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This paper describes how chemical analysis can be performed by using the
X-ray fluorescent radiation from an unknown sample. Consider, first of all,
what is meant by fluorescent radiation. If the sample is bombarded by an
intense beam of X-ray photons, from an X-ray tube or other source, the
primary X-ray photons from the tube collide with the atoms from the
sample. The atom consists of a central nucleus surrounded by orbital
electrons. Quantum physics has shown us that only discreet orbits are possible and thus the electrons occupy definite "shells". T w o electrons fill
the inmost X-shell, eight fill the next L-shell, etc. When a primary X-ray
photon collides with the atom, an electron is completely knocked out of it,
absorbing energy from the photon in the process. The loss of an electron
leaves the atom in an excited state and readjustments of the electrons in
the various shells take place to return the atom to its ground state, the net
result being the capture of a free electron from outside. These readjustments,
however, obey strict "selection rules" which decide which electron in any
shell jumps to fill a vacant place in an inner shell. When electrons change
shells there is a change in their energy and thus spare energy is emitted in
the form of other X-ray photons which, of course, are "softer" or less
energetic than the original primary photons. These softer photons, the
fluorescent radiation, can easily be seen to be characteristic of the atom
concerned rather than characteristic of the primary radiation, which merely
serves the function of knocking out the first electron and triggering the
whole sequence. A t this juncture, it is probably worth pointing out that
these X-ray photons are a very good example of the dual nature of electromagnetic radiation. On the one hand, they can be regarded as pure waves
and exhibit the normal diffraction and interference effects, but on the other
hand, they behave as particles and can be detected and counted by normal
nuclear detectors. Thus it is not uncommon to refer both to their wavelengths,
in A . U . , but also to their energy, referred to in keV.
Thus to take a simple case of an alloy containing copper and zinc, the
X-ray fluorescent radiation will consist of photons which have been emitted
by the copper and zinc atoms and hence have energies or wavelengths
characteristic of these two elements. There will also be some scattered
primary X-rays and other background. It can be seen, then, that if the

X-ray fluorescent analysis 379

Fig. 1.

fluorescent radiation is examined qualitatively for characteristic radiation
of particular wavelengths, the individual element constituents of the sample
can be detected. Similarly, a quantitative measure of, say, the intensity of
the copper radiation, will be directly dependent upon the percentage con
centration of the copper.
H o w can the various photon energies present in the fluorescent beam be
distinguished? The lattice spacing in some crystals is of the same order of
magnitude as the wavelengths of the characteristic X-rays concerned, and
thus these crystals can be used to give interference effects in an analogous
way to a diffraction grating in optical work.
Fig. 1 shows a schematic of a very simple X-ray spectrometer. A n X-ray
tube ( i ) radiates the sample under investigation (2), with an intense beam
of X-rays. The sample fluoresces and the fluorescent beam is collimated by
the primary collimator (5) into a well defined beam which impinges on the
crystal set at a particular angle Θ. If the wavelengths of the fluorescent radia
tion obeys the following law:
ηλ =

Ιάύηθ

(where η = small whole number; λ = wavelength of X-rays; d = crystal
lattice spacing; and β = angle of incidence), then the radiation is strongly
reflected through the secondary collimator (4) into the detector (5). T o put
it more simply, any parallel beam of X-rays impinging on a crystal set at
an angle θ will, in general, be scattered. However, if the wavelengths and
the angle are related as in the given equation then the beam will be very
strongly reflected, as if by a mirror, with both incident and reflected angles
equal. This can in fact, be very easily verified by considering the phases of
the X-rays scattered at each lattice point in the crystal. It can be seen how,
if the spectrometer is rotated so that any X-rays that are reflected always
reach the detector, then each wavelength present in the incident beam will
be reflected at its particular angle. This type of movement is performed by
driving the detector arm at twice the speed of the crystal arm and maintaining
this two to one ratio for all θ angles. If a graph is drawn of the intensity
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Fig. 2.

recorded at each θ angle, this, then, is the wavelength distribution of the
fluorescent radiation.
N o w each element in the sample is producing its monoenergetic charac
teristic radiation, and when this energy or wavelength is reflected at a
given angle the graph should show a sudden peak of intensity recorded by
the detector. In fact, then, the graph will consist of a series of peaks at
different angles, each corresponding to a set wavelength characteristic of
an element in the sample.
Fig. 2 shows a graph of angle against wavelength obtained from two
copper alloy samples. The largest peak is from the fluorescent copper
radiation. Notice how in one case it is stronger than in the other, indicating
that the copper concentration is higher in the first sample. Furthermore,
the angle of the marked peak can be seen to be 7.02° and this corresponds
to a wavelength of 25.4 keV which is a tin line. Thus it can be seen that
the first sample is a bronze and the second is a brass (notice the zinc line).
There are one or two other features of interest. Notice the tungsten line
which comes from the X-ray tube itself and also the scattered background.
From a scan such as this it is very easy to make a qualitative analysis. A s
mentioned before, the detector consists of an ordinary nuclear counter,
usually a scintillation or a proportional counter. A protracted reading on
a particular line can be obtained by setting the detector at the required angle
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and counting the large number of photons which arrive in a given time.
From such accurate readings the percentage concentrations of the individual
elements can be obtained.
T o study as many elements as possible, a very considerable range of
wavelengths of fluorescent radiation needs to be detected. The lower the
atomic number of an element, the longer is the wavelength of the charac
teristic radiation and the less energetic the characteristic photons. A b o v e
atomic number 20 there is no difficulty in exciting or detecting the charac
teristic radiation. By the use of special detectors, special crystals, and a
vacuum or light gas path to prevent absorption of the softer

fluorescent

X-rays, the spectrometer can be made to function down to magnesium (or
even sodium in exceptional cases). Below this it is very difficult to obtain
any results. T o cover this large range of fluorescent radiation a choice of at
least two detectors is required and at least two different types of crystal.
In the newest instrument these and other parameters can be changed auto
matically, to provide continuous and automatic detection of all elements
above magnesium in atomic number. These facilities will be discussed later.
Probably the best known physical method of analysis is optical emission
spectrometry. A brief comparison, therefore, will be made between X-ray
fluorescent analysis and optical analysis.
First, the complexity of the spectra. One of the beauties of the X-ray
fluorescent method is the simplicity of the spectra.
Secondly, the volume of sample analysed. X-ray spectrometers analyse
a surface layer which is of the order of 0.2 mm thick but extends over
several square centimetres. On the other hand, emission

spectrograph

sources analyses usually penetrate further, but use an essentially " s p o t "
source. Segregation problems are much less severe in X-ray work.
Eight results on a

CujZn sample

Copper counts

Zinc counts

Standard Deviation
Coefficient of Variation

3.128.040

976.570

3.125.500

977.400

3.125.010

976.540

3.128.650
3.132.356

974.060

3.138.590

973.860

3.137.140

974.590

3.127.690

972.790

974.990

4257

1618

0.13 %

0.17 %

Typical result Cu = 60 % ± .23 % (3 σ-value)
Zn = 30 % ± .17 % (3 a-value)
Fig. 3.
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Fig. 4.

Thirdly, accuracy. Fig. 3 shows a typical run on two major constituents
obtained with an X-ray spectrometer. It is noticeable that the standard
deviation is small. In general, however, for analysis of lower concentrations,
the accuracy becomes less and for impurities the optical method is superior.
Thus the two methods are complementary rather than competitive.
Fourthly, range of concentrations. This is an extension of the previous
paragraph. T o take the optical case first, it is very hard if not impossible
to obtain readings on elements with higher concentrations than about 10
per cent. A t this level the calibration curve is almost flat, leading to inaccuracies. On the other hand, great sensitivity can be achieved and determinations down to the parts per million level are common. The range for
the X-ray method has no top limit, the higher the concentration of an
element to be determined, the more accuracy is achievable, but it is often
hard to extend the sensitivity much below 0.1 per cent.
Fifthly, as the X-rays are excited deep down in the atom, chemical and
valency effects are not present, which reduces errors to specimen preparation. However, there is still a considerable interelement effect—of

the

same degree of complexity as the equivalent optical problem but this will
be discussed later.
Fig. 4 shows a typical instrument. The equipment is comprised of a generator for the X-ray tube, a rack of electronics necessary for the detection
and counting system, and the spectrometer proper mounted in a console
desk. T w o samples are placed in the primary X-ray beam and twin paths
are used to measure the characteristic radiation from both of them. Finally,
a ratio is taken and thus any variation in primary X-ray intensity is eliminated. Other factors such as temperature drifts are also reduced and very
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1327 Sample No. 1327
S.D.
1

5 4 8 7 6 0

Cu

84.78 %

0.2

2

0 1 5 6 3 0

Zn

3.20 %

0.03

3

0 9 8 7 3 0

Sn

5.62 %

0.03

4

0 8 4 7 6 0

Pb

6.34 %

0.06

Fig. 5.

stable results are possible. In the electronic rack there are the amplifiers and
the discriminators associated with the twin path detectors and also the
dekatron scalers for performing the counting operation, and the chart
recorder for producing the scans. The rest of the rack comprises units to
provide the necessary supplies etc., together with a control unit which
operates the spectrometer in automatic sequence. The final ratio is printed
out on an electric adding machine which is placed on the spectrometer desk.
The small control panel on the spectrometer desk provides the everyday
controls for routine operations. Furthermore, controls can be over-ruled by
a punched card programme, when repetitive work is being carried out.
Lastly, some examples will be given, together with speeds and accuracies.
Fig. 5 shows a typical printed slip from the spectrometer. The readings are
taken on a sample of a copper-lead-zinc-tin alloy, and the complete analysis
was performed in about 2 min. Channel one registers the copper, channel
two the zinc, channel three the tin, channel four the lead. The figures were
then compared directly to the calibration curves and the percentages read
off. The expected standard deviations of the percentages are also indicated.
These results are corrected for interelement effect. Fig. 6 shows a graph of
spectrometer readings against copper for a copper-iron-nickel alloy. This is
a particularly serious case of interelement effect. It can be seen that the
copper count is not proportional to the copper percentage, and is seriously
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affected by the iron and nickel. If, however, some correction factors are
made for the nickel and iron percentages, which themselves can be determined by the spectrometer, the points on the graph are brought to a straight
line. Fig. 7 shows the corrected graph. By the use of these simple correction
factors very high accuracy can be obtained. In case this leaves an overcomplicated picture, Fig. 8 shows a direct copper calibration curve of
copper in a straight brass where there is no interelement effect.
It can probably be seen from the previous examples how the X-ray
technique is particularly valuable in the analysis of copper base alloys,
owing to the very high accuracy that can be obtained on the copper percentage at the 50-100 per cent level. In Britain at least five foundries will
be using an automatic X-ray spectrometer in the very near future, on routine
production control. The high alloy steel manufacturers are also finding the
technique very important for determining high titanium, nickel and chromium percentages. Here again, several foundries and chemical inspectorates
have installed automatic equipment.
Slag analysis is a very important field to the steel maker. Here again the
speed and accuracy is important although the fact that non-conducting
powder samples can be used is an essential factor. Another similar outlet,
which is being pioneered, is the ore-mining industry, and many mines already have X-ray fluorescent equipment.

