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X-ray production cross sections were experimentally determined for the five M subshells of Re and Os by
electron impact. Incident beam energies between 2.5 and 28 keV were used for this purpose, irradiating Re
and Os thick targets in a scanning electron microscope. X-ray emission spectra were recorded with an

energy dispersive spectrometer, and were processed through a careful parameter optimization routine
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1 Introduction

Inner shell ionization-relaxation processes bear an inherent
relevance in atomic physics, and their description permits
validation of different theoretical approaches. In addition,
several parameters related to these processes are involved in
a number of algorithms required for atomic spectroscopy
techniques, such as Auger spectroscopy or electron probe
microanalysis. Among all these parameters, the ionization cross
sections ¢ are of particular interest in the field of radiation
transport in matter; these magnitudes may be assessed by
theoretical calculations, although experiments can provide X-
ray production cross sections ¢, closely related to o, as
detailed below.

In the case of keV electrons, M-shell ionizations are those
involved when irradiating heavy elements. Nevertheless, exper-
imental data for ¢ have been scarcely reported, and it is
necessary to rely on theoretical estimates for g, for example, the
distorted wave Born approximation (DWBA) which is valid in
the energy range close to the ionization threshold, where the
relativistic plane-wave Born approximation (PWBA) is expected
to fail. In analytical techniques based on X-ray or Auger-electron
emission, this is exactly the energy range of interest. Experi-
mental determinations of M-shell X-ray production cross
sections have been reported in the literature, mainly for very
high incident electron energies,"” as pointed out in ref. 3.
Recently, some absolute measurements were performed at low
overvoltages for Au, Bi,* Pb,* Th® and U,° by means of the thin
target approach, in which a direct assessment of cross sections
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theoretical predictions by means of relaxation data taken from the literature.

is carried out when the target thickness can be determined
accurately.

To overcome the experimental difficulties concerning the
realization of thin samples, and the determination of the areal
density, a bulk sample approach may be chosen. This strategy
also helps in avoiding some uncertainties associated with the
contribution of backscattering from the supporting substrate.
For instance, An et al. used thick targets to determine K-shell
ionization cross sections of Ni’ by electron impact. The
formalism used by An et al. is, however, particularly suitable for
protons.?

In a recent study, o values for M3, M, and M; subshells of Pt
and Au by electron incidence were experimentally determined
through a different method based on ionization depth distri-
bution functions, also using thick targets.” In the present work,
this new approach has been used to determine X-ray production
cross sections for the five M subshells of Re and Os, which have
been experimentally obtained for the first time. To this end, X-
ray spectra induced by electron incidence at different energies
were measured with an energy dispersive detector. These
spectra were then processed by means of a robust optimization
procedure previously developed,' taking special care in the
continuum spectral description, as detailed below.

2 Experimental

X-ray emission spectra were obtained from pure Re and Os bulk
standards (Micro-Analysis Consultants Ltd). According to the
information provided by the manufacturers, the low level of
impurities present in these standards permits us to neglect
them for the purposes of the present work. Since these polished
standards are embedded together in a non-conductive resin
within a brass block, carbon coating was required to ensure
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adequate conductivity. These targets were irradiated with keV
electron beams in a Carl Zeiss Sigma field emission scanning
microscope. The X-ray spectra were acquired with an energy
dispersive spectrometer (EDS), consisting of an Aztec charac-
terization software controlling an Oxford silicon drift detector,
whose front window is an ultrathin polymer layer, supported by
a silicon grid 380 pm thick with 77% open area.

The incident energies chosen were distributed between 2.5
and 28 keV, with acquisition live times ranging from 120 to
360 s and beam currents from 140 to 1100 pA, intended to
achieve appropriate statistics in each case. As an example, Fig. 1
shows the Re spectrum induced using a 20 keV electron beam.

3 Methodology

By means of a spectral processing tool previously implemented
in the software POEMA," the X-ray production cross sections
were determined from the experimental data. This procedure
ensures the adequate description of the experimental spectrum
through a reliable analytical function, in which several param-
eters may be optimized, among which are the sought magni-
tudes: the X-ray production cross sections are therefore
obtained as a result of the optimization procedure. The spectral
processing method was detailed in a recent contribution.® A
brief description is given in this section, including some
features specific to this work.

3.1 Analytical description of spectra

The experimental spectrum [ is estimated through an analytical
expression I, which depends on the energy E; associated with
channel i:

ii = B(Ei) + ZPqu(E,-), (1)
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Fig. 1 Rhenium M X-ray spectrum for a 20 keV electron beam.
Magnified images of the weak peaks are also shown. Dots: experi-
mental data; solid black line: fit; dotted lines: individual contribution of
each transition; solid gray line: background.
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where B is the background contribution, P, is the characteristic
q line intensity, and S, is a Gaussian function representing the
instrumental broadening.

Actually, it is well known that characteristic peaks show an
asymmetric behavior at the low energy side due to incomplete
charge collection in the detector," particularly noticeable for
the most intense peaks. Nevertheless, for the M« line, this small
asymmetry overlaps with the M;N; line, which hampers the
correct determination of M;-group line intensities. To overcome
this inconvenience, the asymmetric region was excluded from
the analyzed spectra. The fitted region is shown in Fig. 1.

3.1.1 Bremsstrahlung emission. The bremsstrahlung
contribution was described by using an empirical model
previously developed,** which works properly in a wide range of
atomic numbers, and electron and photon energies. Neverthe-
less, in this study it was necessary to add a polynomial correc-
tion, particularly for a better description of weak lines, i.e., with
a low peak-to-background ratio.

3.1.2 Characteristic emission. The intensity corresponding
to the characteristic g decay to the M, shell can be expressed as

Pq = Cﬁpq(ZAF)qs(Eq)a (2)

where p, and E, are, respectively, the relative transition proba-
bility and the characteristic energy for this emission; Z, A and F
are associated with the atomic number, and absorption and
fluorescence correction factors;*® and ¢ is the spectrometer's
intrinsic efficiency, which can be considered constant in the
energy range of interest. It is important to stress that all details
concerning backscattering losses, multiple scattering effects,
etc., are included in the peak intensity assessment through the
ionization depth-distribution function, as detailed in ref. 10.
The peak scale factor C, involves the number of incident elec-
trons N, and the X-ray production cross section corresponding
to the My shell o%

AQ
_ X
Co=Neay',—, (3)

AQ is the solid angle subtended by the detector.

3.1.3 Carbon coating. As mentioned above (see §2), the
standard set is coated with carbon to allow for good conduc-
tivity. This carbon coating degrades the incident electron beam
and modifies the emerging X-ray intensity. To account for the
influence of this effect, the conductive layer thickness must be
properly known. To this aim, the electron beam was directed to
aregion of the brass mount close to the analyzed standards. The
resulting spectrum was processed using the software POEMA to
obtain the carbon coating thickness, which resulted in z, =
(22.1 £ 0.8) nm, the uncertainty being assessed using the soft-
ware as detailed in ref. 14.

The effective energy of the electrons traversing the carbon
layer to reach the Re or Os standard surface, was estimated by
determining the Duane-Hunt limit Ep*® and the energy loss in
the carbon layer. Each Epy value was determined through
a linear fit to find the spectral intercept with zero intensity. On
the other hand, the energy loss in the carbon layer was esti-
mated as the product of the stopping power S of carbon at Epy
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by the mass thickness of the layer pz.. Thus, the energy E, of the
electrons reaching the standard surface can be written as

E, = Epn — Spz. (4)

3.2 Parameter refinement procedure

The spectral processing consisted in fitting the analytical
function (1) to the experimental data, by optimizing the
parameters involved in (1) and (2). The X-ray production cross
sections o} were obtained from the parameters C, included in
eqn (3).

For each of the studied elements, the relative transition
probabilities p, corresponding to diagram lines were refined for
the 20 keV spectrum, except for the lines corresponding to the
M; group, which were taken from Perkins et al,'® since the
M;N; line is strongly overlapped with the asymmetric M« tail.
These p, values were kept fixed for all the other incidence
energies. For Re, the p, values obtained were 0.98 for Ma
(M5N6,7), 0.91 for M (M4Ng), 0.80 for M;Ns, 0.57 for M,N, and 1
for M;N; (only one emission recorded); whereas for Os the
resulting values for p, were 0.97 for Ma (M;sNg ;), 0.89 for Mg
(M4Np), 0.72 for M;N5, 0.84 for M,N, and 1 for M;N; (also one
line). Bearing these values in mind, in order to obtain the g-line
production cross section (for ¢ = Ma, M, M;5N5, M,N,, M;Nj3),
each ¢ must be multiplied by the transition rate p, corre-
sponding to this decay. It must be stressed that these transition
rates are only valid for the present purpose, since with an energy
resolution better than that of the EDS used, more decays may be
identified using the spectrometer.

Finally, most characteristic energies E, were taken from
Bearden's work." Instead, for the M,N; Os line and M;N;, M,N;,
M,N, and M;N; Re lines, the energies compiled by Perkins et al.*®
were used, because these values are absent in Bearden tabulation.
In addition, the M,N, Os characteristic energy was also taken
from Perkins et al.,'® in view of its better agreement with the peak
position in the measured spectra. All the characteristic energies
were kept fixed during the optimization procedure.

The optimization routine consisted, in the first step, in
refining the peak scale factors C, corresponding to the M3, M,
and M; subshells in the wide spectral region shown in Fig. 1,
while in the second step, the C, factors corresponding to M; and
M, were optimized in a smaller region, since these peak scale
factors are particularly sensitive to the intensity of the
continuum in the case of weak lines. This care permitted an
adequate description of these less likely emissions, and thus
enabled the determination of the cross sections for these sub-
shells, which was not possible in previous work.®

4 Results and discussion

The values obtained for the X-ray production cross sections
corresponding to all five M subshells of Re and Os are shown in
Tables 1 and 2, and in Fig. 2 and 3, respectively.

The uncertainty associated with the X-ray production cross
section was estimated according to eqn (3), by propagation of
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Table 1 X-ray production cross sections of rhenium. Numbers in
parentheses indicate the estimated uncertainties in the last digits. The
uncertainties associated with incident energies are below 0.5%

E, (keV) o (barns) oX (barns) o3 (barns) o (barns) b (barns)
2231 — — — 122(9) 370(30)
2772 — — 15(4) 230(40)  590(90)
3286  — 9.5(4) 20(3) 300(30)  740(60)
3.822  — 14.666)  31(4) 340(20)  810(50)
4.85 1.5(2) 18(1) 39(3) 390(20)  880(50)
5889  0.9(2) 22(2) 39(3) 410(30)  870(40)
6.897  1.5(2) 21(2) 39(3) 420(30)  850(40)
7.9 2.0(3) 20(2) 39(3) 420(30)  810(40)
8.924  2.0(3) 20(2) 39(3) 420(30)  770(40)
9.957  2.0(4) 21(2) 38(3) 410(30)  750(40)
11.978  2.1(4) 15(2) 35(3) 360(20)  590(30)
14.917  1.9(6) 12(2) 29(3) 310(30)  470(30)
20.008  1.9(9) 13(3) 28(3) 320(30)  440(20)
2773 14(11) 1102 25(5) 300(30)  340(40)

the errors corresponding to the number of incident electrons
N., the detector solid angle AQ, and the peak scale factor C,
obtained from the spectral fitting. The uncertainty of the latter,
in turn, was obtained by propagating the errors in the experi-
mental intensities I;, through numerical differentiation.™

On the other hand, the error in E,, always below 0.5%, was
estimated by propagating the uncertainties of Epy and z. in eqn
(4). In turn, the uncertainty associated with Epy was assessed
from error propagation in the parameters involved in the linear
fit performed to obtain the Duane-Hunt energy.

To the best of the authors' knowledge, no experimental data
are available in the literature for the individual M-subshell X-ray
production cross sections of the elements studied here. To
compare with theoretical or empirical data derived from the
ionization cross sections oy, it is necessary to rely on several
relaxation parameters known with poor precision, namely, the
fluorescence yields w, and the Coster-Kronig transition proba-
bilities f;; from M; to M; subshells. The X-ray production cross
section o7 is related to the final vacancy production cross

Table 2 X-ray production cross sections of osmium. Numbers in
parentheses indicate the estimated uncertainties in the last digits. The
uncertainties associated with incident energies are below 0.5%

E, (keV) o7 (barns) o% (barns) o3 (barns) o} (barns) o3 (barns)
2.23 — — — 140(10)  290(20)
2.78 — — 4(2) 260(50)  500(90)
3.304  — 3.0(1) 24(2) 370(20)  660(40)
3.832 — 8.6(4) 34(2) 440(20) 750(40)
4.85 1.2(2) 12(2) 46(3) 530(30)  840(40)
5.89 1.7(3) 14(2) 43(2) 550(30)  850(40)
6.884  2.8(5) 13(2) 44(2) 560(30)  830(40)
7.905  2.6(4) 13(2) 47(3) 560(30)  800(40)
8.934  1.8(2) 14(2) 49(3) 560(30)  760(40)
9.932  2.5(3) 14(2) 47(2) 570(30)  750(30)
11.929  1.0(2) 12(3) 43(3) 410(20)  640(30)
14.896  0.7(2) 10(3) 33(3) 360(30)  500(30)
19.938  0.9(4) 9(4) 32(3) 380(30)  450(20)
28.022  1(1) 7(3) 30(10) 380(40)  360(40)
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Fig. 2 Rhenium X-ray production cross section. Solid spheres: present data. The gray lines delimitate regions where results for ¢* derived from
theoretical or empirical data for ionization cross sections o can be obtained when different combinations of relaxation parameters are used; solid
line: Bote and Salvat,*® dashed line: Casnati et al.*® (a) M5 subshell; (b) M4 subshell; (c) Mz subshell; (d) M, subshell; (e) M; subshell.
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Fig. 3 Osmium X-ray production cross section. Solid spheres: present data. The gray lines delimitate regions where results for ¢* derived from
theoretical or empirical data for ionization cross sections o can be obtained when different combinations of relaxation parameters are used; solid
line: Bote and Salvat,*® dashed line: Casnati et al.*® (a) M5 subshell; (b) M4 subshell; (c) Mz subshell; (d) M, subshell; (e) M; subshell.
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Table 3 Coster—Kronig coefficients and fluorescence yields used for comparison

Elem Ref. WM, WM, WM, WM, WM, Jas S12 S13 S14 N Sa3 So4 Sas S34 S3s
Re 16 0.00269 0.00505 0.00630 0.0216 0.0228 0.109 0.128 0.590 0.077 0.108 0.088 0.575 0.094 0.068 0.620
Re 24 0.00157 0.00298 0.00271

Re 20 0.0134 0.0228 0.449 0.168 0.553 0.073 0.121 0.114 0.702 0.075 0.119 0.778
Os 16 0.00281 0.00526 0.00662 0.0234 0.0245 0.102 0.128 0.591 0.077 0.108 0.088 0.574 0.093 0.068 0.617
Os 24 0.00166 0.00326 0.00320

Os 20 0.0140 0.0233 0.435 0.158 0.559 0.072 0.121 0.115 0.701 0.072 0.114 0.780

section &, using ¢ = w,d,, the latter being connected to o, as
follows:

01 = 0
0y = 03 + f1201
03 = 03+ f1301 + f2302
04 = 04 + 1401 + [2402 + f34073
G5 = 05 + f1501 + f2502 + 3503 + fa504

When the electron energies exceed the L; ionization energy,
vacancies can occur in this subshell, and decays from M, to L;
must be taken into account. This implies that additional terms
must complement each of the preceding formulae in these
cases, which may be expressed in terms of the transition
probabilities from M, to L; subshells, r; s,

o LM, T oM, T LALLM,

Obviously, K vacancies cannot be created for the beam energy
range involved here.

The data published in the literature for fluorescence yields
and Coster-Kronig probabilities bear certain discrepancies
among them, maybe because of the difficulties of measuring
them independently. For the present comparisons, values for
w/ %% and f;****** provided in different sources were consid-
ered. Each model chosen for ¢, may be combined with different
estimates for w, and f; to produce a ¢} curve. The upper and
lower bounds for these possible choices are displayed in Fig. 2
and 3, which involve the theoretical approach by Bote and Sal-
vat'® based on the DWBA formalism, and the empirical function
given by Casnati et al.' The lower bound results when the f;
probabilities given by Perkins et al.*® are combined with the w,
values fitted by Kaur and Mittal** to McGuire's data;* the upper
bound reflects the values obtained for w, published by Perkins
et al.*® along with the f;; data reported by Sogiit et al.* The set of
all the relaxation parameters taken into account is displayed in
Table 3. It is worth mentioning that some of the f;; values taken
for these assessments have in fact been extrapolated, outside
the range within which they were recommended, as clearly
shown in the cutoff/onset table included in ref. 21.

Fig. 2 and 3 evidence a clear discrepancy between the values
resulting from the two sets of parameters chosen for the
comparisons, particularly for the M5 subshell, and to a lower
extent for M, and M;, whereas for the M; and M, subshells the
predictions are indistinguishable. In addition, important
differences occur when selecting different sets of relaxation
parameters for the five subshells. It is thus clear that the
alternative chosen for the relaxation parameters is key in the
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determination of ¢ from the ionization cross sections o, since
rather wide variations occur within the ranges displayed in the
graphs. Bearing these possible variations in mind, the values
obtained in the present work are in reasonable agreement with
the predictions available, except for the M, subshell, for which
the predictions are above the experimental results obtained
here. It must be noted that the M;Nj; line used to obtain the M;
X-ray production cross section is very weak, which suggests that
the uncertainties shown in Fig. 2(e) and 3(e) could be
underestimated.

It is worth noting that all Re and Os spectra are governed by
an additional difficulty related to X-ray self-absorption, since
the M; level can be ionized by the M@ emission, with a high
efficiency. This suggests that the results obtained for high
energies, where self-absorption is more important, might
exhibit some kind of systematic error through the absorption
correction factors implemented. This could explain the possible
bias in the M5 and M, curves, which in the case of a 28 keV
electron beam exhibit an apparent crossover in the osmium
cross sections obtained.

All the inconveniences mentioned, related to experimental
limitations and to the spread of atomic and relaxation param-
eters found in the literature, must always be confronted with the
simplifications assumed in the theoretical assessment of the
ionization cross sections, which involve numerical approxima-
tions and assumptions regarding symmetry or asymptotic
behaviors for the atomic potential, one-active-electron approx-
imation, etc.

5 Conclusion

Experimental data for the X-ray production cross sections under
electron irradiation have been obtained for individual Re- and
Os-M subshells, which are unavailable in the literature, to the
best of the authors' knowledge. To this aim, X-ray emission
spectra were measured for keV electron beams impinging on
bulk pure standards, and processed according to a method
developed previously, which is based on the ionization depth
distribution function.

An important inconvenience arises when contrasting the X-
ray production cross sections obtained, with theoretical or
empirical models for the ionization cross sections, since the
rather large spread found in the literature for Coster-Kronig
transition probabilities and fluorescence yields impedes a clear
comparison between the experimental values and the ones
produced from theoretical or empirical models. Since the

This journal is © The Royal Society of Chemistry 2023
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independent experimental determination of these relaxation
parameters is almost impossible, a reliable data set of X-ray
production cross sections for individual M subshells will only
be achieved by means of a number of measurements for heavy
elements through different approaches.
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