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Abstract. Total M-shell X-ray production cross sections (M XRF) of the some elements in the atomic
number range 73 � Z � 83 were measured at 5.96 keV incident photon energy using a Si(Li) detector.
The results are compared with the experimental and theoretical values in the literature.

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

1 Introduction

Information regarding the experimental value of X-ray flu-
orescence (XRF) cross sections for different elements at
various photoionization energies is important because of
its wide use in the fields of atomic, molecular and radiation
physics and non-destructive elemental analysis of materi-
als using XRF techniques [1]. Since various M-shell X-ray
lines are not resolved by the available Si(Li) X-ray spec-
trometer due to its limited resolution, we have measured
total M X-ray production cross sections in targets Ta, W,
Re, Pt, Au, Pb and Bi by 5.96 keV photons. The energies
of incident photons used for photoionization are chosen
so that they are below the binding energy of the L shell
of elements under investigation. The K- and L-shell elec-
trons are therefore not knocked out and the distribution
of M-shell vacancies created by the incident photons is not
disturbed due to the shift of vacancies from the K- and
L-shells to the M-shell. The restriction on the choice of the
energies of the incident photons is useful as it simplifies the
calculation of the M-shell X-ray production cross sections
needed for comparison with the experimental values. Most
of the available experimental data about photon-induced
X-ray production cross section and fluorescence yield are
limited to K- and L-shells [2–4]. However, measured ex-
perimental [5–9,11,12] and theoretical data [10,13–15] on
M and higher shells X-ray production cross sections and
fluorescence yields in the literature are very spare, due
to complexity associated with the M and higher shells
X-ray spectrum. The M XRF cross sections for Ta, W,
Re, Pt, Au, Pb and Bi at 5.96 keV incident photon energy
were reported by Shatendra et al. [11]. They compared
their results with the theoretical estimates for Ta only,
as they could not obtain theoretical estimates for other
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elements [1]. The theoretical total M XRF cross sections
for the elements in the range 73 � Z � 83 at 5.96 keV
were also calculated. A comparison of the measured M
XRF cross sections with the theoretical estimate is ex-
pected to provide a check on physical parameters such as
M-shell photoionization cross sections, fluorescence yields,
Coster-Kronig transition probabilities and radiative decay
rates, which are used to calculate theoretical M XRF cross
sections and the average M-shell fluorescence yields [1].
Therefore, only total M-shell fluorescence cross sections
have been measured in this work. In this work, the M-shell
production cross sections were studied both experimen-
tally and theoretically under present experimental condi-
tions.

2 Experimental

The target samples were excited by using heavily fil-
tered 5.96 keV from a 100 mCi Fe-55 radiative source
and X-rays emitted from samples were detected by Si(Li)
(FWHM = 155 eV at 5.9 keV) detector system. The pu-
rity of commercially obtained materials was better than
99%. Powder samples were sieved for 400 mesh and pre-
pared by supporting an mylar film at 34 × 10−3 g cm−2

mass thickness. The experimental geometry is shown in
Figure 1. Figure 2 shows a typical M X-ray spectrum of
Au. The different components of M X-ray peak [Mγ (M3-
N5), Mξ2 (M4-N2), Mξ1 (M5-N3), Mβ (M4-N6), Mα1 ( M5-
N7), Mα2 (M5-N6) and Mm (M1-N2, M2-N4, M3-O145)]
could be identified though not clearly resolved because of
the limitation of detector resolution. Hence, the experi-
mental M X-ray production cross sections were calculated
by the following equation [16]:

σx
M =

NM

I0GεβMm
(1)
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Fig. 1. Experimental setup.

Fig. 2. A typical M X-ray spectrum of Au.

where, NM is intensity observed for the M X-ray line of
the element, ε is the detection efficiency of the detector at
the energy of M X-ray, I0 is the intensity of exciting radi-
ation, m is the mass of the element in sample (g cm−2),
G is the geometry factor and βM is target self absorption
correction factor of the target material. The self absorp-
tion correction has been calculated by using the following
expression obtained by assuming the incidence angle of
the fluorescent X-rays subtended at the detector to be ap-
proximately 90◦ [17]

βM =
1 − exp[( − 1)(µinc/ cos θ1 + µemt/ cos θ2)m]

(µinc/cosθ1 + µemt/ cos θ2)m
(2)

where µinc (cm2 g−1) and µemt (cm2 g−1) [18] are total
mass absorption coefficients at the incident photon energy
and fluorescent average M X-ray energy of sample, respec-
tively, and m (g cm−2) is the measured mass thickness of
sample.

Fig. 3. Comparison of measured, other experimental and the-
oretical total M-shell X-ray production cross section as a func-
tion of atomic number.

In the present work, the product I0Gε was determined
by measuring the K X-ray yields from Al, Si, Si, P, S,
K, Ca, Ti and V in the same geometry. I0Gε (detector
efficiency) values for the present setup were determined
by the following equation [19],

I0GεM =
NK

σx
KβKm

(3)

where I0 is the intensity of exciting radiation falling on
the sample, G is the geometry factor, εM is the detector
efficiency for K X-rays, m is the mass thickness of the sam-
ple in g cm−2, NK is the net count of the corresponding
photo peak, βK is the self-absorption correction factor of
the target material, σx

K is the K X-ray fluorescence cross
section and is given as [19]

σx
K = σP

KωK (4)

where σP
K is the K-shell photoionization cross section [20]

and ωK is the K-shell fluorescence yield [21].

3 Theoretical calculations

The experimental values of M XRF cross sections are com-
pared with the calculated values in Table 1 and Figure 3.
The theoretical values of the total M XRF cross sections
were calculated using the following relationships, given by
Gowda and Powers [22]

σx
M1 = σP

M1ω1 (5)

σx
M2 =

(
σP

M1S12 + σP
M2

)
ω2 (6)

σx
M3 =

[
σP

M1(S13 + S12S23) + σP
M2S23 + σP

M3

]
ω3 (7)

σx
M4 =

[
σP

M1(S14 + S12S24 + S13S34 + S12S23S34)

+σP
M2(S24 + S23S34) + σP

M3S34 + σP
M4

]
ω4 (8)
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Table 1. Comparison of M XRF cross sections of experimental results with other experimental and theoretical results (cm2 g−1).

Samples Present Calculated as to Calculated as to Fit McGuire Chen et al. Shatendra et al. Puri et al.
work reference [15] reference [23] values [15] [13,14] [11] [24]

73 Ta 5.46 ± 0.21 5.59 5.75 5.173 5.67 5.24 − 5.00
74 W 5.61 ± 0.24 − 6.49 5.846 5.96 5.67 − −
75 Re 6.51 ± 0.32 − 7.13 6.519 6.48 6.29 − −
78 Pt 8.23 ± 0.34 − 9.24 8.538 8.01 8.23 − 9.24
79 Au 9.38 ± 0.49 9.43 9.37 9.211 9.10 9.03 6.39 10.12
82 Pb 11.43 ± 0.62 − 11.62 11.229 11.73 11.48 10.29 12.26
83 Bi 11.80 ± 0.70 12.36 12.5 11.902 12.69 12.49 − 13.52

σx
M5 =

[
σP

M1(S15+S12S25+S13S35+S14f45+S12S23S35

+S12S24f45+S13S34f45+S12S23S34f45)

+ σP
M2(S25 + S24f45 + S23S35 + S23S34f45)

+σP
M3(S35 + S34f45) + σP

M4f45 + σP
M5

]
ω5 (9)

σx
M =

∑

i=1−5

σx
Mi

(10)

where σP
Mi (i = 1–5) are the M subshell photoionization

cross sections [13], ωi (i = 1–5) are the M subshell flu-
orescence yields, Sij (i = 1–3, j = 2–5) are the M su-
per Coster-Kronig transition probabilities and f45 is the
Coster-Kronig transition probability [13–15].

4 Results and discussion

The measured values of total M-shell X-ray production
cross sections for the elements Ta, W, Re, Pt, Au, Pb
and Bi at 5.96 keV incident energy are listed in Table 1.
The experimental results of the M XRF cross sections are
compared with other theoretical [13–15,23], experimen-
tal [11] and fit values. The errors in our measurements
which are due to the counting statistic, the background
determination, self absorption correction factor and I0Gε
determination are ≈4–6%.

As seen from Table 1, it is evident that the measured
values of M XRF cross sections for the elements in the
atomic range 73 � Z � 83 differ by 0.5–8% from the
theoretical values calculated using ωi, Sij and f45 given
by Chen et al. [13,14]. The experimental values differ by
0.4–7% with compare to theoretically calculated values be-
cause the theoretical values are calculated using the values
of McGuire [15]. Besides, the experimental values differ by
11–46% and 7–13% the experimental values of Shatendra
et al. [11] and Puri et al. [8], respectively. Furthermore,
the experimental values differ by 0.1–6% with compare
to fit values. The experimental cross sections generally
agree with the theoretical values (except for the values of
Shatendra et al. [11]) and our results are in good agree-
ment with the theoretical values. The discrepancy between
the experimental and theoretical values of M XRF cross
section may be due to systematic errors in the physical
parameters.

As shown in Figure 3, the values of M XRF cross sec-
tions increase with the atomic number. The reason for
this may be that the binding energy of shell electrons
increases with the atomic number (the equation of fit

values is Y (Z) = −43.9475 + 0.67289Z, R2 = 0.99252,
SD = 0.2498).
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