j(\^^,t) =

B^ (\^ + a sintjk^ t + IXI )T(\^^ + a sin^V, t + |X| )

o ^

^ (1 ^ 'J ) ,ix (,-70)
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A Taylor sories expansion may be pe.rforiaed on the

terras ox Equation (19).

^\ ^^^ " K ^^c^
' ^'"^ '^^-^"^^'-'2 ^ ^ 1-1)13^' (\^) +

2
(a sin<(.v5 t -i- 1X0 ^„

i
~ B=^ (X^) . ....

TiX) - T(\^) -I- (a sin^^ t -^ IXI )T'(\^) +

(a sin.Mo t; + IXI )

(21)

where the primes indicate the derivative ox the expression

with respect to /\ evaluated at X . ]?ox" the purposes ox

aiM?iving at the desired expression in this dei>ivation, the

e:qDa!"Lsion vras only carried to the second order in (a sin^'Jo "^^ +

IXI ), A more precise expression could he obbained by ex-

panding the seT?ies bo highei* order terms, but it will be

shown that, for pi^actical purposes, second order terms are

sufficient and can either be accounted for experimentally

or are negligible. Multiplication of all terms and subse-

quent integi'ation over the spectral bandvridth results in the

expression (see Table 1)
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2
B.^,(X^,t) - sBT + -^-- (BT" 1- 2B'T' + B"l')

.2
-i- sa siurj^ t[3T' ,-- B'T + g (3B'T" + 3B"T')]

+ sa'^ sin 2.oU IjCBO?" + 2 B'T' + B'"J?]

4- higher harraonics (22)

whore all superscripts and subscripts have been omitted to

si'jiplify the expression.

The first two terns of the expression represent the

dc signal output of the multiplier T)hototube detector.

Of the tej?ms appearing at the fundamental frequency

/jp, the first term describes the first derivative of the

transniitted spectruia; the second term is zero if the source

radiance is constant or a constant if the radiance increases

or docx'easos linearly over the spectraJ. modulation inte3?val,

a; the third term is zero at the wavelength of the first

derivative maximum and the fourth term is zero if the souj?ce

spectrum has no fine structure over the spectral modulation

interval

.

Of the terms appearing at the second harmonic, 2u)p,

the first describes the second derivative of. the transmitted

spectruia; the second is zero at the wavelength of the second

derivative maximum; the third is zero if the source spectrum

has no fine structure over the spectral modulation interval.
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Subject 'bo the above conditions, only tv;o torinrs in

the entire expression are important in the ac detection

mode. These are the first teria at the xiuidamental frequency

sa sin^Jp t B? (A.^) l^'C^^,)

and the first term at the second harmonic frequency

2

(25a)

sa sin 2^2 t 3^; (\^) T"(\^) (25b)

Each of these expressions may be expanded by substitution

of the appropriate derivatives.

T(\) - exp(-.k^l)

dE
T'(\) - -

-^^l;-
1 exp(»k^l)

T"(\) . ^ ~-\ 1 exp(-i?^].) 4- \-^^{~\ exp(~l?^l)
d A.

Substitution into the expressions (2'!-) may be

accomplished by taking the appropriate 0.erivat;ives of

Equation (15).

2

,2 V'V wVq/^-.j. ^

(2^-0

die, 2(3k

dA.

d k^
p.

dX"^

(25a)

2|>k

^e:<:p
\-,\

|2

A

X-\ -l2

exp - (25b)
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By Gubsijituting expressions 25a and 25b into expressions 2^-

and evaluating at X one obtains
c

A

G O

-l2

(26)

and

l'"(\^) - i^2 1 e:qp

A

c o

-i2

''f^o -
;

A

l2

e:q)

?

2pkA o i(x ~. X )exp
A '

>^c
- \

o c

eicpC-'k^ 1)

(27)

'i']j.e location of tbe maxlmuiu or niniiTiuni of Equation

(25a) c;ra be found by setting Equation (25b) to zero,

substituting \, for X and solving for A. , At the marimum

or minimum

K^Kf.ff (28)

The maxima or rainiiiia of Equation (2?) can be located

by setting -,,3 equal to zero ond solving fo3? X . Tliroe

values are obtained, of v/hicli X - X is the maximum.
' c o

C

K-^0^ V:^/2 A

(29)
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IHaen Equation (26) is evaluated ab A. ~ \ + -"-• it

becomes

» o
(^0)

Evaluating Equation (27) o.t \ - X one obtains

'-P"(/\^) = -^-^ 1 exp(-.]^l) (51)

These expressions may be substituted back into

Equations (23a) and (25b) and Equation (1) substituted for

B. . I7hen this is done, Equation (23a) becoiaes
o

sa-sinfjpt B^ (\JT'(A.J

2pk

- sa*sin.^Jpt K_ a .

cos^^Vt) -'--^ 1 e:co ( -/a) exo(-£!)

riultiplying through and discarding any terms not having both

<y^ and Op appearing in them, one obtains

>c
sa'sintOpt \ ^K^'^'^-^c

sin ('.•>, -h <.)p)t +

sin (4^-, ~ fJp)t
sa B^ pk 1 exp(-->'Ooxp(-k, 1)

2 V? A

(32)

Equation (32) predicts that the first derivative of

the transmitted spectrum should ax^pear at both the sura and

the difference of the modulation frequencies. Similar

substitution can be made into Equation (23b) v/ith the result
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beinp'

2
sa slnP.Opt sin(.<j, •!- 2uu)t I-

o

sa'^Bj^ Pk 1 exp("Icl)

2c->2)t

8 A'

Equation (33) predicts that the second derivative of the

transmitted spectrum should appeaj? at the sum of the -

choppinp; frequency and tv/ice the v/avelongth modulation

frequency an.d also at their difference. Examples of first

and second derivative signals are shown in Figuj?e 3«

SoAiations (32) and (33) if^ay novr be v;ritten as i.nr)ut

signals to the phase lock amplifier at their appropriate

f.requencies of detection and phase so that the sin terms

are equal to laiity,

v/Hi),.jT^ ^Rj^ » s aB:^ ^ k^l ezq) ( ^Vz) exp ( -k^l

)

'2

"
<Jt -1- c>'

_____o__

2./? A
(3^)

where W and H are the v/idth and height of the monochrouiator

slit, respectively, in cm, Q.,, is the solid angle of radiation

collected, by the monochromator in steradians, ? , is the

trajismission factor of the opbics of tlie system, V is the

phototube radiant sensitivity in amperes watt" , and Rj is

the phototube load resistor in ohms,

\miyi}.t\sa^B^ ^Ic^l exp(-.l^^l)

S ^3_ -y 2cx^ =

8 A'
(35)
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Equations (3^^!-) and (55) predict that the first

derivative signal sliould be larger thaji the second by the

ratio

They represent the final expressions v;hich are used to

predict the shape of the curves of grov/th for the derivative

system, A theoretical first derivative grovrth curve is

shovrn in Figure 'I-.

That there is an optimum, spectral modulation ajapli-

tude is shovni by. Balslev [13] v/ho gives the resolution for

a conventj.onal mono clirouiator as s-, + s^ = s vrhere s, and S2

are the spectral slit v/idths of the cnti^ance slit and e:d.t

slit, respectively. For the case of a monoclu?omator modified

to produce a derivatj.ve signal and having a spectral modu-

lation amplitude s, the resolution is given as

St + S/^ + S -»

_1„^2 3 ^ g (37)

Since the signal of the derivative spectrometer, according

to Balslev, is proportional to s.SpS^, the best choice for

slit vridths and modulation amplitude for optimum resolution

and signal is s-j^ = S2 = s,. In the preceding derivation,
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olie asstxiTi.ption. that s-, - Sp has already been made. Con-

sidering nov/ the size of s, one see.s that if g^ < s, rorjo-

lution x-7ill "bo improved hut the signal will decrease and if

s., > s^ the signal v;ill increase hut resolution vri.ll suffer,

Tn the previous equations, a is equivalent to s,,, For the

opbiinujii case a should he chosen equal to s-, , Equation (36)

then predicts that the I'atio of the fi3?st to second deriva-

tive signals should he l,?*

Limits of Detection

Winefordnei? and Vickers [20] have derived ejqpressions

for ca]. collating the theoretical concentration of analyte

at the limit of detectcibility in atomic absorption flaiao

spectrometry for a system employing a hollow cathode dis-

charge lamp as a source and dc detection of the sigzial. In

their derivation, they defiiied the limit of detectahility as

the concentration of analyte atoms in a flame which jproduces

a change in signal equal to tv/ice the root-'mean-squaj?e noise

signal due bo all sources of noise i^resent in the system.

The major sources of noise present in any system are (i)

fluctuations in the signal arising from the photcdetector

or photon noise; (ii) fluctuations in signal arising from

source inteiisity fluctuations or source flicker noise, and

(ii.i) fluctuations in the signal arising from fluctuations

in the intensity of background flaiae emission intensity or

flame flicker noise. Of these sources of noise, flame



flicker and soiirce flicker noises are of (jhe "pink" or 1/f

vai'iety, thai; is, they are less than 100 Hk, Photori noise,

on the other hand, is "white" noise, that is, the spectral

noise power is approximately constant over the entire

frequency spectrum. Therefore, one should expect to en-

counter only photon noise in ac detection systeras operating

at frequencies greater than about 100 Hz, The follov;ing

derivation of the analyto concentration at the limit of

detectability is based on the assumption that the system is

photon noise limited. The photoanodic current due to

photon noise may be v/rltten as [20]

Ai^ =/2BMeAf/V[H0„,T„B^ s' (i^3)
P ^^ -^

'^o

where B is a factor cbsiracteristic of i;he photodetector

dynodes, li is the multiplication (amplification) factor of

the photodetector, e is the charge on the elecbron

(coulombs), Af is the frequency response baiidxfidth (sec ),

and all other terms have been previously defined. Because

phobon noise is frequency independent, it v;ill be detected

along vdth the signal. At the limit of detcctobiliby, the

signal due to analyte absorbing species v;ill be equal to

tv/ice the photon noise. ?or the first derivative system

S"'^^ =. 2R^ Zl (59)
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The term in the Gignal e:q)ression (Squation 5'^) wliich

relates the signal .lize to the nuEibei" of analyte absorbers

is k . The value of Ic "' for the minimum detectable numbe]
o o

of atoms in the flame, n''', is given by [21]

2 ^(Kj\e\h
l^EJi^ l^„ o "^ (ZlQ)
°

f/~K A/\ mc

v.fhere n'^' is the minimum detectable number of atoms in the ith
m —

state per cm of fla.rae gases, a,\:-v is the Doppler half-width
o

(A), f is the oscillator strength for the atomic transition

BjOid c is the speed of light (cm sec" ), n." no^ be calcu-

lated using the Boltzmann Equation (20)

v;here n is the total number of atoms in all states; g. is

the statistical v/eight of state i, 2J -i- 1; and Z(T) is the

partition function of the atom, Z(T) - /^ g. exp(-S.. /i^T)
,

1
vrhere E. is the enei'gy of state i above the ground state,

k is the Boltismann constant, T is the absolute temperature,

and the sunHaatiOxi is over all states of the atom.

Equations (J'l-jJS,'^!-© and '-M) may be substituted into

Equation (39) and the resulting expression solved for n to

yield a general equation for the minimum number of atoms

detectable in a flame.
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-,1/,

2-rcBMe Af

o
(A.2)

Th.e niniiauia detectable concentration of atoms

cn"-^ of flame gasos, n , can be converted to rainimuia

detectable solution concent.ration in yUg ral" , G^^, by use of

the follov/ing Equation [20],

5.5 X 10-^\ TO;i

°m - ^.IS n29g ^''^'

where T is the flnjiie temporature in "^K; n^^ is the number of

moles of combustion products at temperature T; n2gg is the

number of moles i)resent at 298°K; Q is the flov/ rate of

5 —

]

unburned. gases in cm sec ' at room temperature and one

atmosphere pressure; ii'> is the flow rate of solution in

cm"^ minute •, i5 is the efficiency of atomization and nebuli-

zation processes; 3 is a factor to account for iiicomplete

dissociation end. atomic losses due to ionization; and the

atomic v/oight is expressed in grams mole" , 8-ad A is the

atomic v/eight of the analyte. 'Che constant contains the

numerical factors 29S°T<:, Avogadro's number and conversion

factors from minutes to seconds and from grams to micro-

~1
grams. It thus has units of (moles atom ) (seconds

minute""-*-) (micrograms grom"'") ("K"-^),
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Signal-to~ITo:Lse Ratio

The signal-to-iioise ratio of the systera in the first

derivative mode is v/ritten as

S/H =

VJIiO T B^ ]j'BMeAfs

o

/a

p k 1 • ez-qp ( ")^) e2cp (-E 1

)

(^-^0

Equation C^-'^!-) predicts that i^e- signal- bo-noise ratio v;ill.

improve with the square root of the source intensity.



CHAPTER III

EXPERIIiENTAL SYSTMl MB PROCEDURES

Sescrijptiog of S /̂stem

The instrumental syateni is pictuxed in a block

diagram in Figure 5. Each of the individual components is

discussed in detail below. The entire system was momited

on a one inch thick steel plate using quick-release magnetic

mounts. This arrangement facilitated the location and

physical stabilization of components v/hile at the same time

allov;ing rapid ond easy experimental rearrangement.

Components used are listed in Tables 2 and 3.

Source

Continuum sources v/ere- employed in all of the experi-

ments. A 150 v/att high pressure xenon ai*c having a colli-

mated be.am was used for all analytical e:q?eriments. The

spectral distribution of 3?adiant flux for the lamp as given

by the manufacturer's specifications is shovm in Figure 6.

o

Source intensity bolov/ 5^00 A is only about one-tenth of the
o

output around ^-500 A, Since most atomic resonance lines for

elements v/hich ordinaj.'ily are measured by atomic absorption

38
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tecbniques fall belov/ 3S00 A (Al, Bo., Ca, Cs, K, Li, ?Ia, Hb,

S.r and raoGl; rax^e earths have useful resonance lines above
o

5600 A) , a very pov:erful source is required bo yield

appreciable intensity in this lov; v/avelength region of the

spectrim. The xenon arc source used had an effective

spectral .radiance in the region of 'l-OOO A of between 10

-5 „2 -1 .-1
and 10 ^ ".fatts cm sr nm and correspondip.gly lov;er •

spectx'al rtidiance at the lower vravelength resonance lines.

The raeasured spectral radiance of the source at the wa.ve-

lengths emr)loyed is also plotted in Figure 6 as relative
o

values. The spectral radiance at ^-22? A is arbitrarily

assigned a value of 1, The estimation o.f source spectral

radiance was made by measuring the p.hototube signal x/hich

resulted vfaen the source vras focussed on the slit of the

raonochroraator under .known conditions. Equation (''-1-5) v/as

used to ca.lculate 3, 'f^. o The transmission factor was in-
\^ 1

eluded in bhe calculated value since an accurate estimation

of ifcs value could not be made; ho^'^ever, all other para-

meters v/ero knovm.

Signal = B° T^,\JHa,sV (^f-5)
' o

v;here the signal is the phototube signal in amperes; V/ and

II are the width and height of the monochromator slits,

respectively, in cm; Q,, is the solid angle of .radiation

collected by bhe monochromatoi' in steradians; s is the
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spectral l33P.clv;idth of tho nonoclironator in :am; and ^ is the

radiant sensitivity of the iDhototuhe in amperes \/att" .

Source flicker v;as not observed to he a problem,

This finding is in agreement v;ith Gnelleman [1?] and others

C2A-] v;ho have shov;n thab source flicker at frequencies

greater than 100 Hz is negligible.

A tungsten-iodine projector lanp having a quartz

envelope was used in an experiment to verify x^'^^obo^ noise

limitations. Its po'.;er supply is indicated in 'fable 2,

Burner gjid Nebulizer

An adjustable nebulizer and mixing chaiaber assembly

vras employed in all experiments. The efficiency of the

nebulizer in delivering aspirated sample into the flame

v;as on the order of 5 to 10 per cent. The nebulizer chajnber

v/as equipped with a 5' slot burner head 10 cm in length. The

burner supported an acetylene-air flame for. all experi-

mental measurements. The entire nebulizer-burner assembly

was mounted on an aluminuui shaft v/hich could be set at

various heights by means of an adjustable locking collar.

The collar v/as mounted on a quick-release magnetic mount

v;hich allov/ed rapid aligmaent of the burner head with

respect to the optical axis of the system.
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rionocliroinator
_
andJgptics

A 0,1? motej? scanjiing Eber'b monocliroinator vras employed

ill this study. It vras mounted on a 1 inch thick o.luninuiTi

plate which v;as supported by tboree adjustable posts mounted

on quick-release magnetic mounts. The raonochromator v;as

initially roughly leveled using a spirit level v:hile pre-

cise leveling was accomplished by using a small, lov; power

helium-neon laser. The laser V7as set to bhe appropriate

height and its beam made parallel to the steel plate by the

use of glass plates which v/ere opoxied to adjustable x^'ods

mounted on quick-release magnetic mounts and v;hich had an

"X" inscribed on one face. These were positioned such that

the centers of the "X"'s coincided with the horizontal

plane containing the optical axis of the system. By placing

these in the path of the laser beam at various distances

fropi the laser apei^ture, the laser could easily be adjusted

so that the beam coincided v^ith the centers of the "X"'s and

thus v;as contained in the optical plane of the system. The

monochromator v;as leveled by illuiainating the center of the

entrance slit with the leveled laser bean and adjusting the

height ond level of the monochromator until the beam

emerging from the exit slit was contained in the optical

plane.

The lenses used to focus the source radiation v;ere

aligned in the same manner as the monochromator. They vrere
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placGd in appi'oxinately their final positioa on i;he optical

bench and adjusted vertically until their centers i/oro con-

tained in the optical x^^-sno as indicated by their trans-

mission of the laser beam. Initially, their position along

the optical a;x:is was defined by the criteirion of obtaining

a 1:1 image of the source at the entrance slit. V/lien this

arrangement was made, it v/as discovered that the center of

the grating vras dark as were the centers of the colligating

mirrors of the monochromator. Due to the construction of

the source, this phenomenon was ur<.derst.'m.dable. The /oji.ode

of the lamp is supported by a jaetal spider mounted inuiiedi-

ately behind the sapphire front window and is directly in

front of the arc. This unilluminated portion of the source

image coincides with its center and accounts for the dark

areas observed. To correct this p.roblem, a deraagnified

image of the source v/as formed on the slJ.t by relocation

of the lenses \7ith subsequent complete illumination of the

grating.

The qua.rtz refj?o.ctor plate used to displace the image

of the entrance slit v;as mounted in a brass electrode holder

as shov/n in Figu3?e 7. The elecbrode holder vras located on

the nonochronator chassis ab a distance from the entrance

slit such that the width of the plate was sufficient to

totally intersect the solid angle of radj.ation collected by

the collimator mirror. The refractor plate v;as epoxied to a
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Fig, 7.—Electrode holder for piezoelectric transducer,

a = Brass electrodes.
"b = Brass holder block.
c = Piezoelectric bimorph transducer.
d = Quart^ refractor plate.
e = Teflon^ insulator block.
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piezoelectric bimor-ph. Oscillation of the refractor plate

V7as accomplished by 3upx)lyius the pie aoolec brie bimorph

v/ith a sinucoidally varyin*^ voltage. The optimuju per-

foriaance oj? the piezoelectric binorjjh v;a.s expected to occur

at its resonance frequency. The approximate i*osonance

frequency v/as calculated using Equation (^i-6) [25,26]

v/here L is the free length of the vibrating member in

inches; o was calculated to be y6 llz, S::q^eriiiientally the

resonance frequency v/as found to be 55 H^* Consequently,

the bimorph v/as driven at 55 Hz by a voltage of the

appropriate magnitude to attain the desired deflection and

thereby the desired spectral modulation interval (Figuj?e 8).

The mechanical chopper used to interrupt the source

radiation falling on the flame v;as constructed in the

chemistry department machine shop. It consisted of an 8

inch diameter wheel having 10 apertures driven by a

synchronous 5600 rpm motor. The i^'atio of the motor pulley

v/heel to bhe chopper blade pulley v;heel v/as 0.^!-30 v;bich

resulted in a chopping frequency of 253 Hz,

A reference sig-nal of this freo^uency v/as generated

by a small photodetector system built into the chopper

housitig. The reference system used a 6,2 volt radio lamp

ojid a photo bransis tor in the cj.rcuit diagrammed in Figure 9.
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0<

J..

AO 60

Voltage lo Bimorph

Fig, 8.—Spectral modulation Qiiplitude (slit image dis-
placement) versus voltage supplied to the bimorph^
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+6 volts

r
J.

ioi<a .y

-OA

^2KQ

'OGnd

Pig. 9»—Circuit for clioppor roference signal,

Qp =: LS'4-00 (Texas InG"brumcnt, Inc.) photo-
transistor.

\ - Radiation incident on pliototransistor.

A = Signal output.
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The lamp and phototransifjtor \iqvq mounted beside each obher

on the face plate of the chopper housing. Directly opposite

them a mirror vras o.ttached t'o the rear plate of the housing.

Uhon an aperture presented itself between the lamp and the

mirror, light v;as reflected onto the phobotransistor, its

resistance decreased to a lovr value ca.usinp; Q^ to turn off.

V/hen C)-, was off, point A dropped to ze3?o volts. As an

opaque portion of the chopper interrux)ted the light falling

on the phototr;ansistor, its resistance becaine high, 0, was

turned on and r)oint A reose to 6 volts, . In this mcnner, an.

apT)roximate square wave signal of frequency 0-, v;as generated

at point A for each interruption of the :cenon source,

Electronic Comuonents

The driving voltage to the piezoelectric bimorph was

supplied at the proper frequency by using a variable a.mpli-

tude vn'.de band oscillator feeding into a fixed gain power

amplifier which was capable of supplying up bo 120 volts

(rms) without distortion of the output vjave form. The

amplifier used in this experi.ment v/as constructed in the

chemistry department electronics shop and not optimised to

the load wliich the piezoelectric presented.

A suitable commercial amplifier would be the Model DCA-10,
Krohji-Hite Power Amplifier, Krohn-Hite Corp,, 5S0
riassachusetts Ave,, Cambridge, Massachusetts

.
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The reference signal for the piezoelectric tra.nsducer

frequency, cjo-> ^'^^^s taken at the oscillator output. V/hen

the system vms operated in the first derivative mode, this

signal and the reference signal from the mechanical chopper

v;ere used as inputs to a multiplier. The result of multi-

plying tv;o periodic functions together is given by Equation

sin(a) cos(b) ^ }2(sin (a+b) + sin(a-b)) (^7)

In the present system, the frequency of the multiplier out-

put v;as of interest beca.use it v/as to be used to supply the

reference signal to the phase-lock amplifier. In order to

differentiate betv/een the sum and difference frequencies in

the multiplier output, a tuned amplifier of high Q was used

to select "uhe proper frequency to be used as the reference

signal to the lock-in. For the first derivative spectrum,

the sum frequency v;as 313 Hz and the difference frequency

v;as 203 K/..

For operation of the system in the second derivative

mode, the reference signal from the oscillator v;as fed into

a squarer to obtain a signal at tv;ice the oscillator

frequency, 2^p. The output of the squarer and the chopper

reference signal v/ere fed into the multiplier as for first

derivative operation and the selective amplifier tuned

appropriately to either 368 Hz(^^ + 2^2) °^ ^'^^ 'A7.{0^ - 2CO2)
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The multiplier phototube detector signal current was-

dropped across a 15.2 Kfl load resistor to provide an

input signal voltage to the phase-lock amplifier. The

value of the load resistor was chosen to yield the lov;est

noise in the system compatible with reasonable input

voltages for the range of signal current expected. With

this load resistor, phototube signals of between 10"-^ and

_g
10 amperes yielded voltages of between 160 millivolts and

16 microvolts which nearly spanned the input signal range

of the phase-lock amplifier.

The output of the phase-lock amplifier was 1 volt

full scale for the sensitivity range in use, A voltage

divider was constructed to permit a signal one-hundredth

of the output to be used to drive a 10 millivolt recorder

full scale.

Solutions

Solutions of each element to be analyzed were pre-

pared from reagent grade chemicals. Stock solutions for Ag,

Ca, Cd, Cr, Gu, Pe, Mg and Ni were made from AgNO;,,

Ca(C2H^02)2*H2*-'» CdCl2 ' 2)iH20 , K2Cr20r,, CuS0^'5H20,

FeS0^'7H20, MgSO^, Mg(C10^)2 and NiS0^'6H20, respectively.

Three solutions of relative concentration 1,00, 0.50 and

0,25 were prepared for each decade of concentration examined.

All solutions were prepared as aqueous solutions using high
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quality deionisod v;ater except for the Hs(C10.)p solutions

v;hich v:ere prepared in absolute et'nsnol.

S>cperinental Procedure

The practical analytical operating conditions for the

system v;ere either the manufacturer's recommended conditions

or v:ere e:cperinentally chosen to give the optimum signal.

The source v;as run at 12 amperes and 12,5 volts dc. The

spectral bandv;idth, s, and the spectral modulation ampli-

tude, a, v/ere maintained at a ratio of 1, The actual

spectral handv/idth used in the experiments varied betv/een
o o

0.3 A and 0,5 A, The slit height v;as kept at 2 mm. Due to

the variation in source intensity from wavelengths around
o o

^000 A to 2300 A, the sensitivity setting of the phase-lock

amplifier v;as adjusted to a level compatible v;ith acquiring

the phototube signal v;ithout overloading either the input

or ourput amplifiers. The time constant employed in most

experiments was 3OO milliseconds although for very small

signals a 1 second time constant v;as employed. The phase

setting of the phase-lock amplifier v/as adjusted at tlie

beginning of each experiment to yield the maximum sigUcil,

Data v/ere taken with the monochromator in the non-scanning

mode. The v/avelongth was set manually to give the maximum

signal deflection on the recorder. Thermal drift of the

monochromator av/;ay from the preset v/avolength did not prove
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to be a problem and an entire set of data could be collected

v^itliout the necessity for readjustment of the monoch-romator.

A nearly stoichiometric flane v;as used for all analyses

except for Ca and Cr for v;hich a fuel-rich flame v;as used.

The acetylene-air flame supported on the 3-slot burner was

very "soft" and had a marked tendency to waver about the

optical axis due to drafts of air in the laboratory. This

condition was remedied by placing sheets of aluminum behind

and in front of the flaiae extending from the bench top

nearly to the exhaust hood.



CHAPTER IV

RESULTS MD DISCUSSION

yerification of Theory

Various experiments vrere performed to test the

validity of the theoretical expressions derived in Chapter

II, The results of these are discussed belovr and summarised

in Table '+.

Optimum Slit V/idth to Nodulation Amplitude Ratio

The experiment to determine the optimum specti'al

bandv;idth-to- spectral modulation amplitude ratio to verify

Balslev's prediction [131 involved using a set of fixed
o

strai£;ht slits of spectral bandv/idth 0,^0 A, The signal

resulting from the aspiration of a solution of 10 /xg ml"

Ca into the flame v;as measured as a function of spectral

modulation aiiplitude. The results are plotted in Figure 10.

It may be seen that the theoretical optimum and the experi-

menta]. optim'um agree v;ithin about 5 per cent v;hich is v;ithin

experimental error.

First Derivative Mode Versus Second Deriya.tive Hode

Equation (55) predicts that v;hen the spectral modu-

lation interval is equal to the spectral bandv;idth, the

60
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o
Slit image Displacement, a (A)

Fig, 10.—Fix'So derivativG signal intensity versus
spectral iiodulation anplitude (slit image
displacement) at constant spectral bandv/idth

of 0.^0 A.
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ratio of the magnitudes of the first and second derivative

signals is equal to 1.7. An experiment was performed at

three different slit widths but at the same a/s ratio of

unity. The mean ratio was foxind experimentcilly to be 1.^.

Normal AAC Compared vfith Derivative AAC

Comparisons of different analytical technxques are

usually not valid since one experimentalist may compare

results obtained vrlth his system to those obtained in

another laboratory under different conditions v/ith different

instrumentation in many cases. The only way to obtain a

truly fair comparison is to perform both analytical tech-

niques under the same laboratory conditions using as many

common pieces of instrumentation as possible. In this

manner, differences vjhich arise may be attributed to the

differences in technique. To this end, both normal atomic

absorption spectrometry using a continuum source (AAC) and

derivative AAC v;ere performed using the same instrumenta-

tion. All experimental conditions, slit v/idth and height,

source power, flame conditions and analyte concentrations

were identical for both techniques. The only difference

bet;veen the techniques was oscillation of the refractor

plate in the derivative technique.

The signals predicted by theory for normal AAC [20]

and for the first derivative signal by Equation (J'l-) for

25 pg ml" of Ca were calculated and compared with expert-
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mental values. The results are listed in Table ^ and are

in good agreement. Furthermore, even thougli the signal

magnitude for normal AAC was five times larger than for the

first derivative AAC signal, the S/N ratio was ahout five

times poorer.

—

- -
^- "'-' —

Direct comparison of results obtained with the

present system with the hest previous results by normal AAC

[5] were unfavorable to the derivative system. However, the

systems were different enough that the arguments raised" in

the first paragraph apply. VThen comparison vas made on

equal terms, that is, using ethanolic solutions of analyte

and the same instrumentation, the derivative system proved

to have an advantage in S/N ratio.

Photon Noise Limitation

All signal-to-noise and minimum detectable concentra-

tion expressions derived above have been predicated on the

assumption that photon noise is the limiting noise in the

present system. Equation (^^) predicts that for all other

parameters being constant, S/N should vary as the square

root of the source radiance, B^ . By using two sources the
o

ratio of v/hose radiances is known, one can verify the pre-

diction of Equation (^^). Writing Equation ,(^^) for the

two sources aind talcing the ratio results in the follo\>ring

expression
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(48)

Experimentally, a tungsten-iodine lamp and xenon arc

were used as_ the sources and had a radiancy ratio of 0,16
O _T

at the wavelength of measurement, 4227 A. A 1 /ig ml solu-

tion of Ca was used as the experimental prohe. The ratio,

calculated from the appropriate experimental parameters was

0.5 while the experimentally determined ratio was found to-

be 0,5.

Frequency of Detection

Equation (52) predicts that the first derivative

signal should appear at both the sum and difference

frequencies. An experiment measuring three concentrations

of Cu (5.0 /ig kl1~ , 1,0 /Ig ml" and 0,5 /ig ml" ) was

carried out at the sum and difference frequencies. The

results are tabulated in Table 4 and are in close agreement.

Analytical Curves and Limits of Detection

Analytical curves were constructed from measurements

made with the system in the first derivative mode for Ag,

Ca, Cd, Cr, Cu, Fe, Mg, and Ni and are illustrated in

Figures 11 through 18, respectively. The analytical lines

employed, the type of transition which occurred [2?], de-

gree of atomization [28], statistical weight of the state
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from v/h.ich absorption occurred [27]",~ the oscillator strengtB.

for the transition [27] , the electronic partition function

[29], the theoretical limits of detection calculated using

Equation (^3) and the experimental limits of detection are

tabulated in Table 5. Experimental limits of detection

were obtained by extrapolating the analytical curves to the

point where the signal X'^as equal to ti^ice the rms noise-and

reading the corresponding concentration.

Because the derivative spectrometer is sensitive to

small, but rapid, changes in the slope of the spectrum it

views, both the source and flame background spectra were
o

examined over an interval of 5 A on either side of the

analytical lines used. In all cases, the source background

varied linearly and had no fine structure in its spectrxom.

In the cases of Mg, Cr, and Fe, there were some flame
o

emission lines within the 10 A interval, but these were far

enough away from the analytical lines not to interfere.

It should be noted that the general shape of all

analytical curves follov;s that of the theoretical curve of

growth in Figure 5 having a slope of 1 at low concentra-

tions and a slope of less than 1 at concentrations greater

than 10 /ig ml~ which corresponds approximately to an

10 — ^5atomic concentration in the flame of 10 atoms cm ^,
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Conclusions

The advantages of using a continuum source in atomic

absorption spectrometry versus line sources have been

enumerated earlier. In addition to the cost and time

saving advantages, one further important capability is

present, Vhen using line sources, the analyst is restricted

to utilizing resonance transitions, that is, transitions

arising from the ground state, since these are usually the

most strongly emitted lines of the source. However, in

certain cases, for example. Ni, and Fe, there are very low

lying states having large transition probabilities which

may be appreciably populated at the temperature of the

flame. Systems employing continuum sources may take

advantage of these more favorable transitions v;hile those

using line sources generally may not.

It is shown in Table ^ that the signal obtained for

identical concentrations of analyte v/as larger for normal

mode AAC than for the first derivative mode by a factor of

about 5. V/hy, then, use the derivative mode in favor of the

normal mode? The answer is that the signal-to-noise ratio

of the derivative mode is 5 times that of the normal mode.

In addition, if the absorption peak happens to be super-

imposed on a slov;ly increasing or decreasing background, no

background baseline correction need be applied since the

first derivative of such a slope is a constant.
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The advantage of using double aodulation over jttst"

v/avelength modulation as in Snelleman's system [1?] is that

all of the signal arising from the flame due to emission is

totally rejected. In addition, the use of a piezoelectric

transducer to drive the refractor plate simplifies the

system to the extent that no major modifications need to he

made to the monochromator as in other systems employing,

rotating mirrors or refractor plates or vibrating slits.

All that is required to revert to the normal mode is to~

stop the oscillation of the refractor plate.

An additional capability of the' system allows first

or second derivative operation in the emission mode, as in

Snelleman et_al. [16] , by simply turning off the source and

chopper and detecting at ftJ^ or 2&^ for the first or second

derivative signal, respectively.

The chief limitation of the present system is that

the radiancy of the source is insufficient to push the

-5 -2minimum detectable concentration into the 10 to 10

/ig ml" range v/here it could compete more favorably with

line source atomic absorption spectrometry.

Several possibilities to improve the system suggest

themselves. The first is to utilize a source of con-
o o

siderably greater radiancy between 2$00 A and ^200 A. The

second is to improve the transmission of light through the

system. The latter could be accomplished by using mirrors

instead of quartz lenses. A third \irould be to substitute
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a non-flame cell sucti as a graphite filament'fo'r^the flame.

By incorporating these improvements into the preseht

system, the minimum detectable concentration should be

lov/ered considerably, for example, by at least one order

of magnitude.

However, even with these limitations, the present

system is sensitive enough to be recommended as a useful,

convenient analytical tool in areas such as the steel

industry or agricultural industry v;here sample size is not

highly important. If the above improvements csm be

realized, the system may also find important use in

clinical and bioanalytical applications.
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