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 INTRODUCTION TO THE SERIES

A hundred years ago, Bunsen pointed_‘th_é way to the use of
 characteristic wavelengths in atomic emission spectra for the
~ qualitative or quantitative analysis of metals. Fifty years before

that Herschel had “discovered the infra:red, and Abney later

.predlcted the correlation between some characteristic -absorption - |

bands in this spectral region and special features of molecular
structure. It is a sobering thought that the wider implications of
these discoveries have only been fully realized during the past

forty years. Delay in their development and application was due,
perhaps, not so much to difficulties on the technical side as to the

lack of a convincing background framework of spectral theory
such as became possible by the application of quantum theory to

. the mterpretatxon of the spectra of atoms and molecules.

However that may be, it is generally accepted that spectroscopy ‘
. . now occupies a leadmg place among the modern physicochemical
- techniques, not only in pure and applied research, but also for

many routine scientific operations. The applications in physics,

o chemlstry and biochemistry cover a wide range; they bear upon |

questions of atomic and molecular structure, of qualitative and

. quantitative analysis, and they lead to data about the energy

e

_ levels of atoms, molecules, ions or aggregates which are useful in

relation to physical and chemical properties of materials.
Itis mcreasmgly evident that the varjety of spectroscopic work
is now such that few workers in the field can deal directly with

" more than a limited part of it. On the other hand, more of us need
" to maintain-contact with other branches than our own, nof only - =
. to follow the advances in technique, but also because of a common

. interest in atomic and molecular energy levels and the information
. .derived from them. For these reasons, there is a need for penod1c :
- - authoritative surveys on recent progress in different branches; .
. wntten by experts who themselves have contnbuted to 1t and .
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collected together in one place A series of volumes has therefore :

‘been planned along these lines, ‘of which this is the first. It is-

: “intended to cover in this series all important aspects of spectro-

- s scopy, pure and applied, atomic and molecular, emission and
absorption, relating to physics, chemistry, bxology, astrophysms <
'meteorology and general technique. : -

. Ttis hoped-to publish the first few volumes qulckly with reviews

- of the present position in most important  fields. Subseqnently, :

* volumes will be planned as seem to be required by the state of the -
sub;ect .

oo My thanks are due to Professors Dleke Herzberg Lord a.nd
o Swmgs, to Dr. R.N. Jones and to many other colleagues for. them

: ‘helpﬁrl sugg&stmns.

- '_“,,qu,m. 1959 ~ : g o



| PREFACE TO THE SECOND VOLUME

S

The populanty of the first’ volume has left 1o doubt that the
experiment of introducing this series was fully justified. Very
" gratifying comments- have been received not only about the high

- standard set by the authors of the articles, but also as regards the
" variety of subjects covered. It was perhaps not surprising that

- “some critics should. hdve drawn attention to the absence so far
R of a progress report on emission spectrographlc -analysis. It is,
~“indeed, hoped to deal with this appropriately in the near future, -

~ but expert advice suggested that at the present stage it might be
‘more desirable to give preference to’ newer deve!opments on the
atomlc side, such as atomic absorptxon or x-ray emission methods. ' -
" Both these- toplcs are discussed in this second volume. Moreover; -
" it is generally admitted that- during ‘the past fifteen years the

' ‘ emphasxs on studies of- molecular spectra of one sort or another L

" has been considerable. ‘
In this present volume the topics again cover a w1de Tange,
«including atomic and molecular spectra—x-ray, ultra-violet and .
infra-red—with special reference in some cases to particular-

_ directions of application, such as flames or crystals. Some subjects .

of biological interest are discussed, such as the ultra-violet spectra -

- of protems and the infra-red spectra of bacteria, and an account - -

- from a chemist’s point of view of the significance of nuclea.r

ma.gnetlc resonance is obv10usly opportune ~

“The third volume, which is now in preparation, should make xt

po§§1ble to complete a survey. of other established fields, and to -

‘include a few of the very recent developments.-Also, it may be . .
possxble to include reviews of a number of the current industrial =~
" applications which are not covered by earlier articles. ‘

My apo]ogles are due to se\;eral,authors for the delay; between R

- recéipt of their articles and the date of publication, but here, as in

acomplex cham reaction, the rate of the over-all process is govemed L

~

l'.' ~‘lx
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by that of its slowest step. Our thanks are e due to the pubhshers
and printers for their cbntinuous and tolerant help, a.nd for the
-excellence of the pnntmg and photographs | .

St Johw's College; Oxford o . H W.v THOMPSON. _
“May 16-1961 -
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I INTRODUCTION '
o 'ﬂae ﬁrst apphcatxon of atomic absox'puon spectra to \,hemlcal ,
s andlysxs was reported 100.-years ago by Kirchhoff,2! who used the =
R atom1c absorptxon hnes in the Fraunhofer spectrum to deduce the:, -
: 1
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 presence of certain clements in the solar atmosphere, Shortly
afterwards, Kirchhoff and Bunsen 22-24 described their celebrated

expenments which clearly showed that atomic’ spectra either in .

emission or absorption, could be the basis of powerful methods of
- chemical analysis. From that time onwards emission methods of
spectrochemical analysis were steadily developed and- during the
last 20 years these have culminated in direct-reading spectro-
graphs which provide multxcomponent analysis of remarkable
accuracy at high speed.’

Whereas emission methods have become: ﬁrmly estabhshed and

widely adopted, it is a curious feature of the history of spectro- .

chemical analysis that the potentialities of absorptxo'n methods
have been almost completely overlooked. It is only during the

past few years, 32 37, 41 that the use of atomic absorption spectra - :

for general analytical purposes has been shown to possess funda-

mental advantages over emission methods. Previously, the analy- -

~ tical applications of atomic absorption spectroscopy had been
largely confined to astrophyswal work on the determination of the
_compositions of the solar and stellar atmospheres, and to the
special case of estimating the contamination. of laboratory
_ atmospheres by mercury vapour,” which has an appreciable
" .vapour pressure at room temperature. This neglect of the techni-

ques of atomic absorptiori spectroscopy in analytical work is all -
‘the more syrprising when one recalls that they have been widely ,

_used in research work, particularly in studies of the hyperfine

' ;.structure of atomic spectral-lines, and in investigations of the
- resonance radiation from atoms. There is little doubt that the
~ spectacular successes of emission methods have tended to obscure

‘some of their fundamental limitations, and it also seems to have
been tacitly assumed that the latter would necessarily have their

counterparts in absorption methods. A further contributing factor - : E
‘may have been the difficulties often assoc:ated with atomlc'} e

absorption measurements.
~In this review the factors governing the relationships, between
"atomic absorptx_on and atomic concentrations will be discussed and

a description given of the experimental methods which have been -
-developed for carrying out chemical analyses by the absorption =
technique. A brief survey will then be glven of recent ana.lytlcal :
apphcatxons these will not be discussed i in detall but only in'so

;u R

vigogele gt g

e A




. APPLICATION OF ATOMIC ABSORPTION SPECTRA o ) 3

far as they help to 111ustrate the advantages and lumtatlons of the :
. absorption method. Finally an assessment will be made of the
present status of this method of spect_rochermcalenalys:s '

" IL. CHARACTERISTICS OF ATOMIC ABSORPTION
Lo SPECTRA Bt

A. Variation of Atomic Absorption with Atomic Concentration
. The relationships between atomic absorption and atomic
concentration, under various physu:a.l conditions, are fully dis-
. cussed in several papers; mainly in astrophysical journals, and in.
standard reference books. 30 34, 3% For the purpose of this review
it is sufficient to consider only the most fundamental of these
relationships and to restrict the discussion in the first place to the
case of atomic absorption lines possessing no hyperfine structure.
_ Conmder a parallel beam of radiation of intensity Io, at fre-
. quencyw incident on an atomic vapour of thickness / cm. Then
©if 1, is the intensity of the transmitted beam, the absorptlon

: \,coefﬁcxent K of the vapour at frequency v is defined by ’

-

. I—-Ioexp{ Kl} L (l)'.-\

- The dependence of K, onv, i.e. shape of the absorptwn line,
is ‘determined by the nature-of the transition involved in the
absorption, and- on the physical conditions such as temperature,
-~ pressure and electrical fields, to which the atoms are sub]ected .
* during the measurefnent This subject is d:scussed further in .
" Section IIB.

' Accordmg to classical dispers:on theory, the relatlonshxp be-
‘tween integrated absorptlon coefﬁclent and concentration is given

by

f‘K.dv—'——Nf :‘ 4 | (2)1'

xwhere ¢ is the electronic charge, m the electromc mass, ¢ the
velocity of light, N, the number of atoms per cm? which are -
capable of absorbing ‘R the range » to v+dv, and f the oscillator
strength, which is the average number of electrons per atom that -
can be excxted by the mcxdent radiation.- Equation (2) is only

»
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stnctly va.hd when the refractwe index can be. consxdered equa.l %
__tounity over the breadth of the absorptlon h.ne, and thus becomes' '
* inaccurate at high absorption :

. For an absorption line involving a fransition from ’a.n 1mt1a1 e
statesof excitation energy E;, the number of atoms per cm3 capablef i
“of absorbmg is related to the total number of atoms per. cma Nby

- Pyexp{ - EdkT} o @) -
" S Pyexp{=EfkI} s

where Pg and P, are the statistical weights of the initial and other EE
energy states, respectively, and the summation i in the denommator e
extends over all posmble energy states; '

In order to illustrate the: magmtudes involved i m equatxon (3)
Table I gives the fraction of atoms in the first ex<:1ted sfate for‘ i
vanous elements at different temperatures T L

Tt will be seen that the fraction only' becomes apprecmble for - -
atoms with low energy levels and at high temperature. Since most . - ‘
- elements have their strongest resonance lines at wavelengths below. -
8000 A’ (see Table III), and atomic absorption measurements in
spectrochexmcal work are usually made on atomic vapours in |
. flames at temperatures below 3000°C, the number of-atoms in the
ground state can generally be assumed to be equal ito the total
number of atoms. Thus in (2) N, can usually be replaced by N,and - =
- in such cases, there is a simple linear. relationship between the - .
ﬁltegrated absorptien coefficient and concentration. It would - -
~ therefore be 1deal 1f spectrochemical methods could be based onu;:f. s

 _N N

-

- TABLE I Values of N, ,[N. for Vanous Reionance Lmes

Reeonance Transxhon_& . L >~ NN,
- line - . P, —

T=2000°K T=3000°K T=4000°K T=5000°K

Cs 8521'A 25;3—%Pys 2 £44x10% 7.24x10-2 " 2.98x10-2 6-82x10-2"
Na5800 A  25)/3—2Psx 2 9:86x10-¢ 5.88x10-4 -4-44x10-3 1.51x10-% .
€a422TA 1S-1P; 3 1-21x10-7 3-69x10~% ~6.03x10-¢ 3.33x10-3°
Zn 2130 A 1S-1Py 3 720X 10715 558 x 1010 148 x10°7 4-32x10-¢

mea.surements of mtegrated absorptlon coeﬁc;ents. These measure-
ments would have the nnportant advantage of bemg mdependent




" of the physxcal condmons such as temperature pressure, electric:

- fields, etc., to which the atomic vapour is subjected. Unfortunately

" this ideal method cannot be used.owing to the experimental .

- difficulties associated with the accurate measurement of the

integrated: absorption coefficients of atomic spectral lines. Since

. these difficultiés have their origin in the small widths of atomic

*lines; and in order to appreciate the characteristics and limitations

~of the Ppresent- methods of atomic absorptwn measurement,’ it is

‘necessary to consider the factors governing the shapas and widths -

" of-atomic lines. For a detailed discussion of this subject the reader
‘is referred to the reviews by Margenau and W’ai:son"7 and by

' ~Ch'en anQ "‘akeo L .

~

. " B. Shapes and Widths of Atomic Spectral Lines S
lNaturalW:dth S PR NP

. Corre5pondxng to the probablhty distribution mated with
each energy level of an atom there is a- conespondmg intensity
‘dxstnbutnon in a spectral line due to transitions between two of

".of 10~¢ A and for the experimental conditions of interest.in. this
irfme»y thlS width is neghglble compared w1th that due to other;
) causes B . . . ..

' 2 Doppzer Width

: cltxes along the hne of observation, is glven by

A (2RT T
D,\_ls'za(Mh)‘ e

. where R is the umversal gas constant, M the atomrc we1ght and

- T the absolute temperature. Typical values for different atomic’

. ‘Spegies at virious temperatdres are given in Table II, from which _
it can be seen that over the temperature range 1500—300&K, in

. Whld:& awe shall be mterested the Doppler smlfh is. of the order of - |
001 s

APPLICATION OF ATOMIC: Aasonmon SPECTRA e ‘5' s

th&e levels For resonance lmes this natural width is of the order LA

~ The Doppler width D,, of a line of wavelength A, due to the =~ -
’absorbmg or emitting atoms having different component velo- T
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“TABLE II. Values of Dj at Various Temperatures =

Element A M o D _ ‘
‘ 000°K  2000°K  3000°K

Na . 5800A 223" 00284 0039 A 0.048A
Cu 3247A - 636  00002A  0O0lI3A  0016A

Zn 2139 A 654 00060 A ooossA 0-010 A

3. Pressure Broademng due to Foreign Gases

Another important cause of broadening of atomic spectral hnes R |
is perturbation of the absorbing or emitting atom by foreign gas. .|
. atoms. As_the pressure of foréign gas is increased the line is = = §
broadened and the shape of the line becomes asymmetrical with. . .~

~ the peak of the line shifting, in most cases to longer wavelengths.
~ To a first approximation the magnitude of each of these effects is
linearly proportional to pressure, and varies for different elements,
for different forengn gases, and for different atomic lines. In view

of - these va.nous factors on which pressure-broadenmg effects
depend it is not surprising that it has so far proved impossible to .}

- calculate, accurately, the magmtude of the effect in any specific - = .|
case. A useful working rule is' that for the strongest resonance .

‘ lines the broademng at one atmosphere of foreign gas is'in the -

‘range’ 0:01-0-1 A. Since the experimental methods described
later are concerned with measuring the absorption by flames, :
having temperatures of 1500-3000°C, it can be seen that in such .. -
-cases the .pressure broadening is of the same order as Doppler . -

broadening (see Table II). For example, in a sodium flame the

pressure broadening has been found 4° to be appr0x1mately onej

half that due to Doppler broademng

" 4. Resonance Broadcmng

A special type of pressure broademng, whxch is much more :
~severe than that due to foreign gases, is known as resonance. . -
" broadening and occurs when the emitting or absorbing atom is '
perturbed by an atom of the same type. In this case the broademng R
may be appreciable at pressures as low as 0-1 mm Hganditis ' .

'only at pressures below 0-01 mm that resonancé broadening may . |

be assumed to be negligible (see Sectlon 11I).
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5. Self-Absorption Broadening ] N
 For sources of extended depth, such as the-hollow cathode
tubes described later, an important cause of broadening of the
emitted resonance lines is self-absorption, whichresults in the
-+ centre of the line being absorbed to a greater extent than the wings
- of the line (see Section III). Broadening of this type can only be
avoided by using combinations of source length and vapour
concentrations which ensure that the maximum absorption along
. the length of the source is negligible. Self-reversal is a special type
. of such broadening which occurs when the source is surrounded by
a cooler sheath of vapour, and results in selective absorption of
the centre of the line. A detailed discussion of the effects of self-
absorption ‘and self-reversal has been given by Cowan and
Dieke.10 - - o

8. Stark Broademwing . | B
- Since a uniform electric field will split an atomic spectral line

; . into its Stark components, the separation of which increases with
‘the field strength, a non-uniform field will produce a whole series .- -
of Stark components and thus result in a broadening of the line. .

" .The Stark components of the hydrogen line H,, for example, have
a separation of:3 A for a field of 10,000 V/cm. Since similar effects
can be caused by the electric fields due to neighbouring ions, it is
apparent that if Stark broadening is to be avoided it is important

to avoid large concentrations of ions or elestrons, and current
densities must therefore be kept low (see Section III). In an arc in’

i ., air at.atmospheric pressure, for example, the high charge density - ‘

- results in the diffuseness of many of the lines in the emitted

 spectrum. ' -

| 7. Zeeman Bréadmz'hg

~. Corresponding to Stark B;oadening, there may also be Zeeman
- broadening due to magnetic fields. The effects, however, are only

appreciable for strong externally applied fields and are negligible o

under all the experimental conditions considered in this review.

-

8. Hyperfine Structure L -

-~ In the above discussion the hyperfine structure of atomic lines .

due to nuclear spin, or to the presence of several isotopes, has been - .



. the accurate- measurement of mtegrated ‘absorption- coefficients °

... _the widths of the absorption lines are in the range 0-01-0-1_

" methods of intensity measurement, then it is scarcely feasible to - -

A. WALSH

"_negleCted It is clear that each of the hyperﬁne components wﬂl
be broadened by the.processes described above, and that as :
regards absorption each component*can be treated ‘as an inde-
pendent line. The possibility of using the absorption method for -
the. determmatlon of 1sotoplc composmon is dlscussed in Sectlon \'A

m EXPERIMENTAL TEGHNIQUES
‘ A. Principle

. It will be apparent from (2) that an ideal expenmental techmque .
would be one which measured the integrated absqrptlon coefficient,
f K,dv, since this is directly proportional to concentration and-is
. independent of line shape and line width. It would, therefore, be
independent of the physical conditions of the. absorbing atomic
*vapour, assuming that these conditions are not so severe as to « °
‘alter the oscillator strength of the line in question. Unfortunately

“for atomic lines presents severe experimental conditions; -since .
. under the conditions suited to the production of atomic va , ur‘

- "Accurate . mtensxty measurement over the profile of such a line-
..would requiire a spectral slit-width of the order 0£0-005 A, which
..is beyond- the performance of most spectrographs or “mono-
* chromators. Furthermore, if it:is desired to use photo-electric ‘"

use a continuous source, since the energy emitted over such a.
- small 'spectral slit-width would be too small to give an adequate .
- signal-noise ratio. In astrophysxcal work this difficulty is overcome. -
.- by the method of ‘total absorptlon'25 in which the energy removed
" from the incident beam is measured. This methed has the advan-
tage that the measurement is mdependent of the resohmon of the
" monochromator, but suffers from ‘the dlsadvantage of giving a-
‘complicated relationship between the. quantity measured and
--concentration, accoldmg to the region of the curve of growth in-
which the measurement is'made. :
~ For spectrochemical work the atomic absorptlon methods whxchf ‘
“have been developed 1-3: 6. 11, 19, 32, 35, 37, 38 consist &ssentla.ﬂym
measuring peak abSorptxon In these methods the difficulties: o
" obtaining high resolutlon are overcome by usmg hght sources’
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 tion lines to be measured. A further feature of the experimental

-~ radiation ‘emitted by the ‘vapour whose absotptxon is to beé
_measured.
. The principle of the mgthod 1, 3. 3%; 41 js shown in Fig. 1 The
‘lxght source emits, under conditions which ensure the production -
“ _of extremely sharp lines, the spectrum -of the element to be

‘which emit hnw of much smaller width than those of the absm’p- o

technique is the provision of means- for compensa.tmg for any =

" estimated and this emitted radiation is modulated, either by -

'~ modulating the electrical supply to the lamp or by a mechanical

: of the samgle The monochromator isolates a ngen line, usually

o Mdbbud)w : — . : QJ AT
: e Atomic |, . o . Lo a.c. omplifier -}v—] Outbit
 vopour [ Monachromator L""p"’f"?. we “3‘&'«« S e § uh'c'i'

?'.FI 1.
s : D spectrophotdmeter.
o the‘strong,
* detector.  The output from the latter is passed to an amphﬁer
tused to’ ‘the ‘same frequency ‘as the hght—soume modulator,
. amplified; any radiation emitted by the atomized sample is not
; -amphﬁer After amplification the signal is rectified and passed to "
" 'rthe absorblng sample in the radlatxon path.

B. Description

" gationsll 4846 is shown in Fig. 2. Modulated radiation from a
- . sealed-off holiow cathode tube, 5. 20, 35, 38 containing a cathode-of -

Cis sprayed the solution for analysis, and the appropriate resonance .

‘chopper inthe light beam, before it passes’ through atomic vapour = -

‘Sphamahc dzagram lllustmtmg operatlon of an atomtc absoi'puon. SRR

t resonance ]me agd thls fa.lls on to a photo-electnc B

that only the signal due to the radiation from the soutce lS_‘<~:'. E
- modulated -and. thus produces no signal at the output ‘of the

. a meter ‘'or recorder which indicates the signal with. and thhout o

A typxcal arrangement 6 which has been used in several 1nvest1~ i

V,the element to be determined, passes through the flame into wluch St

" line is -selected by the monochrothator. The absorption of the '~

: :r@onance line by the flame is measured by means of a photo-

‘_multxphe;- tube The pOWer pack ‘on the Ieft supphes the hollow - Rt i




