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Inner-shell ionization has many applications related to material analysis. However, full theoretical calculations
in heavy multielectronic atoms are scarce. In this contribution, we assess proton and electron impact L, and
M;-subshell ionization cross-sections of heavy targets (72 < Z < 83) using two theoretical models. These
calculations are based on the Distorted Plane Wave Born Approximation for electron impact and the shellwise

local plasma approximation for the proton impact, combined with relativistic calculations of these deep
subshells wave functions and binding energies. We analyze the L-shell ionization of W, Au, and Bi and the
M-shell of Hf, Ta, W, Re, Os, Pt, Au, Pb, and Bi. Present values are compared with available experimental data
from the literature, with disparate agreement. The convergence of proton and electron impact cross-sections
at high-impact velocities is also discussed.

1. Introduction

Despite the long history of atomic collision physics, different tasks
remain to be completed, especially in determining ionization cross-
sections. From a theoretical point of view, the description of inner shells
of multielectronic targets is far from the hypothesis of a hydrogenic
target with a single active electron in a central potential. The wave
functions and binding energies of these targets are obtained by solving
the Dirac equation, which includes the spin-orbit split in energy.
Experimentally, the multiple bound shells and the many-decay paths to
be considered hamper the accurate assessment of the ionization cross
sections. These are obtained indirectly from measured X-ray production
cross-sections, and the conversion to ionization cross-sections involves
a series of relaxation parameters [1-4].

One of the most employed theories for ion-beam ionization of deep
shells is the ECPSSR [5] and its evolution ECUSAR [3], which covers an
extended energy range and is the usual input in PIXE codes. A recent
review by Lapicki [6] on L-shell ionization by protons states ECUSAR
as the most accurate model to describe the available data. Different
compilations of experimental data are available, mainly for X-ray pro-
duction cross sections, such as Miranda and Lapicki [7], Llovet [2],
Pajek [3], and recently by Sanjiv Puri group [8]. However, theoretical-
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experimental differences remain present [3], whereby independent and
ab initio models are helpful.

The current work presents electron and proton impact full theoret-
ical results for the different L, and M, ionization cross-section of Hf,
Ta, W, Re, Os, Pt, Au, Pb, and Bi with two different models: a many-
electron description of target ionization by proton impact employing
the shellwise local plasma approximation (SLPA) [9,10] and a comple-
mentary assessment of ionization cross sections for energetic electrons
using Distorted Plane Wave Born Approximation (DWBA) [11,12] in
the same range of projectile velocities. The convergence of electron to
proton impact ionization cross-sections is well-known and experimen-
tally confirmed for total cross-sections (i.e., for impact velocities around
4 a.u for Xe target [13]); however, the behavior for deep subshells could
be different. The objective is to evaluate these detailed calculations,
comparing proton and electron impact cross-sections to study their
thresholds and convergence. We also test the theoretical results with
the corresponding experimental data. This work is the first step in a
deeper study involving the relaxation parameters and the production
of the X-ray production cross-sections.

The paper is organized as follows: we briefly describe the theoretical
models in Section 2. The results obtained are analyzed in Section 3, and
concluding remarks are outlined in Section 4.
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Table 1
Binding energies (in a.u.) of each subshell obtained by the present HULLAC
calculations.

zZ L L, L, M, M, M, M, M,

72 409.0 390.3 346.4 93.55 85.40 75.97 62.14 60.11
73 4239 4045 357.8 97.63 89.27 79.14 65.11 62.94
74 439.4 4198 3699 1015 9291 82.07 67.64 65.32
75 455.8 4356 3824 106.0 97.23 85.59 70.84 68.36
76 471.1 450.3 3939 1099 100.9 88.54 73.56 70.92
78 510.1 487.8 425.0 121.1 111.2 97.20 8092 77.98
79 522.0 499.6 432.0 12365 1140 9895 83.15 79.97
82 577.5 553.7 473.0 1394 129.1 111.0 94.06  90.28
83 597.0 5725 487.2 1450 1344 1152 98.07 94.05

Table 2

Present HULLAC mean velocities (in a.u.) of each subshell.
Z Ll LZ L.‘ Ml MZ M,\ M4 MS
72 24.8 34.7 31.0 12.8 15.5 14.5 17.9 17.2
73 25.4 35.2 31.3 13.1 15.9 14.8 18.0 17.6
74 27.1 35.3 31.3 13.3 16.3 15.0 18.3 17.8
75 26.1 36.6 323 13.6 16.7 15.4 18.7 18.2
76 26.6 328 37.4 13.7 17.00 15.7 19.0 18.5
78 27.8 38.8 338 14.2 17.6 16.3 19.6 19.2
79 27.6 38.7 33.6 14.6 17.9 16.4 18.9 19.3
82 29.0 40.9 35.00 15.4 189 17.1 20.8 20.2
83 29.4 41.5 35.4 15.7 19.3 17.4 21.2 20.6

2. Theoretical models
2.1. SLPA-HULLAC calculations for proton impact

The SLPA [9] is a perturbative model to predict the ion-impact
ionization probabilities within the dielectric formalism. It is a many-
particle model, with each subshell of target electrons being described
as an inhomogeneous density of electrons with an ionization gap of
energy. This model is expected to be accurate for impact velocities
greater or equal to that of the target electrons. The only inputs for
the SLPA calculations are the binding energies and wave functions of
the atomic subshells of the ground state. These values are obtained as
fully relativistic solutions by means of the many-electron Dirac equa-
tion implemented in the HULLAC code package [14]. The calculations
are based on the first-order perturbation theory with a central field,
including Breit interaction and quantum electrodynamics corrections.
The combination of the SLPA and HULLAC has been employed in total L
and M-shell calculations in the past [10], and they have been improved
more recently to get the different L and M subshell ionization cross-
sections by heavy ions [15-17]. Table 1 displays the present results
for the L, and M, binding energies(in atomic units) of Hf, Ta, W, Re,
Os, Pt, Au, Pb, and Bi. The binding energies obtained, which include
spin-orbit splitting, agree within 2% with the compiled experimental
values [18] for these deep shells. Present HULLAC mean velocities
of each subshell, obtained from the Fourier transform of each wave
function, are displayed in Table 2. The binding energies and mean
velocities are useful parameters for evaluating the ionization cross-
sections, thresholds, convergence at high energies, and the validity
range of each model.

2.2. DWBA calculations for electron impact

There exist different approaches to calculate electron ionization
cross sections, including empirical formulas and first-principles deriva-
tions [2]. The former have been widely used for specific applications
but are limited to certain energy ranges and atomic numbers for which
experimental data are available. On the other hand, ab initio calcu-
lations have benefited from the access to computation facilities that
allow the assessment of increasingly sophisticated models. In this work,
we use an analytical expression for the ionization cross-section based

on a semi-relativistic distorted-wave Born approximation (DWBA) [11,
19] combined with the plane-wave Born approximation (PWBA) to
calculate ionization cross-sections for electrons. In the DWBA, the
atomic wave functions are described within the independent-electron
approximation, i.e., the ionization process involves a single (active)
target electron. One-electron orbitals are obtained from the Dirac equa-
tion using self-consistent Dirac-Hartree-Fock-Slater (DHFS) potentials.
The electron projectile is described using plane waves distorted by
the atomic potential. In that range, this approximation is feasible
for energies up to approximately 16 times the ionization energy of
the considered shell due to convergence issues, and only the longi-
tudinal part of the interaction between the projectile and the active
electron is considered. For higher projectile energies, the ionization
cross-section is calculated using plane waves, and the transverse part
of the interaction is included.

In Fig. 1, we compare the present DHFS and HULLAC binding
energies from Is to 5p+ for the first five post-lanthanum elements. The
4f + electrons in these solids belong to a sub-valence shell located just
below the conduction band, and they are less bounded than the Ss and
5p+, as can be noted in this figure. The theoretical binding energies are
also compared in Fig. 1 with the experimental values in solids compiled
in Ref. [18]. The agreement of theoretical and experimental results is
excellent for the L and M shells of interest here. It is worth mentioning
that these relativistic results agree within 2% with the experimental
data, which significantly improves non-relativistic results based on the
Hartree-Fock method [20] that show discrepancies up to about 13%.
An example of the improvements obtained in the binding energies when
using a relativistic framework instead of a non-relativistic one is shown
in Fig. 2 of [21] for Hf. For the outer shells, the theory-experiment
differences increase; however, there is still good agreement between
the two relativistic calculations (HULLAC and DHFS).

3. Results and discussions

In Fig. 2, we show the ionization cross-sections as a function of the
projectile velocity v of the different L;-subshells, and the total L-shell
values of tungsten by proton and electron impact using the SLPA and
the DWBA. The corresponding calculations for gold and bismuth are
shown in Fig. 3. For electron impact, the DWBA shows the ionization
threshold at impact velocities around or just below the mean velocity
of the subshell (see Table 2). For proton impact, the similarity of the L,
and L, SLPA cross-sections is noticeable. This result could be ascribed
to the fact that the L, and L, subshells have the same number of
electrons in the orbital and close binding energies, as shown in Table 1.
Note that in this range of velocities, proton and electron ionization
cross-section curves are not yet convergent.

Selected sets of experimental data are included in the figures.
For protons, we have used the compilation made by Miranda and
Lapicki [7], who reviewed most of the work done on this shell ion-
ization cross-sections by various authors. We show the subshells and
total shell data from this compilation for W and total L shell data for
Au and Bi. The experimental uncertainties reported for these data range
from 8 to 14%. For Au, we have also included total and subshell mea-
surements by Hardt and Watson [23], with relative errors of 5%-10%.
In the case of electron impact, we have included measurements by
Chang [22] for W, Rahangdale et al. for Au [24], and Barros et al. for
Au [25] and Bi [26]. The reported relative errors in these works are
15%, 10%—~15%, 7%—8%, and 5%—-6%, respectively. It is worth mentioning
that these experimental data are obtained indirectly from characteristic
X-ray measurements and, in general, they are affected by the choice
of the different relaxation parameters (e.g., fluorescence yields and
Coster-Kronig transition probabilities) used in the conversion from
X-ray production to ionization cross-sections. The dispersion found
among different sets of parameters may introduce variations in the
converted quantities as large as 30%, depending on the combination of
databases [1,4,23,26]. This issue is evinced by the data for Au provided
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Fig. 1. Binding energies of atoms with 72 < Z <76 by using HULLAC (open triangle and solid line) and DHFS (filled stars). Experimental data [18] are included as solid bullets.
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Fig. 2. L-shell ionization cross-sections of W as a function of the impact velocity v: subshells L, (orange), L, (green) and L, (violet), and total L (black) for protons calculated
with SLPA (hollow circles+dashed lines) and electrons calculated with DWBA (continuous lines). Experimental data for protons: squares, compiled by Miranda and Lapicki [7].
Experimental data for electrons: triangles, Chang [22].
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Fig. 3. Similar to Fig. 2 for Au (left) and Bi (right) targets. Experimental data for protons: diamonds, Hardt [23]; squares, data compiled by Miranda and Lapicki (7] (only data
for total L-shell included). Experimental data for electrons: triangles up and left, Rahangdale et al. [24], triangles down, Barros et al. [25], triangles right, Barros et al. [26].
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Fig. 4. M-shell ionization cross-sections of Hf as a function of the impact velocity v: M, (magenta), M, (cyan), M, (blue), M, (green), M; (red) subshells and total M (black) for
protons calculated with SLPA (symbols+dashed lines) and electrons calculated with DWBA (continuous lines). Experimental data for protons: diamonds, Pajek et al. [27].

Table 3

Electron to proton L- and M-(sub)shells ionization cross-section ratios at a projectile

velocity of v=63.24 a.u.
Z L L, Ly Lio M, M, M; M, M M,
72 0.34 047 054 047 034 042 050 078 083 0.66
73 0.33 046 0.54 047 034 042 050 077 083 0.66
74 0.34 047 0.54 047 034 042 050 076 082 0.66
75 033 046 053 046 034 042 050 076 081 0.65
76 033 046 052 046 033 042 049 074 0.80 0.64
78 032 045 052 045 033 041 049 073 079 0.63
79 032 045 052 046 033 041 049 073 078 0.63
82 0.28 045 052 047 033 041 049 072 077 0.62
83 0.29 0.44 0.52 0.44 0.33 0.41 048 072 077 0.62

by Rahangdale et al. (triangles up and left), who give two sets of values
for the ionization cross-sections using two sets of relaxation parameters.
For proton impact, the data reported in Ref. [7] correspond to velocities
below the range of validity of the SLPA mentioned in Section 2. This
would explain the differences observed in the low-velocity range for the
three elements considered, while the data from Ref. [23] for Au show
a good agreement for velocities higher than 20 a.u.

In Figs. 4 to 6, the SLPA (proton impact) and DWBA (electron
impact) cross-sections for M shells of most elements from Hf (Z = 72) to
Bi (Z = 83) are displayed. We can observe again that the thresholds for
electron impact ionization of the M;-subshells are close to the velocity
of the electrons in the subshell, as displayed in Table 2.

Although the high-energy convergence of proton and electron im-
pact cross-sections seems to be outside the range of velocities consid-
ered here, the confluence of the results at high velocities is clear for
the less bound M, and Mjs subshell. To quantify this trend, we present
in Table 3 the ratio of electron to proton cross-sections at the same
velocity, corresponding to 100 MeV protons and ~ 54 keV electrons, for
all L and M subshells. Noticeably, the ratios for the L, and M; subshells
are similar for i = 1 — 3, although the binding energies and mean
velocities are very different.

Experimental ionization cross-sections of the M-shell are very
scarce. Most of the data are published as X-ray production cross-
sections and the comparison with the theoretical ionization cross-
section values is hampered by a more complex conversion procedure
than for L-shell due to the many possibilities of producing a vacancy in
a given M-subshell and the associated relaxation parameters involved.
To our knowledge, no electron impact M-shell ionization cross-sections

of these targets have been published in the energy range considered
here. For proton impact, a thorough study was published by Pajek
et al. [3], including measurements of X-ray production cross-sections
for all the elements considered here, total ionization cross-sections, and
the results by the ECPSSR. We include in Figs. 4 to 6 the comparison
with the experimental data by Pajek and collaborators [3,27] and Ishii
et al. [28]. The uncertainties reported by Pajek et al. are 12%-15%,
except for Os (9%) and Bi (10%), while Ishii et al. reported 10%-20%
for their data. It can be noted that the agreement with data in Ref. [28]
for Au and in Ref. [3] for Ta, W, Re, Os, Pt, Au, and Bi is reasonable.
The values in Ref. [27] for Hf, W, and Ta are overestimated by the
SLPA, while for Au, they agree rather well. As discussed above for
L-shells, and also as pointed out in Ref. [27], the adopted M-shell
fluorescence yields and Coster—Kronig factors are crucial. Differences
using transitions tabulated in Chen et al. [29] and in McGuire [30]
are observed for Hf, Ta, and W, and not for the heavier targets [3].
It is worth mentioning that the ionization cross-sections in Ref. [3]
use yields from [30], while Ref. [27] uses values reported in [29].
These differences raise the debate about fluorescence yields and X-ray
production cross-sections and their conversion to ionization cross-
sections, which evince the importance of independent full theoretical
calculations.

4. Conclusions

This work presents full theoretical L and M-shell ionization cross-
sections of heavy targets by proton and electron impact by means
of the SLPA and DWBA, respectively. The total M-shell ionization
cross-sections for protons converge to the electron-impact ones at v >
60 a.u. For electron impact, the L, ionization cross-sections describe the
experimental data well overall. No M; experimental ionization cross-
sections were found in the literature below 60 keV for the elements
studied here. For proton impact, the SLPA’s agreement with L-shell
measurements is good only for impact velocities above 20 a.u., as
expected due to this model’s validity range. For M-shell ionization,
the comparison is rather good. Differences in experimental data due to
relaxation parameters, such as fluorescence yields and Coster-Kronig
factors, are mentioned. These parameters depend only on the target,
so comparison for different projectiles could be helpful and will be
addressed in future work.
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