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Perspectives are considered for increasing the sensitivity of X-ray analysis and broad-
ening the range of measurements toward chemical elements with small atomic numbers up
to hydrogen at the expense of formation of the optimized selective spectrum from a
preliminary beam for exciting fluorescence and observing scattering peaks and diffraction
reflections. It has been shown that low-power preliminary sources (X-ray tube, 20 W) are
able to provide the detection limit for trace impurities near 0.1 ppm, and for hydrogen in
metals — up to 10 ppm. The data presented are hopeful for attaining X-ray analysis
sensitivity at the level of ppb units due to application of powerful preliminary beams
(synchrotron, undulators, wigglers, etc.).
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PaccMorpeHsl IIePCIIEKTUBLI IIOBBLIIIEHUSA UYYBCTBUTEJIBHOCTH PEHTIEHOBCKOIO AHAIMS3A U
pacmupeHrsa AUAMA30HA H3MEPEeHUU B 00/1aCTb XMMHUUYECKHX 9JEMEHTOB C MAaJBIMH ATOMHBI-
MU HOMepaMH, BILIOTH O BOAOPOLa, myTeM (hOPMHUPOBAHUS K3 IEPBUYHOTO CIEKTPA HCTOU-
HUKA CEJIEKTUBHOI'O CIIeKTPa IJd BO3OYy:IeHUS (IyOoPeCleHINN M HaOJOJeHNs [IUKOB pac-
ceaHnus U AU(PPaKIMOHHBIX orpaskeHuil. [IokasaHo, UTO MepPBUYHBLIE MCTOYHUKMU MAJOH MOIIL-
HocTu (peHTreHoBcKas TPyora 20 Br) moryr obecmeumBaTh mpenes OOHAPYIKEHUS CJIELOBBIX
npumeceir Ha yposHe 0,1 ppm. Mcnoabp3oBanne MOIIHBIX IIYYKOB IIEPBUYHOIO PEHTIEHOBCKO-
ro usnayuenus (CU, oHAyJIsSTOPOB, BUITJIEPOB U T.[O.) HO3BOJHUT MOBECTH UYBCTBUTEIbHOCTD
aHaJIMsa [0 eJUHUI, PPb IIPpHU COXPAHEHWH BCeX IIPEMMYIIECTB PEHTIeHOBCKUX METOLOB.

IlepennekTHBH PO3BUTKY PEHTreHiBCHLKOrO aHaJi3y ckaaxy marepianis. I.d.Muxaiinos,
A.O.Bamypun, AI.Muxaiinos, JI.I1.Qomuna.

PosrinsanyTo mepcrnekTHUBHU IIABHUINEHHS UYYTJIWBOCTI PEHTTEeHIBCHRKOIO AaHAJII3y Ta PO3IIIU-
PeHHs mianasoHy BUMipiOBaHB B 006/acTh XiMiuHMX eleMeHTiB 3 MalMMU aTOMHUMHK HOMepa-
MU UIIAXOM (POpMyBaHHS 3 IEPBUHHOIO CIIEKTPA IJKepesa CEJeKTHBHOTO CIIEKTPY AJis 30yi-
KeHHA (JIyopeclleHIlil, a TaKOX CIOCTepPeKeHHA MiKiB poaciroBamHa Ta IupPaKIiiHUX
Bigmsepkasens. [Tokasano, mo nepBuHHI A:Kepesaa MaJaol HOoTysKHOCTI (peHTreHiBcbKa TPyOKa
20 Br) moxyTb 3abesmeuyBaTy MeXKy BUABJCHHA ciaimoBux gomimorx Ha pisui 0,1 ppm.
BukopucTaHHs IOTY:KHHX IYyYKiB HepPBHHHOIO pPeHTreHiBcbKoro BumnpomiHmopanud (CB, oH-
AyJAATOPiB, Birraepis Ta iHie) H03BOJUTH JOBECTH UYTJAUBiCTH aHadisy mo oguHuIL ppb mpu
30epekeHHI BCix IepeBar PeHTreHIBCbKUX METOIiB.
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1. Introduction

X-ray methods for analysis of materials
composition are widely applied due to high
precision, rapidness, and simplicity of sam-
ple preparation. Nevertheless, these have
been used rather limitedly for solution of
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modern analytical problems, for example, in
the area of nanotechnologies, because of
comparably low sensitivity. A characteristic
value of an impurity detection limit for
standard X-ray optic scheme is 5 + 30 ppm,
while solution of the most modern analyti-
cal tasks requires the measurement sensitiv-
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ity about 0.1-10 ppm. Additionally, quite
limited is the possibility of revealing chemi-
cal elements with atomic number Z, < 6.

The aim of the present work is increas-
ing sensitivity and broadening the measure-
ment range into the area of chemical ele-
ments with low atomic numbers at the ex-
pense of formation, from the source
preliminary spectrum, an optimized selec-
tive spectrum for excitation of fluorescence
and observation of scattering peaks and dif-
fraction reflections.

We propose a complex approach, at
which there is formed a united X-ray spec-
trum containing fluorescence lines, diffrac-
tion reflections, as well as lines of Compton
and Rayleigh scattering. By the fluores-
cence lines, X-ray fluorescent analysis
(XFA) is carried out; by the ratio of Comp-
ton and Rayleigh scattering peaks, impuri-
ties with Z, < 6 are measured; and diffrac-
tion reflections are used for structure at-
testation of multi-phase samples.

2. Top possibilities of X-ray
fluorescent analysis

In XRF, excitation of impurity fluores-
cence is realized by a broad-band spectrum
of an X-ray tube. Usually, the feeding volt-
age is set by a factor 1.5+ 2 higher than
energy absorption edge for a series of ana-
lyzed elements lines [1]. This exceeding
guaranties that the area of the preliminary
spectrum high intensity will be positioned
directly behind the absorption edge for this
series, thus providing maximum possible
contrast of analytical lines. The continuous
spectrum long-wavelength range which is
positioned lower the spectrum absorption
edge, is scattered at the sample and becomes
a source of background directly in the spec-
trum range where characteristic lines of
studied impurities are positioned. The
short-wavelength range exciting the fluores-
cence of the sample chemical elements is
also scattered at the sample and creates
parasite charging the detector. Modern
solid-state detectors based on silicon have
limited speed of counting and work suffi-
ciently in the energy range 1 + 30 keV
under charging not more 10% counts/s.
Therefore, any scattering background
charging the detector results in necessity to
decrease the tube current that decreases im-
purities intensity of fluorescence and gets
worse the analysis sensitivity.

In Fig. 1 the dependence of trace impuri-
ties detection limit on atomic number is
shown. This dependence was calculated
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Fig. 1. Dependences of detection limit on im-
purity atomic number. Theoretical calculation
for a standard XRF scheme.

theoretically for standard XRF scheme (ex-
citation of impurity fluorescence by radia-
tion of an X-ray tube with silver anode) for
analysis of the samples with different ma-
trix. The detection limit was calculated for
a series from six elements (by increasing
atomic numbers), the voltage at the tube
was chosen in order this would be twice as
higher than the absorption edge of the most
heavy element in the series, i.e. with the
highest atomic number. The tube current
for each variation of feeding voltage was
chosen in order that the detector charging
would not exceed 10% counts/s. Obviously,
the heavier is the matrix, the more will be
absorption of fluorescent radiation and, re-
spectively, the analysis sensitivity gets
worse (the detection limit increases). There
is inverse dependence on atomic number of
impurity: the more is impurity atomic num-
ber, the better fluorescent radiation passes
through the matrix material, and the detec-
tion limit decreases. The presented theoreti-
cal results show that under broad-band exci-
tation in the standard XRF scheme, because
of high intensity of scattering background,
it is difficult to achieve analysis sensitivity
at the level of 10 ppm. In order to increase
the sensitivity it is necessary to form the
spectrum from the preliminary spectrum of
the X-ray tube that would provide high ef-
ficiency of fluorescence excitation at mini-
mum level of the scattering background.

We put the general task: what spectrum
would be necessary formed from the spec-
trum of the preliminary source to achieve
maximum sensitivity for measurement of
desired impurity in the given matrix. It is
clear a priori, that this spectrum would con-
tain a series of monochromatic lines posi-
tioned in the given ranges of the spectrum
at minimum level of continuous spectrum
background.

Functional materials, 23, 1, 2016
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3. Unit of preliminary spectrum
formation

In order to solve this task, we added the
unit of the preliminary spectrum formation
(UPSF) to the standard XRF scheme (see
Fig. 2). This unit forms the spectrum in-
cluding a series of monochromatic lines po-
sitioned in given wavelength ranges for ef-
fective exciting fluorescence and preventing
detector charging by parasite signal. Addi-
tionally, the UPSF provides minimal scat-
tering background. Technical solutions in
the UPSF may be different, but these are
based on three main ways for excitation of
fluorescence in the sample [1-3]. We do not
consider the schemes for fluorescence selec-
tive excitation by polarized radiation and by
grazing beam at Bruster angle of total ex-
ternal reflection, because these schemes ex-
clude getting the continuous spectrum onto
the sample. In the first case, the long-wave-
length part of the preliminary spectrum is
removing by a filter, and the short-wave-
length (the "bell” of bremsstrallung radia-
tion) — by increasing the tube voltage
(more than 100 kV) — is transferred be-
yond the energy range of preliminary beam
effective scattering by polarizer atoms [4].
In the second case, — due to small incident
angle (less than 1°) — the preliminary ra-
diation penetrates into the sample bulk at
deep not exceeding 10 nm, thus the influ-
ence of the substrate is excluded, so, the
scattering is concentrated in the specular
component which is cut off by collimators,
and is practically absent in the fluorescence
spectrum [5]. The higher contrast of the
analytical spectrum is required for solution
of a concrete analytical problem, the more
energy is to be removed from the spectrum
of an X-ray tube. By the order of luminous
power decreasing and increasing the spec-
trum contrast, there are following known
schemes of fluorescence excitation using:
(1) preliminary spectrum of X-ray tube with
filtration [1]; (2) quasi-monochromatic spec-
trum of a secondary target fluorescent radia-
tion [1, 6]; (3) X-ray tube preliminary spec-
trum monochromatized by reflection from a
single-crystal face [1-3, 7].

By increasing the filter thickness, it is
possible to cut off totally the low-energy
range of the bremsstrallung spectrum, but
the high-energy range will still get into the
detector, thus forcing tube current to be-
lowerd. Therefore, for the scheme with fil-
tration, the detection limit is not better
than 1-10 ppm that does not satisfy the
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Fig. 2. X-ray optic scheme with a unit of the
preliminary spectrum formation (UPSF).

requirements mentioned in Introduction.
Monochromatization drastically lowers both
the parasite signal and the scattering back-
ground, but allows achieving desired detec-
tion limit (C,;, <1 ppm) only for narrow
range of chemical elements [6], because the
efficiency of fluorescence excitation drops
drastically with distancing the exciting line
from the impurity absorption jump. That is,
if it is required to measure the contain of
several impurities with significantly differ-
ent atomic numbers (AZ, > 8), it is neces-
sary — in the incident spectrum — to have
a set of characteristic lines positioned near
absorption edges of the elements measured
at minimum broad-band background. The
best spectrum contrast and minimum detec-
tion limit are provided by optimization of
the UPSF parameters, namely, feeding volt-
age, parameters of filter and target, and
geometry of the scheme.

4. Optimization of UPSF
parameters by criterion of
detection limit

The criterion of the optimization is the
known expression for detection limit of an
impurity line in the spectrum. This expres-
sion connects background characteristics N,
in the position of an impurity characteristic
line with concentration sensitivity JN;/dC,
i.e. variation of the signal per a unit of
concentration variation [7]

. :3_111_‘]\7'. (1)
min = U9N,/9C

The optimization is carried out theoreti-
cally from the condition of zero total differ-
ential of the detection limit C,;,:

dCppin(U,T,1,0,8,0,y) = 0, (2)

where U is feeding voltage; filter and target
parameters: mass coefficients of absorption



I.F.Mikhailov et al. /| Perspectives of development of ...

T, attenuation U, and scattering o; thickness
t; scheme parameters and geometry (¢ —
incident angle, and y — exit angle). For
solution of the problem, three fluxes of X-
ray radiation are under consideration. ®y;(A)
— the flux of the preliminary radiation
(spectrum); ®yo(A) — the flux of radiation
which is formed by the scheme of fluores-
cence excitation (formation unit UPSF);
®y3(A) — the radiation flux recorded by de-
tector. The flux of the X-ray tube ®y;(A)
includes characteristic radiation of the
anode material ®,,(A) and bremsstrallung

radiation ®@,,,(A):
Doy (1) = Doy M) + DO — APy (A),
i
where 3(A — A;) is delta-function.

The flux ®Pye(A) is determined by UPSF,
and this will be discussed below in detail.
The flux ®yg(A) determining the detection
limit C,,;,(A) for i-th element emitting fluo-

rescent radiation with wavelength A;, simi-
larly to [7, 8] may be expressed as:
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where S, is the irradiated sample part "ob-

servable” by the detector; r is distance from
the sample to the detector; )‘edge
length of the continuous spectrum edge; )”qi
is wavelength of absorption jump for i-th
element of the sample; AA is half-width of
the spectrum line (resolution of the spec-
trometer); o3(A) and ug(A) are mass coeffi-
cients of scattering and attenuation of the

is wave-

flux ®y9 by atoms of a chemical element;
T;(A) is absorption mass coefficient of @,
flux by the atoms of the chemical element
analyzed; ug(A;) is mass coefficient of at-
tenuation of fluorescent radiation of the
analyzed chemical element by the sample

material; p; is relative intensity of the line
in the series; C,, O Sqi are, respectively,
concentration, fluorescence yield and the

value of absorption jump for i-th element.

The first term in the (8) describes the
scattering function of the flux @y, and de-
termines the main constituent of the back-
ground. The second term describes analyti-
cal lines of the sample chemical elements,
then, the detection limit is determined ac-
cording to the formula (1):
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The formula (4) is general and can be ap-
plied for any function of the preliminary
spectrum, for example, for radiation of X-ray
tube and synchrotron. On the base of this
expression we can consider in general the
problem of optimization for UPSF parame-
ters in accordance with Eq. (2).

5. Practical search for
parameters of the scheme

Characteristic radiation flux intensity
1., of anode material is determined by the
characteristic line quantity of photons emit-
ted per a second in the solid angle 1 stera-
dian. Bremsstrahlung radiation or continu-
ous spectrum is determined by spectral den-
sity dI,,,/0h — the quantity of photons
within a unit energy range, emitted per a
second in the solid angle 1 steradian. The
values I, and 0I.,,/0\ set the shape of
characteristic and continuous spectra of an
X-ray tube and are determined by formulas
from [8]:

Rl 1.67
Yo 1q hoton (5)
I,=5" 1014za4“;—[k— - 1} [p—tJ

a edge

1 A n
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Fig. 3. Detection limits depending on the im-
purity atomic number. Calculated theoreti-
cally for optimized scheme with a secondary
target.
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number of anode material; i, is anode cur-
rent; Y = 3.8:1072 for K-series and 0.11 for
L-series; 0y is fluorescence yield; p is the
portion of intensity of the line in the spec-
tral series; >"1q is wavelength of absorption

jump for X-ray tube anode material; A,;q, =
12.39/U (kV) is the wavelength of the con-
tinuous spectrum edge.

Thus, the UPSF may be considered as the
operator of action onto the spectrum of the
preliminary radiation source. The radiation
flux incident onto the sample can be ob-
tained from the expression for the prelimi-
nary radiation flux of the X-ray tube (Egs.
5 and 6) by action of the following opera-
tors:
filtration

where R=|1- is atomic

exp(-LANE D)),
scattering

Ga(A)

1 1V
uza)( 1, ]
sing  siny

fluorescence

A2q

J

edge

Tz(}\)
o) + Ho(hg)
sing siny

’

A

and monochromatization

(1 + cos?20) A3
v ’
sin20  u(A)
where [gA), t; and p; are filter parameters

(mass coefficient of attenuation of the pre-
liminary spectrum, thickness, and density,
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Fig. 4. A fragment of spectrum for aluminum
SS 1 (GSZ AP-434(k)-02). Secondary radiator

— germanium. Time of the spectrum accumu-
lation is 300 s.

respectively); o9(A), Ua(A), To(A), Uo(A) are
parameters of the secondary target (respec-
tively, mass coefficients of scattering, at-
tenuation, and absorption of the prelimi-
nary radiation by the target material, and
mass coefficient of attenuation of target
atoms fluorescence by its material); qu is
wavelength of absorption jump for target
material.

In Fig. 3 the dependence of the detection
limit on atomic numbers for trace impuri-
ties is shown. This dependence was calcu-
lated theoretically for XRF scheme
equipped by UPSF with optimized parame-
ters. The detection limit, as in the case of a
standard XRF scheme (see Fig. 1) was cal-
culated for a series consisting of six ele-
ments. Material of the secondary radiator
was chosen so that its atomic numbers being
two number higher than the atomic number
of the heaviest element of the series. There-
fore, in Fig. 3 we observe decreasing the
detection limit with increasing atomic num-
ber within each series. Growing the sensi-
tivity is due to increasing the efficiency of
fluorescence excitation as the secondary tar-
get characteristic line is approaching to ab-
sorption edge of the impurity analyzed.
Voltage at the tube with silver anode is
35 kV. Tube current was chosen so as detec-
tor charging does not exceed 10 counts/s.

The detection limit is lowered by an
order of wvalue in comparison with the
standard XRF scheme (see Fig. 1) that
opens perspectives for analysis of pure ma-
terials. In Fig. 4, a fragment of the spec-
trum is shown for the standard sample SS1
of pure aluminum, containing the lines
Ti-K,, V-K,, Cr-K, and Mn-K . The con-
trast of analytical lines is so high that pro-
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vides detection limits for these elements
from 1 to 2 ppm even at small time of
counts accumulation 300 s. These values
are, at least, by an order of value higher
than in the standard XRF scheme. Due to
high contrast, the sensitivity can be increased
up to 0.1 =+ 0.3 ppm by increasing the expo-
sure time to 1 h. Such sensitivity is quite
enough for practical application for solution
of many modern analytical tasks.

Let us consider once more analytical
problem, namely, analysis of iodine content
in human’s organism (concentration range
0.05 + 0.2 ppm), which is necessary for di-
agnostics and correction of cure of some
human heavy illnesses [9]. Presently, such
analyses are quite complex and carried out
using expensive equipment during several
days. The X-ray technique is very promis-
sory for such measurements and signifi-
cantly less expansive, because only one hour
is required for measurements. Excitation of
X-ray spectra is realized by radiation of the
Cr secondary target. The line Cr—K, of this
radiator, after scattering on the sample, is
attenuated by vanadium filter positioned be-
fore SSD detector.

In Fig. 5 substantial growing of J-L,
and J-Lg lines intensities is observed with
increasing iodine content in the sample as
a result of addition of calibration admixtures.
Also, independent determination of iodine con-
tent by J-L, and J—Lg lines is possible. Con-
centration sensitivity by L, is 20 counts/100 pg,

and by Lg- 13 counts/100 ug, background in-
tensity N,, 1is, respectively, 140 and
160 counts.

During substitution in Eq. (1) for detec-
tion limit, it should be taken into account
that N, value is determined by averaging over
fourteenth channels, while peak intensity — by
adjustment of the line profile with half-width
of fourteenth channels. Therefore, count accu-
mulation at the background is N, = 140-14,
and for determination of concentration sensi-
tivity — dN/J0C = 20-14. So, it follows, that
under measuring by L, the detection limit
is 47.4 pg/dm3 (0.047 ppm), and by Lg, re-
spectively, —780 ug/dm3 (0.078 ppm). This
result obtained using the low-power X-ray
tube, surpasses by sensitivity the achieve-
ments of XRF analyses with application of
modern synchrotron sources [10].

Thus, transition from the scheme of fluo-
rescence broad-band excitation in the stand-
ard XRF to the scheme of selective excita-
tion using the unit of formation (UPSF)
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Fig. 5. Fragments of spectra for samples with
different iodine content: I — initial; 2 —
with addition of 300 pg/dm3 iodine.

with optimized parameters allows sensitiv-
ity increasing by 1 + 2 orders of value.

6. Structure certification of
multi-phase systems

For studying the sample structure and
chemical composition, usually, two alterna-
tive X-ray schemes are applied for measure-
ments: structure analysis is performed
under conditions of small angle divergence
(A20 = 0.1 + 0.5°), while X-ray fluorescent
— under maximum one (A20 = 8 + 60°). In
spite of principle differences between the
schemes, fluorescence spectra always con-
tain the scattered by the sample spectral
lines of exciting radiation (scattering
peaks). Without special adjustment these
lines are hindering factors in the X-ray
spectral analysis, because their intensity de-
pends on getting one or another phase into
Bragg-reflection conditions [11]. Under non-
certified preliminary X-ray radiation and
collimation system of the spectrometer, ap-
plication of data on the intensity of these
reflections for quantitative calculations is
rather difficult and may result in errors in
measurements. Nevertheless, combination of
the X-ray "structure” scheme and X-ray
"spectral” one in the same instrument
would allow solution a lot of applied prob-
lems. A visual example of application of
this method is analysis of steel composition,
where determination of light element con-
centrations: silicon, phosphor, and sulfur,
as well as all alloying elements is carried
out by intensity of fluorescence lines, while
analysis of carbon content (being non-effec-
tive by fluorescence lines) can be performed
by diffraction (structure) reflections of ce-
mentite Fe;C [12].

Functional materials, 23, 1, 2016
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Sample

Detector

X-Ray Tube

Fig. 6. UPSF arrangement for analysis of
low-alloyed steels. I — single crystal KCI,
secondary target Sc/Nb.

The scheme of UPSF for analysis of
steels is shown in Fig. 6. The unit is
equipped by a KCI (001) crystal-monochro-
mator (1) tuned on the refection of the sil-
ver anode L-line for exciting fluorescence of
light elements with atomic numbers from 12
to 17, and a double-layer scandium/niobium
secondary radiator (2). Small distance be-
tween the sample and the detector (less than
6 mm) allows lowering absorption in air for
light element radiation up to magnesium
(Z, =12) and to perform analysis of these
impurities without vacuuming.

Steel casting without special treatment
may be considered according to a quasi-bi-
nary diagram of state: iron (o-Fe€) — cemen-
tite (Fe3C) as a two-phase system. a-Fe does
not contain carbon, practically; therefore,
the carbon content in the steel is reasonably
to connect with the content of a carbon-con-
taining phase — cementite, which crystal-
line lattice, by stoichiometry, contains
6.67 % mass of this chemical element. In
other words, 1 mass % carbon concentra-
tion in the steel corresponds to 15.0 % con-
tent of FesC.

Let us consider quantitative X-ray phase
analysis of cementite in steel by the com-
bined spectrum of X-ray fluorescence and
diffraction. In order to obtain such com-
bined spectrum, the UPSF is equipped by
secondary radiators made from the materi-
als which are absent in the sample composi-
tion. For steel, it is, for example, scandium,
potassium, and chlorine. Characteristic lines
of such secondary targets pass through the
collimation system and reflect from sample
crystallographic planes according to Wolf-
Bragg relation A = 2d-sinf. Let the collima-
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Fig. 7. Calibration function for measurement
of carbon in low-alloyed steels by diffraction
reflections of cementite.

tion system be adjusted for a special angle
range 0 £ AO, to which the determined range
d * Ad corresponds. If in this d range the
lattice of the studied phase has the reflect-
ing planes, characteristic line of the radia-
tor in the spectrum would be strengthened
by the Bragg reflection from the sample.

The collimation system is adjusted for
transmitting the range of scattering angles
where there are only cementite reflections,
and no o-Fe reflections. In Fig. 7, the cali-
bration function on carbon is shown which
was constructed by scattering integral in-
tensity in the range d = 1.89 + 1.69 A.

In this range there are no o-Fe reflec-
tions, but there are strong lines of FesC:
d=1.867 A and d =1.687 A. Low back-
ground in the scheme with the complex re-
radiator allowed obtaining very high sensi-
tivity of calibration >64.4 % of intensity
variation per 1 % mass variation of carbon
concentration. Thus, at real precision of the
integral intensity measurements about
0.5 %, the precision of carbon measure-
ments 0.01 mass % is principally provided.

Achieved experimentally value S =
0.047 mass % of square-root deviation of
the calibration funection by three different
series of standard samples (series 127, 154,
and UG) provides the precision of carbon
measurements 0.03 + 0.05 mass % in the
concentration range from 0.02 to 1.4 %
mass that is quite acceptable for practical
measurements.

In Fig. 8, a fragment of a carbon steel
X-Ray spectrum containing both fluores-
cence lines of the components and diffrac-
tion reflections of the sample. There are
observable the lines of light elements: sili-
con, phosphor, and sulfur with concentra-
tions ~ 0.01-0.1 mass %. Obviously, it is

11
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Fig. 8. Fragments of X-ray spectra for carbon
steels with carbon contents 0.053 mass %
(curve 1) and 0.43 mass % (curve 2). The
X-ray tube is of shooting-through type with
silver anode. U = 35 kV, I = 250 pA. Crys-
tall-monochromator is KCI (002), Sc/Nb dou-
ble-layer secondary target. Exposure 120 s.

possible to measure intensities of fluores-
cent lines for light elements and structure
diffraction reflections within a united spec-
trum.

It is worth to note, that possibilities of
the method are not limited by analysis of
low-alloyed steels. The secondary radiators
and the collimation system can be adjusted
for the main diffraction reflections of other
phases of interest that would allow quanti-
tative phase analysis simultaneously with
X-ray fluorescent analysis of similar mate-
rials: mineral ores and other multi-phase
systems.

7. Determination of first
elements of Periodical Table by
the ratio of Compton-to-Rayleigh
scattering intensities

Low background provided by UPSF al-
lows carrying out the measurements of the
Compton-to-Rayleigh scattering intensity
ratio. In the classic Compton’s work [13],
1923, there was revealed a strong depend-
ence of the ratio of Compton and Rayleigh
peaks on the atomic number of the scatter-
ing material. Compton pointed out onto the
possibility to study light elements by this
ratio, but mentioned difficulties caused by
non-controlled superposition of Bragg re-
flections onto the Rayleigh peak under
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Fig. 9. Dependence of Compton-to-Rayleigh
peak intensity ratio on atomic number of the
sample material.
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Fig. 10. Dependence of Compton-to-Rayleigh
peak intensity ratio on the main component
content in CO1-CO6 standard samples of
pure aluminum.

studying crystalline materials. This diffi-
culty can be overcome successfully by choice
of the probing radiation and the scattering
angle [14].

In Fig. 9, our experimental plot is shown
for illustration of a unique possibility to
measure concentrations of first elements of
the Periodic Table. Investigations have
shown that the lower is the atomic number
of the impurity the higher is the sensitivity
of its determination. This method is rather
effective for revealing heavy impurities in a
light matrix, or light impurities in a heavy
matrix. Although the method gives the inte-
gral evaluation of all the impurities without
specification of their types, it is very con-

Functional materials, 23, 1, 2016
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Fig. 11. Calibration function of Al,0; content
in powder Al-Al,O; mixtures by the ratio of
Compton-to-Rayleigh peak intensities. The
secondary radiator is molybdenum. Exposure
120 s.

venient for the rapid assessment of the ma-
terial purity.

At the calibration plot (Fig. 10) for
standard samples of preliminary aluminum
(light matrix), a linear dependence of Comp-
ton-to Rayleigh peak intensity ratio,
No/Np, on aluminum content is observable
in the range mass portions 97.3 + 99.9 %
mass. Using this dependence, it is possible
to reject the preliminary aluminum avoid-
ing laborious work on determination of all
impurity concentrations. Indeed, at relative

1 oON

concentration sensitivity N B_C (Fig. 10)

and precision of measuring the intensity
ratio No/Np about 0.1 %, it is possible to
determine the aluminum purity up to
99.95 % mass.

It should be noted that quantitative
analysis of element content with Z <8 in
heterogenic samples is rather difficult be-
cause of high dispersion of the calibration
function which is difficult to control experi-
mentally. So, for example, the calibration of
powder Al-Al,O; mixtures by oxygen in the
range of Al,O3 mass portions from 84 to
61 mass % is characterized by dispersion
3.22 mass %, that causes low precision of
measurements by the O-K, line. This diffi-
culty has been overcome with additional meas-
urements of Compton-to-Rayleigh peak inten-
sity ratio No/Np (Fig. 11) that has allowed
decreasing the dispersion to 0.8 mass %.

Let us assess the perspectives of applica-
tion of the scattering method for analysis
other light impurities in metals given below
in Table. As it follows from Table, the con-
centration sensitivity of measurements in-
creases noticeably with decreasing the
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Fig. 12. Calibration plot for Compton-to-
Rayleigh peak intensity ratio for Ti-H
system.

atomic number. The figures given in the
Table show how the light element concentra-
tion measurement precision is higher than
the measurement precision for the ratio of
Compton-to-Rayleigh scattering peak inte-
gral intensities. Application of the opti-
mized UPSF allows experimental achieving
the measurement precision for the peak
ratio about 0.1 + 0.2 % by relative value.
According to the Table, that gives the pos-
sibility to determine, for example, variation
of hydrogen content in niobium at the level
0.10/0 _ —4 0
158.88% /massto 00 107 mass%.
Experimental tests on high sensitivity
under determination of hydrogen content
have been carried out with standard samples
of the titanium hydrogen binary system
(Fig. 12). The obtained values on the concen-
tration sensitivity 170 %/ mass % lated
ones, although the cause has not been re-
vealed yet. The measurements done for stand-
ard samples of titanium-hydrogen have proved
the possibility to determine hydrogen in tita-
nium beginning from 1073 mass % for the
time not more 5 min. For Fe-C system the
value of the concentration sensitivity corre-
sponded to the calculated one: 2.1 % per 1
mass % that is quite enough for measuring
the carbon with precision 0.05 mass %.
Thus, the light impurities quantitative
determination based on measuring the ratio
of Compton-to-Rayleigh scattering peak in-
tensities is found to be very promising due
to significant penetration depth of hard ra-
diation into the sample (~ 0.1 + 1 mm) and
absence of artifacts related with the surface
preparation. Sharp increase of Ny/Np ratio
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Table 1. Calculated values for concentration sensitivity

1 WN/ND %

N./N

under measurin,
oC ’ mass% g

the light impurities in metals by the ratio of integral inctengities of Compton and Rayleigh peaks.
Metal
Ti Fe Ni Zr Nb Ag W
Z 22 26 28 40 41 47 74
Impurity H 1 16.52 20.70 22.30 125.25 | 153.88 - -
He 2 3.63 3.95 4.02 5.68 5.74 6.50 11.66
Li 3 2.47 2.66 2.70 3.64 3.67 4.05 6.18
Be 4 2.16 2.32 2.36 3.15 3.18 3.49 5.14
B 5 1.96 2.12 2.16 2.89 2.92 3.20 4.64
C 6 1.89 2.05 2.09 2.83 2.85 3.13 4.51
N 7 1.70 1.85 1.90 2.58 2.60 2.86 4.09
0 8 1.55 1.70 1.75 2.40 2.42 2.65 3.78
with decreasing atomic number provides the 2. M.A.Blokhin, Methods for X-ray Spectral In-

unique possibility to determine light elements
of the Periodic System, including hydrogen,
while the sensitivity being the higher, the
lower is an element atomic number.

8. Conclusions

Further perspectives for X-ray analysis
of materials are connected with preliminary
formation of a selective initial spectrum di-
rected onto the sample studied. Using such
spectrum optimized by the criterion of the
detection limit, it is possible to achieve the
limit levels by sensitivity of X-ray fluores-
cent analysis about 0.01 + 0.1 ppm, to
widen up to hydrogen the range of measur-
able light elements at the expense of quan-
titative wvariations of the Compton-to-
Rayleigh scattering peak intensity ratio,
and to carry out quantitative X-ray phase
analysis by diffraction reflections. In the
present work, the optimization was carried
out for the preliminary spectrum of a low-
power X-ray tube but some results by sensi-
tivity was found to be record. We hope that
application of the optimized units for for-
mation of power beams of preliminary ra-
diation (SM, undulators, wigglers, etc.) will
allow to increase the analysis sensitivity up
to ppb units with remaining all advantages
of X-ray methods.
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