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Abstract. Chemical effects on the L X-ray production cross-sections (σLα , σLβ , σLγ , σLl , and σLη ) and
Li/Lα (i = α, β, l, η) X-ray intensity ratios for Hg, Pb, and Bi compounds were investigated. The samples
were excited by 59.54 keV γ-rays from a 241Am 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 Li/Lα 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. Li 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 Kβ/Kα intensity
ratios and Kα 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 Lα, Lβ , and Lγ X-ray production cross-
sections. In the present work, we measured again the Lα,
Lβ, and Lγ X-ray production cross-sections and also the
Ll and Lη 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/cm2 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 241Am 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. Li X-ray emission lines.

Table 1.The measured values of σLα , σLβ , σLγ , σLl , and σLη production cross-sections (b/atom) of Hg, Pb, and Bi compounds.
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(a)

(b)

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 Bi2O3, Hg(NO3)2 and PbO2 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 Lα, Lβ , Lγ , Ll, and Lη X-ray production cross-
sections have been obtained using the relation [3–5]

σLi =
NLi

I0GεLiβLimi
(1)

where NLi is the measured intensity (area under the pho-
topeak) corresponding to the Li group of X-rays, I0 is
the intensity of the incident radiation, G is a geometrical
factor, εLi is the detection efficiency for the Li group of
X-rays and βLi 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. mi is the thickness of the target in g/cm2.

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

ILi

ILα

=
NLi

NLα

βLα

βLi

εLα

εLi

(i = β, γ, l, η) (2)

Fig. 3. X-ray spectra of the (a) Hg(NO3)2, (b) PbO2, and (c)
Bi2O3.

where NLi/NLα represents the ratio of the counting rates
under the Li and Lα peak, βLα/βLi 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 εLα/εLi is the ratio of the detector efficiency
values for Lα and Li X-rays respectively.

The self absorption correction was calculated using the
equation

β =
1 − exp{[−(µinccscψ1 + µemtcscψ2)mi]}

(µinccscψ1 + µemtcscψ2)mi
(3)

where µinc and µemt are the mass attenuation coeffi-
cients (cm2/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 ψ1 and ψ2, were equal to 45◦ and 90◦ in the
present set-up respectively. The product I0Gε, containing
the terms related to the incident photon flux, geometrical
factor and absolute efficiency of the X-ray detector, was
determined by collecting the Kα and Kβ 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

I0GεKi =
IKi

σKiβKimi
(4)

where IKi , and εKi 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 I0Gε 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:

µ/ρ =
∑

i

ωiµi/ρi (5)

where ωi is the proportion by weight of the ith constituent
and µi/ρi is the mass attenuation coefficient for the ith
constituent in the compound. Theoretical values of σKα

X-ray production cross-sections were calculated using the
equation

σKi = σK(E)ωKFKi (6)

where σK(E) is the K-shell photoionization cross-section
of the given element for the excitation energy E [17], ωK

is the K-shell fluorescence yield [18] and FKi is the frac-
tional X-rays emission rate for Kα and Kβ X-rays and is
defined as

FKα =
IKα

IKα + IKβ

and FKβ
=

IKβ

IKα + IKβ

(7)

where IKα and IKβ
are the Kα and Kβ X-ray intensities,

respectively [19]. The factor I0GεKi was fitted as a func-
tion of energy using the equation

I0GεKi = A0 +A1Ex +A2E
2
x +A3E

3
x +A4E

4
x (8)

where Ex is the Kα and Kβ X-ray energy and A0, A1, A2,
A3 and A4 are constants evaluated from a fitting polyno-
mial. The variation of the factor I0GεKi as a function of
the mean K X-ray energy is shown in Figure 4.

The values of the factor I0GεLi for each L X-ray line
of average energy ELi are interpolated from equation (8).

3 Results and discussion

The measured values of σLα , σLβ
, σLγ , σLl

, and σLη

production cross-sections of Hg, Pb and Bi compounds

at 59.54 keV excitation energy are given in Table 1. In
addition, the experimental L-shell X-ray intensity ratios
ILi/ILα 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 ILi/ILα X-ray intensity ratios of pure elements
were determined by using the L X-ray fluorescence cross-
sections ratios, σLi/σLα The values of σLα , σLβ

, σLγ ,
σLl

, and σLη 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

σLl
= (σL1f13 + σL1f12f23 + σL2f23 + σL3)ω3F3l

σLα = (σL1f13 + σL1f12f23 + σL2f23 + σL3)ω3F3α

σLη = σL2ω2F2η + σL1f12ω2F2η

σLβ
= σL1ω1F1β + (σL1f12 + σL2)ω2F2β

+ (σL1f13 + σL1f12f23 + σL2f23 + σL3)ω3F3β

σLγ = σL1ω1F1γ + (σL1f12 + σL2)ω2F2γ (9)

where σL1 , σL2 and σL3 are sub-shell photoionization
cross-sections of the elements at 59.5 keV; ω1, ω2 and ω3

are the L sub-shell fluorescence yields; f12, f13, f23 are the
Coster-Kronig transition probabilities and Fny (F3l, F3α,
F3β , etc.) are the fractions of the radiation width of the
sub-shell Ln (LI, LII, LIII).

The errors in the present measurements are approx-
imately 7–8% and are due to counting statistics, back-
ground determination, self-absorption correction and I0Gε
determination.

As seen from Tables 1 and 2, L X-ray production cross-
sections (σLα , σLβ

, σLγ , σLl
, and σLη ) 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 (II) 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 Lα, Lβ , Lγ , Lη, and Ll X-ray transitions and L X-ray
production cross-sections. The electron configuration for
Hg, Pb, and Bi were given as (Xe)4f145d106s2, (Hg)6p2,
and (Hg)6p3, respectively. Hg, Pb, and Bi are sensitive
to these effects since Hg has an unfilled 6s shell, and Pb
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Table 2. ILi/ILα X-ray intensity ratios of Hg, Pb, and Bi compounds.

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 f12, f23 and f13
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 Lα, Ll and Lη X-rays while there
is a direct effect on the Lβ X-rays. Our results shows that
the Lβ 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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Spectrochim. Acta B 53, 151 (1998)
16. E. Storm, I. Israel, Nucl. Data Tab. A 7, 565 (1970)

17. J.H. Scofield, UCRL Report 51326 Lawrence Livermore
Laboratory Livermore CA, 1973

18. M.O. Krause, C.W. Nestor, C.J. Sparks, E. Ricci, Oak
Ridge Laboratory Report ONRL, 5399 (1978)

19. J.H. Scofield, At. Data Nucl. Data Tab. 14, 121 (1974)
20. J.H. Scofield, Phys. Rev. A 179(1), 9 (1969)
21. M.O. Krause, J. Phys. Chem. Data 8, 377 (1979)
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