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The fundamental possibility of quick identification of materials by the ratio of the
intensities of incoherent and coherent scattering I/l is shown. Unlike traditional X-ray
fluorescence analysis, identification is possible in the absence of a relationship between the
positions of the scattering peaks and the composition of the sample, and a qualitative and
quantitative analyses of the composition of the material is carried out in the framework of
solving one inverse problem. The method is based on the dependence of the I,/I ratio on
the effective atomic number of the scatterer material and the spectrum registration
conditions (momentum transfer variable x = sinf/A). The experiments were carried out for
one-component materials with atomic number Z from 4 (Be) to 31 (Ga) and binary
compognds with stoichiometric composition at two values of x; = 0.831 A1 and X9 =
1.297 A1 using a WDXRF spectrometer. The set of calibration functions I./IZ, x)
allows to create a system of linear equations whose solutions are the concentrations and
atomic numbers of the chemical elements that make up the material. The high photon
energy of scattered radiation (17.44 keV) makes it possible to detect light impurities,
starting from hydrogen (Z = 1), and the smaller the atomic number of the impurity, the
higher the sensitivity of the method.

Keywords: Compton-to-Rayleigh scattering intensity ratio, effective atomic number,
light elements.

PenrtreniBchbkmii aHAMNI3 MaTepiadiB 3a CHiBBiTHONIEHHAM iHTEHCHBHOCTI HEKOTEPEHT-
HOTO i KorepeHTHOTO po3ciroBaHud. A.l.Muxailios

ITokazano TPMHIIUTIOBY MOMKJWBICTHL MIBUAKOL imeHTm@ikanii martepianiB 3a cmiBBigHO-
UIeHHAM iHTEHCUBHOCTI HEKOT€PEHTHOTO i KOrepeHTHOro poscitoBanus I,/Ig. Ha sBiaminy Bix
TPAAUIITTHOTO PeHTTeHOMIYOPEeCeHTHOTO aHani3y ifeHTU@IiKaIiag MOMKJIMBA 3a BifCyTHOCTL
B3a€MOBB’A3KY MK MOJOKeHHAMMN MiKiB poscitoBamHa i ckJagoMm spaska, a aricHmit i
KinbKicHUT aHasis ckJagy MaTepiany TPOBOAATHCS Yy PAMKaX BUDimeHHa oxmiei obepHeHoi
saztaui. Meron sacHoBanuil Ha sajne:kHocTi cuigBignomenus I,/Ip Bifg epeKTUBHOTO ATOMHOTO
HOMepa MarTepiany poscitoBaua i ymMoB peecTparlii cmeKTpa (3MiHHa TepeHeceHHS iMIyJaLCy
x = sinf/A). ExcniepuMenTy MpOBeAeHO AMA OZHOKOMITOHEHTHUX MAaTepiajiB 3 aTOMHUM HO-
mepom Z Big 4 (Be) mo 31 (Ga) i OGimapHuX CHONYK CTEXiOMETPUYHOIrO CKJIAAY TPU IBOX
sHaveHHAx x; = 0.831 A1 ra x9 = 1.297 A1 za pomomorow crnexkrpomerpa WDXRF.
Habip xani6pysanprux dyrrniit I,/Ip(Z, x) noseonde craacTu cucreMy JiHIHHWX pPiBHAHS,
pimenHAMHE AK0I € KOHIeHTpanii i aTomui HOoMepm ximiuHuMX eseMeHTiB, II0 BXOIATH KO
crIany marepiamy. Bucoka emepris ¢oronis poscigmoro Bumpomimmosanusa (17,44 xeB) mo-
3BOJISIE BHUABIATH Jierki momiumikum, mouwmHaroum Bifg Boxuio (Z = 1), upudyoMy UMM MeHIIe
ATOMHUM HOMEP AOMIIIKM, TUM BHIIE UYTJIUBICTL METOHmY.
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ITokazana TPUHIUTHUATBHAA BO3MOMKHOCTDL OBICTPOIM MAEHTHUPUKAIINN MaTepuajioB IO CO-
OTHOUIEHUI0 WHTEHCUBHOCTEN HEKOTEPEHTHOTO W KOTePeHTHOro paccesuuit I,/Ip. B oTauune
OT TPAAUIIMOHHOTO PEHTreHOMIYOPeCcIleHTHOTO aHaIu3a UAeHTU(PUKAIIUSI BOSMOKHA IIPU OT-
CYTCTBUU B3aWMOCBABM MeEKAY MOMOKEHUAMN MUKOB pPaccedHUs U COCTABOM obpasma, a
KauyeCTBEHHBIH W KOJWUUYECTBEHHBLIN aHaJii3 cocTaBa MaTepuaja MPOBOAUTCSA B paMKax pelle-
HUA ofHON obpaTHO# samaum. MeTos OCHOBaH HA 3aBUCUMOCTH cooTHouteHUA In/Ip oT ad-
(GeKTUBHOTO aTOMHOTO HOMEpa MaTepHuaja paccemBaTesid U YCJOBUIT PerucTpanuu cleKkTpa
(mepeMeHHas IepeHoCa UMIYJbca X = sinO/A). DKcIepuMeHTLl IPOBEeHBI A OJHOKOMIIO-
HEHTHBIX MATepuajioB ¢ aroMHBIM HoMepoMm Z ot 4 (Be) go 81 (Ga) 1 OMHAPHBIX COQ/II/IHeHI/II/I
CTEXHOMETPHUYECKOr0 COCTaBa IPH IBYX 3HaueHmax x; = 0.831 Al gy x9 = 1.297 A ¢ mo-
vompio crnexTpomerpa WDXRF. HaGop ranubposounbix GyHRumi I./Ip(Z, x) mossoaser
COCTABUTH CUCTEMY JIMHEHHBIX YPABHEHUI, PEIICHUAMN KOTOPOU ABJAIOTCA KOHIEHTPAIUU U
aTOMHBIE HOMEpPa XUMHUYECKUX 2JIE€MEeHTOB BXOJAIIUX B cOCTaB Marepuasa. Bricokas sHeprus
doToroB paccesnuoro uanydenus (17,44 koB) mosBossieT BBIABIAATH JEerKue MPHUMeCH, HAUU-
Has or Bojopoza (Z = 1), upuueM UeM MeHbIIIe aTOMHBIII HOMED HPUMECH, T€M BbIIEe UYBCT-

BHUTEJBbHOCTb METOa.

1. Introduction

The traditional X-ray method for deter-
mining the chemical composition of materi-
als is based on the Mosley law [1], which
relates the wavelength of the fluorescent
radiation of an element to its atomic num-
ber. According to this law, with a decrease
in the atomic number, the wavelength of
the characteristic radiation of the chemical
element increases; this imposes significant
restrictions: chemical elements with a small
atomic number remain inaccessible to X-ray
methods. This is due to a sharp decrease in
the fluorescence yield and low penetrating
ability of X-rays with an energy E < 1 keV.
The low photon energy of the secondary ra-
diation causes an extremely sohallow depth
of the information layer (100 A). Therefore,
the reliability of the results of intensity
measurements is significantly affected by
granulometry and the surface topography of
the sample. The fluorescence emission of
chemical elements with atomic number Z <
9 gets into the energy range E < 1 keV. Re-
search in this range is an urgent task for
many branches of science and technology,
namely: the combination of elements H, C, O,
N is the basis of wildlife; H, C and O ele-
ments form the basis of fuel, and Be and B
are part of promising structural materials.

Obviously, to solve such analytical prob-
lems, it is necessary that the energy of the
analytical signal be as large as possible. This
possibility is provided by the use of primary
radiation with an energy of more than 10 keV
scattered on the analyzed sample.

In the classic work of Compton [2],
method is described that, in principle, allows
one to determine the atomic number of a
chemical element from the ratio of the inte-
grated intensities of incoherent (Compton)
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and coherent (Rayleigh) scattering I./Ig(Z).
The uniqueness of this method lies in the
fact that it is suitable for quick identifica-
tion of elements with a small atomic num-
ber starting from hydrogen (Z = 1), for ex-
ample, according to the Tables [3], and the
smaller the atomic number, the higher the
sensitivity of the method. In the very first
experimental works [4, 5], a complex form
of the dependence I;/Ip(Z) was established.
In [5], direct experiments on X-ray scatter-
ing on gases with atomic numbers from Z =
7 (N) to Z = 10 (Ar) revealed the presence of
a "plateau” for which the derivative of the
function I/Ig(Z) is close to zero. In this Z
range, it is impossible to use the function
Io/Ip(Z) as a calibration function for identi-
fying elements.

Over the past thirty years, many experi-
mental studies have been carried out to
measure the absolute magnitude of the in-
tensity of each of the scattering peaks. It
was shown in [6, 7] that such measurements
are very complex experimentally and re-
quire a number of corrections taking into
account the geometry of the measuring cir-
cuit and absorption both in the scatterer
material and in the detector window, detec-
tor efficiency, etc. The corrections are very
significant and substantially affect the ac-
curacy of the measurement results. In order
to avoid the use of the corrections, the ab-
solute measurements of the scattering peaks
were replaced by measuring the ratio of
their integrated intensities. In this case,
the correction of the experimental data is
reduced to taking into account the differ-
ence in the absorption coefficients of Comp-
ton and Rayleigh scattered photons, which
are very close in energy.

Traditional measurements of the intensi-
ties of these peaks were used to solve the
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fundamental problems of determining the
effective atomic number and mass absorp-
tion coefficients [8, 9]. Measuring the in-
tensity of scattering peaks is widely used in
various fields to solve applied problems:
composition selection in XRF analysis [10],
in pharmaceuticals [11], in the coal indus-
try [12] for studying coatings [13]. How-
ever, the method was not used directly for
the quantitative and quantitative analyses
of multicomponent materials. This is due to
the fact that the calibration function
Io/Ip(Z) allows to determine one value of
the atomic number at 100 % concentration,
and multicomponent materials consist of sev-
eral chemical elements with different atomic
numbers and different concentrations.

For the first time to identify multicom-
ponent materials, it is proposed to use the
dependence of the intensity of the scattered
radiation on the conditions of spectrum reg-
istration, namely, on the momentum trans-
fer variable x = (sin6/A), where 0 is the
scattering angle and A is the wavelength of
the scattered radiation. The set of calibra-
tion functions Io/Igp(Z, x) allows you to cre-
ate a system of linear equations, the solu-
tions of which are the concentration and
atomic numbers of the chemical elements
that make up the material. It is fundamen-
tally important that this identification is
possible in the absence of a relationship be-
tween the positions of the scattering peaks and
the composition of the sample, and a qualita-
tive and quantitative analyses of the composi-
tion of the material is carried out in the
framework of solving one inverse problem.

The purpose of the work is to show the
fundamental possibility of studying the
composition of multicomponent materials by
the ratio of the intensities of incoherent
and coherent X-ray scattering.

2. Theory

According to the Pirenne review [14], the
total intensity of the unpolarized primary
radiation scattered by an isolated atom is
determined by the formula:

2
a; 1+ cos?20 1)
-3
where @ = [1 + (1 = cos26) COSZ@))
m,ch

where @ is the relativistic correction for
incoherent radiation; 4 is Planck’s constant;
m, is the rest mass of the electron; ¢ is the
speed of light; A is the wavelength of the
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scattered radiation (in A); I, is the inten-
sity of the primary beam; a, is the classical
radius of an electron; R is the distance from

the sample; 20 is the scattering angle, f is the
atomic scattering factor for X-ray radiation, Z
is the atomic number, S is the Heisenberg-
Bevilogua incoherent scattering function [15].

In equation (1), the expression in paren-
theses defines the components of coherent
f(x) and incoherent S(x) scattering. Assum-
ing the additive contribution of individual
atoms to coherent and incoherent X-ray
scattering [16, 17] for a scatterer contain-
ing chemical elements with atomic numbers
Z; in atomic fractions C;, we obtain the fol-
lowing expression

0 2
I¢ [£]KN D CZS(x,Z) @
.~ P(o,v),
R [a_g]T N Cifx,Zy)

where

sing Mc
siny up
is a factor that takes into account the dif-
ference between the absorption coefficients
ug and U for photons of coherent and inco-
herent scattering in the material of the
scatterer. Py, and P,;,. are coefficients that
take into account different absorption in
the detector window and in the air gap of
the spectrometer; ¢ and y are the angles of
incidence and emission of radiation, respec-

tively, {g—GL and {g—c} are, respectively ,
Q N Q T

differential Klein-Nishina and Thomson
cross sections for electron scattering.

The coefficients Py, and P,;,. are deter-
mined by the geometry of the spectrometer,
and the ratio pp/up is independent of the
composition of the sample. Indeed, if in the
range between the photon energies of coher-
ent and incoherent scattering there are no
absorption jumps for chemical elements of
the scattering material, the value of u is pro-
portional to A2-7"2-9 for any chemical ele-
ment. Then the ratio is determined by the
difference, and hence the scattering angle 20:

sin@
sinys

P(o,y) = (1+ Y/ (1+ YPy P

air

AL = 0.02426 (1 — cos20), [A]. (3)

Accordingly, the value of P(¢, y) is con-
stant under given measurement conditions
and can be calculated in advance. At the
photon energy of the primary radiation (E =
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17.4 keV), the relative difference between
the energies of coherent and incoherent
scattering does not exceed several percent;
therefore, the ratio of the differential
Klein-Nishina and Thomson cross sections
for electron scattering can be considered
equal to unity.

The proposed method is based on deter-
mining the effective atomic number from
the observed scattering property. Several
definitions of the effective atomic number
Z,4f(x) are known for multicomponent mate-
rials [16]. Some of them depend only on the
ratio of the atomic weights of the compo-
nents in the compound and are not related
to the measured scattering property. In ac-
cordance with [16] and using equation (2),
we introduce the definition of the effective
atomic number of the scatterer. The effec-
tive atomic number Z,«(x) is determined
from the condition that the one-component
material has an interpolated atomic number
Z,t(x), for which equation (2) gives the
same Iq/Ip ratio as for the multicomponent
test compound:

Ic  ZopS(x,Z s (4)
X _ P(0,
In~ Pz oY
or
122, Z g 2.Ci2:5(x,2) ()

eff = S(x,Ze f) Zcifiz(JC,Zi) .

From this definition it follows that for a
single-component material, the value Z,/(x)
is independent on x and is equal to the
atomic number Z. For a multicomponent
substance, the value of Zopf(x) always de-
pends on x, and this dependence increases
with the difference in atomic numbers of
the components of the scatterer. By chang-
ing the conditions for registering the spec-
trum, for example, by using primary radia-
tion with different wavelengths, we can ob-
tain a set of calibration functions I,/Ig(Z,
x). This will make it possible to compose a
system of linear equations, which has a
unique solution if its determinant is not
equal to zero.

For example, consider a binary com-
pound. Let the values of g(x, Cy, Cy, Z{, Z5)
correspond to the ratio of experimentally
measured intensities IoIp. For scattered ra-
diation with photon energy E = 17.4 keV,
equation (2) can be written as:
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ZCi{g(x,Cl,C2,Z1,Z2)f2(x,Zi) - (6)
- Z;8(x,Z)P(o,y)} = 0,

where S(x, Z;) and f(x, Z;) are table val-
ues. Then:

ZCif2(x,Zi)(g(x,C1,Cz,Z1 Zy) - y(x,Zi)) =0.(7)

ZiS(x,Zi)P
flz(x’Zl)

can be theoretically calculated for any
chemical element, for example, according to
the Hubbell tables [3]. However, it should
be noted that in the Hubbell tables the val-
ues S(x, Z) correspond to ZS(x, Z) in the
Heisenberg notation. Equation (7) together

Here the function y(x,Z;)= (,v)

with the normalization condition Y'C; =1

will compose a system of linear equations
for atomic concentrations of elements of a
binary compound with coefficients for un-
knowns:

12(2,Z,)(8(x,C1 Co .2y Zo ..) — Y(x,Z})) = 0.

The main difficulty of the method is that
the wavelength of the scattered radiation
does not depend on the atomic number of
the scatterer. Accordingly, the positions of
the peaks in the scattering spectrum cannot
be used to determine the atomic number, in
contrast to the X-ray fluorescence analysis
based on the Mosley law. Therefore, the
atomic numbers Z; of all components and
their concentrations in a multicomponent
material are identified by the ratio meas-
ured at various x values. Thus, qualitative
and quantitative analyses are inseparable in
the scattering method.

3. Objects of study and X-ray
techniques

The objects of the study were:

1) one-component samples with a purity of
at least 99.5 wt.% mass: Be (Z = 4), B (Z = 5),
C (Z=06), Mg (Z =12), Al (Z = 13), Si (Z = 14),
S (Z =16), Ti(Z = 22), V (Z = 23), Cr (Z = 24),
Mn (Z = 25), Fe (Z = 26), Co (Z = 27), Ni (Z = 28),
Cu (Z =29), Zn (Z = 30) and Ga (Z = 31);

2) compounds of a stoichiometric compo-
sition with an impurity content of not more
than 0.5 wt.%: B4C, L|F, |V|gO, A|203, S|02,
CaF,, NaCl, Fe;,03, KCI, GaP, GaAs, C,HgO,
Hzo, L|2CO3, L|zB407 and 8203.

3) mixtures of chemically pure com-
pounds Al + Al(OH); with a mass fraction of
aluminum from 35 to 68 wt.%.
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Fig. 1. Schematic of measurements of scat-
tered radiation in a WDXRF spectrometer:
1 — radiation source; 2 — place for the in-
stallation of a secondary target from sele-
nium; 3 — curtain (diaphragm); 4 — sample;
5 — Soller collimators; 6 — crystal analyzer
LiF (002); 7 — scintillation detector.

The materials were prepared at the NSC
KIPT (National Science Center Kharkiv In-
stitute of Physics and Technology, Kharkiv,
Ukraine), the Institute of Single Crystals
(Kharkov, Ukraine), the Plant of Pure Met-
als (Svetlovodsk, Ukraine), the Institute of
Metallurgy and Materials Science named
after M.A. Baykov (Moscow, Russia), State
Research and Design Institute of the rare-
metal industry of OJSC "Giredmet” (Mos-
cow, Russia). Standard samples of Al +
Al(OH); powder mixtures were prepared in
the laboratory of PJSC Mariupol Ilyich Met-
allurgical Plant (Mariupol, Ukraine).

The spectra were measured on a SPRUT
SEF 01 K scanning crystal diffraction spec-
trometer according to the reflection scheme
shown in Fig. 1. The choice of the X-ray
optical scheme is explained by the best en-
ergy resolution; at this, the high photon
energy of the detected radiation allows the
detector to be sufficiently distanced.

The measurements were carried out in two
radiations: Mo—Ko A = 0.71 A and Se-Ko.
A=1.106 A. In the first case, the charac-
teristic radiation of the anode of the X-ray
tube was used. In the second, a secondary
target from selenium was installed addition-
ally (Fig. 1, pos. 2). Scattering spectra were
recorded by scanning with a step width AA =
0.002 A and an exposure of 10 s at each
measurement point. The profile shape of the
scattered peak was approximated by the
Pearson functions VII, I(¢) = Iy/(1 + k)™,
where k= (2(1/m) — 1)/(w/2) I(t); ® is the
peak width at half maximum; m is the
shape factor.
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Fig. 2. a) A fragment of the Be (Z = 4) scat-
tering spectrum obtained with primary radia-
tion of Se-Ka (A =1.106 A) and sinf/A =
0.831 A; b) A fragment of the C (Z = 6) scat-
tering spectrum obtained with primary radia-
tion of Se-Ka (A =1.106 A) and sin®/A =
0.831 A.

The scattering angle 20 was determined
for each sample by the formula (3). The
value of this angle was 20 = 130+2°. The
correction for absorption, P(p, V), was
0.901 for Mo—Ko and 0.938 for Se—Ka. The
error of the experimental values did not
exceed 2 %.

4. Results and discussion

4.1.Calibration function

Fig. 2a and 2b show the experimental
scattering spectra of Be (Z =4) and C (Z =
6). The ratio of the intensities of Compton
and Rayleigh peaks is significant even for
materials with close atomic numbers, which
ensures high sensitivity in determining the
effective atomic number.

Fig. 3 shows the experimental depend-
ence of the ratio of scattering peaks on the
atomic number of the scatterer. It is very
important that the ratios of the integrated
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Fig. 3. The ratio of the scattering peaks vs

the atomic number of the scatterer, obtained
by the WDXRF method.

intensities that were experimentally meas-
ured for one-component standards and mul-
ticomponent materials with a stoichiometric
composition lie on the same curve. This
means that the obtained curve can be used
as a calibration curve for determining the
composition of an unknown two-component
sample. All the spectra were obtained using
standard samples; therefore, the given de-
pendences Z,¢(x) are calibration curves.

The most interesting is the complex form
of the relationship I-/Ip in the range from
Z = 4 to Z = 18. The curve drops sharply in
the range from Z = 4 to Z = 7; then, in the
Z range from 8 to 10, a "plateau” is ob-
served, which was experimentally discov-
ered in earlier works [4] and [5]. In the
range from Z =10 to Z = 16, the curve
drops sharply again, and when Z > 18, it
reaches an asymptotic value.

For practical measurements, the most
important are the sections of the curve
where the derivative is significantly differ-
ent from zero. We carefully studied the
range from Z = 10 to Z = 16 by measuring
binary stoichiometric composition systems
and three-component standard mixtures Al
+ Al(OH)3;. For three-component mixtures,
the dependence I,/Ip is very close to that
obtained for two-component samples, al-
though it has a sharper slope (insert in Fig.
3). Detailed measurements also allowed us
to clarify the position of the right edge of
the plateau and the beginning of the decline
near Z = 11. To estimate the measurement
error, when the atomic number of the scat-
terer is determined by the calibration
graph, we use the formula:

0g(Z
_ Z5\%eff)
AZypr = AS(Zoppy/ o,y ),

where Ag(Z,f) is the experimental error in
measuring the ratio of intensities of scatter-
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Fig. 4. Experimental dependences of the
I./Ip ratio on the effective atomic number of
the scatterer at two different values: x; =
0.831 A™! and x, = 1.297 AL

ing peaks. In the Z range from 4 to 7, the
derivative reaches 3.7 per atomic number

and Ag(Zeff) = 10.5. Therefore, the effective
atomic number is determined with a low

error AZ,;; = 10.14. Similarly, for the Z
range from 11 to 18, we have the derivative
value of 0.483 and Ag(Zeff) = 10.3; then
AZeff = i0.69.

Thus, the calibration curve can be used
to determine the effective atomic number of
the scatterer in the two indicated Z ranges
with high accuracy.

4.2. Material identification

Fig. 4 illustrates the dependence of
Z,pfx) on the measurement conditions x =
(sinb/A). The calibration functions con-
structed from the experimental data meas-
ured at different values of x differ not only
in the ordinate and slope (derivative), but
also in the position of the same points along
the abscissa (indicated by arrows).

Small deviations (an enlarged fragment)
of the experimental values from the theo-
retical dependences S(x, Z;) and f%(x, Z;)
are observed [3, 18]. Therefore, to reduce
the influence of noise of a single measure-
ment in the calculations, we used the regu-
larization solution [1] of the experimental
calibration function by Z,/(x).

The regularization so{utions for these
curves are given by the equations: for x; =
0.831, y; =—0.151-Z3 + 3.308-22 — 23.20-Z
+ 55.18, the error is 3.2 %; for x4 = 1.297,
Yo = 0.8393-23 + 9.842.72 - 72.33-Z + 190.0,
the error is 1.08 %. Based on these solu-
tions, the values of y(x, Z;) were calculated
for a one-component scatterer with atomic
number Z; (Table 1).

Unfortunately, this calibration is diffi-
cult to construct in a wide range of Z,4x)
due to the impossibility of preparing stand-
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Table 1. Calculated of Zeff(x) for different scatterer materials at different x; = 0.831 Al and
Xy = A7l The values of g(x) and y(x, Z) are, respectively, the experimentally measured and
theoretically calculated ratios of the intensities of coherent and incoherent scattering, I/,

Sample x, = 0.831 A1 x, = 1.297 A1

Zopr1 g(xq) Yi ) g(xy) Yo

Li 3 - 10.0 3 - 108
Be 4 5.64 5.63 4 25 25.0
C,H0 4.62 3.68 3.70 5.76 10.2 8.17

H,O 4.85 3.09 3.23 6.54 - -
B 5 3.13 3.00 5 12.7 12.74
B,C 5.25 2.80 2.70 5.31 10.48 10.46
Li,CO, 5.32 2.75 2.64 6.52 7.3 6.54
LiF 5.42 2.44 2.57 6.60 6.4 6.50
Li,B,O, 5.71 2.34 2.44 6.55 6.4 6.52
C 6 2.51 2.45 6 7.5 7.39

N 7 - 2.2 7 - 5.94
(@) 8 - 2.1 8 - 5.08

F 9 - 2.0 9 - 4.7

ard samples suitable for measurements.
However, if the experimental calibration is
in good agreement with the theoretical de-
pendence, interpolation outside the calibra-
tion range Z,r/{x) = 4-6.8 can be applied up
to Z=9 (F). It is difficult to justify the
interpolation of the calibration according to
the theoretical dependence using the Tables
[3] for Z, (x)<3 due to the lack of experi-
mental points. Nevertheless, this interpola-
tion allows a qualitative assessment of the
scatterer material containing lithium and
hydrogen.

Consider an algorithm for determining a
two-component substance. Let the experi-
mental measurements of the ratio I/Ip
give the values g(x;) and g(xy) for x; and
xg9. The corresponding Z s, and Z,¢rp values
are found using two calibrations for these
values. For a two-component compound, it
is convenient to divide system (5) into two
systems of equations, taking into account
the normalization:

|

These are systems of linear equations for
concentrations C; and C;’. Each of them has

Ci(8(x1) — y1(Zy)) + Cy(8(xq) — y1(Zg)) = 0 (8)
Cp+Cy=1,

9
C1'(8(x9) — Ya(Z1)) + Co'(8(xg) — ya(Z5))=0 ®

C]./ + Czl = 1.
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Table 2. Atomic concentrations of the first
chemical elements included in the binary
systems obtained from the approximation
of parameters C; and C;” using equations
(8) and (9)

Combination C, (o

of elements
B—N 0.407 0.017
B-O 0.534 0.414
B-F 0.644 0.519
Be—-N 0.171 0.128
Be-O 0.255 0.351
Be-F 0.351 0.452
Li—N 0.200 0.128
Li-O 0.293 0.350
Li—F 0.43 0.451

a unique solution for given values of Z; and
Zg. The criterion for the correct determina-
tion of a binary substance is the coincidence
of the solutions of equations (8) and (9) for
these values of Z; and Z5 within the meas-
urement error.

Let’s look at two examples.

Example 1: g(x;) = 2.80, g(xy) = 10.48

According to calibration graphs,
Zots = Zoppa = 5.3. For fitting, choose boron (Z = 5)
and carbon (Z = 6). Using Table 1 we have for
boron y,(5) = 8.00 y(5) = 12.7 and for carbon
y1(6) = 2.45, y,(6) = 7.39. Solutions of systems
(6): Cg=0.72 and (7): Cg = 0.71 are similar.

Functional materials, 27, 3, 2020
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Fig. 5. Calibration function for standard

samples of primary aluminum.

Thus, a binary compound of boron and carb-
on with a boron concentration of 0.72 was
identified, which is close to the real value
of 0.8 for sample B,C.

Example 2: g(x;) = 2.44, g(x5) = 6.40.

According to calibration graphs:
Zotr1 = 5.4, Zypp = 6.6. For fitting, choose
boron (Z = 5) and nitrogen (Z = 7). Using
Table 1 we have for boron y,(5)=3.00,
yo(5) = 12.7, and for nitrogen y,(7) = 2.2,
Yo(7) = 5.94. Solutions of systems (6): Cg =
0.407 and (7): Cg = 0.017 do not match.

As can be seen from Table 2, the most
acceptable coincidence of C1 and C;" values
was obtained for the Li—F system. Thus, the

binary compound LiF was identified with an
atomic concentration of lithium of 0.44—-0.01.

4.3. Application

This method is very effective for detect-
ing heavy impurities in a light matrix or
light impurities in a heavy matrix.

Table 3. The calculated values of concentration sensitivity

60 4
50 4
=
E —
(_)—
40 1
1 @
30 T T T T T T 1

T
090 095 100 105 110
Ratio |/l

Fig. 6. Calibration function for Al-Al,O; pow-
der mixtures according to oxygen content.

On the calibration curve (Fig. 5) for stand-
ard samples of primary aluminum (light ma-
trix), a linear dependence of the ratio of the
intensities of Compton and Rayleigh peaks
Ic/Ig on the aluminum content in the mass
fraction range of 97.8—99.9 wt.% is observed.

According to this dependence, it is conven-
ient to reject primary aluminum, avoiding the
painstaking work of determining the concen-
tration of all impurities. Indeed, with relative
19 o
T30~ 2.5 wt.%
(Fig. 5) and the accuracy of measuring the
ratio of intensities Is/Ip of about 0.1 %,
you can determine the purity of aluminum
to a level of 99.95 wt.%.

As already noted, a quantitative analysis
of the content of elements with Z<9 in
heterogeneous samples presents significant
difficulties due to the large dispersion of
the calibration function, which is difficult
to control experimentally. For example, the

1 0do/Ip)
Io/h, oC ~

concentration sensitivity

% /(wt.%) when

measuring light impurities in metals by the ratio of the integral intensities of the Compton and

Rayleigh peaks

Metal Ti Fe Ni Zr Nb Ag W
Impurity

H 16.52 20.70 22.30 125.25 153.88 ? ?
He 3.63 3.95 4.02 5.68 5.74 6.50 11.66
Li 2.47 2.66 2.70 3.64 3.67 4.05 6.18
Be 2.16 2.32 2.36 3.15 3.18 3.49 5.14
B 1.96 2.12 2.16 2.89 2.92 3.20 4.64
C 1.89 2.05 2.09 2.83 2.85 3.13 4.51
N 1.70 1.85 1.90 2.58 2.60 2.86 4.09
O 1.55 1.70 1.75 2.40 2.42 2.65 3.78
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calibration of Al-Al,O; powder mixtures
with respect to oxygen in the range of mass
fractions of Al,O; from 84 to 61 wt.% is
characterized by a dispersion of 3.22 wt.%,
which leads to low accuracy in measuring by
the O-K, line. This difficulty is overcome
by measuring the ratio of the intensities of
the Compton and Rayleigh peaks I/Ip (Fig.
6), which allows us to reduce the dispersion
to 0.8 wt.%.

The prospects for applying the scattering
method for the analysis of light impurities in
metals are well illustrated by the data given
in Table 3. So, for example, the accuracy of
measuring the hydrogen content in niobium
is 0.1 % /(58.8 %)/(%wt.)) = 6.5-107% wt.% with
the accuracy of measuring the peak ratio at a
level of 0.1-0.2 %.

An experimental verification of the high
sensitivity for determining the hydrogen
content was performed on standard samples of
a titanium-hydrogen binary system (Fig. 7).
The obtained concentration sensitivity val-
ues of 170 wt.% were even higher than cal-
culated, although the reason for this has
not yet been clarified. Our measurements of
standard titanium-hydrogen samples proved
the possibility of determining hydrogen in
titanium starting from 1073 wt.% during
no more than 5 min. For the Fe-C system,
the concentration sensitivity value corre-
sponds to the calculated one and amounted
to 2.1 % per 1 % mass, which is quite suf-
ficient for measuring carbon with an accu-
racy of 0.05 wt.%.

Thus, a quantitative determination of
the content of light impurities, based on
measuring the intensity ratio of the Comp-
ton and Rayleigh scattering peaks, is very
promising due to the significant penetration
depth of hard radiation into the sample (~
0.1 to 1 mm) and the absence of artifacts
associated with surface preparation.

A sharp increase in the dependence I/l
with a decrease in the atomic number pro-
vides a unique opportunity to determine the
light elements of the periodic system, in-
cluding hydrogen; at this, the detection sen-
sitivity is higher, the lower the atomic
number of the element.

5. Conclusions

A generalization of the Compton method
for identifying the composition of materials
by the ratio of the intensities of incoherent
and coherent scattering is proposed. The ex-
perimental dependence of I,/Ip on the
atomic number turned out to be the same
for single-component and binary standards.
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Fig. 7. Calibration function for standard sam-
ples of a binary titanium-hydrogen system.

This confirms the additivity of the contri-
butions of various atoms to scattering for
stoichiometric compounds. The form of the
dependence is complex, but it is well de-
scribed by the theoretical formula, with a
correction for the difference in the absorp-
tion coefficients. When measuring this ratio
under different registration conditions x; =
sin/A = 0.831 A7l and x, = sinf/A =
1.297 A-1 for binary compounds, the value
of effective atomic numbers Z,{x;) and
Z,[(xg) can be determined.

Using a system of linear equations tak-
ing into account Z,4{x;) and Z, {xy), binary
compounds based on chemical elements with
Z < 9 can be identified. It is fundamentally
important that this identification is possible
in the absence of a relationship between the
positions of the scattering peaks and the
composition of the sample, and a qualitative
and quantitative analyses of the composi-
tion of the material is carried out in the
framework of solving one inverse problem.
This is a difference from X-ray phase analy-
sis based on the dependence of the position
of diffraction peaks on the phase composi-
tion of the substance.
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