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The distribution of scattering radiation background and the contrast of the sample
analytical lines have been theoretically calculated and experimentally measured under
fluorescence excitation using a two-layer secondary radiator. The top layer serves to excite
light element lines and to absorb the continuous spectrum scattered by the bottom layer.
The expression has been obtained for calculation of the top layer optimum thickness, at
which the maximum spectra contrast is achieved. At the coating optimum thickness, it
became possible to obtain experimentally thrice or fourfold contrast increase and signifi-
cantly improved sensibility for revealing minor impurities in the wavelength range
0.7+10 A in comparison with a homogeneous radiator.

TeopernuecKyr PaCCUNTAHBLI M SKCIIEPHMEHTAJLHO H3MEPeHbI pacupemenenne (GoHa pacce-
SIHHOTO W3JIyYeHUS M KOHTPACTHOCTh AHAJUTHUYECKHUX JHUHUI o0pasima npu BO30YKIeHUU
(IyopecIeHIIUN C IIOMOIIbI0O ABYXCJIOMHOrO BTOPUYHOIO M3JaydaTessi. BepxXHUHA CJIOH CIOyKUT
I BO3OYKIEHUS JUHUAKN JerKuX 9JIEMEHTOB M sABJsSeTcs abcopbepoM CILIOIIHOrO CIeKTpa,
pacCesHHOT0 HUMKHHUM cjoeM. [loiyueHO BbIparkeHHe [IJs PACUYeTa ONTHUMAJbHOM TOJIIIUHBI
BEPXHEro CJIOsi, IIPU KOTOPOM [JOCTHUraeTcs MaKCHMaJbHAs KOHTPACTHOCTL CIEKTPoB. Ilpu
ONTUMAJBLHON TOJIIUHE IMOKPBITAS 9KCIEPUMEHTANbHO YIAETCSA I[OJYYUTh 3+4 KpaTHOE IIO-
BBHIIII€HE KOHTPACTHOCTH ¥ 3aMETHOE YJIYUYIIEeHNe UYBCTBUTEJIbHOCTU IPY BBISBIEHUN MaJbIX
npumeceil B quamnasore aauH Boax 0.7-10 A mo CPaBHEHHIO C OJHOPOIHBIM M3JIyUYaATEJIEM.
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1. Introduction

The sensibility of conventional X-ray
fluorescent analysis is generally insufficient
for measurements of <10—-50 ppm impurity
traces. This is caused by low contrast of the
fluorescence spectrum having substantial
background due to continuous spectrum
scattered by the sample. To lower the back-
ground, the monochromatization of the pri-
mary spectrum is used [1, 2]. It is possible
either by reflection from a crystal-mono-
chromator, or by means of re-emission
using a secondary radiator. Both the ways
provide a large gain in the spectrum con-
trast in comparison with a conventional
scheme of excitation by the X-ray tube total
spectrum. However, a substantial disadvan-
tage of the monochromatization way is low
efficiency of line excitation for a wide
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wavelength range. Indeed, the light element
lines positioned far from the monochromatic
line of the radiator are excitated ineffi-
ciently and even the loss in sensibility is
possible for light elements in comparison
with a conventional scheme. The natural
problem solution would be use of two inter-
mediate emitters: the first — for excitation
of short and medium wavelengths, and the
second — for long-wave analytical lines of
light elements.

In this work, the two-layer assembling of
the secondary radiator is considered. In this
radiator, the top layer serves for excitation
of light element lines and at the same time,
it is an absorber of the continuous spectrum
scattered by the bottom layer. The bottom
layer provides hard radiation for excitation
of short and medium wavelengths.
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2. Samples and measurement
technique

The objects under study were Govern-
ment Standard Samples (GSS) of SCh grade
cast irons with 0.005-0.67 mass. % of sul-
fur and phosphor, and 0.2-1.14 mass. %
of silicon. Measurements of X-ray fluores-
cent spectra were carried out using
"SPRUT" spectrometer ("Ukrrentgen” Co.,
Ukraine) under excitation either using the
monochromatized radiation of the secondary
Ag radiator or with the Ti/Ag two-layer ra-
diator. Tohe spectrum registration in the
0.35-11 A wavelength range was carried
out with Si-PIN X-123 detector (Amptek,
USA). The full-profile analysis of the spec-
tra was realized using the base program
package of the "SPRUT" spectrometer.

The experimental comparison of sample
analytical line intensities and background
level for different spectral ranges was car-
ried out using the AQg secondary radiator
and the Ti/Ag two-layer radiators with vari-
ous Ti layer thicknesses. The data were nor-
malized to the spectrum integrated inten-
sity. Comparing the secondary radiators is
convenient to realize by the spectrum distri-
bution of their radiation scattered by high-
purity amorphous carbon. This material has
no absorption bands in the range under con-
sideration and reflects adequately the radia-
tor spectrum. Obviously, the Ag lines total
scattering (coherent + incoherent) fraction
in the amorphous carbon scattering spec-
trum determines the fluorescence intensity
of the sample elements lines with absorption
edges X,4; being in  Apg<hA.q;<Ayj, while the
Ti lines scattering portion — the light ele-
ment fluorescence intensity A, >At;.

3. Results

Theoretical Principles. Let us comnsider
the secondary radiator formed of a Z; mate-
rial thin layer deposited onto Z, semi-infi-
nite substrate. The Z; layer with p; density
and d thickness scatters the A wavelength
radiation according to [1, 2]

L) = (1)
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= oy T SXBIO) oy O,
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where o;(A) is the mass coefficient of scat-
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tering;  w3(h) = wy (%) { j 1,
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the layer mass attenuation coefficient; o
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and vy, radiation incident and exit angles,
respectively, and S/4nr2, the solid angle of
lighting the secondary radiator.

The scattering by the semi-infinite sub-
strate lying under the Z; layer is deter-
mined by the expression

R O R
S dnr? ()

uz(x)wzm( L1 j

singp  siny

I, - exp(-pj(d) - dy),

(2)

where Ly(A) is mass attenuation coefficient
in the substrate and the exponent corre-
sponds to absorption in the first layer. Then
the total scattering by the secondary radia-
tor I = I; + Iy can be written in the form

I~ 3)
(o Gy
1 1 2
o exp(-ui) - py - D ||
win) NSO )
It follows from (3) that, depending on

the top layer thickness d, the scattering
level at A wavelength is in the range from

" at d > « (for scattering in the first
ui)

infinite layer) to at d - 0 (for scatter-

*

Ko
ing in the substrate).
Let the substrate absorption band edge
wavelength A, s is lower than A,;; of the

Then for A, ;5<A<A.q;
61(A) § Oo(A)
ma M
holds true, i.e. the scattering level before
the absorption jump is lower than that be-
hind the substrate absorption jump. Calcu-
lations show (Fig. 1) that the Ti coating in
the Ti/Ag secondary radiator provides a sub-
stantial lowering of the scattered radiation
background and improving the contrast in
the specified wavelength range in compari-
son with the bulk Ag intermediate radiator.
However, at the same time, the intensity of
the substrate fluorescent radiation coming
from under the coating will decrease. For a
single-component substrate being under the
layer of d thickness, by analogy with [2],

coating material.

wavelengths, the condition

the analytical line A, intensity is written as
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Fig. 1. Calculated wavelength dependences of
the secondary radiator scattering intensity:
1, bulk Ti radiator; 2, bulk Ag radiator; 3,
two-layer Ti(50 pm)/Ag (bulk) radiator.
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where 0®,/0) is the spectral distribution of
X-ray tube [2], exciting the fluorescence;
T9(A), mass absorption coefficient in the
substrate material; the exponent is due to
attenuation of incident p;(A) and exit p;(As)
») )
radiation in the film; uj(d) = ul— + “1,—2;
sing siny
P-2(7b2)_

Ha(M) .
: +—= ; where ¢ and y are in-
sinp  siny

us(h) =

cident and exit angles, respectively; o —
fluorescence yield; p — the fraction of an
analytical line intensity in the spectral se-
ries; Sq, the absorption jump; S/4nr2, the
solid angle of lighting the secondary radia-
tor. For a single-component film, the inten-
sity of a A analytical line [1, 2]:
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Fig. 2. Calculated contrast K values vs. wave-
length L for analytical lines of C =1 mass. %
impurities of Mo (L =0.71 A), Ga (A=
1.25 A), Cu (L = 1.54 A), Cr (. = 2.29 A), Cl
(L=4.TA), Si .=7.11A), and Mg (. =
9.9 z&) in Fe matrix: I, Ag re-radiator; 2, Ti
(20 um)/Ag re-radiator. The points show the
calculated contrast K values.

tion attenuations, respectively, in the film,

71(1), absorption by the film atoms.

Under irradiation of a sample by the sec-
ondary radiator, the intensity of i-th ana-
lytical line from the atoms contained
therein at C; concentration

To;
1= CiIgsd) - TGy = hoq) - —2+ (O

Ho;
T1i
+I(hq,d) - TRy = Kpgp) - — 1
M1
where
A Ay
0 = 20D Ha®),
sing,,  sinyg,
A A
ud;(h) = “‘?p( 2 + “.SP( Z), Hgp» the attenuation
singg,  sinyg,

coefficient in the sample for radiations with
A1, A9 and A, respectively;
1,atx > 0;
) =10 "atr < 0
The scattered radiation R(A) from the
sample can be obtained by multiplying the
. (o)
(3) by a corresponding expression |—-|.
\Hsp
Then the contrast value K = I4(};)/R(};) for
different analytical 2; lines depends on the
top layer thickness d.
The task solution on the contrast extre-
mum 0K /dd = 0 gives the value of the coat-
ing optimum thickness:

, a step function.

Functional materials, 18, 2, 2011



I.F.Mikhailov et al. / Contrast enhancement of ...

Ti |Ag
input ||nput
06 —0.15\

Ag
0.410.1

0.2r0.05

0.08 1 1 1 1
0 50 100 150 d, pm

Fig. 3. Experimentally measured fractions of
Ti-K, and Ag-K, line intensities in the scat-
tering spectrum of amorphous carbon irradi-
ated by Ti/Ag secondary radiators with vari-
ous Ti-coating thicknesses d.
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Direct calculations for Ti/Ag pair show
that for the 0.71-2.29 A wavelength range,
the Ti layer optimum thickness decreases
from 20 to 10 um in approaching to Ti coat-
ing absorption jump.

It follows from Fig. 2, that using two-
layer Ti/Ag radiator, the line contrast of
trace impurities in the Fe matrix is twice or
triple higher than for the bulk Ag radiator.
The most effectively the contrast enhance-
ment should become apparent for lines of
light elements, such as sulfur, phosphor,
silicon etc.

Experimental. According to our tech-
nique, we investigated the secondary radia-
tor spectrum incident using the scattering
spectrum of high-purity amorphous carbon
as a sample.

As the re-radiator top layer thickness
grows, in the amorphous carbon sample
scattering spectrum, the fraction of tita-
nium lines increases and attains an asymp-
totic value ~0.37 at d~100 pum (Fig. 3). This
indicates that fluorescence intensity of light
elements in the sample irradiated by such
radiator will increase and reach the maxi-
mum value at d =100 pm. At the same
time, the Ag—K, line attenuated in the top
layer of the re-radiator decreases monotoni-
cally resulting in lowering the line intensi-
ties in the kAg<7‘<7“Ti range. Thus, using the
two-layer Ti/Ag radiator it is possible to
achieve substantial increasing the ratio of
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Fig. 4. A fragment of a cast iron standard
spectrum with lines of Si, P and S. The mass
portions of the elements are 0.3, 0.6 and 0.15
mass. %, respectively. Exposure is 60 s. I,
Ag re-radiator; 2, Ti (50 pm)/Ag re-radiator.

light element line intensity to that of the
rest elements in the sample spectrum. In
fact, application of the two-layer radiator
provided the intensity gain for analytical
lines of silicon, phosphor and sulfur in com-
parison with the bulk Ag radiator (Fig. 4).
This provided increasing the sensibility on
these elements by a factor of 3 or 4. Ac-
cording to our calculations for Ti/Ag re-ra-
diator, for the sample with C, = 0.6 mass. %
phosphor concentration, its line contrast
should be K = 6.9, that is rather close to

the experimentally achieved value
I, -1
K=-e =380 90 _39  Tpe ge
Iy 920

tectability threshold of 0.005+0.01 mass. %
for these elements is quite enough for prac-
tical measurements in cast irons and steels.

Let us consider the results of measure-
ments for the background scattered by
amorphous carbon at A = 0.78 A, i.e. near
the Ag substrate A = 0.59 A. Compton line
(Fig. 5, curve 1), and at A = 2.26 A near the
titanium coating absorption edge A ;7; = 2.50 A
(Fig. 5, curve 2). The curve 2 drops to an
asymptotical value already at 20 um coating
thickness, and further thickness increase
does not result in any background decreas-
ing but lowers the Ag—K fluorescence radia-
tion exit. Therefore, the maximum contrast
of lines with A<}, ;7 is provided at
d~20 pym. The background at A =0.78 A
after fast falling in the initial part of the
curve continues to decrease slowly in the
range of d = 20-200 um. Such difference
between the curves in Fig. 5 supports the
conclusion about absence of a single opti-
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Fig. 5. Amorphous carbon scattering back-
counts
min - channel
0.78 A (curve 1) and A, = 2.26 A (curve 2)
depending on Ti coating thickness d of Ti/Ag
re-radiator. Averaging was carried out by

25 channels (spectrum of 1024 channel).

ground intensity I at A, =

mum value d for whole wavelength range.

4. Discussion

Theoretical and experimental investiga-
tions of scattering spectra have supported
the conclusion that, compared to the con-
venient bulk secondary radiator, the two-
layer re-radiator provides significant lower-
ing the scattering background and increas-
ing the contrast of fluorescent lines in the
wavelength range between the substrate ma-
terial analytical line Ag—K, and the absorp-
tion edge A,; of the coating material (tita-
nium). These provides an increase of the
analysis sensibility in the specified range.
We believe that the multi-layer secondary
radiator, combining functions of a radiator
and a filter for initial radiation, provides a
number of advantages for the spectrum con-
trast enhancement in comparison to filters
of initial and secondary radiations [4]. As it
was expected, a large gain in the spectrum
analytical line intensity is observed for
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A>Ati, i.e. for light element lines. Intense
K-series lines of the coating material are
positioned close enough to absorption edges
of IIT period elements of the Periodic Table,
so they excite these elements more effec-
tively than L-series of Ag substrate. This
implies that application of the two-layer ra-
diator significantly extends the effective
excitation wavelength range, hence, the
high-sensibility analysis as well. The opti-
mization task solution for the coating thick-
ness dopt(k) is wavelength depending. For
instance, d,,/(}) varies by 2.5 times in the
7‘Ag<7“<7‘Ti range for Ti/Ag pair. At the same
time, dopt(k) is generally less than the thick-
ness which provides fluorescence asymptoti-
cal intensity (d,,;,100 pm for Ti/Ag).
Therefore, the practical choice of the coat-
ing thickness is subjective, depending on
importance of one or another wavelength
range contrast enhancement.

5. Conclusions

Application of the two-layer secondary ra-
diator with analytical lines %; and Ay, when
compared to a homogeneous one (A,), provides
the analysis sensibility enhancement in the
whole wavelength range due to the following:
(i) three-four times efficiency gain for excita-
tion of light elements with 2,;,>A, in the ana-
lyzed sample; (ii) two-three times contrast en-
hancement for the sample lines positioned in
Ai1>Ah.g>hg range, being the larger, the closer
to the coating absorption edge.
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KoHTpacTyBaHHSA CIIeKTpPa PEHTTeHiBCBHKOI
¢dayopecieHIrii 3a 10MOMOT0I0 JBOIIAPOBOT0 BTOPHHHOTO
BUIIPOMiHIOBaua

I.&.Muxainos, O.A.Bamypun, A.I. Muxaiinos, C.C.Bopucosa

TeopeTrnyHO PO3PaxOBaHO i eKCIIEPUMEHTAJLHO BUMIpAHO posmnoxis (oHy poscisHoOro Bu-
IPOMiHIOBAHHA Ta KOHTPACTHICTH aHAJiTHYHUX JiHill 8paska mpu 30ym:KeHHI (ayopecienii
3a JOIIOMOT'0IO JBOIIIAPOBOTO BTOPMHHOTO BUIPOMiHIOBaua. BepxHiil map cay:KuTh Aasa 30yx-
JKeHHd JIiHi#fl JIerKUX ejleMeHTiB i € abcopbepoM CYIiJILHOTO CIEKTPa, PO3CIAHOrO HUKHIM
mapoM. OTpuMaHO BUPaA3 JJIA PO3PAXYHKY ONTUMAJLHOI TOBIIWMHUW BEPXHBLOTO IIApPy, IPU
AKifl mocAraeThcsa MaKCHMaJsbHa KOHTpPacTHicTh cmekTpiB. IIpm onTtmmasnbHi# TOBHIMHI ITO-
KPUTTA eKCIEePUMEHTAJbHO BIAEThCA OTPUMATH 3—4-KpaTHe HiABUIIEHHS KOHTPACTHOCTI i
NOMiTHe IOJINNIeHHA YyTJIWBOCTI IPM BUABJEHHI MajJuxX [TOMINIOK y [AianmasoHi DOBMKUH
xBuab 0.7-10 A Y NOPiBHAHHI 3 OTHOPIAHMM BUIIPOMiHIOBaYEM.
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