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scientists and other disciplines.

book is more than a nostalgic recollection of the past for those who have been in chro
sgraphy for some time. It also provides, for the younger generation of chromatographers,
ique record of how present-day knowledge was accumulated.
final chapter is devoted to “Those who are no longer with us”

itributors:

Adlard E. C. Horning S.R. Lipsky C.D. Scott

oer M. G. Horning J. E. Lovelock R. P.W.Scott
remer C. Horvath * A.J. P. Martin ® * G.T. Seaborg @
I. Desty }. F. K. Huber *S. Moore ® M. S. Shraiber
lijkstra A.T. James H. W. Patton L. R. Snyder

Ettre J. Janak C.S. G. Phillips E. Stahl

odin R. E. Kaiser ]. Porath * W. H.Stein ®
{.Gehrke A.Karmen V. Pretorius H. H. Strain
Giddings }. G Kirchner G.R. Primavesi F. H. Stross
lueckauf .} Kirkland N. H. Ray *R.L.M. Synge O
.E. Golay A. V. Kiselev L. Rohrschneider R. Teranishi
V.Grant E.sz. Kovats K. I. Sakodynskii ). ). van Deemter
eftmann E. Lederer G. Schomburg A. A. Zhukhovitskii
lesse M. Lederer G -M. Schwab A. Zlatkis

1. Higgins A. Liberti R. D. Schwartz

sbel Prize laureates)

1979 526pages  US$49.75/Dfl. 11200  [SBN 0-444-41754-0  LC 78-23917

ELSEVIER

utch guilder price is delinitive. US § prices are subject to exchange rate Huctuations

P.O. Box 211,
1000 AE Amsterdam
The Nethertands

52 Vanderbilt Ave
New York, N.Y. 10017

7120



408a -Eu

™ =4

Reagents

MERCK

Ultrapure
reagents

Suprapur reagents are chemicals
of the highest degree of purity,
painstakingly prepared and extra-
carefully packaged. In some cases
the foreign substance content

is several powers of ten lower than
for guaranteed pure reagents.
Suprapur reagents are therefore
eminently suited for trace analysis
work, for biochemical research and
for measurements in physical
chemistry.

Please ask for our special brochure.

E.Merck, Darmstadt,
Federal Republic of Germany



Analytica Chimica Acta,106 (1979) 175—205
© Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

Review

ANALYTICAL ATOMIC SPECTROSCOPY AT THE CSIRO DIVISION OF
CHEMICAL PHYSICS*

J. B. WILLIS
CSIRO Division of Chemical Physics, P.O. Box 160, Clayton, Victoria, 3168 (Australia)
(Received 31st October 1978)

SUMMARY

An account is given of work of interest to analytical chemists carried out in the Spec-
troscopy Section of the CSIRO Division of Chemical Physics over the past 24 years.

The Commonwealth Scientific and Industrial Research Organization
(CSIRO) is a statutory body, established by the Australian Government’s
Science and Industry Research Act of 1949, and replacing the former Council
. for Scientific and Industrial Research (CSIR), which was established in 1926.
Its principal function is to carry out scientific research in connection with
Australian primary and secondary industries and with other matters of national
importance. The CSIRO has traditionally interpreted this mandate to mean
that research should be carried out at a fundamental level rather than merely
on an ad hoc basis. The Chemical Physics Section, which became a Division
in 1958, was formed in 1944 as part of the CSIR Division of Industrial Chem-
istry. It was set up, under the leadership of Dr. A. L. G. Rees, primarily to
introduce into Australia a number of major chemico-physical methods which
. were undergoing rapid development elsewhere at that time. Research in
.. chemical physics is regarded as being the investigation of chemical problems
- by the methods of modern physics. both theoretical and experimental.

The Spectroscopy Section, led from 1946 by Mr. (now Sir) Alan Walsh,

- carried out work in the 1940’s and 50’s on molecular spectroscopy, the interest -
* being in molecular structure and energetics rather than in analytical applications.
© Walsh himself, who had a background in the spectrochemical analysis of

. metals from his work at the British Non-Ferrous Metals Research Association
during the Second World War, also undertook fundamental studies of emission
methods of spectrochemical analysis.

Early in 1952 he realised that atomic absorption spectra appeared to offer
many important advantages over atomic emission spectra for spectrochemical

*Dedicated to Sir Alan Walsh, F.A.A,, F.R.S., Leader, Spectroscopy Section, CSIRO
Division of Chemical Physics, 1946—1977.
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analysis. He set up simple equipment to demonstrate that, when a sodium
vapour-discharge lamp was used with an air—coal gas flame into which a sol-
ution of sodium salt was sprayed, it was possible to measure absorption of the;
sodium resonance lines by sodium atoms in the flame despite the fact that the!
atomic vapour was also emitting at precisely the same wavelengths,

In an invited lecture at the 1974 Pittsburgh Conference on Analytical
Chemistry, Walsh described the reasoning that led him to consider the value
of using atomic absorption measurements in chemical analysis, and described
how his early experiments led him to develop sealed-off hollow-cathode lamps.
as intense sharp-line sources that could be used in an instrument to determine
a wide range of metals. He then told of the difficulties he encountered in tryiy
" to interest analytical chemists in using the technique and instrument manu-
facturers in making suitable equipment commercially available. This lecture
has been published in full [1] and the present review will be restricted to
describing subsequent work of analytical interest by the Spectroscopy Section:
in the field of atomic absorption and related spectroscopic techniques.

EARLY INSTRUMENTATION

Walsh published his basic paper [2] on the principles and potentialities of
atomic absorption methods of analysis in 1955. This paper did not deal
explicitly with the construction of atomic absorption equipment, though it
envisaged the use of both vacuum furnaces and flames as possible means of
vaporizing the sample.

The first description of an atomic absorption spectrometer was given by
Shelton and Walsh in 1956 at the XVth IUPAC Conference in Lisbon [3, 4]
This instrument — shown schematically in Fig. 1(A) — was basically one that
had been exhibited in Melbourne in 1954, and used the monochromator from
a Beckman model DU u.v.-visible spectrophotometer and a Meker-type air—
coal gas flame to atomize the sample solution. The light from a sealed-off
hollow-cathode lamp [4] was split into two beams, one beam being chopped
at twice the frequency of the other and 90° out of phase with it, Double-beam:
operation was used because when the work began hollow-cathode lamps were
thought to be insufficiently stable to permit their use in a single-beam instru-
ment. By 1957, however, hollow-cathode lamps had been greatly improved,
and since then almost all the work on flame atomic absorption spectroscopy
has been done with the very much simpler single-beam techniques.

The first single-beam instrument described [5] used hollow-cathode lamps
which were electronically modulated at 50 or 100 Hz [6] and the signal from
the photomultiplier was fed to a broad-band a.c. amplifier. The sample sol-
ution was vaporized in the nebulizer—spray chamber system of an E.E.L,
flame photometer and provision was made for either an air—coal gas or air—
acetylene burner 2.5-—10 cm in length. This instrument is shown diagrammati-
cally in Fig. 1(B).

Gatehouse and Willis ['7] replaced the burner of the Box and Walsh instru-.
ment [5] by a massive stainless-steel slot burner 10 cm in length, thereby
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increasing the sensitivity and enabling both air—coal gas and air—acetylene
mixtures to be used with greater flame stability and safety. This instrument,
with only minor improvements, was used for all the flame atomic absorption
work of the Section until about 1965 and formed the basis for the design of
the commercially-made Techtron instruments AA-1, AA-2 and AA-3.

Gatehouse and Willis measured the characteristic concentrations* for 36

metals using air—coal gas or air—acetylene flames, and it is interesting to note
that there has been relatively little improvement in characteristic concentrations
since this paper was published. Table 1 shows characteristic concentrations for
several metals using instruments of increasing sophistication that have been
developed since that time.

Analysis of biological materials by flame atomic absorption
The first published application of atomic absorption spectrometry to a real
analytical problem — the determination of magnesium in plant materials and

" *Gatehouse and Willis quoted “limits of detection” for different metals on the assumption
that the smallest detectable absorption was 1%, which corresponded to the maximum
noise level of their instrument. Later [8] the concentration of metal in solution giving an
absorption of 1% was referred to as “sensitivity”’, but the IUPAC-approved term is now
“characteristic concentration” [9].
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TABLE 1

Typical characteristic concentration values (:g ml™) found with different atomic absorption
instruments, using a 10 em air—acetylene flame

Metal Wavelength, 1961 1968 1977
(nm) Gatehouse and Perkin-Elmer 303  Varian-Techtron AA375
Willis [7] [8] (manufacturer’s literature)
Co 240,73 0.2 0.10 0.06
Or 357.87 0.15 0.15 0.06
Cu 324.75 0.1 0.1 0.04
Fe 248.33 0.1 0.15 0.05
Pb 283.31 0.5 0.5 0.32
Zn 213.86 0.03 0.04 0.009

*Approximate figure calculated from the figure of 0.13 ug ml™ quoted for the 217.00-nm
ine.

soil extracts — was carried out by Allan in New Zealand [10]. It was followed
>losely by the determination of zinc in agricultural materials by David [11],
1t the CSIRO Division of Plant Industry in Canberra, Australia. Despite the
success of these two workers in carrying out analyses of great importance in
:he field of agricultural chemistry, there was still little general interest at this
:iime in the atomic absorption technique. Walsh realized that the usefulness

>f the new technqiue would have to be demonstrated by developing detailed
nethods of practical analysis in as many different fields of application as
dossible.

In April 1958 the author began to study the determination by atomic
ibsorption of calcium and magnesium in blood serum. At that time the deter-
nination of calcium was tedious, inaccurate, and required relatively large
imounts of serum, while the determination of magnesium was so difficult
’hat it was scarcely ever attempted. Use of the air—acetylene rather than the
iir—coal gas flame, and the development of methods of overcoming chemical
nterferences from protein and phosphorus, proved necessary in the develop-
nent of suitable procedures. For best results, removal of the protein by pre-
ripitation was recommended for measuring calcium [12], while for magnesium
:he only preparatory treatment necessary was the addition of strontium chiorid
>r EDTA solution [13]. For the first time, rapid and accurate determinations
>f magnesium on samples of blood serum as small as 0.05 ml became possible,
['he determination by atomic absorption of magnesium in solutions of ashed
nuscle tissue made possible a collaborative study of the effect of lipids on the
romposition of skeletal and cardiac muscle [14].

In the late 1950’s, the determination of sodium and potassium in serum
was being carried out satisfactorily with the emission flame photometer, but
t proved possible to obtain equally good results by atomic absorption [15].
Chus it became possible to determine the four important blood electrolytes,
sodium, potassium, calcium and magnesium with one simple instrument.
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The analysis of urine is complicated by the presence of varying and some-
times very large concentrations of phosphorus and minerals, particularly
sodium, potassium and calcium. The techniques developed for overcoming
phosphorus interference on calcium absorption in the analysis of blood serum
were successfully extended to the analysis of urine and led to the development
of very simple methods for the determination of calcium and magnesium [16].

Knowledge of the concentration of heavy metals, particularly lead, cadmium
and mercury, in urine is of great importance in industrial hygiene and in
monitoring the progress of chelation therapy in the treatment of heavy metal
poisoning. The concentration of heavy metals in the urine of unexposed
persons is very low (=~ 0.02 ug Pb m1™), and even in cases of lead poisoning
the level may be only a few times greater than this. Thus, it is generally not
practicable to measure the absorption of urine sprayed directly into the flame,
and some form of concentration is required. Extraction with ammonium
pyrrolidine carbodithioate into an immiscible solvent such as 2-heptanone,
followed by the spraying of this extract into the flame, was found satisfactory
for the determination of several heavy metals in urine [17]. The sensitivity
of the atomic absorption technique was sufficiently good to allow the deter-
mination of zinc and cadmium, usually by spraying the urine directly into the
flame. It was noted, however, that background absorption or scattering by the
high concentration of sodium chloride, if not corrected, could cause errors.

The application of atomic absorption methods to the analysis of biological
materials was reviewed in 1963 [18].

Analysis of miscellaneous materials by flame atomic absorption

As the usefulness of the atomic absorption technique became more widely
realised, the Section was involved in a number of collaborative investigations
of analyses of importance to various industries.

The determination of traces of copper in butter and butterfat is important
because of the accelerating effect of this metal, even at the 0.1-ppm level, on
“the development of off-flavours during storage. The high concentration of fat
makes the ashing of butter products very difficult, but by shaking the butter
with light petroleum and nitric acid it was possible to concentrate the fat into

“the organic phase and copper into the aqueous phase. The latter was then
sprayed into the flame and measured by using the analyte addition technique,
-a considerable correction being required for background absorption by sodium
chloride [19].

In the electroplating industry, contamination of metal-plating solutions by
traces of other metals can have adverse effects on the quality of the plating.
Flame atomic absorption proved to be a very useful method both for determining
traces of zinc, copper and nickel in acid and cyanide plating solutions of
various metals, and also for checking the concentration of the major metals
in these solutions [20].

The determinations of trace metals in used lubricating oil is important in
the monitoring of the wear on various components of internal combustion
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engines. Simple methods of determining traces (0—100 ppm) of copper,
chromium, iron, lead and silver in the oil from diesel engines were developed
[21]; the oil was simply diluted with 2-methyl-4-pentanone and sprayed into
the air—acetylene flame. Absorption was measured relative to that produced
by reference solutions of organometallic compounds in 2-methyl-4-pentanone
containing the appropriate concentration of unused oil.

THE DEVELOPMENT OF HIGH-TEMPERATURE FLAMES

Very early in the development of atomic absorption spectroscopy as an
analytical technique it was realized that the low-temperature flames then used
to vaporize solutions were unsatisfactory for many metals. Thus, in 1957 {4]:
“At the present state of its development, by far the most serious difficulty in
the atomic absorption method is due to the difficulty in atomizing various
elements. For example, highly oxidizable elements such as aluminium, silicon,
hafnium, etc. are not atomized in the air—coal gas flame used in this work and
are thus not detectable in absorption. Similarly, many other elements will not
be completely atomized, thus decreasing the sensitivity and providing a serious
obstacle to accurate absolute analysis”.

The introduction of the premixed air—acetylene flame around 1957—58
improved the atomization efficiency for a number of important metals, such
as calcium and magnesium, but the problem described above still persisted. It
seemed necessary to develop a flame having a higher temperature than air—
acetylene and providing a suitable environment in which refractory oxides
could be reduced to the metal.

Some success was achieved by other workers [ 22—24] who used direct-injec-
tion burners to aspirate solutions in organic solvents into oxygen—hydrogen or
oxygen—acetylene flames. However, direct-injection burners are unpleasantly
noisy in operation and give tall narrow flames that are difficult to use in
atomic absorption work. It was clearly desirable to develop premixed flames
having reasonably long light paths based on burners that could be fitted
directly to the spray chamber of a simple atomic absorption instrument.

Different lines of attack on this problem were pursued independently by
the two groups in different parts of Australia. Amos and Thomas [25], working
at the Sulphide Corporation near Newcastle, N.S.W., developed an oxygen-
enriched air—acetylene flame, while Willis [26], in Melbourne, developed the
nitrous oxide—acetylene flame . Since the two flames had several-features
in common, a detailed paper on these flames [27] was written jointly. The
nitrous oxide—acetylene flame proved the safer and more convenient of the
two, and is now used everywhere for atomic absorption measurements on
metals forming refractory oxides. It is also valuable for obtaining better
sensitivity and reduced chemical interference for metals, such as calcium and
molybdenum, that are only partially atomized in the air—acetylene flame.

Some typical analytical applications of the nitrous oxide—acetylene flame,
including the determination of strontium and barium in rocks, vanadium in
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fuel oil, aluminium, silicon and titanium in bauxite, and titanium in steel were
then described [28]. For a number of metals, notably hafnium, zirconium,
tantalum and titanium, the absorption found in high-temperature flames was
greatly increased by the presence of traces of fluoride ion [27]. Other workers
[29], while investigating this enhancement as a method for determining
fluoride, found that ammonium ion caused a similar enhancement of zirconium
atomic absorption in the nitrous oxide—acetylene flame. It was shown [30]
that the magnitude of this enhancement could be used to determine ammonia
at the 10™—1072 M level and also to determine other nitrogen compounds

that can act as Lewis bases.

During a sabbatical year at the Ames Laboratory of Iowa State University,
the author and his colleagues used a line-reversal method to measure the
temperature profiles of premixed nitrous oxide—acetylene flames of differing
stoichiometries. They showed [31] that the temperature of the region of the
fuel-rich flame where atomic emission and absorption measurements are
usually made is about 2880 K, which is some 350 K less than the calculated
value for the hottest part of a stoichiometric flame. A premixed nitrous oxide—
hydrogen flame was also studied [32] ; this flame has a temperature only
about 150 K less than that of the nitrous oxide—acetylene flame, and at first
sight looks attractive as a means of atomizing metals that form stable oxides.
The results were very disappointing, though the nitrous oxide—hydrogen
flame was thought to show promise for emission measurements on easily
atomized metals. It also permitted the reduction of several chemical inter-
ferences, such as that of phosphorus on calcium, encountered in cooler flames
without at the same time producing the high degree of ionization found for the
alkali earth metals in the nitrous oxide—acetylene flame. A review of the use
of high-temperature flames in atomic absorption spectrometry was published
in 1968 [33].

METAL ATOMIZATION IN THE FLAME

In addition to the development of high-temperature flames for use in the
practical determination of metals forming refractory oxides, extended studies
were made of the factors affecting the atomization efficiencies for metals in
various flames. This work was partly aimed at establishing the efficiency of
the various components of a commercially-made atomic absorption instrument
and where improvements should be sought. The first step was to study the
mode of operation of a typical commercial nebulizer—spray chamber system,
used with an air—coal gas or air-—acetylene flame [34]. The sensitivity of the
instrument and the effect of chemical interferences in the flame were found
to be critically dependent on the construction of the nebulizer and particularly
on the rate of liquid uptake. Determination of drop-size distribution of the
spray entering the flame pointed to the importance of small drop size for the
. efficient atomization of metals that tend to form refractory compounds in the
flame. An essential part of this work was the design and construction of an
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adjustable nebulizer [35] that allowed the liquid-uptake rate to be accurately
controlled over the range 0.8—8 ml min~!. The next step [36] was to study
the profile of metal atom concentration in different parts of the flame, and
to show how and why this varied from metal to metal and from one type of
flame to another. With the assumption that one metal, usually copper, was
completely atomized in the flame, relative atomization efficiencies were
obtained for various metals in air—acetylene and nitrous oxide—acetylene
flames. Both peak absorbance and integrated absorbance methods were used,
but neither method was found to be completely satisfactory.

The integrated absorption method was then used to obtain absolute atom-
ization efficiencies in a flame-shielded Meker-type air—acetylene flame for
sodium, copper, silver and gold [37]. Allowance was made for the effect of
hyperfine structure of the resonance lines, and it was found that atomization
of these metals in this type of flame is virtually complete. It is unfortunate
that the results of such experiments depend directly on the values of the
oscillator strength (f-values) of the absorption lines, as some of these were
not known at the time as accurately as could be desired. For instance, the
f-value of the 324.75-nm copper line, based on the data available in 1970, was
taken as 0.32, whereas use of the value of 0.43 accepted today [38] would
lead to the conclusion that copper is only about 75% instead of 100% atomized
in the air—acetylene flame.

All the work so far described was based on the conventional method of
sample introduction into the flame, i.e. the spraying of a solution via a nebulizer
and spray chamber. More recently, the factors influencing the atomization
efficiencies of a number of heavy metals were studied for suspensions of
geological materials sprayed into the flame [39]. Only particles below about
12 um in diameter contributed significantly to the observed atomic absorption,
and the atomization efficiency increased rapidly with decrease of particle
size. With suspensions of samples ground to 325 mesh (<44 um) or finer, the
atomization efficiency of a given metal varied by a factor of only about two
between rocks of very different types. This atomization efficiency, relative
to that found for a true solution of the metal, was of the order of 0.2—0.4 for
metals such as copper, nickel, cobalt, manganese and zinc in the air—acetylene
flame.

In the determination of low concentrations of metals in samples containing
large concentrations of other material, there is frequently a contribution to the -
measured absorption from the matrix material; this effect was first noticed
in the determination of traces of zinc and cadmium in urine [16]. A study
of the attenuation of the light beam by concentrated solutions of sodium
chloride and other inorganic salts showed an approximately A™* dependence
for this attenuation, which suggested that the effect might be due to light
scattering of the Rayleigh type by solid salt particles in the flame [18, 19].
Later work by Koirtyohann and Pickett [40] showed that the phenomenon
was better explained as due to absorption by undissociated salt molecules in
the vapour phase. In a recent paper [41] the author has studied background
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attenuation in some detail and identified three types of phenomenon, which
may however be superimposed on each other in some cases. These are: (1)
continuum absorption by molecular species; (2) sharp-line absorption by
atomic and molecular species; and (3) scattering, apparently of the Mie type,
by solid particles of refractory compounds. This work should help to identify
analytical situations where absorption measurements are likely to be in error
because of attenuation of the light beam by matrix materials.

NON-DISPERSIVE FLAME ATOMIC FLUORESCENCE

Winefordner and Vickers [42] first proposed flame atomic fluorescence
spectrometry as an analytical technique and demonstrated its potential value,
particularly for metals for which strong sharp-line sources such as electrode-
less discharge lamps could be constructed. Winefordner and other workers in
this field used monochromators to separate a resonance line of the analyte
metal from the radiation emitted by the flame. Walsh, however, proposed
[43, 44] the use of a solar-blind photomultiplier, i.e. a photomultipler giving
virtually no signal from radiation above a wavelength of about 320 nm, to
enabie the detection of metal fluorescence lines below this wavelength with-
out the need for using a monochromator. This technique permits collection
of fluorescence radiation over a wider angle than is possible when a mono-
chromator is used and also has the advantage of recording the total fluor-
escence signal of all the lines lying within the sensitivity curve of the detector,
thus enhancing the sensitivity of the method.

More detailed work by Larkins {45], who used the very simple equipment
shown in Fig. 2, which incorporated a nitrogen-sheathed air—acetylene flame,
showed that the non-dispersive flame fluorescence technique was useful for
the determination of many elements having resonance lines below 300 nm.
The performance achieved was comparable with, and in many cases better
than, that obtainable with a monochromator. The few metals that have their
resonance lines in the 300—400 nm region, such as copper, chromium and
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. Fig. 2. Schematic diagram of the optical system of a non-dispersive flame atomic fluorescence
spectrometer [45].



184

silver, could be determined merely by replacing the solar-blind photomultiplier
with one sensitive in the 300—400-nm region and a simple absorption filter. '
To obtain the best limits of detection in non-dispersive flame atomic fluor-
escence, boosted-output hollow-cathode lamps or vapour-discharge lamps

were necessary.

For metals that are difficult or impossible to atomize in the air—acetylene
flame, Larkins and Willis [46] showed that a nitrogen-sheathed nitrous oxide—
acetylene flame was useful, at any rate in the wavelength region below 300 nm.
They found, however, that the nitrous oxide—hydrogen flame was no more
useful in atomic fluorescence than in atomic absorption.

In analysis for trace metals in sample solutions containing high concentrations
of matrix material, the usefulness of the atomic fluorescence technique may
be limited by the scatter signal from particulate matter in the flame. Larkins
and Willis [47] investigated this phenomenon and discussed various methods
of correction for it, the most useful being measurement of the scatter signal
alone by use of a suitable line source not containing the analyte metal. They
demonstrated how the non-dispersive atomic fluorescence system could be
used in practical analyses of plant materials, soil samples and high-purity
metals.

SAMPLE ATOMIZATION BY THE CATHODIC SPUTTERING TECHNIQUE

Walsh realized early in the development of analytical atomic absorption
spectrometry that the flame has serious drawbacks as a means of sample
atomization. First, several important metals such as aluminium, titanium,
vanadium and zirconium are not appreciably atomized in low-temperature
flames, because of the formation of refractory compounds. Secondly, many
other metals are only partially atomized and suffer chemical interferences
in the flame. Thirdly, elements such as carbon, whose strongest resonance
lines lie in the vacuum ultraviolet, cannot be determined in the flame owing
to absorption at these wavelengths by the flame gases. Finally, for reasons of
speed and convenience, it is obviously desirable to be able to analyze alloys
directly, without the need for prior dissolution of the sample.

Russell and Walsh [48] showed that the cathodic sputtering process was a
very convenient and efficient method of producing an atomic vapour directly
from a metallic sample. Their preliminary experiments showed that the use
of a sputtering chamber as an absorption cell might prove valuable for the
direct analysis of metals, particularly for analyses requiring very high sensi-
tivity. Gatehouse and Walsh [49] described a sputtering cell in which the
sample for analysis was in the form of a cylindrical hollow cathode, 40 mm
long and 12 mm internal diameter (Fig. 3). The cell was filled with argon at a
pressure of 1 torr, and the sample surface was ‘“‘cleaned” by passage of a 60-mA
discharge for 4 min. The chamber was then evacuated, refilled with argon,
and the discharge passed for another 3 min, after which the absorption of the
sputtered vapour was measured. The sputtering cell simply replaced the flame
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Fig. 3. Sputtering cell used by Gatehouse and Walsh [49].

in the single-beam instrument of Box and Walsh [5]. The determination of
silver at the 0.005—0.05% level in copper was carried out with standard devi-
ations of 0.001—0.0035% over this range. It must be remembered that the
determination of silver in copper is one of the most favourable measurements
as far as sensitivity is concerned, as the sputtering yields are high. Sullivan
[50], introducing improvements such as a flow-through gas system and water-
cooling of the sample, obtained calibration curves for silicon in steel and in
aluminium and, using the P 177.5-nm line, for phosphorus at the 0.1—0.5%
level in copper.

This work was then abandoned for some time because other applications
of the sputtering technique appeared to be more interesting. With the increased
understanding of glow discharges thus obtained, and the development of more
sophisticated electronics to achieve better signal-to-noise ratios, it proved
possible to resume the work in a form that showed greater promise for routine
metallurgical analysis.

Thus, in more recent work the cathode specimen, in the form of a flat metal
- disc, is clamped between a water-jacket and a hollow silica annulus. A gas
inlet tube fits into the annulus, so that the argon flows through a small gap
and across the face of the specimen, thus sweeping away gaseous impurities
and reducing the reaction with readily-oxidized elements such as aluminium.
The top surface of the annulus has a small recess less in depth than the width
of the cathode dark space in the glow discharge (Fig. 4). An argon flow of
0.2—0.3 1 min™’, at a pressure of 5 torr, is used, the gas being supplied by a
special control unit designed by Larkins [51]. In this unit a simple push-button
activates a set of solenoids which control the pumping-down of the cell and
the establishment of a pre-set pressure and flow rate of argon.

In the first cell of this type described by Gough et al. [52]. the concen-
trations of metals in the vapour of the sputtered sample were measured by
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Fig. 4. Schematic diagram of the hollow silica annulus admitting gas into the sputtering
chamber [54]. The diagram is not to scale, as the gap and recess dimensions have been
enlarged for clarity.

non-dispersive atomic fluorescence spectrometry. Modulated radiation from
boosted hollow-cathode lamps of the type described by Lowe [53] was used,
the sample was sputtered with a d.c. current, and the modulated fluorescence
signal was separated by synchronous demodulation from the d.c. emission
produced by the sputtering discharge. Nickel, chromium, copper, manganese
and silicon in iron-base alloys were measured and linear calibration curves
were obtained for each metal over the range of concentrations studied (0—2%).
The limits of detection found are shown in Table 2. It was also possible [52]

TABLE 2

Limits of detection of impurities in iron based on non-dispersive fluorescence measurements
on a sputtered vapour [52]

Element Concentration Signal-to-noise ratio Approximate detection
in iron (%) (time constant 1 s) limit® (ppm in iron)

Cr 0.08 26 30

Cu 0.15 32 5

Mn 0.13 20 70

Ni 0.12 70 20

Si ‘ 0.08 1.7 400

aThe detection limit is defined here as the concentration required to give a signal-to-noise
ratio of one when the output is read on a chart recorder.
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to measure the iron, chromium and nickel fluorescence simultaneously from
sputtered vapours of various stainless steels. The three light sources were
modulated at slightly different frequencies and the atomic fluorescence
detected by a single R106 photomultipler fitted with a UGH glass filter. The
signals were separated by three phase-sensitive amplifiers synchronized with
the modulation of the sources.

Gough [54] analyzed metal samples by atomic absorption, using a sputtering
cell rather similar to that of Gough et al. [52] but designed for measurement
of the transmitted radiation from the atomic spectral lamp (Fig. 5). This cell
could be easily interchanged with the flame atomizer of a conventional atomic
absorption instrument. A dual-modulation amplifer provided automatic com-
pensation for background absorption by metal paricles and for any variation
in the intensity of the spectral lamp. Gough successfully analyzed alloys of
iron, aluminium, copper and zinc for some 16 metals, the time required per
analysis being 2—3 min for brasses, 5 min for zinc, and 10 min for aluminium
alloys. Reproducibility was typically +1% for iron- and copper-base alloys,
+2% for aluminium-base and +3% for zinc-base alloys. Detection limits were
in the range 3—400 ppm.

In all the foregoing work on the analysis of metals and alloys vaporized by
cathodic sputtering, it was necessary to have reference samples with similar
sputtering rates to the analytical samples. Changes in sputtering rate may
occur when different matrices are sputtered or when there is a change in the
energy or flux of the bombarding ions.

McDonald [55] overcame this difficulty by using an internal standard
together with a reference sample of known analyte concentration. He showed
that in the atomic absorption analysis of materials such as low-alloy steel the
major constituent, in this case iron, may often be used as the internal standard -
for the determination of other metals. He also extended the technique to the
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Fig. 5. Schematic diagram of sputtering chamber used by Gough [54] for atomic absorption
measurements.
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analysis of finely-divided metals and non-metallic materials by pressing the
powdered sample into a pellet with copper or silver powder. The internal
standard used was either the copper powder itself or an element such as nickel,
added in powdered form at a concentration of 1%. McDonald found that, in
the determination of copper in slag samples incorporated in silver discs, the
use of nickel as internal standard allowed accurate determination of copper
in slags whose copper content ranged from 0.4% to 73%. This was so despite
the fact that the relative sputtering rate of copper, for a given concentration
of this metal, varied over a five-fold range between one sample and another.

McDonald’s results suggest the preferential sputtering, ionization and
agglomeration effects do not occur in this type of discharge. This raises again
the possibility of absolute analysis, i.e. analysis without a reference sample,
first proposed by Walsh [2] in 1955.

A detailed description of the development of the cathodic sputtering
technique for the direct analysis of metals and alloys up to 1972 was given
by Walsh in his Hasler Award Address of that year [56].

DEVELOPMENT OF IMPROVED ATOMIC SPECTRAL LAMPS

As mentioned earlier, Walsh has described [1] how the development of
the sealed-off hollow-cathode lamp played an essential part in establishing
the atomic absorption technique as a practical means of chemical analysis.
Following the early work of Jones and Walsh [6], the Spectroscopy Section
has devoted a continuing effort to the improvement of lamps for use in atomic
absorption and atomic fluorescence spectroscopy.

For some elements the early hollow-cathode lamps showed relatively poor
resonance-line emission intensity. Improvement in this intensity was highly
desirable, particularly for lamps that were to be used with double-beam
instruments, whose optical paths have many reflecting surfaces and thus
cause considerable loss of energy.

In 1962 Sullivan and Walsh [57] developed a ‘‘high-intensity” hollow-
cathode lamp. (The term ‘“‘high-intensity’’ is better replaced by the term
“boosted-output”, which describes more accurately the mode of operation
of the lamp.) In this lamp (Fig. 6) the functions involving the formation and
excitation of atomic vapour were separated. One electrical discharge was used
to produce by cathodic sputtering the optimum pressure of atomic vapour,
and a second (“booster’’) discharge, electrically isolated from the first, pro-
duced the necessary excitation. In this manner increasing the excitation of
the vapour by increasing the current through the second discharge did not
affect the vapour pressure and did not lead to any increase in self-absorption
or self-reversal.

The new lamps frequently gave resonance line intensities of 50—100 times
those of conventional hollow-cathode lamps without any increase in line-width.
A pleasing feature was that the enhancement of intensity was largely confined
to the resonance lines (Fig. 7).
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Fig. 6. Boosted-output hollow-cathode lamp as described by Sullivan and Walsh [57].
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Fig. 7. Spectrum of a Sullivan—Walsh type boosted-output copper hollow-cathode lamp
compared with that of a conventional copper hollow-cathode lamp [57]. (a) Boosted-
output lamp, exposure 2 s. (b) Conventional lamp, exposure 5 min.

With the advent in 1964 of atomic fluorescence spectrometry as an analyti-
cal technique [42], the need for high-intensity line sources became more
acute, since in atomic fluorescence, unlike atomic absorption spectrometry,
the sensitivity of the method is directly proportional to the intensity of the
light source. In 1969—70, Lowe [53] developed a modified version of the
Sullivan—Walsh lamp in which an open-ended cylinder was used as the cathode
for the hollow-cathode discharge. The boosting discharge was directed through
the centre of the cathode cylinder instead of across its open end (Fig. 8).
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Fig. 8. Lowe-type boosted-output hollow-cathode lamp [53].
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Greater emission intensities of the resonance lines were achieved than with the
Sullivan—Walsh type of lamp, though this was accompanied in some cases by
some broadening of the lines.

Lowe compared his lamps with the Sullivan—Walsh type and with conven-
tional hollow-cathode lamps, using them as light sources in the simple non-
dispersive flame atomic fluorescence system shown in Fig. 2. The results,
shown in Table 3, demonstrate the merits of his boosted-output hollow-cathode
lamps as sources in atomic fluorescence spectrometry.

Following the development of the technique of vaporizing analytical samples
by cathodic sputtering in a stream of argon, several new types of boosted-
output lamp with argon flow-through have been developed. The flow of argon
through the lamp is readily controlled by use of the Larkins gas-control unit,
and the lamps are demountable so that the cathode can readily be replaced by
one of another element. Unlike the sealed-off type of lamp, these lamps require
no tedious processing before use. The lamp shown in Fig. 9, described by
Sullivan and Van Loon [58], is a modification of the boosted glow-discharge
source developed by Lowe [59] for spectrochemical emission measurements.
The cathode of the element whose resonance lines are to be excited is in the
the form of a disc pressed from the appropriate powder or machined from rod
and is press-fitted into a water-cooled aluminium block. This lamp, which is
best suited for relatively non-volatile elements, gives more intense resonance
line emission and narrower lines than do conventional hollow-cathode lamps.
The smaller line-width results in better sensitivity and greater linearity of
calibration curve when the lamp is used as a source in atomic absorption
(Fig. 10). The high intensity of emission makes the lamp suitable as a light
source for atomic fluorescence, and Table 4 shows that in non-dispersive
flame atomic fluorescence at least as good limits of detection can be obtained
with this lamp as with the sealed-off boosted hollow-cathode lamp of the
Sullivan—Walsh or Lowe type.

Sullivan and Van Loon used their lamps in the determination of nickel,
cadmium, zinc and copper at the 1—10 ppb level directly in river water by

TABLE 3

Comparative intensities of signals from 1 ug ml™ solutions measured by non-dispersive
flame fluorescence with different types of lamp [53]

Metal Hollow-cathode Commercial Lowe type
lamp Sullivan—Walsh boosted-output
type lamp lamp
Ag 1 17 119
Au 1 12 50
Co 1 0.75 15
Cr 1 — 12
Cu 1 11 44
Fe 1 4 50
Ni 1 4 50
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Fig. 9. Sullivan—Van Loon type of demountable boosted-output spectral lamp [58].

Fig. 10. Atomic absorption ealibration curves for tin, with the Sullivan—Van Loon demount-
able lamp [58] and an air—hydrogen flame. All the curves were obtained at 224.6 nm, band-
pass 0.2 nm: (a) demountable lamp, lamp current 500 mA (booster) and 20 mA; (b)
demountable lamp, lamp currents 500 mA and 30 mA; (¢) hollow-cathode lamp, lamp
current 7 mA.

non-dispersive flame fluorescence and obtained results in good agreement with
those obtained by a.a.s. after pre-concentration of the metals by chelation
into an organic solvent. The total dissolved solid levels of the samples lay in
the range 60—300 mg 1! and presented no problem except with nickel, when
a scattering correction had to be made in the manner described by Larkins
and Willis [47].

Another type of boosted-output spectral lamp with an interchangeable
cathode [60] is shown in Fig. 11. It is particularly suitable for relatively
volatile elements such as arsenic and selenium, because the argon flow takes
place transversely between the cathode and the window, thereby avoiding
any risk of depositing the volatile element on the latter. The lamp has a high
numerical aperture, which is a great advantage in atomic fluorescence work.

This lamp was compared with commercially-available electrodeless-discharge
lamps for arsenic, selenium, cadmium, lead and antimony and found to be
superior with respect both to warm-up time and to sensitivity when used as
the light source in non-dispersive flame atomic fluorescence. Table 4 compares
the limits of detection found with the different types of lamp.

Recently, Sullivan [61] has described a simple sealed-off lamp designed
for elements such as sulphur, selenium and phosphorus, the characteristic
feature of this lamp being that a controlled temperature gradient is maintained
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TABLE 4

Limits of detection in non-dispersive flame atomic fluorescence?

Element Demountable boosted-output lamps EDL’s Sealed-off conventional -
3ullivan and Sullivan [60] (S:;l;’:i‘, )[601 Zgglggzﬁg;dbw
an Loon [58] (ng ml™) Larki 45
(ng ml™) ar mf[ ]
(ng ml™)
Ni 1.5 - — 2b
Cu 0.2 — — 1b
Ag 0.1 — — 0.15°
Zn 0.1 - — 0.3¢
Cd 0.1 0.1 0.2 4de
As — 100 400f 60004
Se - 150 650f 60009
Pb — 10 50 150¢
Sh - 10 50 40P

8The limits of detection follow the very conservative definition used by Larkins [45],
namely the concentration giving a signal equal to twice the peak-to-peak fluctuation when
only water or dilute acid is aspirated.

bf.owe type [53] boosted hollow-cathode lamp.

€Sullivan—Walsh type [57] boosted hollow-cathode lamp.

dConventional hollow-cathode lamp.

€Using a vapour-discharge lamp, Larkins obtained a limit of detection of 0.2 ng ml™.
fThese figures are somewhat uncertain, as the mechanical chopper used led to flame
instability.

Fig. 11. Boosted-output spectral lamp with interchangeable cathode [60].
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between the anode and the cathode (Fig. 12). With this lamp atomic fluor-
escence measurements can be made on elements having their resonance lines
below 200 nm, the sample being vaporized by cathodic sputtering in a cell
resembling that used by Gough et al. [52].

Boosted glow-discharge sources for spectrochemical analysis

The lamps so far described were developed specifically to give the spectra
of pure elements for use as light sources in atomic absorption and fluorescence
spectrometry. However, the principles of construction of the demountable
boosted-output lamp had already been applied by Lowe [59] to the construc-
tion of a boosted-output glow-discharge source for use in spectrochemical
emission, This source was based on the glow-discharge source developed in
Germany by Grimm [62, 63], but incorporated also a pair of booster elec-
trodes. The cathode was a roughly polished block of the metal or alloy to be
analyzed. The emission spectra were simpler than those produced by the
Grimm lamp, since preferential enhancement of the resonance lines occurred.
The signal-to-noise ratio was also improved (Fig. 13).

Lowe’s design was modified somewhat by Gough and Sullivan [64], whose
all-metal emission source is shown in Fig. 14. Its use in spectrochemical analy-
sis was demonstrated in the simultaneous determination of nine elements in
aluminium-base alloys, low-alloy steels, cartridge brass and zinc-base die-casting
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Fig. 12. Controlled temperature-gradient atomic spectral lamp [61].

Fig. 13. Typical recorder traces from Lowe’s boosted glow-discharge source [59]. The
285.2-nm line of magnesium is being measured for an aluminium alloy containing 0.051%
magnesium. Recorder time constant, 1 s. (i) Glow discharge 30 mA, plus booster discharge
750 mA; (ii) glow discharge alone 30 mA, same gain as (i); (iii) glow discharge alone 30 mA,
expanded gain.
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Fig. 14. Boosted glow-discharge source, Gough—Sullivan type [64].

alloys. The source was used in conjunction with a polychromator which had
direct readout facilities. The intensities of the resonance lines emitted by the
source were sufficiently high to permit detection of metals at concentrations
of a few parts per million, and the precision (r.s.d.) of measurement of major,
minor and often trace constituents in alloys was approximately 1%.

Selective modulation of resonance lines from lamps

All the atomic spectral lamps described up to this point emit not only the
resonance lines of the element forming the cathode but also, to a greater or
lesser extent, other lines in the spectrum of the element. If the output of these
other lines could be suppressed it would be possible, in some instances at
least, to make atomic absorption measurements without the need for a
monochromator.

Bowman et al. [65] showed that the resonance lines can effectively be
“isolated’ by periodic interposition of a cloud of absorbing atoms in the light
beam of a d.c.-operated boosted-output hollow-cathode lamp. The resonance
lines, but not the other lines from the lamp, are absorbed by this pulsating
cloud of atoms, and if the photodetector feeds an a.c. amplifier the signal at
the output of this amplifier will be due to the resonance lines alone. The non-
resonance lines, which are not absorbed by the atomic cloud, will give rise to
a d.c. signal at the detector, but this will merely contribute noise at the out.
put of the a.c. amplifier.

A convenient way of achieving this result is to incorporate a modulating,
i.e., a.c.-operated, electrode of the same metal in front of the hollow cathode.
In practice, in order to avoid excessive noise from unmodulated lines, it proved
necessary to use a boosted-output rather than a conventional-type hollow-
cathode lamp. It was also found that a monochromator, though not one of
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very high resolution, was necessary. Figure 15 shows that considerable simpli-
fication of the spectrum of nickel near the 232.0-nm resonance line is achieved
with a selectively-modulated lamp, and Fig. 16 shows that this leads to greatly
improved linearity in the calibration curve for this metal, even when a mono-
chromator of relatively poor resolution is used.

Lowe [66] described a simple technique for selectively modulating the
resonance lines from a standard hollow-cathode spectral lamp without using
any extra modulator electrode. The lamp is operated at a steady d.c. level and
short, high-current pulses are superimposed on it. The increased sputtering
from each pulse causes a cloud of atoms of the cathode material to be formed
inside and in front of the hollow cathode, and by adjusting the pulse height
and width it is possible to make the vapour cloud large enough to cause
almost complete absorption of the resonance lines. As the vapour cloud decays
between pulses the output intensity of the resonance lines rises again to that
of the d.c. level. Suitable gating techniques have been described [67] for the
amplification of the modulated signal. Figure 17 shows how effectively the
resonance lines of copper can be isolated in this way.

The principle of selective modulation of atomic resonance lines has been
put to practical use in the field of molecular spectrophotometry. Bennett et al.
[68] described a simple instrument for the continuous monitoring of proteins
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Fig. 15. Spectra showing isolation of the nickel resonance line at 232.003 nm by selective
modulation [65]. Modulator, 20 mA; lamp primary discharge, 30 mA; lamp booster dis-
charge, 400 mA.

Fig. 16. Calibration curves showing the application of the selective modulation technique
to the determination of nickel by a.a.s. [65]. Spectral bandpass, 0.7 nm.
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Fig. 17. Spectra recorded from a copper—neon hollow-cathode lamp. (A) D.c. operation;
(B) pulsed current operation to produce selective modulation [67].

in solution, using the well-known protein absorption band in the neighbour-
hood of 280 nm ascribed to aromatic amino acids, especially tyrosine and
tryptophan. Radiation from a selectively modulated magnesium hollow-cathode
lamp, having a wavelength of 285.2 nm, traversed the solution, which was
contained in a small cell (10 mm X 3 mm diameter), and then fell on a photo-
detector whose output was fed to a gated amplifier.

RESONANCE SPECTROMETERS*

Sullivan and Walsh [69] used the cloud of atomic vapour produced by
cathodic sputtering in a conventional hollow-cathode lamp to absorb and re-
emit the resonance lines in the radiation emitted by a boosted hollow-cathode
lamp of the same element run on modulated current. By viewing the re-emitted
lines with a photomultiplier whose output was fed to an a.c. amplifier, it was
possible to record only the signal from the resonance lines of the element.
This “‘resonance detector” thus functioned as a spectrometer for isolating the
resonance lines of the element, and flame atomic absorption measurements
could be made merely by interposing the flame between the boosted-output
lamp and the resonance spectrometer.

The particular advantage of the “sputtering-type’’ resonance spectrometer
just described is that it is, in principle, applicable to all metallic elements,
irrespective of melting point, because the atomic vapour is produced without
the necessity of heating the metal. The main disadvantage of the sputtering
technique is that the electrical discharge necessarily results in the emission of
radiation in the visible and ultraviolet regions of the spectrum, which leads to
a serious reduction in the signal-to-noise ratio of the output signal. In a later
paper [70] Sullivan and Walsh described a “thermal-type’’ resonance spectro-
meter for low melting-point metals such as calcium, magnesium, sodium, pot-
assium and lead. Here the atomic vapour does not generate any appreciable

*The devices described in this section have traditionally been referred to as ‘‘resonance
detectors’’; the term ‘‘resonance spectrometer” is preferred by IUPAC [9].
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radiation, and such resonance spectrometers can be used with conventional,
instead of boosted, hollow-cathode lamps. Figure 18 shows a diagram of an
atomic absorption instrument employing a thermal-type resonance spectrometer.

When a resonance spectrometer is used, the width of the resonance lines
emitted by the light source is not critical, because only the centre of the line(s)
can be absorbed by the atomic vapour in the resonance lamp and produce an
output signal.

Several applications of resonance spectrometers in practical analysis have
been described. Bowman [71] determined lithium in blood serum (diluted
1:10 with water), using a conventional lithium hollow-cathode lamp and a
thermal-type resonance spectrometer. In order to make use of the high aperture
of the resonance spectrometer, an air—coal gas flame was used with a burner
having two parallel slots, 5 mm apart and 75 mm long. The lithium reference
solutions were matched in sodium and potassium content to an average blood
serum, and the measured lithium concentrations were reproducible to £0.2 ug m1™
in the serum. The limit of detection was 0.6 ug ml™! in the serum with the
resonance spectrometer, and 0.3 ug ml™! with a conventional monochromator.

Boar and Sullivan used conventional hollow-cathode lamps and thermal-
type resonance spectrometers in the determination of calcium [72] and
magnesium [73] in brown-coal ash. Both air—acetylene and nitrous oxide—
acetylene flames were used for calcium; in the latter flame the sensitivity was
improved and chemical interferences were eliminated. Figure 19 shows typical
calibration curves for calcium.

Sullivan et al. [74] used a boosted-output hollow-cathode lamp, a sputtering-
type resonance spectrometer and an air—propane flame at a burner having two
parallel rows of holes, for the determination of nickel in ores. They showed
that, within the range 0.5—1.6% nickel, the method gave an accuracy for a
single determination of +5.1% of the mean at the 0.95 confidence level.

Sullivan and Walsh [75] have described the use of resonance spectrometers
for the measurement of the ultraviolet absorption by solutions. Light from
an atomic spectral lamp emitting the spectrum of a suitable element passes
into a resonance spectrometer containing an atomic vapour of the same
element. This vapour selectively absorbs the resonance lines, which are

\

\

ATOMIC SPECTRAL LAMP

ATOMIC RESONANCE
RADIATION

. Fig. 18. Diagram of an atomic absorption instrument employing a thermal-type resonance
spectrometer [70].
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Fig. 19. Calibration curves for the determination of calcium in brown coal [72]. (1) Con-
ventional monochromator, N,O0—C _H, flame; (2) resonance spectrometer, N,O—C H,
flame; (3) resonance spectrometer, air—C,H, flame; (4) conventional monochromator,
air—C,H, flame. A 50 mm single-slot burner was used in (1), (2) and (4), and a 50-mm
double-=slot burner in (3).

subsequently re-emitted in all directions. The intensity of the resonance
radiation after passage through the solution whose absorption is to be deter-
mined is measured photoelectrically. Table 5 shows the wavelengths of the
resonance lines that can be isolated by this technique. Sullivan and Walsh
found that proteins in solution could be determined by measuring their
characteristic absorption in the 280-nm region with a magnesium resonance
spectrometer used at 285.2 nm.

The isolation and detection of atomic resonance lines by the techniques of
selective modulation and resonance detection have been reviewed by Sullivan
and Walsh [76] . They pointed out the relative advantages and disadvantages
of the resonance spectrometer compared with the conventional monochromator.

More recently, Walsh has shown [77] that a separated flame can be used
as a resonance spectrometer for a given element by spraying into it a pure
solution of the element. When this flame is illuminated, the fluorescence signal
can only be due to radiation of wavelength(s) corresponding to the absorption
line(s) of that element. A non-dispersive flame-fluorescence spectrometer can
thus be converted to an atomic absorption spectrometer by interposing a
second flame, into which is sprayed the solution for analysis. The separated
flame has the outstanding advantage over previous types of resonance spectro-
meter in the ease with which it can be changed from the detection of one
element to another: it is only necessary to spray the appropriate solution into
the flame.
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TABLE 5

Wavelengths isolated by resonance spectrometers [75]

Element Light source? Type of Wavelength(s) of
resonance spectrometer resonance radiation, (nm)

Zn BOHC or VDL Thermal 213.86
Cd BOHC or VDL Thermal 228.80
Be BOHC Sputtering 234.86
Hg VDL Thermal 253.65
Pb HC Thermal 283.31
Mg HC Thermal 285.21
. 324.75
Cu HC or BOHC Sputtering 327 40
. 328.07
Ag HC or BOHC Sputtering 338.29
Tl HC or VDL Thermal 377.67
Ca HC Thermal 422.67
Sr HC Thermal 460.73
Ba HC Thermal 553.55
589.00
Na VDL Thermal 58959
Li HC Thermal 670.78
764.49
K VDL Thermal 769.90

2HC: hollow-cathode lamp. BOHC: boosted-output hollow-cathode lamp. VDL: vapour
discharge lamp.

Larkins and Walsh [78] have described the performance of such an instru-
ment for eight metals. Figure 20 shows typical calibration curves obtained
with the flame resonance spectrometer and with a conventional monochroma-
tor. The flame resonance spectrometer can also be used in a number of other
ways; for instance with some elements the atomic spectral lamp can be
replaced by a continuum source. Again, the flame resonance spectrometer
can be used as a wavelength-selective detector in emission measurements, with
the sample to be analyzed being made the cathode of a boosted glow-discharge
source of the type described earlier [59, 64]. Manganese can be determined
in low-alloy steels by this technique [78] ; calibration graphs are linear over
the range 0—1.5% manganese. Other ways of using flame- and sputtering-type
resonance spectrometers in building general-purpose atomic spectrometers
have also been described [79].

FUNDAMENTAL STUDIES ON ATOMIC SPECTRAL LINES
Hollow-cathode lamps were first proposed as suitable light sources for

analytical atomic absorption spectrometry [2] on the basis that their emission
lines are sharper than the absorption lines of atoms in flames. Under these
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Fig. 20. Comparison of calibration curves obtained with a flame-type resonance spectro-
meter and with a conventional monochromator. H.C. indicates the use of a hollow-cathode
lamp square-wave modulated at the average current indicated [78].

conditions the measured absorbance of a flame is directly proportional to the
(peak) absorption coefficient at the centre of the absorption line and hence to
the concentration of absorbing atoms. Thus knowledge of the profiles of the
lines emitted by hollow-cathode lamps is necessary for any quantitative
understanding of the absorption process.

In 1966—68, Yasuda in Japan [80, 81] made interferometric measurements
on the calcium 422.673-nm resonance line, which is almost completely free
from hyperfine structure. He obtained Doppler widths corresponding to
atomic vapour temperatures of 1200—2700 K for hollow-cathode lamp currents
of 20—90 mA. These widths seemed anomalously high, and Bruce and
Hannaford [82] re-investigated the problem, using an interference filter instead
