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Received 9 November 2006 / Received in final form 28 March 2007
Published online 12 December 2007 – c© EDP Sciences, Società Italiana di Fisica, Springer-Verlag 2007

Abstract. The M X-ray production differential cross sections in Re, Bi and U elements have been measured
at the 5.96 keV incident photon energy in an angular range 135◦–155◦. The measurements were performed
using a 55Fe source and a Si(Li) detector. The present results contradict the predictions of Cooper and
Zare [Atomic Collision Processes, Gordon and Breach, New York (1969)] and experimental results of Kumar
et al. [J. Phys. B: At. Mol. Opt. 34, 613 (2001)]. that, after photoionization of inner shells, the vacancy state
has equal population of magnetic substates and the subsequent X-ray emission is isotropic, but confirm the
predictions of the calculations of Flügge et al. [Phys. Rev. Lett. 29, 7 (1972)] and experimental results of
Sharma and Allawadhi [J. Phys. B: At. Mol. Opt. 32, 2343 (1999)] and Ertugrul [Nucl. Instrum. Meth. B
119, 345 (1996)]. Total M X-ray production cross sections from the decay at the 5.96 keV photon energies
are found to be in good agreement with the calculated theoretical results using the theoretical values of M
shell photoionization cross section.

PACS. 32.30.Rj X-ray spectra – 32.80.Aa Inner-shell excitation and ionization

1 Introduction

Anisotropy is one of the most problems for characteristic
X-rays. Cooper and Zare [1] predicts that all the subshell
vacancy states are equally populated after photoioniza-
tion the magnetic substates, however, Flugge et al. [3],
Berezhko et al. [6] and Papp [7] confirm that the pop-
ulation distribution of the magnetic substates of all the
subshell vacancy states with J > 1/2 are aligned. It is
well established that the L3 subshell X-rays emitted fol-
lowing ion-atom collision have anisotropic angular distri-
bution [8–12]. In recent years, limited work has been done
on anisotropy of L3 X-ray production cross section for
photon-induced. Kahlon et al. [13,14], and Sharma and
Allawadhi [4], Ertugrul [5] and Ertugrul et al. [15–17] have
obtained strong angular distribution, while the experimen-
tal results for anisotropy of L3 X-ray of Kumar et al. [2],
and Puri et al. [18] have obtained isotropic distribution.

In a photoionization experiment [19] involving unpo-
larized incident beam and detection of X-rays in single
mode, the state of the ion is axially symmetric with re-
spect to reflection in the plane perpendicular to incident
beam. The angular distribution of X-rays emitted takes
on from W (θ) = (Wx/4π)[1 + β2P2(cos θ)], where W is
total probability for photon emission in unit time and
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P2(cos θ) is the second-order Legendre polynomial in cos θ.
The coefficient of anisotropy β2 of the photon angular dis-
tribution can be expressed as β2 = αA20, where A20 is
the degree of alignment and the coefficient α depend only
on J value of the initial and final states of the ionized
atom [6]. As shown above, Coster-Kronig transitions be-
tween L1 to L3, L2 to L3 subshells have effected on an-
gular distribution of L3 X-rays. For this reason, Kumar
et al. [2] and Sharma and Allawadhi [4] have selected ion-
ization energy of L3 subshell at the Einc photon energy
(EL3 < Einc < EL2 , EL1) to eliminate the Coster-Kronig
transition effect. Both Sharma and Allawadhi [4] and
Kumar et al. [2] used secondary exciter for the ioniza-
tion of L3 subshell electrons. However, the experimental
results of their studies are opposite to the each other. As
well-known, there are the some difficulties of secondary
excitation procedure such as, scattering of primary pho-
tons, exciting efficiency, fixing with the best uncertainty
of the scattering angle.

Kumar et al. [2] have measured differential cross sec-
tions of L X-rays for Th and U at 17.8, 25.8 and 46.9 keV
photon energies. At the 17.8 keV (EL3 < 17.8 keV <
EL2 , EL1) photon energy, the Ll, Lα, Lβ6, Lβ2,15 and
Lβ5,7 X-ray production differential cross section have been
measured at 90◦, 130◦ and 160◦ angles, at the 25.8 and
46.9 keV photon energies, the Ll, Lα, Lη, Lβ6, Lβ2,4,15,
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Lβ1,3,5,7, Lβ9,10, Lγ1,5, Lγ2,3,6 and Lγ4 X-ray production
differential cross sections have been measured at a 130◦
angle. Puri et al. [18] have measured differential cross sec-
tions of Ll, Lα, Lη, Lβ6, Lβ2,4, Lβ9,10, Lγ1,5 and total
Lγ X-rays for Th at 22.6 keV using an annular source of
Cd-109 and a Si(Li) detector. Sharma and Allawadhi [4]
have measured differential cross sections of L3 X-rays (Ll,
Lα, Lβ) for Th and U at emission angles 60◦, 70◦, 80◦ and
90◦ by selective photoionization of the L3 subshell of these
elements.

Kahlon et al. [13,14] and Ertugrul et al. [15–17] have
measured differential cross sections of Ll, Lα, Lβ and Lγ

X-ray lines in some elements with 79 � Z � 92 at 59.5 keV
incident photon energy in an angular range 40◦–135◦.
Papp et al. [12] have investigated angular distribution
of different L3 X-ray lines of Ba, Sm and Er experimen-
tally for proton impact at 0.23, 0.28 and 0.35 MeV bom-
barding energies, respectively, using a Si(Li) detector. He
found that the anisotropy parameter (β) of the ILl/ILγ ,
ILα/ILγ and ILl/ILα are −0.137 ± 0.006, −0.026 ± 0.013,
−0.083 ± 0.056 for Ba, −0.169 ± 0.010, −0.031 ± 0.003,
−0.140 ± 0.010 for Sm and −0.165 ± 0.013, −0.024 ±
0.005, −0.146 ± 0.011 for Er, respectively. Papp and
Campbell [8] have measured that the anisotropy param-
eters of Ll, Lα1,2 and Lβ2,15 for Er are 0.052 ± 0.016,
0.016 ± 0.022 and 0.012 ± 0.015, respectively. The mea-
surements were carried out at 22.5◦, 30◦, 45◦, 60◦, 75◦,
90◦, 105◦ and 120◦ and the target of Er was ionized by
8.904 keV unpolarized photons.

Ertugrul et al. [20] have measured Kα and Kβ X-ray
polarization degree and polarization effect on Kβ/Kα in-
tensity ratio for lanthanides. They have found that Kβ

X-rays are more polarized than Kα X-rays. However, po-
larization degree for both Kα and Kβ X-rays are inter-
val 1–3%.

Mehta et al. [21] have measured Ll, Lα, Lη, Lβ6, Lβ1,3,
Lβ9,10 and Lγ X-ray production differential cross section
for uranium at 22.6 and 59.5 keV photon energies in an-
gular range 43◦–140◦. Kahlon et al. [22,23] and Kumar
et al. [24] have measured differential cross-sections of L3

for Au and Pb using 59, 57 keV photons and 13.6 keV
incident photon energy.

Demir et al. [25] and Sahin et al. [26] have measured
M X-ray differential cross section for Pt, Au, Hg, Tl and
Pb at 5.96 keV in seven angles ranging from 50◦ to 110◦.
The M shell X-ray emission differential cross sections for
bismuth have been reported by Kahlon and Mann [27].

Extensive literature search reveals that the individual
angular dependence L X-ray production cross sections for
many elements and different photon energies have been
measured. However, angular dependence M X-ray produc-
tion cross sections for Re, Bi and U in our scattering an-
gles have not been measured. In this paper, the M X-ray
emission in Re, Bi and U following selective ionization
5.96 keV photons energy (EM < 5.96 keV < EL) has been
measured. The M X-ray production differential cross sec-
tions have been measured at 135◦, 140◦, 145◦, 150◦, 155◦
angles. Total cross sections for the production of these M

Fig. 1. The experimental set-up.

X-rays have also been deduced and compared with theo-
retical values.

2 Experimental

The experimental arrangement is show in Fig-
ure 1. The studied compounds were Re, Bi2O3,
(CH3COO)2UO22H2O. 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 samples
were irradiated by 5.96 keV photons emitted by a 50 mCi
55Fe radioactive source. The fluorescent X-rays emitted
from the target and incident beam are detected and
analyzed with a PGT Si(Li) detector (FWHM 160 eV
at 5.9 keV, active area 13 mm2, thickness 3 mm and
Be window thickness 30 µm). The output from the
preamplifier, with a pulse pile-up rejection capability,
was fed to a multi-channel analyzer interfaced with a
personal computer provided with suitable software for
data acquisition and peak analysis. The live time was
taken as 5000 s for all elements. A typical M X-ray
spectrum of U taken at 135◦ is show in Figure 2.

The differential cross section for the emission of M X-
rays at angle θ, dσ(M)/dΩ was determined by the method
described in detail earlier Kahlon et al. [13,23],

dσθ
M

dΩ
= Nθ

M

A

N

1
t

1
βθ

M

[
4π

Sγaγw1wθ
2ε

θ
M

]
(1)

where Nθ
M is the number of counts/s under the M X-ray

peak, A atomic weight, N is Avagadro’s number, t is the
thickness, βθ

M is the target self-absorption correction fac-
tor, Sγ is the number of incident γ-rays emitted per sec-
ond from the source, w1 and wθ

2 are the source-target and
target-detector solid angles, aγ is the correction due to
absorption of γ-rays in the air column between the source
and target and εθ

M is the efficiency of the detector for M
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Fig. 2. M X-ray spectrum of U excited by 5.96 keV photons.

X-rays. The βθ
M value was calculated from the following

equation:
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1 − exp
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−
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)
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(2)

where µp and µe are the total mass absorption coefficient
of target at primer (5.96 keV) and emitter radiation en-
ergy [28], respectively θ1 and θ2 are the angles of primer
and emitter radiation with sample surface respectively.

The values of factor 4π/Sγaγw1w
θ
2ε

θ
M were determined

experimentally for the same emission angles and different
X-ray energies in terms of K X-ray production cross sec-
tion. For this purpose Re, Bi and U targets were replaced,
in turn, with targets of Si, P, S, Cl, K, Ca and Ti and
the intensity of K X-rays emitted from each of targets at
different angles was recorded. A typical spectrum of Ti
X-rays emitted from the target of Ti is shown in Figure 3.
This factor is given in the following

4π

Sγaγw1wθ
2ε

θ
M

=
σK

4π

1
N(Ki)tβθ

Ki

(3)

where σK K X-ray production cross sections taken from
Scofield [29]. The values of the factor for different emission
angles at the weighted mean energies of K X-rays of ele-
ments of various targets with atomic number 14 � Z � 22
were determined from equation (3). The values of the fac-
tor corresponding to emission angle of θ are shown in Fig-
ure 4.

Fig. 3. K X-ray spectrum of Ti excited by 5.96 keV photons.

Fig. 4. Values of factor 4π/Sγaγw1w
θ
2 ε θ

M at the weighted
mean K X-rays energies of elements 14 � Z � 22.

3 Total M XRF cross sections

The theoretical values of the total M XRF cross section
were calculated using the following relationships:

σx
M1

= σM1ω1 (4)

σx
M2

= (σM1S12 + σM2)ω2 (5)

σx
M3

= [σM1(S13 + S12S23) + σM2S23 + σM3 ]ω3 (6)

σx
M4

= [σM1(S14 + S12S24 + S13S34 + S12S23S34)

+ σM2(S24 + S23S34) + σM3S34 + σM4 ]ω4 (7)
σx

M5
= [σM1(S15 + S12S25 + S13S3 + S14S23f45

+ S12S23S35 + S12S24f45 + S13S34f45 + S12S23S34f45
+ σM2(S25 + S24f45 + S23S35 + S23S34f45)
+ σM3(S35 + S34f45) + σM4 f45 + σM5 ]ω5 (8)

σx
M =

∑
i=1−5

σx
Mi

(9)

where σMi (i = 1–5) are the M shell photoionization cross
section [28], ωi (i = 1–5) are the M subshell fluorescence
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Table 1. Measured differential M X-ray cross sections (barns/atom).

Angles
dσθ

M
dΩ

(barns/atom)
of

emission Re Bi U
I II III I II III I II III

135◦ 83 ± 2 75 ± 2 53 ± 1 169 ± 4 158 ± 4 99 ± 3 557 ± 12 537 ± 12 460 ± 11
140◦ 95 ± 3 87 ± 2 65 ± 2 182 ± 5 171 ± 4 112 ± 3 571 ± 13 551 ± 12 454 ± 11
145◦ 109 ± 4 101 ± 4 79 ± 3 193 ± 7 182 ± 6 123 ± 5 583 ± 13 563 ± 12 486 ± 11
150◦ 121 ± 5 113 ± 4 91 ± 3 202 ± 8 191 ± 7 132 ± 6 597 ± 14 577 ± 13 500 ± 12
155◦ 132 ± 6 124 ± 5 112 ± 4 217 ± 10 205 ± 10 146 ± 8 612 ± 16 592 ± 14 515 ± 13

I: Differential cross sections for emission of M1, M2, M3, M4, and M5 subshell X-rays.
II: Differential cross section for emission of M3, M4, and M5 subshell X-rays.
III: Differential cross section for emission of M3, M4, and M5 subshell X-rays when the vacancies transferred from the M1 and
M2 subshell are excluded.

Fig. 5. Variation of cross section dθσ(M)/dΩ of M shell fluo-
rescent X-rays of U with cos θ.

yields, Sij (i = 1–3, j = 2–5) are Super Coster-Kronig
transition probabilities and f45 Coster-Kronig transition
probabilities [30–32].

4 Results and discussions

The measured X-ray values differential cross section for
the emission of Mi (i = α + β) X-rays at different an-
gles varying from 135◦ to 155◦ at intervals of 5◦ are
listed in Table 1. The experimental results are represented
graphically as M X-rays production differential cross sec-
tions vs. cos θ for U plotted in Figure 5. The angular de-
pendence M X-rays production cross sections are found
to decrease with increase in the emission angle, showing
anisotropic spatial distribution. Present experimental val-
ues have been fitted to a second-order polynomial as a
function of cos θ. To the best of our knowledge, no other
experimental data are available for comparison with the
present results. The percentage error in the measured cross
section is attributed to uncertainties in different paremetes
in equation (1) namely, error in evaluation of photopeak

Table 2. Measured angular distribution coefficients for
Mi (i = α + β) lines of Re, Bi and U.

Re Bi U
a0 61.7 207.4 650.5
a1 −103.2 −275.7 −446.0
a2 238.3 314.5 444.7

areas (<3%), 4π/S(γ)a(γ)w1w
θ
2 εθ(Mi) product (<3–5%),

targets thickness measurements (<3%) and in the absorp-
tion correction factor (<1%). Representing the differen-
tial cross-sections for the emission of M-shell X-rays by a
Legendre polynominal sum,

dθσ(M)
dΩ

=
∑

l

alPl(cos θ), (10)

the observed cross-sections are plotted vs. cos θ and fitted
to the relation

dθσ(M)
dΩ

= a0 + a1 cos θ + a2 cos2 θ, (11)

where a0, a1 and a2 are fitting coefficient and listed
in Table 2. In light of the fact that the knowledge of
M shell Coster-Kronig transition probabilities and flu-
orescence yields needed in the calculations of reckoned
cross sections is inadequate the agreement between ex-
periment and theory is reasonable [33,34]. Assuming the
vacancy states produced after photoionization in M1 and
M2 subshells with j = 1/2 to be unaligned as predicted
by Flugge et al. [3] and Baker et al. [35] and later con-
firmed by Kahlon et al. [13], the values of differential cross
sections at various angles for the emission of M X-rays
resulting from transitions to M3, M4 and M5 subshells
only are found by subtracting (1/4π)[σ(M1)+σ(M2)] from
the measured differential cross section d0σ(M)/dΩ and are
listed in column II of Table 1. σ(M1) and σ(M2) are calcu-
lated cross sections for production of M1 and M2 subshell
X-rays. Nevertheless, some of the vacancies created di-
rectly by photoionization of electrons in M1 and M2 sub-
shells are transferred to M3, M4 and M5 subshells through
Coster-Kronig transitions before the emission of M3, M4
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Table 3. Total M shell X-ray fluorescence cross sections, (σx
M), (barns/atom).

Element
Other Exp. Theoretical

Measured Calculated Ref. [36] Refs. [30,31] Ref. [32] Refs. [37]
Re 1773 ± 160 1730 1815 ± 123 1944 2003 1700
Bi 3923 ± 290 4087 4503 ± 242 4334 4403 4018
U 10027 ± 540 9518 9790 ± 592 9304 – 9351

and M5 subshell X-rays. Assuming the emission of X-rays
due to the filling of vacancies transferred from M1 and
M2 subshells with j = 1/2 to be isotropic, the differential
cross sections for the emission of M3, M4 and M5 subshell
X-rays due to filling of vacancies created in them directly
by photoionization were evaluated by subtracting from the
cross-sections listed in column II, the cross section due to
the filling of transferred vacancies, and listed in column III
of Table 1.

The total cross sections of M-shell X-rays were deter-
mined from the angular distribution coefficients (an) by
using the relation [27]

σtotal
M = 2π

π∫
0

2∑
n=0

an cosn θ sin θdθ. (12)

This relation is rewritten more explicitly as follows:

σtotal
M = 2π

⎡
⎣

π∫
0

a0 sin θdθ +

π∫
0

a1 cos θ sin θdθ

×
π∫

0

a2 cos2 θ sin θdθ

⎤
⎦ . (13)

By solving the integrals is obtained

σtotal
M = 4π

(
a0 +

a2

3

)
(14)

where a0 and a2 are as in equation (11) [38]. Using these
values of the coefficients, total M shell X-ray cross sections
are obtained and are given for present elements in Table 3.
It is clear from Table 3 that present values are agreed
with theoretical results. Reasonable agreement (to within
%2.5–5.3) is calculated and experimental values. Accord-
ing to the present results and earlier experimental [8–20]
and theoretical studies [3,6,7], the characteristic X-ray
productions cross section from J � 1/2 state is shown
angular sensitivity. Furthermore both Papp’s prediction
and earlier experiment’s results show the anisotropy pa-
rameter is depend on angular momentum of final state.

Consequently, the angular dependence M X-ray pro-
ductions cross section is found to increase with in the
emission angle showing anisotropic spatial distribution.
Because angular dependence M X-ray production cross
section worked angles is not found in the literature, the
comparison has been not made with other experimental
results. Therefore, the results for the elements obtained in
the present study constitute the first experimental mea-
surements.
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