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X-RAYS were discovered 64 years ago in 1895 by
W. K. Rontgen. In 1912 it was established that
natural crystals serve as analyzers of the spectral
composition of x-rays. From that time onwards be-
gan an intensive development of the study of atomic
structure of solids and the investigation of the fun-
damental regularities of the structure of x-ray
spectra.

In 1914, owing to the brilliant work of Moseley,
the fundamental law of x-ray spectroscopy was
discovered, which established the relation between
the wavelength of the characteristic x-ray spectrum
and the atomic number of the element.1 In analytic
form it can be written as

(A)

where v = r- is the wave number, R is the Rydberg
A

constant, while n, m, and a are constants.
The characteristic x-radiation arises in the

following manner. An atom, ionized through inter-
action with electrons or photons, may give up its
excess energy in the form of characteristic x-
radiation. On returning to the normal state cor-
responding to the minimum potential energy by
means of successive cascade transitions of elec-
trons from higher lying atomic levels into vacant
levels. Such x-radiation produces a line spectrum
of exceedingly simple structure. The set of lines
due to the transitions of electrons from a discrete
set of levels to one common level is called a series.
The structure of similarly named series of the
characteristic spectra of the atoms of the periodic
system is practically the same (this served as a
direct confirmation of the similarity of the struc-
ture of electronic shells of atoms of the periodic
system). The origin of x-ray spectra and their
form are schematically shown in Figs. 1 and 2.

If an electron from the deepest lying electronic
level is removed from an atom the result is the
so-called К series of the characteristic x-ray
spectrum; this series has the shortest wavelengths
for a given element. All subsequent series of the
characteristic spectrum, having greater wave-
lengths for a given atom, are respectively labelled
the L, M, N etc. series. The characteristic x-ray
spectra of all the series (with the exception of the
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К series) are complex. Thus the L series consists
of 3 subseries; the M series consists of 5 subseries,
etc. The set of lines whose final transition level is
the Ь щ level can be excited independently of those
lines for which the final levels of the transition are
LJJ and Lj. Similarly, one can separately excite
the set of lines for which the final level of the tran-
sition is LJJ or LJJJ. However, when the Lj sub-
series is excited, all the lines of the complex L
series of the characteristic x-ray spectrum appear.

The following are two features that distinguish
the characteristic x-ray spectra from the optical
spectra: a) An exceedingly weak dependence of the
wavelengths of the lines and of their relative in-
tensities on the composition of the chemical com-
pound into which the atoms of the element under
investigation may enter, b) The lines of any one
series of the characteristic x-ray spectrum lie
within a spectral region that is narrower than the
separation between two neighboring series by a
factor of 4 to 6.

FIG. 1. Schematic
diagram of the origin
of characteristic x-ray
absorption and emis-
sion spectra.
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The frequencies of the predominant majority of
the lines of the characteristic x-ray spectra can be
expressed as differences between two quantities
called terms. The quantities v/R are adopted as
terms in x-ray spectroscopy. In these terms v
stands for frequencies corresponding to frequencies
of the characteristic absorption spectra of the dif-
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ferent spectral series. The frequency of the char-
acteristic x-ray absorption spectrum is determined
from the position of a sharp change in the value of
the absorption coefficient. This change in the mag-
nitude of absorption is associated with the work
done in removing one of the inner electrons of the
atom to the first unoccupied level (internal photo-
effect) .

Lines arising in the transition of electrons be-
tween various levels are denoted by Greek letters.
The main lines of the K, L, and M series are shown
in Fig. 3.

The lines of the different series of the x-ray
spectra fall into groups of pairs of lines forming the
so-called screening doublets and spin-relativistic
doublets. These pairs of lines are characterized by
definite dependence of the wavelength difference (or
frequency difference) between them on the atomic
number of the element. Thus, for example, in the
case of spin-relativistic doublets ДА is of order
4 XU for all elements from calcium to uranium
independently of the atomic number of the element.

To analyze x-rays one can use either a natural
crystal, which serves as a three-dimensional dif-
fraction grating for x-rays, or the ordinary ruled
diffraction grating used in optical spectroscopy.
However, in the case of x-rays it is not the lines
themselves that are operative, but the areas be-
tween them. The angle of incidence of x-rays on
these areas varies from several tens of seconds to
several degrees.

Photographic and ionization methods are used
to register the intensities of x-ray spectra. In the
case of the photographic method, a rule used in
x-ray spectroscopy is that one absorbed quantum
corresponds to one developed grain. The effective-
ness of the ionizing action of x-rays, just as the
physical action of any electromagnetic radiation, is
proportional to the fraction of the absorbed radia-
tion.

FIG. 2. Characteristic x-ray spectra of the
К and L series.
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FIG. 3. Principal lines of the K, L and M series.

A schematic diagram of an x-ray spectrograph
is given in Fig. 4. X-ray spectrographs of highest
aperture are those that utilize bent crystals. (A
single crystal plate bent into a cylindrical surface
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FIG. 4. Schematic diagram of an x-ray spectrograph:
T - demountable x-ray tube, К-crystal, С - Geiger-Miiller
counter.

increases the intensity of the reflected x-rays by
2 or 3 orders of magnitude, compared to a plane
crystal.)

One of the principal practical consequences of
Moseley's law is the possibility of determining the
atomic number of an element from the wavelengths
of the lines of the characteristic spectrum. In
spite of the obvious nature of this consequence of
the application of x-ray spectra to the analysis of
chemical composition, work in this direction was
begun only about 25 years ago: in 1922 in Sweden
by Hadding and Hevesy. As early as in 1923 the
work of Hevesy and Coster culminated in the dis-
covery of the 72nd element of the periodic table,
hafnium, in zirconium minerals.2 Almost simul-
taneously with Hevesy x-rays began to be used for
analytic purposes by Goldschmidt and his students
in Norway and by Noddack in Germany. As a r e -
sult of the work of the last named authors, the
75th element of the periodic system, rhenium, was
discovered in 1925 by means of its x-ray spectrum.3

It may be noted that to obtain any appreciable con-
centration of hafnium in zirconium minerals Hevesy
and Coster had to carry out approximately one
hundred recrystallizations of fluorine compounds
of hafnium-zirconium. Noddack discovered
rhenium in products of commercial processing of
Mannsfeld shales, in which rhenium was concen-
trated by a factor of one thousand.

The work of V. M. Goldschmidt4 was devoted to
a systematic study of the quantitative distribution
of the elements of the rare earth group in ores and
minerals of different origin throughout the world.
This work played an important role in the study of
the geochemistry of these elements and indicated
methods of searching for them.

Since the wavelengths of the characteristic x-ray
spectrum are determined in the first place by the

nuclear charge, it is equally easy to determine by
means of x-ray spectra the simultaneous presence
of any element, including elements which are very
close in their chemical properties. It is just be-
cause of this that during more than 20 years (out
of 26) x-ray spectrochemical analysis was used for
the analysis of elements of the rare earth group
and of such pairs of elements as hafnium-zirconium,
niobium-tantalum, vanadium-titanium etc. It is
only during the last five or six years that x-ray
spectral analysis has begun to be widely used for
the analysis of almost all the elements of the
periodic system under industrial and factory labora-
tory conditions.

Quantitative x-ray spectrochemical analysis is
based on the assumption that the intensity of lines
of the characteristic spectrum is directly propor-
tional to the number of atoms of the element in the
excited volume. In principle it is possible to de-
termine directly the quantity of the element in the
sample by determining the true line intensity. How-
ever, this seemingly simplest method of quantitative
analysis is not used because it is not possible to
take the influence of experimental conditions into
account by means of calculations. Therefore all
the methods of quantitative x-ray spectral analysis
are based on measurements of the relative inten-
sity of the line of the element under investigation
and of a "standard" comparison line. Moreover, it
is also possible to choose for the standard the in-
tensity of the total background or of the background
directly adjacent to the line under investigation.

The intensity of a line of the characteristic
spectrum is not always exactly proportional to the
number of atoms in the excited volume. If the
analyzed sample contains atoms of elements whose
characteristic radiation may either selectively
excite the spectrum of the element being analyzed,
or selectively absorb radiation of wavelengths cor-
responding to the element being analyzed, then a
deviation from such direct proportionality may be
observed. The simplest method of eliminating ef-
fects of selective excitation or absorption, for ex-
ample in the case of fluorescent radiation belonging
to a particular element, is to utilize very thin layers
(of the order of several microns) of the analyzed
substance. When this cannot be done, a correction
may be introduced by means of a special calculation,
or by preparing a standard which in its quantitative
composition is close to the composition of the an-
alyzed sample.

The state of development of the application of
x-ray spectra in analytical chemistry has its ex-
planation first of all in the relatively low sensitivity



X-RAY S P E C T R A L ANALYS 403

of the x-ray spectral method, and secondly in the
relatively high degree of complexity of the appara-
tus required for its application.

However, in evaluating any method of analysis,
one should pay attention not only to its sensitivity,
but also to the reliability of results, and to the
specific advantages for the analysis of particular
groups of elements. Moreover, one should have in
mind that the sensitivity of the method may be
significantly increased by a combination of spectral
and chemical methods. Thus, for example, one may
refer to the method of the carrier element, which is
an exceedingly simple chemical operation, and en-
ables one to separate reliably a whole group of
elements (for example, calcium may be used as the
carrier element to separate all the 14 elements of
the rare earth group).

It was possible to simplify x-ray spectrochemi-
cal analysis quite considerably by utilizing the
secondary (fluorescent) method of exciting spectra,
and by increasing the sensitivity of recording the
intensity of the radiation. In the case of fluorescent
x-ray analysis the radiation of atoms in the analyzed
sample results from irradiation by means of a
special x-ray tube. Difficulties of fundamental na-
ture arise in x-ray spectrochemical analysis only
when it comes to the determination of elements of
low atomic numbers. This is due to the fact that
the relative yield of characteristic x-radiation de-
creases sharply with decreasing atomic number of
the element (approximately as Z4). Certain diffi-
culties of analysis also arise in the region of long
wavelengths, where the absorption of the radiation
on the way from the radiator to the recording ap-
paratus is quite appreciable. Secondary x-radia-
tion is characterized by isotropic distribution in
space. This fact greatly simplifies the possibility
of simultaneous recording of different x-ray spec-
trum wavelengths belonging to different atoms in-
cluded in the analyzed sample. To achieve simul-
taneous recording of several elements it is evidently
necessary to place, within the confines several x-ray
spectrographs, each "tuned" to a definite wave-
length, within the confines of a hemisphere above
the source of secondary x-rays.

The sensitivity of modern methods of fluorescent
analysis amounts to 10~2%. It is a function of the
atomic number of the element, reaching a maximum
value of 10~3%, and falling by almost three orders of
magnitude in the most unfavorable cases.5

The most accurate results of quantitative analysis
may be obtained by utilizing the so-called monitor
method.5 At present it is used in all the multi-chan-
nel systems that are employed for the simultaneous
determination of a large number of elements.

In principle the monitor arrangement contains at
least two channels, one tuned to the spectral line of
the investigated element, and the other to the line of
the comparison element or to the background. For
the average statistical error to be the same and in-
dependent of the content of the element, the meas-
urement of the intensity of spectral lines is carried
on for a period of time during which the monitor
counts a predetermined number of pulses. The latter
is chosen to be of the order of several thousand. In
using such a method of quantitative analysis the ac-
curacy may attain 2-5% of the quantity being meas-

FIG. 5. Schematic diagram of a three-channel x-ray
spectrograph: T — x-ray tube, A —analyzed emitting sample,
KD K2, K3— plates of single crystal polished over a cylindri-
cal surface of radius R and bent into a cylindrical surface of
radius R/2. Each crystal is set up at the Wulff-Bragg angle
corresponding to the reflection of Ka lines of the following
elements: chromium, nickel and molybdenum, P — recording
devices (counters, photo-electric multipliers).

ured. Figure 5 is a schematic diagram of a three-
channel fluorescent x-ray spectrograph. Each chan-
nel consists of an x-ray spectrograph with a bent
crystal, in which the detector of the radiation is a
Geiger-Miiller counter. Figure 6 is a schematic
diagram of a multi-channel x-ray spectrograph with
a single monitor for all the channels.

It has recently been widely advocated in the
American literature that the intensity of the back-
ground of the continuous spectrum or the total
intensity of the continuous radiation be used for
comparison standards. The principles of this
method were developed here in the U.S.S.R. fifteen
years ago and were first used in the photographic
method of recording the spectrum.7 It is precisely
by using the principles of this method that it was
possible to design the modern multi-channel x-ray
spectrographs.

In many cases it is sufficient to determine not
the absolute quantities of the elements but their
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FIG. 6. Schematic diagram of a multi-channel x-ray spectro-
graph: T —x-ray tube, A —analyzed emitting sample, M —mon-
itor, К — crystal, P — recording device. 12 or 24 similar spec-
trographs are placed within the limits of a hemisphere above
the sample A.

relative concentrations. This occurs, for example,
in factory control analyses of standard types of
steel, in analyses of the elements of the rare earth
group, in the determination of the age of minerals
by their uranium-thorium-lead ratio, etc. In such
cases the method of the so-called width of the stand-
ard line may be successfully used. The latter con-
sists of using the width of one line at the maximum
of the other as the measure of the relative intensity
of the two lines. The accuracy of this method in-
creases as the difference in the relative content of
the two elements becomes larger. A necessary
condition for the practical applicability of this
method is a knowledge of the frequency distribu-
tion of intensity within the limits of the emission
line.8

The speed of carrying out a quantitative analysis
by the fluorescent method varies from several
minutes to one or two hours.

The method of x-ray absorption analysis has been
used rather extensively, particularly in the petro-
leum and chemical industries. This method has
turned out to be most effective for determining the
content of some heavy element in a standard medium
consisting of light elements, for example, sulphur in
oil, lead in gasoline, or certain metals in plastics.9

It is based on determining the relative attenuation of
x-radiation after passing through the sample under
analysis. From the point of view of construction,
such an apparatus is essentially an x-ray photo-
meter. A fairly effective method is absorption an-
alysis based on the comparison of the intensities of
two emission lines, one of which lies on the short-
wave side of the characteristic absorption discon-
tinuity of the analyzed element, while the other one
lies on the long-wave side. The change in the rela-
tive intensities of these lines depends on the concen-
tration of the investigated element.10 A disadvantage
of this method is that it can be utilized only in very
limited cases.

Quantitative x-ray analysis can thus be deemed
advantageous for determining elements at concen-
trations from 0.1% to several times ten percent. It
is just in this range that x-ray spectral analysis
has no equals with respect to speed and accuracy.11

In utilizing x-ray spectral analysis for the deter-
mination of small amounts of an element, it is
necessary, as has been already pointed out earlier,
to combine it with chemical analysis. The object
of the latter is to concentrate the contents of a
certain group of elements in the sample.

At present x-ray spectral analysis again appears
very promising because of a recently proposed and
developed method of x-ray spectral investigation of
chemical composition of micro-volumes of sub-
stances.12

The new method is characterized by the following
parameters: it can be used to study and to deter-
mine quantitatively the chemical composition of thin
sections of alloys, minerals, slags, organic and in-
organic compounds of elements from lithium up to
uranium with a localizability of 0.1 to 2\x, and to in-
vestigate the distribution of any one of the elements
found "at a particular point" in any predetermined
direction along the section. By localizability in this
case we mean that on an area 0.1 to 2JU in diameter
it is possible to determine with a local sensitivity
of 10"13—10"14g, and with an accuracy of 2-10%, the
amount of any one of a number of specified elements,
and to trace, at intervals of 0.1 to 2ju, the possible
variation in the quantitative content of any one of
the elements found there.

The essential points of the method are shown in
Fig. 7. A system of electromagnetic lenses is used
to produce a narrow beam of electrons, which is
focused onto a probe 1 to 3^ in. diameter. The
electrons of this narrow beam, accelerated by a
voltage of several tens of kilovolts, excite over
the area of the anode section characteristic x-rays

FIG. 7. Schematic diagram of the x-ray spectral method
of investigating chemical composition in micro-samples of
substances.
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FIG. 8. Record of the results of qualita-
tive analysis of chemical composition at a
"point."

of the atoms present there. These rays are analyzed
by a bent crystal, into a spectrum and are recorded
by a quantum counter. By means of a special micro-
scope it is possible to select on the section under
investigation any desired region for investigating
the composition, and also any desired direction in
which to investigate the distribution of elements
found at any point.

The RSASh-2 apparatus for x-ray spectral in-
vestigation of the chemical composition of micro-
samples is the first to employ the inverted passage
method (the so-called Du-Mond method) for pur-
poses of x-ray spectral research. Because of the
large aperture ratio of the apparatus, the number of
counts in recording a pure element by means of the
most intense line of its spectrum amounts to 103 to
105 pulses per second, with an operating current of
10 6 —10~8 amp, and with a focus 1 — Зр. in diameter.
An instrument having these parameters can de-
termine an element at a sensitivity of 0.01—0.5%and
can record automatically the concentration curves
for an element content of 0.2—0.5%. By varying the
speeds of the section carriage (10—ЮОд/min) and
of the chart of the automatic recording potentio-
meter, it is possible to plot concentration curves
with an effective magnification of 400 to 1600.

The high local sensitivity of the new method,
the possibility of choosing and recording the an-
alyzed micro-sample, and the possibility of auto-
matic recording of concentration curves, have
helped solve a remarkably wide range of problems
in very diverse fields of science and technology.

The most widely used and the simplest is the

analysis of composition at a particular point of the
section. Figure 8 shows the record of the results
of such an analysis on the chart of a automatic
recording potentiometer. By using such curves it
is possible not only to determine the qualitative
composition "at the point/' but also to carry out a
semi-quantitative analysis for the content of a
specified element. Exact quantitative analysis is
carried out by the method of comparing the in-
tensities of the lines of the elements "at the point"
with lines from a standard sample with a known
content of the investigated element. The most im-
portant results were obtained in the investigation
of the continuous distribution of elements in a
chosen direction on the section.

Recently the new x-ray spectral method of
determining the chemical composition in micro-
samples has been widely applied to the study of the
process of diffusion and to the determination of the
diffusion constants, to the study of the influence of
ordering processes on the magnitude of mutual dif-
fusion, to the study of the effect of impurities on
diffusion, to the study of the characteristic features
of the processes of diffusion occurring in the for-
mation of substructures in single crystals, to the
investigation of solution exchange between a liquid
and a solid medium, and to many similar problems.
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