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Abstract. Chemical effects on the L X-ray production cross-sections (o, OLgs 0L, OL;, and or,) and
L;/La (i = o, B8,1,n) X-ray intensity ratios for Hg, Pb, and Bi compounds were investigated. The samples
were excited by 59.54 keV ~-rays from a ?*' Am annular radioactive source. L X-rays emitted by samples
were counted by a Si(Li) detector with resolution 157 eV at 5.9 keV. We observed chemical effect on the
L X-ray production cross-sections and L;/L, X-ray intensity ratios for Hg, Pb and Bi compounds. The
experimental values have been compared with the theoretically calculated values of pure elements.

PACS. 32.30.Rj X-ray spectra — 32.80.Cy Atomic scattering, cross sections, and form factors; Compton

scattering

1 Introduction

X-ray emission spectra are known to be influenced by the
chemical combination of X-ray emitting atoms with dif-
ferent ligands. The effects of the chemical combination,
however, are not large and a theoretical interpretation of
these effects has not been established completely. There-
fore, chemical effects have rarely been utilized in the char-
acterization of materials.

Reliable values of L X-ray production cross-sections
in different elements by photons of various energies are
needed because of their wide use in the fields of atomic,
molecular and radiation physics and in non-destructive
trace elemental analysis of a variety of samples of practi-
cal importance using EDXRF. Several studies [1-9] con-
cerned with L X-ray production cross-sections and L X-ray
intensity ratios were made. Although effects of excitation
mode and excitation energy on L. X-ray production cross-
sections were studied, there are a few studies [10,11] con-
cerned with chemical effect on L X-ray production cross-
sections. L; X-ray emission lines are caused by transitions
as illustrated in Figure 1.

Chemical effects on K and L X-ray intensity ratios
and cross-sections are not very well-known. It is also well-
known that X-ray spectra depend on the chemical sur-
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roundings of the atom. Especially K X-ray intensity ra-
tios and K X-ray production cross-sections of 3d elements
strongly depend on chemical state. Some studies [12-14]
concerned with chemical effects on the Kg/K, intensity
ratios and K, X-ray emission spectra were made. Lim-
ited work has been done concerning the chemical effect
on L X-ray intensity ratios [15] and L X-ray production
cross-sections [10,11]. In the earlier works, the authors cal-
culated only the L, Lg, and L, X-ray production cross-
sections. In the present work, we measured again the L,
Lg, and L, X-ray production cross-sections and also the
L; and L, lines. We have also measured additional com-
pounds not addressed in previous studies.

2 Experimental

The studied compounds were listed in Table 1. The purity
of commercially obtained materials was better than 99%.
Powder samples were sieved using 400 mesh and prepared
by supporting on the scotch tape ~ 10 mg/cm? thickness.
The particle sizes were sufficiently small that there was no
significant correction to the data.

Measurements were carried out on Hg, Pb and Bi stim-
ulated by 59.54 keV gamma photons emitted by an annu-
lar 50 mCi 24! Am radioactive source. The fluorescence L
X-rays from the sample were detected by the collimated
a Si(Li) detector having a thickness of 3 mm and en-
ergy resolution of 147 eV at 5.96 keV. The output from
the preamplifier, with a pulse pile-up rejection capability,
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Fig. 1. L; X-ray emission lines.

Table 1. The measured valuesof or,,,0L4,0L.,,0L,,and o, production cross-sections (b/atom) of Hg, Pb, and Bi compounds.

OrLa GLp Oy O OLy
Theo. | Present | Biiyiikkasap | Theo. | Present | Biiyiikkasap | Theo. | Present | Biiyiikkasap | Theo. Present Theo. Present
(1997) (1997) (1997)

Hg 156 - - 158 - - 28.8 - - 8.3 - 2.56 -
HgO 197+14 - 207+16 - 39+3 - 10.1£0..9 2.58+0.21
HgSO0; 114+9 - 131£9 - 2442 - 6.02+0.56 2.72+0.22
HgCl, 20316 134+11 216+14 157+13 3543 37+3 10.8+0.85 2.84+0.22
HgSO0, 106+8 104+8 125+11 12249 2042 2942 5.62+0.32 2.6240.21
Hg(NO3), 164+11 14111 179+13 17014 33+3 39+3 8.39+0.45 2.03+0.18
Hg(NO5),.2H,0 12810 1099 144£12 12910 2542 2942 7.36+£0.37 1.85+0.15
Hg[CH;CO; ], 14612 - 15813 - 29+2 - 7.56+0.38 2.09+0.18
Pb 192 | 17813 15412 216 | 196+14 191=15 409 | 453 464 104 | 936+0.65 | 3.10 | 2.93+0.20
PbO 219+16 - 242421 - 47+3 - 11.440.9 3.05+0.25
PbO, 243+17 169+14 26623 | 21017 524 5544 12.5+1.0 3.15+0.26
Pb;0, 229+16 16513 254420 197+16 489+4 49+3 12.6£0.9 3.09+0.23
PbCl, 217+15 - 23119 - 47144 - 12.2+1.0 2.8140.17
Pb(NO;), 184+11 144+12 199£15 | 210+17 3943 46+3 9.94+0.78 2.2940.17
Pb[CH;CO,}.3H,0 136+10 18615 15913 | 308425 3042 65+5 7.2240.56 1.96+0.14

Bi 205 - - 217 - - 419 - - 113 - 3.39 -
Bi,03 23118 15612 24420 | 20516 46+3 4143 11.8+0.8 3.2240.21
BiOCI 222417 198+16 243421 245420 501+4 62+5 12.840.9 3.16£0.22
Bix(COs3)s 275421 237421 29624 30424 62+5 85+7 15.8+1.1 3.81+0.21
Bi(NO5);.5H,0 126+12 237+19 144+12 30324 28+2 69+6 6.87+0.45 1.85+0.11
Bi[CH;CO,]s 13010 - 193+16 - 3743 - 8.81+0.51 2.35+0.16
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Fig. 2. (a) Geometry of the experimental set-up and (b) block
diagram of the counting system.

was fed to a multi-channel analyzer interfaced with a per-
sonal computer provided with suitable software for data
acquisition and peak analysis. Spectra were analyzed us-
ing the NUCLEUS program (Tennelec, Oak Ridge).

The geometry of the experimental set-up and L X-
ray spectra of BizO3, Hg(NO3)2 and PbO3 in the present
study are shown in Figures 2 and 3 respectively. Since
fiber consist of C, H and O it does not contribute to the
measured spectra.

The L., Lg, L,, L;, and L, X-ray production cross-
sections have been obtained using the relation [3-5]

Dz, 1)

o, = ——2
" IpGer,Br,m;

where Ny, is the measured intensity (area under the pho-
topeak) corresponding to the L; group of X-rays, Iy is
the intensity of the incident radiation, GG is a geometrical
factor, 1, is the detection efficiency for the L; group of
X-rays and (3r, is the self-absorption correction factor for
the target material, which accounts for the absorption in
the target of the incident photons and the emitted charac-
teristic X-rays. m; is the thickness of the target in g/cm?.

The experimental L-shell X-ray intensity ratios
I, /I, were evaluated using the relation [6]

In, _ Ni, Br. €L,
Iy, Nr, Br, €r,

(i=p,71n) (2)

a
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Fig. 3. X-ray spectra of the (a) Hg(NO3)2, (b) PbO2, and (c)
BixOs.

where Ny, /Ny, represents the ratio of the counting rates
under the L; and L, peak, (1, /0L, is the ratio of self-
absorption correction factors of the target that accounts
for the absorption of incident photons and emitted L X-ray
photons, and €1, /2, is the ratio of the detector efficiency
values for L, and L; X-rays respectively.

The self absorption correction was calculated using the
equation

_ 1 — exp{[—(HincCsC ¥1 + pomeCsC P2)mil}
(HincCsC Y1 + HemtCSC P2)my;

B (3)

where fine and pemt are the mass attenuation coeffi-
cients (cm?/g) of incident photons and emitted character-
istic X-rays respectively [16]; the angles of incident pho-
tons and emitted X-rays with respect to the surface of
the samples 11 and vy, were equal to 45° and 90° in the
present set-up respectively. The product IyGe, containing
the terms related to the incident photon flux, geometrical
factor and absolute efficiency of the X-ray detector, was
determined by collecting the K, and K X-ray spectra of
samples of Ca, V, Co, Cu, Y, Mo, Cd, Te, Ba, Nd and Tb
in the same geometry and using the equation

e, (1)

LoGer, = — K
oK Br, My

where Ik, and €k, have the same meaning as in equa-
tion (1) except that they correspond to K X-rays instead
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Fig. 4. The variation of the factor IpGe as a function of the
mean K X-ray energy.

of the ith group of L X-rays. Moreover, the self absorption
correction has been calculated for compounds.

The mass attenuation coefficients for the compounds
are estimated using the elemental values in the following
Bragg’s rule formula:

n/p= Zwiuz‘/ﬁi (5)

where w; is the proportion by weight of the ith constituent
and p;/p; is the mass attenuation coefficient for the ith
constituent in the compound. Theoretical values of o,
X-ray production cross-sections were calculated using the
equation

(6)

where ok (F) is the K-shell photoionization cross-section
of the given element for the excitation energy E [17], wx
is the K-shell fluorescence yield [18] and F, is the frac-
tional X-rays emission rate for K, and Kz X-rays and is
defined as

OK; = 0K (E)WKFK%

Ik

_ o Ik,
Ik, +1k,

F _ "Ks
K Ik, + Ik,

and Fp, = (7)
where I, and I, are the K, and Kg X-ray intensities,
respectively [19]. The factor InGeg, was fitted as a func-
tion of energy using the equation

IOGEKi = AQ + AlEa, + AQEi + A3E§ + 144E;:1 (8)

where E, is the K, and Kz X-ray energy and Ay, A, As,
Az and Ay are constants evaluated from a fitting polyno-
mial. The variation of the factor IpGeg, as a function of
the mean K X-ray energy is shown in Figure 4.

The values of the factor IyGey, for each L X-ray line
of average energy Ep,, are interpolated from equation (8).

3 Results and discussion

The measured values of or,, or,, oL, oL,, and op,
production cross-sections of Hg, Pb and Bi compounds

The European Physical Journal D

at 59.54 keV excitation energy are given in Table 1. In
addition, the experimental L-shell X-ray intensity ratios
I, /Iy, were measured for the above mentioned Hg, Pb
and Bi compounds and theoretically calculated for pure
elements, and the results are given in Table 2. The the-
oretical Iy,/I;, X-ray intensity ratios of pure elements
were determined by using the L X-ray fluorescence cross-
sections ratios, op,/or, The values of oy, OLs, OL.,
or,, and oy, production cross-sections are calculated from
theoretical values of L subshell photoionisation cross-
sections [17] and radiative decay rates [20], semiempiri-
cally fitted values of fluorescence yields [21] and Coster-
Kronig transition probabilities [21] using the following
relations

or, = (or, fi3 + o, f12fes + 0L, fos + oL, )ws Fa
o1, = (or, fis + or, fiafes + 01, fo3 + 01, )wsFaq

orL, = 0r,wakFoy, + or, frawaFo,

n
oL, = or,wiFig + (oL, fio + oL, )waFop

+ (o, fi3 + o1, fiafos + 01, faz + o1, )JwsF3a
9)

where or,, or, and o, are sub-shell photoionization
cross-sections of the elements at 59.5 keV; wy, wo and ws
are the L sub-shell fluorescence yields; f12, f13, fo3 are the
Coster-Kronig transition probabilities and F,,, (F3;, Fsa,
F33, etc.) are the fractions of the radiation width of the
sub-shell Ln (LI, LH, LIH)~

The errors in the present measurements are approx-
imately 7-8% and are due to counting statistics, back-
ground determination, self-absorption correction and IyGe
determination.

As seen from Tables 1 and 2, L X-ray production cross-
sections (or,, 0r,, 0L, 01,, and or, ) are affected by
the chemical environment of emitting atom. Matrix el-
ement affects the analyte line intensity (or fluorescence
cross-sections and intensity ratios) in two ways: as an el-
ement (I) out of the molecule and (IT) belonging to the
molecule containing the L X-ray emitting atom. The ef-
fect of the first type can easily be calculated by means
of mass attenuation coefficient of atom. The effect of the
second type is the most complicated since the individ-
ual characteristic structure of molecule affects the L X-
ray production cross-sections and L X-ray intensity ratios,
both changing the atomic energy levels (or atomic emis-
sion rates) and absorbing the emitted photons.

It is well-known that orbital energy levels of L, M, N,
O and P shells get closer to each other with increasing
quantum number n. Outer energy levels are sensitive to
the chemical environment by this effect. Thus, outer en-
ergy levels are strongly affected by ligands with respect to
crystal field theory. These effects play an important role in
the Lo, Lg, Ly, Ly, and L; X-ray transitions and L X-ray
production cross-sections. The electron configuration for
Hg, Pb, and Bi were given as (Xe)4f145d'°6s2, (Hg)6p?,
and (Hg)6p?, respectively. Hg, Pb, and Bi are sensitive
to these effects since Hg has an unfilled 6s shell, and Pb

oL, =op,w1Fiy + (01, fi2 + oL, )wa Fay

~
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Table 2. I, /1, X-ray intensity ratios of Hg, Pb, and Bi compounds.
Io/ILp ILo/ILy Ipo/ILs Ieo/Iin
Theoretical Present Biiyiikkasap | Theoretical Present Biiyiikkasap | Theoretical Present Theoretical Present
1997 1997

‘Hg 0.98 5.42 18.79 60.94
HgO 0.94+0.09 5.04+0.52 19.58+2.15 76.9£8.2
HgSOs 0.87+0.09 4.67+0.53 18.98+2.29 42.1+4.7
HgCl, 0.94+0.09 0.85+0.9 5.76+0.66 3.62+0.42 18.92+2.10 71.5+7.8
HgSO4 0.84+0.09 0.85+0.9 5.28+0.65 3.59+0.37 18.89+1.74 40.6+4.5
Hg(NOs), 0.91+0.09 0.83+0.9 4.94+0.55 3.61+0.39 19.59+1.68 81.4+8.8
Hg(NO:)..2H,O 0.88+0.10 0.84+0.9 5.03+0.55 3.76+0.40 17.42+1.62 69.2+7.7
Hg[CH;COs], 0.92+0.10 5.03+0.54 19.42+1.86 70.4+8.3
Pb 0.89 0.87+0.09 0.81+0.09 4.69 5.20+0.51 3.35+0.39 18.46 20.05+2.00 61.9 66.4+6.6
PbO 0.90+0.10 4.70£0.45 19.33+2.06 72.0£7.8
PbO, 0.91£0.10 0.80+0.09 4.68+0.48 3.07+0.34 19.56+2.07 77.4+8.5
Pb;04 0.90+0.09 0.84+0.09 4.73£0.51 3.37+0.34 18.25+1.82 74.3+8.0
PbCl, 0.93+0.10 - 4.60+0.50 17.78+1.90 77.3+7.1
Pb(NO3), 0.92+0.09 0.82+0.09 4.65+0.45 3.13+£0.33 18.56+1.84 80.7£7.6
Pb[CH;CO0,],.3H,0 0.85+0.09 0.60+0.07 4.54+0.45 2.86+0.32 18.70+2.00 69.8+7.1

Bi 0.94 4.89 - 18.14 60.5
Bi,0; 0.95+0.10 0.76+0.08 4.9740.50 3.80+0.40 19.52+2.01 68.1£6.9
BiOCl 0.83+0.09 0.81£0.09 4.02+0.43 3.19+0.39 17.34£1.78 64.2+6.61
Biy(COs); 0.92+0.10 - 4.45+0.49 17.38+1.79 58.245.5
Bi(NO;);.5H,0 0.87+0.11 0.78+0.08 4.50£0.53 3.43+0.40 18.34£2.11 68.1+£7.6
Bi[CH;CO:]s 0.67£0.08 3.51%0.38 14.74=1 41 55.3%5.6

and Bi have an unfilled 6p shell. On the other hand, be-
cause Coster-Kronig transitions include the valence elec-
trons, the chemical effect on the fluorescence cross-sections
is due to the chemical effects on the fi2, fo3 and fi3
Coster-Kronig transition probabilities especially for 3d el-
ements. The molecules have different bond energies and
interatomic distances between the ligands and the central
atom because of the oxidation number and the type of the
chemical bond. Electron transition probabilities and X-ray
production cross-sections may change according to the ox-
idation number and the type of the chemical bonding when
vacancy is created in a shell or a subshell. A change in the
chemical bond leads to a change in the valence electron
density [22]. When the electron density decreases or in-
creases, some parameters of the atom such as absorption
edge energy, photoionization cross-section, also change. So
the chemical bonding type such as ionic, metallic, cova-
lent affects the X-ray production cross-sections. The X-ray
production cross-sections also depend on the atomic num-
ber and the electron configuration of the valence band. It
appears that a change in the valence electron density af-
fects the inner shell electron density and distribution. This
effect is more important on neighbor electrons according
to valence electrons. So we can say that there is an indi-
rect chemical effects on Lo, L; and L,, X-rays while there
is a direct effect on the Lg X-rays. Our results shows that
the Lg X-rays are affected more by chemical effects.

To obtain more definitive results about chemical effects
on the L X-ray production cross-sections, we plan to ex-
tend these measurements for various element and various
compounds.

This work was supported by Research Fund of Karadeniz
Technical University, Trabzon, Turkey, under grant contract
No. 20.111.001.6.
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