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ABSTRACT

In spectrochemical methods based on atomic absorption measurements the
usual procedure is to pass radiation from an atomic spectral lamp through an
atomic vapour of the sample and measure the attenuation in the intensity of a
selected resonance line, the latter being isolated by means of a dispersion mono-
chromator. In the techniques of selective modulation and of resonance detec-
tion, photoelectric signals due to resonance lines are electronically isolated
from signals due to other lines and a dispersion monochromator is not re-
quired. In flame fluorescence it is also not necessary to provide means for
optically resolving and isolating the resonance lines in the fluorescence radiation,
provided it is ensured that the atomic spectral lamp which stimulates the
fluorescence emits the spectrum of only one of the elements to be determined.
For several elements, each of these non-dispersive techniques can yield a
performance which is of the same order as, and sometimes superior to, that
which can be achieved with a conventional dispersion-type atomic absorption
spectrophotometer.

It has recently been demonstrated that these techniques can be successfully
adapted to the direct analysis of metals and alloys, by making the sample for
analysis the cathode of a selective modulator or resonance detector. The

analytical capabilities of such systems are currently being assessed.

1. INTRODUCTION

The Japan Society for Analytical Chemistry, whose twentieth anniversary
this Congress is commemorating, was formed at a time when some of the
potentialities of atomic absorption methods of spectrochemical analysis were
first recognized. The widespread adoption of such methods may be illustrated
by the fact that the world population of atomic absorption spectrophoto-
meters now exceeds fifteen thousand, and is currently expanding at a rate
of three thousand per annum. The method is capable of determining sixty-five
different elements and it has been claimed that more determinations of
elemental composition are now carried out by atomic absorption methods
than by any other technique.

This particular analytical technique would therefore appear to be one
giving much cause for satisfaction. Many analytical chemists may weil feel
astonished when I state that most of those who have worked on the develop-
ment of this technique are currently feeling a sense of disappointment, even
of frustration, at the lack of progress. This is because more than 99.9 per cent
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of all determinations now carried out by atomic absorption methods use the
same basic technique which was originated twenty years ago. The situation
is aggravated by the fact that there have been several interesting new ap-
proaches, all of which have either failed to fulfil their early bright promise,
or have not found favour with analytical chemists.

In this paper I propose to illustrate the present situation by presenting a
progress report on some aspects of recent and current researches aimed at the
development of new analytical techniques. In selecting for discussion pro-
jects involving the use and development of non-dispersive systems it is by no
means intended to imply that other projects being undertaken in various
laboratories throughout the world are not of equal or greater significance at
the present time. My choice is determined solely by a desire to restrict my
comments to projects about which I have some first-hand information and
which are probably not familiar to many analytical chemists. It is hoped that
the following account will indicate why non-dispersive systems are becom-
ing of increasing interest to our group in Melbourne and draw some of their
interesting potentialities to the attention of enterprising analysts and adven-
turous instrument manufacturers!

Before proceeding to a discussion of non-dispersive systems it is helpful
to recall the main characteristics of a typical atomic absorption spectro-
photometer of conventional design, as illustrated schematically in Figure 1.

Absorbed

Emitted Emitted+*
Chopped

A portion of the sample is converted into an atomic vapour, and the absorp-
tion of radiation by this vapour is measured at a specific wavelength which is
characteristic of the element to be determined. The use of a modulated light
source and synchronous detection system ensures that unmodulated radia-
tion emitted by the flame gives no signal at the output of the amplifier. The
unknown concentration is determined by comparison with absorption
measurements on standards of known composition.

It is usual to measure the absorption coefficient at the centre of the absorp-
tion line using an atomic spectral lamp which emits lines having a much
smaller half-width than the absorption lines so that, to a good approxima-
tion, a measurement can be made of peak absorbance, which is linearly
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Firure 1. Schematic diagram illustrating conventional atomic absorption spectrophotometer
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proportional to concentration'. The most widely used method of producing
the requisite atomic vapour is by spraying a solution into a flame, and the
light source is usually a hollow-cathode lamp. Figure 2 illustrates schemati-
cally the different widths of the emission and absorption lines under these
conditions. Typically the half-width of the emission lines to be measured
is of the order of 0.01 A, and that of the corresponding absorption line for
atomic vapours produced by a flame or furnace is some three to four times
greater.

Lfl

Ui

A —-
Figure 2. Schematic diagram illustrating use of a source emitting sharp spectral lines to measure

peak absorption

Using this method of measuring peak absorbance, the main function of the
dispersion monochromator, which usually provides spectral slit-widths down
to about 1 A, is simply to isolate the line required for measurement from all
other lines emitted by the source. Provided this condition is fulfilled it is not
essential for the light source to emit a pure spectrum of the element to be
determined, and the spectra of hollow-cathode lamps used in conventional
atomic absorption spectrophotometers often contain lines due to several
different elements. It may also be noted that the spectra of some elements,
such as those of Group I and II, are so simple that a low resolution, possibly
of several hundred ângstroms, is sufficient to isolate the desired line. In such
cases the dispersion monochromator can be replaced by an absorption or
interference filter. It is, however, important to ensure that the spectral
band-pass is not so great that the radiation emitted by the atomic vapour of
the sample causes excessive noise in the output signal of the photoelectric
detector. This factor is also important in the non-dispersive systems discussed
below.
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2. NON-DISPERSIVE SYSTEMS BASED ON SELECTIVE
MODULATION

A well-known method of 'isolating' a given region of a spectrum, illustrated
in Figure 3, is by means of periodic interposition at a given frequency of an
absorbing medium between a light source and a photoelectric detector, thus
producing a modulated signal at all wavelengths that lie within the region

Light _____________ __________source fl ISynchronousl I Output* I
I- — — — — detection

signal
U system ___________

1 Oscillatingt : absorbing
medium I

Absorption
spectrum

Figure 3. Schematic diagram illustrating the use of a selective-modulation system to produce an
output signal wavelength curve corresponding to an absorption spectrum

of absorption of the medium. By using an a.c. detection system tuned to this
modulation frequency an output signal v. wavelength curve corresponding
to the absorption spectrum is obtained. It will be apparent that in this system
any radiation emitted by the absorbing medium gives no resultant mean
output provided the same amount of unmodulated radiation falls on the
detector for all positions of the absorber. It is important to note, however,
that this unmodulated radiation may produce noise at the output of the
detection system and this must not be large compared with the modulated
signal if satisfactory signal to noise ratios are to be obtained. For this reason
it is usual to limit the amount of unmodulated radiation which falls on the
detector by means of a filter.

2a. Atomic absorption spectrophotometer incorporating selective modulation
by flames

The above type of selective modulation system, often known as the nega-
tive-filter method, has been widely used in infrared gas analysers, but the
only published application to atomic absorption spectroscopy is that by
Alkemade and Milatz2, who used this type of system to measure the atomic
absorption of flames. A rotating chopper was used to obtain periodic passage
of light from the spectral lamp through the flame. Using a sodium lamp as
light source and an air—propane flame a detection limit of 0.03 ppm sodium
was obtained. The possibility of determining 'all metals usually to be deter-
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mined by flame photometry' was mentioned, but this approach to atomic
absorption measurement does not appear to have been investigated further.

This system requires that the light source—filter—detector combination is
such that resonance lines of only one element give modulated output signals.
Thus, if the filter has a broad spectral band-pass the spectral lamp must be
pure.

2b. Atomic absorption spectrophotometer incorporating selective modulation
by atomic vapours produced by cathodic sputtering.

Another method of selectively modulating atomic resonance lines is by
means of atomic vapours produced by cathodic sputtering3 .The principle
of this method, as applied to an atomic absorption spectrophotometer, is
shown in Figure 4. In this arrangement radiation from an atomic spectral

Atomic spectral Flame Amplifier
lamp* * ___ .. )_flflfLfJf7

Pulsating cloud of I I Detector Meter
ground— state atoms

_nold<{InolafterSignal due to Signal after utput signal due to
selective modulation gciting selective modulation

Figure 4. Schematic diagram of an atomic absorption spectrophotometer employing a pulsating
cloud of atoms, produced by cathodic sputtering, to selectively modulate atomic resonance lines.
The lower portion of the diagram illustrates the waveform of the photoelectric signal as it

passes through various stages of the synchronous detection system to the output meter

lamp, such as a hollow-cathode lamp, is selectively modulated, by means of a
pulsating cloud of ground-state atoms of the element to be determined. These
pulsating clouds are produced by means of a pulsed low-pressure discharge
which results in pulsed cathodic sputtering of atoms from the surface of the
cathode. The only lines modulated by these atoms and which can therefore
give a signal at the output of the synchronous detection system are those
which are emitted by the light source and which are absorbed by the atom
cloud. A simple gating switch ensures that any light emitted by the pulsed
discharge produces no output signal5. In practice the modulator electrode
is merely a loop of wire of the appropriate metal and the two electrodes of the
modulator discharge can readily be accommodated within the housing of the
atomic spectral lamp.
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In the early applications of the technique the selectively modulated lamp
was used in conjunction with a conventional atomic absorption spectro-
photometer. Under these circumstances the monochromator, even if
operated with wide slits, greatly restricts the amount of unmodulated radia-
tion from the lamp or flame which can fall on the detector and thus favours
the generation of modulated signal with a high signal to noise ratio. It has
recently been demonstrated6' that for elements whose resonance lines have
wavelengths below 320 nm the monochromator is not necessary if a solar-
blind detector is used. For example. the caesium telluride photo-cathode of the
Hamamatsu R166 photomultiplier has the sensitivity curve shown in
Figure 5 and it can be seen that it has very low sensitivity in the wavelength

5500 A 5000A 4500A t.oooA 3500A 3000A 2500A 2000A

Figure 5. Spectral-sensitivity curve of a caesium telluridc solar-blind photomultiplier (Hama-
matsu R166) illustrating low sensitivity at wavelengths at which there is high flame emission

region in which maximum flame emission occurs. For wavelengths above
320 nm satisfactory signal to noise can be obtained by using absorption filters
to restrict the unmodulated radiation falling on the detector.

My colleague, J. V. Sullivan, is currently preparing for publication a de-
tailed survey of the characteristics and performance of this type of non-dis-
persive system. For the purposes of the present discussion it is sufficient to
note that for many elements the performance is comparable with that of a
conventional atomic absorption spectrophotometer. The absence of any
slit or wavelength adjustments makes the instrument particularly simple to
operate. A pure spectrum of a given element is obtained if either the lamp or
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the modulator cathode is pure. If both are slightly impure the resultant
spectrum may still be essentially pure since any weak lines due to impurities
in the lamp cathode are modulated to such a small extent that the resultant
signal due to the impurity becomes negligible.

In spite of the attractions and impressive performance of this system, it has
the serious disadvantage that it lacks the versatility of the conventional dis-
persion system, and no doubt for this reason it has not been considered suit-
able for commercial exploitation. Nevertheless the work carried out to date
has been instructive in demonstrating that high performance can be attained
by this method of isolating signals due to atomic resonance lines, and the
experience gained is proving invaluable in the development of selective modu-
lation methods for the direct analysis of metals and alloys.

2c. Selective-modulation system for the direct analysis of metals and alloys
An interesting type of selective-modulation system is obtained by com-

bining the arrangements described in Sections 2a and 2b to give the system
shown in Figure 6. In this case the sample for analysis is made the modulator
cathode so that a pulsating cloud of atoms of the sample is produced. Thus
the resonance line(s) of a given element emitted by the atomic spectral lamp
is modulated to an extent proportional to the concentration of that element
in the sample. This system therefore provides a method for the direct analysis
of metals and alloys. It merits investigation since it may offer significant
advantages over conventional methods of measuring the absorption of
atomic vapours produced by cathodic sputtering8t . In particular, the
selective-modulation approach provides a single-beam system which does
not require the fffh stability of light-source intensity, which would normally
be required for measuring very small values of absorption. Furthermore
there is the possibility of using a non-dispersive system in cases where an
atomic spectral lamp emitting a pure spectrum of the element to be deter-
mined is available.

Atomic
spectral
lamp

7. ———-*—-———4chmmatorj

SampEe atoms
produced by pulsed I
cathodic sputtering I

[synchrnous1detection
system

Output
signal

Figure 6. Schematic diagram of an atomic absorption spectrophotometer for the analysis of
metals and alloys
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chronous detection system is similar to that described by Lloyd and Lowe14.
At the present stage of its development the apparatus is not functioning

reproducibly, and the reasons for this have not yet been identified. Figures 8

Analysis of steel by selective modulation

3.1°/s Nickel

Figure 8. Representative perrormance obtained with the selective-modulation technique for the
direct analysis of metals and alloys. The left-hand trace illustrates poor performance and the

right-hand trace good performance

and 9 give results illustrative of present performance. It can be seen that a
typically 'good' performance is adequate for many analytical requirements,
but a typically 'poor' performance falls well short of that usually required. It
is probable that the erratic behaviour is associated with insufficient cleanli-
ness of the gas, specimen chamber and/or sample. Consistent behaviour is
expected to be achieved once the cleanliness requirements have been clearly
established. It is known that these will be even more severe in the case of
aluminium samples.

At the moment the situation is encouraging and there is a good prospect
of developing a method which will be applicable to the direct analysis of
many metals and alloys.
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3. NON-DISPERSIVE SYSTEMS BASED ON ATOMIC
FLUORESCENCE

The second type of non-dispersive system to be discussed exploits the
characteristics of the well-known phenomenon of atomic fluorescence.
This occurs when an illuminated atomic vapour absorbs some incident
radiation and subsequently re-emits some of the absorbed energy as radiation.
When an atom in the ground state is optically excited and returns to the
ground state, the fluorescence is generally referred to an resonance radiation.
The technique discussed below is mainly concerned with this special type of
fluorescence, which was first discovered by Wood'5 in 1905, and subse-
quently used by him as a means of isolating resonance lines'6'

If an atomic vapour is illuminated by an atomic spectral lamp, then the
spectrum of the fluorescence radiation will only contain lines due to atoms
which are present in the lamp and in the atomic vapour. In particular, the
spectrum of the fluorescence radiation is specific to one element if, by
appropriate combination of lamp and vapour, the latter only absorbs lines
of that element. For example, the vapour may contain only one atomic species
capable of absorbing any of the radiation emitted by the lamp. Alternatively
the lamp may emit spectral lines of only one atomic species capable of being
absorbed by the vapour. The following techniques are based on this simple
method for producing fluorescence specific to a given element, thus obviating
the need for a dispersion monochromator to isolate a given spectral line.

3a. Atomic absorption spectrophotometer using atomic fluorescence as a
means of isolating resonance lines of a given element

One obvious application of an atomic fluorescence system is as a replace-
ment for a monochromator in an atomic absorption spectrophoto-
meter35' 18, 19 This type of system is illustrated in Figure 10. The most
generally applicable method for generating an atomic'vapour of a given
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Nickel in steel standard

0

Figure 9. Calibration curves obtained using the selective-modulation technique applied to the
direct analysis of low-alloy steels
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Resonance detector

Rome

Atomic spectral
tamp

Atomic vapour

Figure 10. Schematic diagram of an atomic absorption spectrophotometer incorporating a
resonance detector

element is by means of cathodic sputtering, which liberates atoms from the
cathode of a low-pressure discharge in a rare gas. In this technique it is
inevitablc that the production of atomic vapour will be accompanied by the
emission of radiation, and it is essential to isolate signals due to this from
those due to fluorescence radiation. This is readily achieved by modulating
the radiation emitted by the source and using a synchronous detection system
which responds only to signals of this frequency. Any radiation emitted by
the d.c. sputtering discharge thus produces no signal at the output of the
detector.

Full details of the construction and characteristics of this type of spectro-
photometer have been fully discussed by Sullivan and his co-workers, who
have also reported on their application to various analytical problems2023.
The publications of Sullivan et a!. indicate that such systems can give the
same petformance as a conventional spectrophotometer and are suitable
for routine operation. For example, Sullivan, Timms and Youngt5 used an
instrument over a period of six months to determine nickel in 10,000 ore
samples. They state: 'The fact that this instrument cannot be put out of
adjustment due to changes in the ambient temperature or pressure, or by
small mechanical vibrations, is a particularly attractive feature of the instru-
ment since there is no adjustment corresponding to 'tuning-in' to a given line.
The instrument is extremely simple and rapid in operation. The instrument
has been entirely trouble-free and has proved itseff well suited to the routine
determination of nickel in ore samples'.

In spite of these promising results, this type of system is no longer used
and is not now produced commercially. The reason for this is that the system
is more expensive than a conventional spectrophotometer, and becomes
prohibitively so if more than one element is to be determined. The main
significance of this work has been to clearly demonstrate the feasibility of this
type of measurement for the determination of a wide range of elements, and
to show that the resonance radiation, which can be stimulated by illuminating
atomic vapours produced by cathodic sputtering, is of sufficient intensity to
yield photoelectric signals of high signal to noise ratio.

The excellent results obtained with such systems suggested the possibility
of developing atomic fluorescence methods for the analysis of metals and
alloys described in Section 3c.
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3b. Non-dispersive flame fluorescence spectrophotometer
Atomic fluorescence from flames was first reported in 192324 26, but it is

only in recent years that methods of chemical analysis based on measure-
ments of such fluorescence have been developed. In 1961 Robinson26
observed weak fluorescence from a magnesium flame, and in 1962 Alkemade27
drew attention to the characteristics of flame fluorescence, particularly to
the difference in photo-detector noise for fluorescence and absorption
measurements. The first paper on analytical applications of flame photo-
metry by Winefordner and Vickers28, was published in 1964. Since that
time the development of this method of chemical analysis has been almost
entirely due to Professor Winefordner's group at the University of Florida
and to Professor West and his colleagues at the Imperial College of Science
and Technology in London. Authoritative reviews of the subject have
recently been published by members of these groups29 30

In much of the published work on flame fluorescence the fluorescence
radiation has been passed through a dispersion monochromator to isolate
one or more lines for measurement. This is not necessary and may even be
undesirable if the light source emits the spectrum of only one of the elements
present in the flame. In this case the only reason for restricting the radiation
falling on the detector is to prevent excessive noise in the output signal from
the photoelectric detection system. This can be achieved by means of an
appropriate filter or by using a detector such as a caesium telluride solar-blind
photomultiplier (Section 2a). It thus becomes possible to use the simple
arrangement shown in Figure 11.

Modulated
atomic
spectral ' Flame -.
lump .* ———__—_—T:...__

\

Atomic fluorescence

Synchronous!systj
Output
signal

Figure 11. Schematic diagram of non-dispersive atomic flame fluorescence spectrophotometer

Larkins3' has recently reported on the performance of this type of non-
dispersive instrument using 'pure' high-intensity hollow-cathode lamps as
light source32, and a separated air—acetylene flame sheathed by nitrogen in
the manner described by Hobbs et a!.33. Larkins concludes that this simple
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Table 1. Detection limits obtained by Larkins3' using a non-dispersive flame fluorescence
spectrophotometer compared with the best reported results for atomic absorption

Limit of detection (pg/mI)

Element Atomic fluorescence Atomic absorption Wavelength (nm)

Au 0.005 0.02 242.80
Bi 0.25 0.05 223.06
Cd 0.0002 0.005 22880
Co 0.0015 0.005 240.72
Fe 0.003 0.005 248.33
Ga 6.0 0,1 287.42
Hg 0.07 0.5 253.65
In 1.0 0.05 30394
Mg 0.0002 0.005 285.21
Ni 0.002 0.005 232.00
Pb 0.15 0.01 283.31
Pd 2.0 002 247.64
Pt 0.3 0.1 265.95
Sb 0.04 0.2 217.58
Sn 3.0 0.06 224.60
Tl 0.3 0.2 276.79
Zn 0.0003 0.002 213.86

arrangement generally gives better detection limits than can be obtained
using a monochromator. For nine of the seventeen elements studied the
limits of detection, given in Table 1, are superior to those obtained using a
conventional atomic absorption spectrophotometer.

Scatter problems using a pre-mix burner are negligible provided there are
no elements in the solution which form refractory particles in the flame.
When such elements are present the scatter problem with a non-dispersive
system is more severe than when a monochromator is used, since many more
scattered lines fall on the detector. In fluorescence, as in atomic absorption,
correction for such scattering effects is essential if accurate results are to be
obtained. The scatter problem is less for higher temperature flames such as
those using acetylene—nitrous oxide but in this case the fluorescence technique
does not give as good detection limits as atomic absorption methods34.

In spite of the many attractions and advantages of this and other flame
fluorescence methods, there are very few published descriptions of their
application to routine analysis, and little commercial equipment is available.
Possibly the biggest obstacle to progress is the unsatisfactory situation
regarding the intense atomic spectral lamps which are essential for exploiting
the full potentialities of the method. Electrodeless discharge lamps are not
sufficiently reliable for many elements whilst the high cost and complexity
of high-intensity hollow-cathode lamps and their associated power supplies
restrict their usefulnss. Mitchell and Johannson35 have used pulsed hollow-
cathode lamps in their multi-channel flame fluorescence spectrophotometer
and this is possibly the most attractive approach to the light-source problem.
At the present time there is conflicting evidence regarding the performance
of lamps operated in this manner and some workers have found the operating
life of the lamp to be drastically curtailed under pulsed operation.
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Even in its present state of development the flame fluorescence technique
provides analysts with a powerful method of trace analysis, and simple
non-dispersive systems of the type described above would appear to be
particularly attractive.

3c. Non-dispersive atomic fluorescence spectrophotometer for the direct
analysis of metals and alloys

The excellent results obtained with the systems described in Sections 3a
and 3b have suggested an investigation of the combination shown in Figure
12. In this arrangement an atomic vapour of a metal sample for analysis is
produced by cathodic sputtering and the intensity of fluorescence from this
vapour is used as a measure of concentration.

Modulated
atomic
spectraL
tamp SampLe atoms produced

— — — — by cathodic sputtering

Synchronou
detection
system

Output
signal

Figure 12, Schematic diagram ofnon-dispersive atomic fluorescence spectrophotometer for the
direct analysis of metals and alloys

Gough, Hannaford and Walsh36 have recently reported some preliminary
results obtained with the apparatus shown in Figure 13. The apparatus for
sealing the sample to the sputtering chamber, evacuating and producing
the argon-flow is as described in Section 2c. In this case, however, the light
source is a modulated 'pure' high-intensity lamp of the type described by
Lowe, and the sputtering discharge is operated from a regulated d.c. supply,
giving an output of up to 100 mA and 1000 V. For elements having their
strongest lines below 3200 nm the fluorescence is allowed to fall directly on
a solar-blind photomultiplier. For elements whose resonance lines lie in the
wavelength range 3200—4000 nm a photomultiplier having a 5.5 response,
such as a Hamarnatsu R106, is used in conjunction with a Schott UG.5 filter.

To assess the performance of this method in the analysis of steels, measure-
ments have been made on a series of spectroscopic low-alloy steel standards
supplied by the Bureau of Analysed Samples Ltd., England. Representative
results are given in Figures 14 and 15. The former shows a typical fluorescence
signal v. time curve for a standard containing 1.7 per cent Ni. Repeat measure-
ments show that the signal obtained after two minutes sputtering is repro-
ducible to better than ± 2 per cent.
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Figure 14. Representative performance obtained with the fluorescence technique for the direct

analysis of low-alloy steels

These results are extremely promising and indicate that this method will
prove to be applicable to the analysis of low-alloy steels. It is expected that
the method will be equally applicable to the analysis of many non-ferrous

Iron base alloys

>,

C
a)
C

U
C
a)U
a)
0

U..

Figure 15. Calibration curves obtained by the fluorescence technique applied to the analysis
of low-alloy steels.
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alloys but it is known that aluminium alloys present a difficult problem owing
to the oxide film on the surface.

4. SUMMARY AND CONCLUSIONS

For many analyses non-dispersive systems based on selective modulation
and resonance detection have been shown to be capable of a performance
comparable with, and in some cases better than, that obtained using con-
ventional atomic absorption methods. They also provide promising new
approaches to the analysis of metals and alloys.
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