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Mαβ X-ray production cross sections of Pb and Bi
by 9–40 keV electron impact∗
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The experimental data of Mαβ X-ray production cross sections for Pb and Bi by 9–40 keV electron impact have been
given. Thin films with thick carbon substrates are used in the experiment. The effects of target structure on the Mαβ X-ray
production cross sections are corrected by using the Monte Carlo method. The corrected experimental data are compared
with calculated cross sections in terms of the distorted-wave Born approximation (DWBA) theory. The measured Mαβ

X-ray production cross sections for Pb and Bi are lower than the DWBA calculations. The atomic relaxation parameters
used in comparing the DWBA values with experimental results affect the degree of difference.
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1. Introduction
The study of ionization cross sections of atomic in-

ner shells impacted by keV electrons is significant in both
theoretical research and practical applications. It can help
us understand the electron–atom interaction and the data of
atomic inner-shell ionization cross section by low-energy elec-
tron impact have been widely applied in various fields of
application.[1–8]

Recently, some models have been proposed through
quantum-mechanical calculations for the description of inner-
shell ionization by low-energy electron impact, for exam-
ple, the plane-wave Born approximation theory with Coulomb
(C), exchange (Ex), and relativistic corrections (PWBA-C-
Ex),[9,10] and the distorted-wave Born approximation theory
(DWBA).[3,4] The reliability of calculations needs to be tested
by a large number of experimental data. However, experi-
mental data of atomic inner-shell ionization cross sections im-
pacted by low-energy electrons are still scarce.[11–13] For the
reported experimental data of K- and L-shell ionization cross
sections by electron impact in the incident electron energy re-
gion up to several keV, it seems that the DWBA theory is more
suitable than the other recently developed theoretical models
for the description of atomic ionization.[13–18] Up to now, there
are very few studies for M shells.[19,20] In Ref. [19], Merlet
et al. measured the Mα X-ray production cross sections for
Au and Bi by impact of electrons with kinetic energies rang-
ing from the ionization threshold up to 38 keV. Their results
have shown that the predictions of the DWBA-EADL are in
excellent agreement with their measurements for Au Mα and
somewhat overestimate the magnitude of measured values by

∼ 7% for Bi Mα
[19] (in the DWBA-EADL calculations, the

atomic relaxation parameters that are used to convert the L-

and M-subshell ionization cross sections of the DWBA into

the Mα X-ray production cross sections are obtained from the

evaluated atomic data library (EADL)).[21] In Ref. [20], in

the energy range of 3–38 keV, the experimental data of Mα ,

Mβ , and Mγ X-ray production cross sections have been pub-

lished by Moy et al. Their measurements of the Mα X-ray

production cross sections are in excellent agreement with the

DWBA-EADL cross sections. Their measurements of the Mβ

line are ∼ 10% larger than DWBA-EADL results, while for

the Mγ line, their experimental data are ∼ 20% lower than

the DWBA-EADL results. Because there is a large discrep-

ancy among the reported data for some atoms from different

groups,[22] to perform a more definite assessment of the relia-

bility of the DWBA for ionization of M shells and check other

experimental data, here we measure the Mαβ X-ray production

cross sections of Pb and Bi impacted by 9–40 keV electrons.

Thin Pb and Bi films deposited respectively onto highly pure

thick carbon substrates are used as targets. Our experimental

data of Mαβ X-ray production cross sections for Pb and Bi are

compared with the DWBA theoretical calculations.

The present paper is organized as follows. The experi-

mental technique and data processing procedure are described

in Section 2. In Section 3, we discuss the results. Finally, our

conclusions are drawn in Section 4.
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2. Experiment and data processing
The experimental setup is the same as that we used

before,[18,23] so we only give a brief description. The monoen-
ergetic electron beams from 9 keV to 40 keV were provided by
an electron gun. The X rays emitted from the targets impacted
by keV electrons were detected by an Si (Li) detector with
an energy resolution of 170 eV for the 55Mn Kα X ray. The
direction of incident electron beam was perpendicular to the
direction of Si (Li) detector, and the target was tilted 45◦ with
respect to the direction of the incident electron beam. The
current intensity was adjusted in accordance with the X-ray
count rates, and the dead time correction was kept at about
1%. The electron beam current was collected by a deep Fara-
day cup and led to a digital current integrator. The targets used
in our experiments were prepared by evaporating elements Pb
or Bi on highly pure thick carbon substrates. The targets were
made by the China Institute of Atomic Energy. The manu-
facturer provided the mass thickness values of the target films
by weighing. They are 10.5 µg/cm2 for Pb and 10.7 µg/cm2

for Bi. A typical X-ray spectrum from the Bi/C target under
electron impact is shown in Fig. 1.
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Fig. 1. (color online) Typical characteristic X-ray spectrum for Bi/C
target by 17 keV electron impact.

In this work, the homogeneity of the thin targets was ex-
amined by recording the beam-induced X rays from differ-
ent spots of the thin targets. It is estimated to be about 4%.
Besides, our group checked the thickness values of the tar-
get films for Pb and Bi by using 2 MeV 4He+ Rutherford
Backscattering Spectrometry (RBS).[24] They all agree within
∼ 6% with the values given by the target manufacturer. The
method of detection efficiency calibration of the Si (Li) de-
tector is identical with that in Ref. [25]. The shape of the
efficiency calibration curve was determined from the ratio of
the experimental to the theoretical bremsstrahlung spectra of
thick-target carbon by electron impact, and the absolute values
of the efficiency calibration were obtained by using the 241Am
standard radioactive source. The theoretical bremsstrahlung
spectrum of thick-target carbon by 19 keV electron impact was

calculated by using the Monte Carlo code PENELOPE.[26]

The uncertainty in the detection efficiency calibration by this
method mainly comes from the standard radioactive sources
and is estimated to be ∼ 5%.[25]

The method of data processing is similar to that used ear-
lier for measuring the L-shell X-ray production cross sections
of Pb and Bi.[18,23] Although the target films are very thin, in-
cident electrons do undergo some scattering and lose energy
within the film. Therefore, the effective path length of elec-
trons is larger than the film thickness and the effective energy
is slightly smaller than the energy of incidence. Furthermore,
part of electrons backscattered from the thick substrate and
bremsstrahlung photons produced by incident electrons bom-
barding the target may also lead to ionization of target atoms
while passing through the target film. These effects will con-
tribute to the counts of the characteristic X-ray peaks. We de-
note this contribution to the counts as ∆N. If we define a K
factor as the ratio of ∆N to N (N is the net count of the char-
acteristic X-ray peak), the X-ray production cross section can
be obtained by

σ (Ee) =
4πA(1−K (Ee))

NAtNeε
(
Eph

)
Ω

N (Ee) , (1)

where σ denotes the X-ray production cross section, Ee is the
incident electron energy, A is the atomic weight, Eph is the
produced photon energy, NA is the Avogadro constant, t is the
thin film mass thickness, Ne is the number of incident elec-
trons, ε(Eph) and Ω are the intrinsic efficiency and the solid
angle subtended by the detector system, respectively.

The K factors were obtained by Monte Carlo simulations
with the PENELOPE-2005 code.[26] The Mαβ X-ray produc-
tion cross sections by electron impact with the corresponding
characteristic X-ray counts NMαβ ,MC from the X-ray spectrum
generated by Monte Carlo simulation with PENELOPE can
be given by

σMαβ ,MC =
2A

NeNAt
NMαβ ,MC, (2)

where A, Ne, NA, and t are defined in Eq. (1). In addition,
the inner-shell ionization cross sections and other atomic pa-
rameters (e.g., fluorescence yields, Coster–Kronig transition
probabilities, X-ray emission rates, and radiative plus nonra-
diative transition yields) used in the Monte Carlo simulations
can be obtained from the database of the PENELOPE code[26]

and converted into Mαβ X-ray production cross sections using
the following equation:

σMαβ
=

ΓM5N6,7

ΓM5−Total
ωM5 [σM1( f15 + f14 f45 + f13 f34 f45 + f13 f35

+ f12 f23 f34 f45 + f12 f25 + f12 f23 f35 + f12 f24 f45)

+σM2( f25 + f24 f45 + f23 f34 f45 + f23 f35)

+σM3( f35 + f34 f45)+σM4 f45 +σM5

+σL3ηL3M5 +σL2ηL2M5 +σL11 ηL1M5 ]
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+
ΓM4N6

ΓM4−Total
ωM4 [σM1( f14 + f13 f34 + f12 f24

+ f12 f23 f34)+σM2( f24 + f23 f34)+σM3 f34

+σM4 +σL3ηL3M4 +σL2ηL2M4 +σL1ηL1M4 ], (3)

where σLi and σMi are the cross sections for the ionization
of the Li and Mi subshells, respectively; ωMi is the Mi sub-
shell fluorescence yield; fi j are the Coster–Kronig transition
probabilities between the Mi and M j subshells; ΓMiN j,k and
ΓMi are the fractional and total X-ray emission rates for Mi

shell; ηL1Mi , ηL2Mi and ηL3Mi are the radiative plus nonradia-
tive yeilds for transitions of vacancies from the L1, L2 and L3

subshells to the Mi subshell. The latter parameters were only
used if the incident electron energy is larger than the L-shell
ionization threshold.

Finally, the K factors can be obtained by

K =
σMC −σth

σMC
. (4)

After the K factors are obtained, we can obtain the Mαβ

X-ray production cross sections using Eq. (1). The final exper-
imental results are summarized in Table 1. The experimental
uncertainties mainly come from the statistical uncertainties
of measured peaks (which are about 2%–5% for Pb–Mαβ and

Table 1. Mαβ X-ray production cross sections of Pb and Bi by electron
impact measured in the present paper.

Ee/keV
X-ray production cross section/barn
Pb Mαβ Bi Mαβ

9 823 851
10 846 859
11 813 859
12 834
13 807 852
14 848
15 838
16 801 825
17 762 811
19 716 802
20 712 773
21 706 760
22 714 751
23 693
24 763
25 684
26 728
27 662
28 686
29 651
30 664
31 649
32 616
33 625
34 593
35 591
36 613
37 581
38
39 551
40 535 581

2%–7% for Bi–Mαβ ), detection efficiency (∼ 5%),[26] target
thickness (∼ 6%), number of incident electrons (∼ 1%), K
factors (∼ 3%),[28] and inhomogenity of the target (∼ 4%).
Therefore, the total uncertainties of Mαβ X-ray production
cross sections obtained by quadratic addition are estimated to
be ∼ 12% for Pb, and ∼ 12%–14% for Bi.

3. Results and discussion
Figures 2 and 3 show the present experimental data of

Mαβ X-ray production cross sections for Pb and Bi in com-
parison with the DWBA theory.[3,4,28] The atomic parameters,
which are adopted in the conversion of the DWBA L- and M-
subshell cross sections[3,4,28] into Mαβ X-ray production cross
sections based on Eq. (3), are listed in Tables 2, 3, and 4. In or-
der to observe the effects of atomic parameters on the calcula-
tions of M-shell X-ray production cross sections, in this work
we use two sets of different relaxation parameters. One set
of atomic parameters are all taken from the results calculated
by Puri et al.,[29,30,34] namely, the M-subshell fluorescence
yields, the Coster–Kronig transition probabilities are taken
from Ref. [29], and the radiative plus nonradiative yields for
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Fig. 2. Pb Mαβ X-ray production cross sections versus incident elec-
tron energy. The solid circles indicate the present experimental data.
The solid line and dash line represent the DWBA theoretical result com-
bined with relaxation data extracted from the values reported by Puri et
al.[29,30,34] and the EADL,[21] respectively.
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Fig. 3. Bi Mαβ X-ray production cross sections versus incident elec-
tron energy. The solid circles indicate the Mαβ present experimental
data. The solid line and dash line represent the Mαβ DWBA theoretical
result combined with relaxation data extracted from the values reported
by Puri et al.[29,30,34] and the EADL,[21] respectively.
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vacancies from the Li subshell to the Mi subshell are ob-
tained from Ref. [30]. Because the atomic parameters com-
bined with the radiative transition probabilities computed from
the Dirac–Fock (DF) model were found to be more reliable
than those computed using the Dirac–Hartree–Slater (DHS)

model,[31–33] in this paper the atomic parameters given by Puri
et al.[29,30,34] are based on the DF model except for the Coster–
Kronig yields, which are based on the DHS model. In addi-
tion, the second set of atomic parameters which are all taken
from the EADL[18] are also used.

Table 2. Mi-subshell fluorescence yields for Pb and Bi elements adopted in this work.[29] X-ray emission rates for Pb and Bi elements
taken from Ref. [34] in this work.

ωM1 ωM2 ωM3 ωM4 ωM5 ΓM5N6,7/ΓM5−Total ΓM4N6/ΓM4−Total

Pb 0.00317 0.00485 0.00671 0.03251 0.03096 0.9297 0.9403
Bi 0.0034 0.00523 0.00715 0.03392 0.03233 0.9584 0.9431

Table 3. Mi-subshell Coster–Kronig transition probabilities for Pb and Bi elements adopted in this work.[29]

f45 f12 f13 f14 f15 f23 f24 f25 f34 f35
Pb 0.054 0.121 0.592 0.0892 0.123 0.105 0.682 0.109 0.066 0.735
Bi 0.057 0.117 0.594 0.0898 0.123 0.106 0.679 0.11 0.067 0.738

Table 4. Radiative plus nonradiative probabilities for transitions of vacancies from the L subshells to Mi subshell adopted in this
work.[30]

ηL1M5 ηL2M5 ηL3M5 ηL1M4 ηL2M4 ηL3M4 ηL1M3 ηL2M3

Pb 0.874 0.258 0.687 0.487 0.59 0.247 0.291 0.141
Bi 0.863 0.250 0.684 0.482 0.591 0.243 0.287 0.137

ηL3M3 ηL1M2 ηL2M2 ηL3M2 ηL1M1 ηL2M1 ηL3M1

Pb 0.318 0.107 0.237 0.061 0.119 0.047 0.049
Bi 0.313 0.108 0.233 0.06 0.120 0.047 0.049

It is seen from Figs. 2 and 3 that in the whole enery re-
gion of interest, the DWBA-EADL values are ∼ 10% larger
(for Pb Mαβ ) and ∼ 9% larger (for Bi Mαβ ) than the DWBA-
Puri results, and our experimental data of Mαβ X-ray produc-
tion cross sections for Pb and Bi impacted by 15–40 keV elec-
tron are about 20%–30% smaller than the DWBA–Puri calcu-
lations. Whereas in the electron energy range of 9–15 keV, our
measured data for Pb and Bi are about 30%–40% smaller than
the DWBA-Puri values. This point is different from the exper-
imental results of Merlet et al. for Bi[19] and Moy et al. for
Pb.[20] In Refs. [19] and [20], the DWBA calculations were
combined with atomic parameters taken from the EADL[21]

and were ∼ 7% larger than the experimental data for Bi Mα , in
good consistence with the experimental data for Pb Mα , and
somewhat lower than the experimental data for Pb Mβ . The
atomic parameters adopted from different references for cal-
culating the M-shell X-ray production cross sections can affect
the degree of difference between the DWBA theory and the ex-
perimental data. To observe the influence degree, we compute
the DWBA cross sections for Bi Mα combined with atomic
parameters from the results calculated by Puri et al.[29,30,34]

Figure 4 shows that the predictions of the DWBA-EADL are
about 9%–14% higher than the corresponding DWBA-Puri
values in the electron energy range of 3–40 keV. The exper-
imental results of Merlet et al.[19] are all in agreement with

the DWBA-Puri values.
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Fig. 4. Bi Mα X-ray production cross sections versus incident elec-
tron energy. The open circles denote the Mα experimental data of Mer-
let et al.[19] The solid line indicates the Mα DWBA theoretical result
combined with the EADL[21] and the dash line denotes the Mα DWBA
theoretical result combined with Puri et al.[29,30,34]

As mentioned above, the atomic relaxation parameters
adopted from different authors can lead to a difference in
the theoretical results compared with the experimental data.
Moreover, our experimental data of Mαβ X-ray production
cross sections for Pb and Bi are smaller than the DWBA-Puri
calculations. It is different from other experiments. For exam-
ple, the experimental results of Merlet et al. for Bi Mα

[19] are
in consistence with the DWBA-Puri values. Although some
similar conclusions that the experimental values of atomic
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inner-shell cross sections are much lower than the DWBA cal-
culated values have been given,[16,35,36] we still need to pay
attention to this difference prudently. Even though we have
taken into account all possible factors, more accurate measure-
ments of M-shell X-ray production cross sections for high-Z
elements by keV electrons impact need be done.

4. Conclusions
In summary, we have performed measurements of Mαβ

X-ray production cross sections for elements Pb and Bi by
9–40 keV electron impact. The experimental data are com-
pared with the DWBA calculations. The results show that our
corrected experimental values of Mαβ X-ray production cross
sections for Pb and Bi are lower than the DWBA calculations.
Besides, the atomic relaxation parameters usually affected by
sizable uncertainties are used in comparing theoretical results
with the experimental data.
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