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This article presents a detailed analysis of the K« x-ray spectra of Si induced by 11.4 MeV /u Ca projectiles
penetrating a low-density SiO, aerogel target measured with high spectral and spatial resolution at the UNILAC
accelerator at GSI-Darmstadt. The low-density material used in the experiment was crucial for the space-resolved
studies of the Si x-ray radiation (for different energies of stopping Ca ions). The stopping length of the 11 MeV /u
Ca ions reaches up to 10 mm in the low-density SiO, aerogel, whereas in regular quartz solid targets it is about
100 times shorter. The analysis of the x-ray spectra emitted by the stopping medium has shown a high level
of the L-shell ionization, especially in the later considered phase (E, ~ 5 MeV /u) of the stopping process.
It has been further demonstrated that the population of the highly ionized states produced in the ion-atom
collisions can be substantially reduced in the time between the collision and the x-ray emission due to the
very intense rearrangement processes occurring in Si situated in the chemical environment of oxygen atoms.
Moreover, comparison of the experimental values of the Ko L-shell satellite energy shifts with the results of the
multiconfiguration Dirac-Fock calculations allows us to find that Si valence electron configuration is enriched
due to electron transfer from valence-electron-rich oxygen atoms into highly ionized silicon atoms. Our results
indicate that the Coulomb explosion in a highly ionized track core is prevented by rapid neutralization in the

femtosecond time scale.

DOLI: 10.1103/PhysRevA.82.012703

I. INTRODUCTION

The radiative processes accompanying heavy-ion stopping
in matter have been a subject of intensive studies in both
experimental and theoretical physics. It was demonstrated that
the K -shell radiation of projectile ions [1,2] and the stopping
media [3-6] is a powerful diagnostic tool for investigating the
charge-exchange processes occurring in ion-atom collisions.
This knowledge is of great importance in many physical
applications related to the determination of ion-stopping power
[7], target radiation damage [8], development of techniques for
material nanomodification [9], plasma generation by intense
ion beams [10,11], and heavy-ion-based tumor therapies [12].

The processes occurring in the ion track core are also of
fundamental interest to the development of the theory of the
radiation damage processes [ 13—17]. The complex character of
these phenomena is related to the local ion energy deposition,
producing ionization of the stopping media in the nanometric
vicinity of the projectile trajectory in the attosecond time
scale. Due to the domination of the electronic stopping, the
modification of the solid structures around the ion trajectory
occurs indirectly, following the electronic excitation decay
[13,14]. The relaxation of the primary electronic excitations
of the target atoms caused by the heavy-ion Coulomb field
is a complex phenomenon which splits into a sequence of
events, sharply separated in the time scale ranging from
subfemtoseconds to nanoseconds [14]. The features of the
excited stopping material at the earlier stages of the radiation
damage processes supply the initial conditions for the next
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kinetic stages. The femtosecond time scale of the primary
electronic excitation makes the investigation of this early stage
of the material modification difficult.

Ton-atom collisions lead to the charge-exchange processes
between the projectile and the target atoms. Collisions with
high-impact parameters cause ionization of the outer-shell
electrons, while near-central collisions are mainly responsible
for the production of the inner-shell vacancies in the target
atoms. The inner-shell vacancy production gives rise to the
x-ray radiation of both the moving ion and the target atom.
This radiation depends greatly on the projectile velocity and
its charge changing as the projectile penetrates the target.
Therefore, the space-resolved x-ray spectra give fundamental
information about the charge-exchange processes which occur
along the ion beam stopping path and allow the determination
of the projectile ion charge state evolution and ion track
ionization degree. In addition, the Doppler shift provides a
good separation of the x-ray spectra from the moving ions,
enabling the determination of the ion velocity inside the
interaction media [18-20].

The x-ray diagnostic of the ion-stopping process has clear
advantages in comparison with the other methods. Since
high-resolution x-ray measurements are charge-state specific,
they give direct access to the charge-state distribution of the
interacting ions inside the stopping media [20-23]. This is
the most important advantage of the x-ray measurements not
available for methods in which the ion charge-state distribution
is determined when an ion escapes the target. The x-ray
measurements with a spatial resolution along the ion beam
stopping path give the information on the evolution of the
heavy ion and the target radiation in coincidence with the ion
penetration depth [18-21].
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A typical lifetime of the K -shell vacancy state for the low-Z
atoms is in a range of a few femtoseconds for highly ionized
KLV states (where N represents a number of the L-shell
vacancies). Therefore, the K -shell radiation emitted from the
interaction volume reflects the early stage after the excitation
of the electronic subsystem in the heavy-ion track caused by
the ion-atom collisions. For the x-ray transitions from the
highly ionized KLV states it is also possible to assess the
influence of the atomic processes occurring in the time between
the collision and the x-ray emission (Auger, Coster-Kronig,
or interatomic transitions) on the structure of the K x-ray
spectra. However, it should be mentioned here that in the case
of highly ionized atoms being in the electron-rich chemical
environment (e.g., SiO,) this assessment can be difficult due to
the extremely high intensity of the deexcitation processes, so-
called cascading deexcitation [24]. Another advantage of this
method is related to the fact that the K x-ray radiation requires
a production of the K -shell vacancy in the ion-atom collision
and therefore the investigations of the stopping processes
are confined to the small impact parameters in the scale of
the atomic L shell. Such quasi-impact-parameter-dependent
experiments can be useful for testing the energy-loss
theories [25].

Previous work investigated the way the projectile charge
and its velocity evolved as the ion penetrated the target material
[20]. The present article reports on the detailed analysis of
the Si Ko x-ray spectra induced by the decelerating Ca ions
with initial energies of 11.4 MeV/u in the low-density SiO,
aerogel. We focus on the problem of the primary electronic
ionization or excitation of the stopping medium. In order to
determine the initial distribution of the ionization degree in
different phases of the stopping processes, we have studied
the Ko x-ray spectra of the ionized target atoms along the ion
trajectory by means of the spectroscopic measurements with
high spectral and spatial resolutions.

II. EXPERIMENT

The experiment was performed at the linear accelerator
UNILAC at GSI in Darmstadt, Germany. The details of
the experimental method and the setup were described in
Refs. [18,20]. In the experiment the Ca ions with the initial
charge Z = +6 and initial energy of 11.4 MeV /u were fully
stopped inside the target placed in the vacuum chamber.
The 0.2- to 0.5-uA pulsed ion beam was focused on the
target. A 25-mm-thick porous, low-density SiO, aerogel was
used as stopping target. The extremely low-density material
(~0.023 g/cm?) used in the experiment was crucial for the
space-resolved studies of the x-ray radiation emitted in the
stopping process. A very short stopping length of the fast
heavy ions in regular quartz solid targets (the stopping length
in quartz is not higher than 100 pum for ~11 MeV /u Ca ions)
makes a spatially resolved analysis of the K -shell radiation of
the projectile and the target impossible.

A highly uniform porous material with colloidal mi-
crostructure consists of 3- to 5-nm solid SiO, beads forming
a three-dimensional chain structure. The pockets between the
beads are 30-50 nm, depending on the average density of the
sample [26,27], and can be evacuated in the target chamber. It
has been demonstrated experimentally that for a given porosity,
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FIG. 1. (Color online) X-ray image representing Ca-projectile
(tilted lines) and Si-target K -shell radiation registered simultaneously
with a spatial resolution along the Ca-ion stopping path in SiO,-gel
target (0.02 g/cm?). A symbol x represents the ion penetration depth
while E is the average ion energy in a given phase of the stopping
process.

projectile charge, and velocity [28], there is no remarkable
influence of the porous nanostructure on the projectile and the
target K -shell spectra. The comparison of the Si K « integrated
spectrum obtained for porous (sum of the aerogel target spectra
spatially resolved along the ion stopping path) and solid SiO,
(unresolved spectrum of quartz due to the short ion stopping
length) shows negligible differences [20].

The stopping length of the ~11 MeV/u Ca ions in the
low density SiO, aerogel reaches up to ~10 mm and then
the space-resolved analysis of the x-ray radiation induced
in the different stages of the stopping processes becomes
accessible (see Fig. 1). Another advantage of using aerogels is
their high transparency for x-rays, which significantly reduces
the absorption of Ko photons emitted from the stopping
medium. Therefore, one can observe the radiation emitted
by the projectile and the stopping media directly from the
interaction volume.

The K« x-ray spectra of the Ca projectiles and the stopping
target were measured by means of x-ray spectroscopy using a
focusing spectrometer with the spatial resolution (FSSR) based
on a spherically bent crystal [26,27,29]. Such a spectrometer
combines the Bragg reflection law with the spherical crystal-
mirror configuration. In this way the high-energy resolution
(AE ~ 0.4 eV) on the one hand and high space resolution
(Ax ~ tens of um) on the other hand are ensured. The angle
between the ion beam and the direction in which the spatially
resolved spectra were observed was 80°-90°. The reflected
x-rays were recorded by using a direct-exposure x-ray film
(DEF-5) that has high and stable sensitivity for the 1-to 10-keV
photons [30]. An exposure time needed to record the high-
quality space-resolved x-ray spectra was 2-5 h (for details,
see Refs. [18-20]).

An image representing the space- and energy-resolved
characteristic x-ray radiation emitted by the Ca projectile
with initial energy of 11.4 MeV /u and the characteristic x-ray
radiation of the ionized stopping media (Si) is shown in Fig. 1.
The Ca-projectile spectra (3.2-3.9 keV) were registered by
means of a spherically bent mica crystal in the fourth order of
reflection and the Si K« spectra (1.7-1.9 keV) in the second
one. The Doppler line shift of the projectile radiation which
varies with the penetration depth due to the ion deceleration
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was used to determine the ion velocities in the target. For
details, see Refs. [18-20].

The spectra emitted by the stopping medium from the
different stages of the stopping process consist of the Ko L°
diagram and the Ka LV satellite lines. The KoL’ diagram
lines correspond to 2p — 1s transitions occurring in a single
K -shell ionized atom. The K L" satellite lines originate from
transitions in the atoms with a single K -shell hole and N holes
in the L shell. The energies of the satellite transitions are
higher than those of the ones in the diagram due to the reduced
screening of the nuclear charge. The energy shifts of the Ko L™
satellite transitions depend on the number of spectator holes
in the L shell [31,32]. Since the energy shifts are relatively
high (higher than the natural linewidth) due to each additional
L-shell vacancy, the K« x-ray spectra can be resolved into the
individual KoLV satellite structures (see Fig. 1).

The energy shifts of the M-shell satellite lines corre-
sponding to the different numbers of the M-shell holes are
much smaller than those originating from the Ka LV satellite
transitions. In the K« x-ray spectra the additional M-shell
ionization is manifested as the broadening and the energy shifts
of the KaL" satellite structures. These additional shifts also
depend on the number of the M-shell holes [33]. Therefore,
the precise values of the Si KoLV satellite energies give
information on the M-shell valence configuration [32] that
is crucial for the determination of the rearrangement processes
occurring prior to the x-ray emission. This information is
also of great importance for the diagnostics of the plasma
nanostructures in the ion track.

III. DATA ANALYSIS

A. Fitting procedure

Using a scanning procedure, from the x-ray image (Fig. 1)
we obtained three spectra which reflect the target radiation
for the different values of the Ca-ion penetration depths
inside the target and correspond to the different ion energies
(see Fig. 2). The obtained spectrum corresponds to the x; ~
0.5-mm ion penetration depths and 11.4-10.6 MeV /u energies
of the Ca projectiles. The successive spectra obtained in the
scan correspond to the x, ~5 mm (8.5-7.6 MeV/u) and
x3 ~ 10 mm (5.2-4.0 MeV /u) of the ion penetration depths
(projectile energies).

The space-resolved K« x-ray spectra were analyzed using
the mean-square fit program. The line shape of the multiple
ionized atoms reveals a very rich and complex structure
due to different possible angular momentum coupling of the
openlike subshells. In the case of Si, even the first-order K al!
satellite line corresponding to the transitions occurring in the
presence of one L-shell spectator vacancy consists of almost
2000 components [34]. The situation is further complicated
by the fact that the M-shell configuration can be modified
by the ionization and rearrangement processes, as well as by
the chemical effects. Changes in the M-shell configuration
can be additionally caused by the relaxation of excited states
occurring in the plasma structures that appear in the ion track
of the stopping media.

Since the energy differences of the components belonging
to a given KoLV satellite structure are smaller than the
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FIG. 2. High-resolution spectra of low-density SiO, aerogel
induced by Ca projectiles for different penetration depths (and
energies of the projectiles). (a) ~0.5 mm (11.4-10.6 MeV/u),
(b) ~5 mm (8.5-7.6 MeV/u), and (c) ~10 mm (5.2-4.0 MeV /u).
The results of the fitting procedure are also shown (solid lines).

natural linewidths, all measured spectra can be decomposed
into the well-resolved KaL?, KaL!, KaL?, etc., structures.
In the fitting procedure all these structures were fitted by
several Voigt profiles corresponding to the major multiplet
components. Each Voigtian had the centroid energy and
intensity as free parameters while the Lorentzian width was
limited by the natural linewidths and the Gaussian width
I'¢ ~ 1 eV (instrumental profile) was fixed. The limitation of
the natural linewidth (0.48 eV) was set using the recommended
values of the atomic level widths presented in Ref. [35].
Although these values refer to the single atomic systems,
the corresponding widths for the Si chemical compounds
are almost the same (the differences are not higher than
0.1eV [36]). The background in all the spectra was represented
by a linear function with a negative slope parameter in the
range between —0.17 and —0.05 and a small positive constant
correction (up to ~107%).

The results of the fitting procedure are presented together
with the experimental spectra in Fig. 2. From the fitting
procedure we obtained the average energy shifts of the Si
KoLV satellites and their relative intensities. The energy
shifts were determined from the weighted average differences
between centroids of the fitted Voigtians corresponding to
the Ka LV satellites and the K« L® diagram transitions. The
KoLV satellite intensities were obtained as a sum of the
Voigtian areas representing the satellite structures.
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B. MCDF calculations

The interpretation of the x-ray spectra emitted by Si
being in a tetrahedral bond with oxygen requires molecular
orbital calculations (e.g., see [37]). In our calculations, for the
description of the K x-ray transitions we used a pure atomic
model which accounts for the chemical (solid-state) effect by
varying the electron valence configuration in the Si atomic
system. Accordingly, in order to analyze the experimental
Ka LV satellite spectra induced in the stopping processes, the
transition energies and probabilities have been calculated by
means of the multiconfiguration Dirac-Fock (MCDF) method
[38]. The transverse (Breit) interaction and QED (self-energy
and vacuum polarization) corrections were included in the
calculations.

Within the MCDF method, the effective Hamiltonian for an
N-electron system is expressed by

N N
A=>"hpi)+ Y. Cy. (1)
i=l

j>i=1

where hp (i) is the Dirac operator for the ith electron.
The terms C; ; account for the electron-electron interactions
and are a sum of the Coulomb interaction operator and
the transverse (Breit) operator. In the MCDF method, an
atomic-state function describing the state s (with given values
of the quantum numbers of the total angular momentum, J,
and of its projection on the chosen direction, M, as well as the
parity, p) is assumed in the multiconfigurational form

W(IMP) =" cn($)D(ymd MP), )

where @ (y,, J M?) are the configuration state functions (CSF),
¢ (8) are the configuration mixing coefficients for the state s,
and y,, represents all information required to uniquely define
a certain CSEF.

The MCDF calculations were performed for the diagram
and the KaL" satellite groups observed in the experiment
(KoL, KaL', KaL?, ..., and KaL>). The KaL" satellites
correspond to the transitions occurring from the states having
almost solely the 2p vacancies. The 2s holes are transferred
into 2 p subshell by the very intense Coster-Kronig transitions
and the contribution of the 2s holes in the L-vacancy
distribution at the moment of the K x-ray radiation can be
neglected [39]. Therefore, in the MCDF calculations we used
the following core vacancy configurations as the initial states:
1s12s02pN (N=0,1,2,..., and 5) for the KoL?, KaL',
KalL?, ..., and KoL’ transitions, respectively.

The symbol KoL in Table I concerns the energy shifts
corresponding to the summary group, taking into account
the statistically added Ko L" transitions from many initial
15'2592p" hole states. The M* label represents the fully
ionized M shell. The M° configuration corresponds to the
ground-state 3s23p? valence configuration (the free-atomic
valence configuration).

The results of the calculations presented in the last column
M*"m of Table I, attempt in a slightly simplified way (by using
close subshell configurations) to take into account the valence
charge fraction changed by the chemical effect. One should
emphasize here that the chemical effect manifests itself in a
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TABLE I. Theoretical KaL" satellite energy shifts (in eV) for
the different valence configurations (for details see text) with respect
to the Ko L0 diagram lines.

Valence configuration

Satellite

type M4 MO Mchem
KalL' 16.8 11.9 10.2

KalL? 32.0 25.4 23.0

Kal? 48.8 40.4 37.3

KaL?* 67.4 57.1 51.1

KoL’ 88.0 75.8 68.0

completely different or even opposite way for the low- and
high-ionized Si atoms placed in a chemical environment.

The single K-shell ionized states (K L°) of Si constitute
the initial states of the Ko L° diagram transitions. In this case,
the chemical effect decreases the number of the Si valence
electrons by transferring them toward the oxygen neighbor
atoms (the chemical bounding). The “chemical ionization”
increases the energy of the K o L? diagram transitions, causing
a positive chemical shift. Because of the direct relationship
between the effective valence charge and the energy shift,
the latter is determined mainly by the electronegativity of the
neighboring atoms [40]. The effective charge of Si in the SiO,
compound was calculated by means of the discrete variational
(DV) Hartree-Fock-Slater (X«) method [41]. It was reported
that in the SiO, compound, Si lost ~1.4 electrons (transferred
toward the oxygen atoms). We adopted this result in our x-ray
energy calculations for the Ko L? diagram transitions. A linear
combination of the 3s'3p?, 3s23p', and 3s5'3p! valence-shell
configurations was used as the initial electron configuration
(for details see [34]). The chemical shift of the KoL° line
relative to the corresponding one in a pure silicon atom was
foundtobe A Eghem = 0.66 eV [Echem(KaL?) = 1741.07 V],
which is in very good agreement with the values 0.62 =+ 0.01
[40] and 0.66 & 0.01 [42] obtained in the experiments for
the regular quartz and low-density SiO, aerogel, respectively.
The measurements for low-density SiO, aerogel were per-
formed at the Department of Physics, University of Fribourg
(Switzerland), with the high-resolution von Hamos curved
crystal spectrometer [43].

The transition energies of the Ka L satellites originating
from the highly ionized atoms should reveal a higher sensitivity
to a chemical (solid-state) environment due to the reduction
of the electronic screening. Therefore, one can naively expect
an increase of the positive chemical shift in the case of the
KaL" satellite transitions. However, this uniform effective
valence charge picture is valid only for the low-ionized states
(KL°) and breaks down in the case of the highly ionized
states constituting the initial state configuration for the Ko LY
satellite transitions. After creation of many L-shell vacancies
in Si, the valence electrons of the SiO, compound, which are
initially distributed near to the electronegative oxygen ligands,
are rapidly rearranged toward the Si positive field center [24].
Moreover, a high inner-shell ionization enhances the binding
potential to such an extent that the valence shell configuration
is completed according to the free atomic structure principle.
As a result, the valence shell of the highly ionized Si atoms
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after the interatomic relaxation is significantly enriched with
electrons. Therefore, contrary to the low-ionized states, the
chemical effect reduces energies of the high-order KaL™
satellite transitions, causing a negative chemical shift. This
effect greatly depends on a number of the L-shell vacancies.
In order to introduce this effect in the quantitative way, we
calculated the energy shifts with the mutable valence-shell
configurations, the 3523 p* and 3523 p® for the KaL"?>? and
KaL*3 satellite transitions, respectively.

The chemical enrichment effect competes with other
processes which can also modify the valence-shell structure,
for example, dense nanoplasma effects [44—46]. Therefore, a
detailed analysis of the KaL" satellite energy shifts brings
unique information on the valence-shell configuration that
is crucial not only for the determination of the L-shell
rearrangement intensities but also for a reliable framework
for the ion track plasma modeling.

C. Primary vacancy distributions accompanying
the stopping processes

The intensity of the K-shell radiation strongly depends on
the inner-shell vacancy production. The K-shell ionization
occurs effectively in ion-atom collisions with close to zero
impact parameters. Figure 3 represents cross-sections of the
K-shell vacancy production in Si atom ionized by a Ca
projectile depending on the ion energy and charge. In the
Ca-ion energy range of 2—10 MeV/u the cross sections
calculated by means of the Loss code [22] are relatively high
and change from 5 x 107!8 to 7 x 107!8 cm?. At the lower
projectile energies the production of the Si K-shell vacancies
is not effective any more and the K -shell radiation can hardly
be observed.

The values of the cross sections for the K -shell ionization
of Si by the Ca ions allow us to estimate the mean free path
of the Ca ions for the Si K-shell vacancy production as lx =
1/ogn,, where ok is a cross section for the K -shell ionization
(in cm?) and n, is a density of the target atoms (in cm™3).
From the comparison of the K -shell ionization free path (Ix ~
20-40 nm) with the interatomic distance of 0.23-0.3 nm be-
tween the Si atoms in quartz, one can estimate that every 100th
Si atom undergoes the K-shell ionization. The production of

. 2
Bx10™ Ca™ - Si(1s”)
—~~ l\
E -
= 6x10™ / RN
g ll'( \g\x
:8 18 /'l \\:
© 4x10 / B
(7] 7 —m—Ca
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(@] / - Ca'"™
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FIG. 3. Theoretical K -shell ionization cross sections (Loss code
[22]) for Si target atoms bombarded by Ca?™ ions (¢ = 15-19) plotted
as a function of the projectile energy.

PHYSICAL REVIEW A 82, 012703 (2010)

the K-shell vacancy in a single ion-atom collision can be
accompanied by the L- and M-shell ionization. In this way,
the Si target atom can reach a very high degree of ionization.
The same estimations made for the M (Ij;~0.2-0.5 nm)- and
L-shell ionization free paths (I, ~2—6 nm) indicate that almost
every Si atom around the ion trajectory is M -shell ionized and
every 10th atom is L-shell ionized. This leads to the extremely
inhomogeneous distribution of the ionization degree of the
target media along the ion path directly after the ion-atom
collision and consequently to a complex structure of the target
X-ray spectrum.

The Monte-Carlo calculations performed for the Si target
ionization by 11.4 MeV /u Caions [47] showed that the energy
of about 60% ionized electrons is in the range of 10-100 eV.
This slow electron fraction cannot escape the track core due
to the strong Coulomb potential produced by the ionized
atoms. Another, highly energetic electron fraction escapes the
interaction region and causes the K-shell ionization of the
unperturbed atoms far away from the ion track. That is why
the diagram Ko lines observed in the experiment have much
higher intensities than those expected from the direct ion-atom
interaction.

A degree of the projectile track ionization and the amount of
the slow and fast electrons determine the succeeding processes
occurring in the track. At least two different scenarios are
possible. First, if the ion track is strongly ionized and the
core neutralization does not occur during the first tens of
femtoseconds, the repulsion of the highly ionized target
atoms can lead to the Coulomb explosion [15,16] and to the
deformation of the crystal structure around the ion track. As
opposed to that, the Coulomb explosion can be prevented if
the ion track is weakly ionized and/or if a fast neutralization
occurs due to the return of ionized slow electrons. Partially,
the information on the fast electron fractions can be obtained
from the enhanced intensities of the diagram K « transitions. In
order to study the degree of the track ionization in the nearest
vicinity of the Si atoms, one can use a statistical approach
presented in what follows.

In the case of the direct ionization occurring in the near-
central collision, the L-shell electrons are mainly ejected
in an uncorrelated way (the direct Coulomb ionization) and
one can therefore expect a binomial distribution of the K LV
states population. The validity of this approximation has been
confirmed in many previous works [48,49]. The cross section
for the production of the KLV state can be written in the
independent electron approximation as

OkLN = 271/ 2pk (D)1 — pk(b)]
0

X ( fj) Py O = pr®*bdb,  (3)

where px and p; are the mean K- and L-shell ionization
probabilities (per electron), respectively. The values of the
ionization probabilities as a function of the impact parameter
can be obtained from the semiclassical approximation (SCA)
calculations [50,51]. The model describes an ion-atom colli-
sion using the first-order time-dependent perturbation theory.
This theory was used in the description of the K- [52],
L-[39], and M-shell [33] ionization processes. In the case of
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FIG. 4. (Color online) Theoretical SCA ionization probabilities
of K, L, and M (sub)shells as functions of the impact parameter of
Si atoms bombarded by 11 MeV /u Ca ions.

low-Z atoms, it was found that the SCA theory with hydrogen-
like wave functions (SCA-HYD) calculations provide a rea-
sonable description of the L-shell ionization caused by heavy
ions (Zp ~ 6-10) in the high-velocity regime (v/v, > 1.5)
[39].

Figure 4 shows the K-, L- and M-subshell ionization
probabilities calculated by means of the SCA-HYD in a
separated-atom (SA) mode. The L-subshell ionization proba-
bilities remain stable for a relatively long range of the impact
parameter values. By introducing the b = 6000 fm value for
which the product b x pg(b) reaches the maximum, in the
low-impact parameter region (0 < b < b°") it is possible to
describe the L-shell vacancy distribution by a single (constant)
parameter p; (b°"). This simplifies Eq. (3) into the formula

8
—_— ( N) PG — pr Vo, (@)

where ok is the total cross section for the K-shell vacancy
production. It should be pointed out here that besides the
direct K-shell ionization also electron-capture processes can
contribute to the K-shell vacancy production [53].

The binomial distribution of the target atom L-shell vacan-
cies can be modified by the electron capture from the target
atom into a projectile [39,54]. Therefore, the statistical model
describing the primary vacancy distributions of the Si K LV
states produced in the stopping processes should also take
into consideration the electron-capture processes occurring in
the near-central collisions. The total cross sections for the
L-shell vacancy production by the electron capture from Si into
Ca ions can be calculated by means of the nonrelativistic
eikonal theory [55]. The results of these calculations for
different ion penetration depths (and ion energies) are shown in
Table II. Assuming that the capture to ionization cross section
ratios are similar to the ratios of the corresponding probabilities
for central collisions, one can estimate the capture probabilities
for small impact parameters.

The results in Table II indicate that the L-K electron-
capture process is very weak (more than three orders of
magnitude weaker than the direct L-shell ionization) and does
not play an important role in the production of the L-shell
vacancies in any stage of the stopping processes. This role is
further reduced by the fact that the charge-state fraction of the
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TABLE II. Theoretical cross sections for L-electron capture

(eikonal approximation [55]) and direct ionization (SCA approxi-

mation) of Si atoms by fully stripped Ca ions in cm?.

Projectile energy oy oS m P!

11 MeV/u 8.1 x 1072 2.0 x 1079 2.9 x 10717
8 MeV/u 7.1 x 1072 7.7 x 107" 4.1x 107"
5MeV/u 4.6 x 1072 6.6 x 10718 6.5 x 1077

Ca ions with the energy of a few MeV /u colliding with SiO,
is dominated by Ca'®* and Ca!’* ions [20], which makes the
electron capture into the K -shell hardly possible.

Due to the negligible contribution of the L-K electron
capture, in our analysis we took into consideration only the
L-L and L-M electron-capture processes:

P~ i + Piy (5)

Assuming that L-shell vacancies can be produced indepen-
dently in the direct ionization and/or in the electron-capture
processes, both partial L-shell vacancy distributions related
to the direct ionization and electron-capture processes can be
described by binomial distributions. The relative population
of n vacancies from / L-shell electrons produced in direct
ionization processes can be written as follows:

l n —n
P(Efl) = <n) (P (1 - pLDI)l ’ (6)

where pP! represents the L-shell direct ionization probability
per electron. The relative population of n’ vacancies from [’
L-shell electrons produced in the L-L and L-M electron-
capture processes can be written in a similar way:

/ ’ ’ ’
P = () ey oy
where pEC is the total electron-capture probability per electron.

It was further assumed that the L-shell production is a
two-step process related to the following ionization and/or
electron capture (or vice versa). Such an approach gives the
following distribution model for the population of the KLV
states:

P = 3[Pow Piv.sy + Pig P19 + Pow Piv 2.6
+ P Piv-ssy T+ Pivs Pos—w)]
+3[Pos Pivs) + P Piv—1.7) + Pl Piv—.6)
+ Py PN 3.5+ + P g Plos-n)): ®)

where P(E}l) and P(ES,) correspond to the partial L-shell vacancy
populations obtained from binomial distributions and N =
n + n’ represents the total number of the L-shell vacancies
produced in both the direct ionization and the electron-capture
processes, respectively. A similar approach is presented for the
L-shell ionization and the L-K electron-capture processes in
Refs. [39,54].

Using this model and employing the fitting procedure,
one can obtain the primary L-shell vacancy distributions
within errors. In order to obtain unambiguous results from
the fitting procedure, only one free parameter has to be
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used (the ionization and electron-capture processes cannot
be distinguished in a statistical model). Since the direct
L-shell ionization significantly dominates over the L-shell
electron capture at high projectile energies, we fixed the
electron-capture probabilities by taking estimated values from
the theory, while the ionization probabilities were used as
free parameters. In this way we obtained the primary L-shell
vacancy distributions and the L-shell ionization probabilities
for all considered stages of the stopping process.

Further modification of the KLV states distribution can
be caused by fast electrons and x-ray secondary ionization
[56,57]. This enhances the KoL diagram lines observed in
the x-ray spectra. However, since this process is not related to
the direct ion-atom interaction, the K« L° lines have been ex-
cluded from the analysis of the primary vacancy distributions.

The interpretation of the KaL" satellite intensities also
requires taking into account the L-shell rearrangement tran-
sitions and changes in fluorescence yields due to the addi-
tional ionization. Significant changes of the M-shell electron
population followed by the intense rearrangement processes
lead to the filling of the L-shell (and K-shell) vacancies in
the ionized Si. The role of the valence electrons or chemical
bounding in the rearrangement processes which occur after the
initial electronic excitation [24,58—62] is presented in the next
section.

D. Rearrangement processes

The KaL" satellite intensities observed in the experiment
reflect the L-shell vacancy fraction in the stopping media at
the moment of the K« x-ray emission. Determination of the
primary L-shell vacancy distribution (at the moment of the
projectile-target interaction) requires the calculations of rear-
rangement probabilities in all the processes that modify the
number of the L-shell vacancies during the time between the
collision and the photon emission (lifetimes of KLV states
increase in Si from ~1.5 fs for N =0 to ~tens of fs for
N =238).

The XV diagram (N = 0) and the satellite (N =1,2,...)
intensities of the KaL" transitions observed in the x-ray
spectra are related to the primary vacancy yields IV by the
following equations:

X0 ="+ RI'"+ R\RI*+ -+ RRy, ... ,RsI®)Y,,
(9a)
XV =" + Ry I+ + Ryyr, . ReI®)
x (1 = RNy, (9b)
X% =131 — Rp)¥, (9c)

where Ry, ...,Ryy7 are the probabilities of an electron
rearrangement for a given L-shell hole configuration. The
w¥ , factors represent the partial fluorescence yields of the Ko
transitions with the N number of L-shell spectator vacancies:

N rE, (@
Ka FEa(LN)‘FF];ﬁ(LN)'FF%(LN)’

(10)

where 'R (L") and F%(LN ) are the radiative widths of the

Ko and KB transitions, while ' (L") widths correspond to
the K -shell Auger transitions in the presence of the N number
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of L-shell spectator vacancies, respectively. By taking into
consideration the LM M Auger and radiative M — L transi-
tions which reduce the number of L-shell holes produced in the
ion-atom collisions one can find rearrangement probabilities.
Therefore, the probability that an L-shell vacancy will be filled
within the lifetime of a K -shell hole is given by

_rhert

= =" 11
T (11)

i

where 'k and I';, = Fl‘i + FE’_ + FEK are the total widths of

the K and L; atomic levels, while FLA’, s Fz s FEK represent the

partial widths for the Auger, radiative, and Coster-Kronig tran-

sitions, respectively. In the case of the Si atom, any L subshell

holes are immediately transferred into the L, or L3 subshells

via the Coser-Kronig transitions (pf*,, = 98% [63]).
Therefore, Eq. (11) can be reduced to the form

A R
1—1L23 + FLzs

R~ Ry = .
23 T +T,,

(12)
For singly ionized atoms, as the K-shell partial widths,
we used values taken from Refs. [64] ('}, and F‘,iﬁ), [65]

(TR, 1> TR 14p)> and [66] (T'%,,,,) for the radiative and Auger
transitions, respectively. In the case of the L,3 subshells,
the widths of the radiative M — L,3 and Auger LysMM
transitions were taken from Ref. [63].

The estimated rearrangement factors presented earlier can
only be used for the single L-shell ionized atoms. In the case of
the multiply ionized atoms, one should take into consideration
the changes of the widths (transition rates) appearing in
Eq. (12). The rates of the rearrangement transition occurring
in the time between the ion-atom collision and the K« x-ray
emission greatly depend on the Si valence charge fraction.
This fraction is governed by the M-shell ionization and the
chemical environment of Si. In addition, the low-temperature
plasma structure appearing locally as a result of the target
heating can influence the valence vacancy configuration. In
Table III the rearrangement probabilities obtained by means of
the atomic local-potential model with the extended scattered-
wave integration technique [24] are presented for various

TABLE III. Theoretical values of rearrangement probabilities
Ry for KLV states of Si in different valence configurations (M*,
MO, Mche™) The M** values correspond to the rearrangement
probabilities obtained by means of scaling procedure (for details see
Refs. [54,67]).

Valence configuration

Rearrangement

factor M* M° Mehem M
R, - 6.2% 7.7° 5.7
R, - 14.3¢ 23.5° 14.2
R; - 26.2¢ 47.8° 26.2
Ry - 43.3% 72.0P 42.2
Rs - 60.2* 86.9° 61.2
Rs - 78.8¢ 94.8° 79.7
R, - 92.2% 98.3° 92.8
Rg - 98.6° 99.5° 97.3

2Taken from Ref. [24].
bTaken from Ref. [24].
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valence-shell configurations. For comparison, we also present
the rearrangement probabilities obtained by means of the
statistical scaling procedure. In this procedure the partial
widths are assumed to be proportional to the number of
electrons in a given shell available for radiative or nonradiative
transitions (for details see Refs. [54,67]).

For a fully ionized outer shell (M%), the rearrangement
processes are completely suppressed due to the lack of
the M-shell electrons which can participate in the L-shell
rearrangement transitions. A fully ionized valence config-
uration corresponds to a situation in which the strong
M -shell ionization and/or nanoplasma processes dominate the
chemical effect. Rearrangement probabilities reach the highest
values for the enriched valence electron fractions formed due
to the chemical effect (see the MP*™ column of Table IIT).
This configuration corresponds to the process in which the
electron enrichment of the valence-shell prevails over all other
processes which reduce the number of M-shell electrons.
Significantly smaller rearrangement probabilities obtained
for the unaffected valence-shell configuration (M?) can be
attributed to the balance between the processes which enrich
the M-shell and those which are responsible for the reduction
in the number of the M-shell electrons (the free-atomic
valence configuration). One can also see that the rearrangement
probabilities calculated by applying the scaling procedure (see
the M* column of Table III) are close to those obtained by
Hartmann for the free atomic valence configuration [24] (see
the M° column of Table III).

In Fig. 5 the rearrangement probabilities and other rear-
rangement parameters obtained in the “chemical” procedure
are compared with the values obtained by the statistical scaling
procedure [33,39,54]. All rearrangement parameters obtained
by means of the scaling method significantly differ from those
obtained as aresult of the calculations that take into account the
strong chemical effect. The same is true for the natural widths

T (eV)

® (%)

R (%),

Number of L-shell vacancies

FIG. 5. (Color online) (a) Total K -shell and LM M Auger widths
and (b) partial wg, fluorescence yields and rearrangement factors
for the KLY ionized states of a Si atom obtained by both scaling
(dashed lines) and a procedure taking into account its chemical
environment (solid line), respectively. The values obtained by the
latter were calculated using the decay rates taken from Ref. [24].
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[see Fig. 5(a)]. Moreover, the differences can be dramatically
high for states having many L-shell vacancies. In this case the
rearrangement processes can gain the extreme high intensity
[see the R"*™ curve in Fig. 5(b)] due to the cascade deexcita-
tion, mainly via the nonradiative L M M Auger transitions [24]
[see the T'$"™ curve in Fig. 5(a)]. This rearrangement cascade
dramatically reduces the observed intensities of the high-order
KoLV satellites in the x-ray spectra.

Once the KaL" satellite intensities and rearrangement
factors are known, it is possible to determine the primary
L-shell vacancy distributions present at the moment of the
ion-atom collision. The primary distributions presented in
Sec. IV were obtained from the experimental KoLV satellite
intensities by means of the minimizing fitting procedure,
taking into account the rearrangement transformation.

IV. RESULTS AND DISCUSSION

A. Energies of KaL" satellites

The measured values of the average energy shifts for the
KoLV satellites with respect to the Ka diagram lines of
Si situated in the chemical oxygen environment (SiO;) in
different stages of the stopping process are listed in Table I'V.
Figure 6 compares the experimental energy shifts measured
for three different energies of the Ca ions slowing down in the
aerogel target with the theoretical energy shifts of the KoLV
satellites. The experimental values are significantly lower than
those obtained by means of the MCDF calculations for a
fully ionized M shell (see the solid line in Fig. 6). Moreover,
calculations for the M° (3523 p?) valence shell configuration
(dotted line in Fig. 6) also slightly overestimate the measured
energy shifts.

The disagreement between the experiment and these MCDF
calculations seems to increase with the number of the L-shell
holes. A similar effect of decreasing energy shifts with the
number of the L-shell vacancies has been observed for the
fluorine K« x-ray satellites [60]. In that article O. Benka and
coauthors interpret this effect as a result of the presence of the
additional three to four 3 p electrons. Afterward, this uniform
picture has been re-formed into a more sophisticated theory by
Hartman [62]. In this theory the M-subshell fractions depend
on the number of the L-shell holes.

The comparison between our experimental and theoretical
results disproves the theoretical description based on the
uniform effective valence charge picture. It also confirms the

TABLE IV. The average energy shifts of the KoL satellites
(with respect to the K e L diagram lines) measured (in e V) in different
stages of the stopping process and different energy ranges of the
projectiles interacting with the low-density SiO, target.

Ca-ion energy (MeV /u)

Satellite

type (11.4-10.6) (8.5-7.6) (5.2-4.0)
KaL! 10.1 = 1.1 99+09 97+1.0
KalL? 222412 222408 22.74+0.9
KalL? 36.1 £ 1.0 35.64+0.9 36.2+1.0
KaL* 496 +1.0 50.1 = 1.0 509 +1.2
KalL? 63.3+1.2 648 +1.2 648+ 1.6
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FIG. 6. (Color online) Comparison of the experimental Ko LY
satellites energy shifts obtained in the present work for three different
Ca-projectile energies: ~11 MeV/u, ~8 MeV/u, and ~5 MeV /u,
respectively, with MCDF predictions performed for various valence
configurations. The dotted line represents the calculations with full
valence shell (M°), the solid line represents the calculations with
a fully ionized one (M%), and the dashed line corresponds to the a
chemical enriched valence configuration (M¢'™),

correctness of Hartman’s approach, in which an increase of
the valence electron fraction is strongly related to the number
of the L-shell vacancies and chemical environment. Our
theoretical calculations of the KaL" satellite energy shifts
with the uniform effective valence charge (M 0 and M*) do
not take into consideration the chemical environment of a Si
atom. This is a plausible reason for the observed discrepancies
between the experiment and the theory based on the uniform
effective valence charge picture.

The MCDF calculations for the valence-electron-rich SiO,
compound must go beyond the description based on the
uniform effective valence charge. Using the enriched valence
electron fraction in the theoretical calculations, one can further
reduce the values of the calculated KoLV satellite energy
shifts (the dashed line in Fig. 6). An agreement between these
theoretical calculations and the experimental values strongly
suggests that the valence-shell present at the moment of the
Ka x-ray transitions is strongly enriched by electrons in all
considered phases of the stopping process.

Furthermore, the negligible differences in the energy
shifts of every KoL satellite observed for different ion
penetration depths and therefore different projectile charge
and energies indicate that the valence configuration reveals
striking similarities in all the stages of the stopping process.
At first sight this observation seems to be in a contradiction
with the SCA theory that predicts changes in the M-shell
configuration due to the increase in the ionization probabilities
from py = 0.18 (per electron for the near central collisions)
in the early stage of the stopping process (£, ~ 11 MeV /u) up
to py = 0.41 in the latter (E, ~ 5 MeV/u). A higher M-shell
ionization should increase the KaL" satellite energy shifts,
especially at the lowest projectile energy.

On the other hand, a Si atom highly ionized in the
inner shells constitutes a large positive charge center in
the SiO, multiple-valence-electron system with the central
force strongly attracting electrons not only from the self-
valence (bonding) state but also from the valence states of
the neighboring oxygen atoms. This leads to a transformation
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TABLE V. The Ko L° diagram (X°) and Ko L" satellite intensi-
ties (X") measured for different stages of the stopping process and
different energy ranges of the projectiles interacting in the low-density
SiO, target (given in %).

Ca-ion energy (MeV /u)

KoL line

intensities (11.4-10.6) (8.5-7.6) (5.2-4.0)
X0 141+14 139+ 14 73+09
X! 146 1.8 139+ 1.6 71+1.0
X2 256+1.6 232+1.5 203 +22
X3 220+1.9 241+19 276 £29
x4 14.8 2.0 145+19 20.9 £ 2.3
X3 6.6 1.8 78+1.5 118+ 1.6
X 22420 26+20 49+ 1.0

of the Si valence state and formation of the enriched valence
(mainly 3p and 3d) electron fractions. The low values of
the experimental energy shifts indicate that in the case of mul-
tiple ionized Si situated in the oxygen chemical environment,
the valence electron enhancement significantly predominates
over the outer-shell ionization.

B. L-shell vacancy distributions

The relative intensities of the KoL diagram and KoLV
satellite transitions of Si induced in the SiO, target by the
decelerating Ca ions (with initial energy of 11.4 MeV/u)
are listed in Table V. The intensities of the KoLV (N =
1,2,...,5) satellite transitions reflect the primary L-shell
vacancy distribution arising at different stages of the stopping
process. Assuming that the L-shell vacancies can be produced
independently in the direct ionization and/or in the electron-
capture processes, in the statistical model [see Egs. (6) and (7)]
both processes responsible for the L-shell vacancy production
can be described by binomial distributions with free (ioniza-
tion) and fixed (electron capture) probabilities. In this way,
the model distribution [Eq. (8)] fitted to the Ka LV satellite
intensities and corrected for the rearrangement processes
reproduces the primary L-shell vacancy distribution and the
L-shell ionization probabilities. The only free fitting parameter
in that procedure is the average L-shell ionization probability
per electron p;, while the electron-capture probability es-
timated from the eikonal theory is kept fixed. As we have
mentioned before, in order to determine the primary L-shell
distribution and p; values, we have excluded the K al? X-ray
transitions from the Ko L" intensity analysis due to their dif-
ferent origins (secondary photo- and electron-ionization [56]).

The rearrangement parameters governing the primary
L-shell distribution strongly depend on the valence-shell
configuration. This dependence can be seen in Fig. 7, where the
primary L-shell distributions obtained for different assump-
tions concerning valence shell configurations are displayed.
These results represent the distributions for the latest stage of
the stopping process, where the highest degree of the L-shell
ionization and the most intense rearrangement transitions
are expected. The dashed line corresponds to the primary
L-shell distribution obtained with assumption of a fully ionized
M shell (M*). In this case rearrangement processes cannot
take place because of the lack of electrons in the M shell.
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FIG. 7. (Color online) Primary L-shell distributions in Si induced
by the Ca ions at E ~ 5 MeV/u obtained for different Si valence
configurations. The solid line represents the distribution obtained for
a chemically enriched valence shell, the dashed line represents the
distribution obtained for a fully ionized one (M*), and the dotted
line corresponds to the distribution obtained by means of the scaling
procedure (M°).

Therefore, these results correspond to the unaffected L-shell
vacancy distribution observed in the K« X-ray spectra.

In comparison with the M* results, the scaling rearrange-
ment procedure (M°) slightly shifts the L-shell primary
distribution toward the higher ionized states (the dotted lines
in Fig. 7). The statistical scaling rearrangement approach does
not take into consideration the interatomic valence-electron
flow from ligands into the ionized Si, which is especially
strong in the valence-electron-rich compounds like SiO,. As
a consequence, the valence-electron fraction of the highly
ionized Si is under-represented in this approach and the high
degree of the L-shell ionization cannot be reproduced.

Finally, the solid line in Fig. 7 represents the primary
L-shell distribution obtained by means of the rearrangement
procedure taking into consideration the chemical or solid-state
enrichment of the valence shell. The primary distribution
obtained after the “chemical” rearrangement corrections rep-
resents the highest degree of the L-shell ionization present in
the later stage of the stopping process.

The proper choice of the rearrangement profile for the
considered atomic system embedded in a given chemical
environment requires precise knowledge of the valence-shell
configuration for each KLV vacancy state produced in the
ion-atom collision. This information can be derived from
the experimental energy shifts of the KaL" satellites which
depend on the valence-shell configuration. As argued in
previous section, the low values of the Ka LY satellite energy
shifts observed in the experiment firmly indicate that in the
case of the SiO, compound the valence-shell of the multiple
ionized Si is significantly enriched by additional electrons.
Therefore, we conclude that the chemical rearrangement
procedure reproduces the L-shell primary distributions best.

The valence-electron-rich configuration has different con-
sequences for the subsequent rearrangement processes and
then for the observed Ko x-ray spectra. The results of
Hartmann’s calculations [24] have shown that any inner-
shell Si charge depletion is compensated by a corresponding
increase of the Si 3s, 3p, and 3d electron charge fraction.

PHYSICAL REVIEW A 82, 012703 (2010)

The valence configuration of Si situated in SiO, chemical
compound can evolve from ~3s23 p?3d" for the K L' state into
~3523 p53d4 for the K L7 one. In other words, the inner-shell
charge depletion related with L-shell ionization of the Si atom
initiates a very intense valence electron flow from the oxygen
ligands.

Moreover, even the 3s or 3p outer-shell ionization and/or
rearrangement processes can be easily compensated by the
3d electron charge fraction. Both electron compensations
increase dramatically for the high degree of the L-shell
ionization and “prepare” the Si atom for the subsequent
cascade deexcitation. This valence electron enhancement of
Si situated in the electron-rich chemical environment is
manifested by a huge increase in the deexcitation rates for the
L-shell rearrangement transitions occurring from the valence
shell prior to the K« x-ray emission. Such extreme atomic
conditions induce cascade rearrangement processes occurring
mainly by LM M (LV V) Auger transitions. The decay rates of
the LM M transitions increase from the ~5 x 10'® s~! for the
K L' state up to ~4 x 10" s~! for the K L7 one [24]. One of
the reasons for such huge rearrangement intensities for highly
ionized states is the growing role of Si 3d electrons in the
L-shell vacancy filling through the L M M cascade transitions.

By the comparison with decay rates of KaL" satellites
ranging from ~7 x 10'? s7! (K« L") up to ~3 x 10" s7!
(KaL'), one can clearly see that the L M M cascade processes
are sufficiently intense to fill the L-shell vacancies prior
x-ray emission. In this way, the fast rearrangement processes
transform the highly ionized KLV states, produced in the
ion-atom collisions, into the states with the reduced number
of the L-shell vacancies and shift the maximum of the L-shell
vacancy distribution toward the lower energy range of the
K x-ray spectra.

This L-shell vacancy reduction in all stages of the stopping
process is shown in Fig. 8. Here the primary L-shell vacancy
distributions are shown together with the distributions present
at the moment of the K x-ray emission. The results represent
the primary populations of the K L" vacancy states appearing
at the Ca-ion energies of ~11 MeV/u, ~8 MeV/u, and
~5MeV /u. The highest degree of the L-shell ionization can be
seen clearly at the lower Ca-projectile energy of ~5 MeV /u.
The “chemical” rearrangement processes significantly reduce
the primary L-shell vacancy populations of the highest ionized
states for all phases of the stopping process. The strongest
reduction occurs in the latest stage of the stopping process
where the L-shell vacancy production is the most intense.
At this stage the strong rearrangement transitions efficiently
reduce the number of the highest ionized states. A similar effect
of the high efficiency in reduction of the L-shell vacancies
prior to the K x-ray emission has been observed in the
previous experimental works concerning low-Z atoms in the
electron-rich chemical (or solid-state) surroundings [58,68].

C. L-shell vacancy-production probabilities

The experimental and theoretical L-shell ionization proba-
bilities for the Si atoms induced by the Ca ions obtained from
fitting the model distribution [Eq. (8)] to the Ka L™ satellite
intensities are shown in Table VI. The theoretical values
were obtained by means of the SCA and geometrical model
(GM) [69] approximations, respectively. For completeness the
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FIG. 8. (Color online) The KaL" satellite intensities (squares
and dashed lines) measured in the Ko x-ray spectra induced in
Si by the Ca ions with initial energy of 11 MeV/u at early (top),
mid- (middle), and later stages of the stopping processes (bottom)
and corresponding primary L-shell vacancy distributions (circles
and solid lines) obtained by means of the “chemical” rearrangement
procedure.

probabilities of the electron capture from L-shell of the target
atom into bound states of projectile estimated from the eikonal
capture cross sections [55] and used in the fitting procedure
are also presented.

Due to a very small contribution of the electron-capture
processes to the total L-shell vacancy production, we believe
that the fitting procedure (with fixed electron-capture proba-
bilities) accurately reproduces the average L-shell ionization
probabilities for all considered stages of the stopping process.
In the case of the later phase, the cross sections of the
electron capture significantly increases. This can lead to a
higher contribution of the electron-capture processes to the
L-shell vacancy production. To the best of our knowledge
there are no impact-parameter-dependent studies devoted to
the L — M,N electron-capture processes occurring in the
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FIG. 9. (Color online) Comparison of the experimental L-shell
ionization probabilities for Si atoms (per electron) exited by the
Ca ions at different stages of the stopping processes with the
predictions of the SCA-HYD and GM theoretical calculations as
a function of the projectile energy (in reverse scale). The triangles
and circles represent the experimental values obtained by scaling and
“chemical” rearrangement procedures, respectively.

strong perturbation regime considered in our work. Therefore,
we point out that in the case of the later stage (~5 MeV /u)
the systematic error of the L-shell ionization probability can
be slightly higher than those for the early and mid stages.

The values of the L-shell ionization probabilities obtained
from different rearrangement procedures that transform the
KaLV satellite intensities into the primary L-shell distribution
(or vice versa) can significantly differ from each other. The
results obtained by means of the simplified scaling rearrange-
ment procedure are displayed in the next-to-last column of
Table VI [(pP")scal]. The experimental values obtained after the
correction taking into account the rearrangement enhancement
due to the electron-rich chemical environment of a Si atom
(Si0,) are shown in the last column of Table VI [(pP)chem -
Figure 9 illustrates the direct ionization probabilities obtained
by both rearrangement procedures as well as the SCA and GM
theoretical predications.

One can see that the direct L-shell ionization probabilities
determined by means of the chemical rearrangement procedure
are significantly higher than those obtained by means of
the scaling method. Moreover, the scaling procedure is not
able to reproduce the strong dependence between the L-shell
ionization probabilities and the projectile energies that is

TABLE VI. The theoretical (SCA and GM) and experimental L-shell ionization probabilities for Si atoms (per electron) induced by the
Ca ions obtained by fitting the model distribution [Eq. (8)] to the KaL" satellite intensities corrected for rearrangement processes. The
symbols (pP)sca and (pPehem represent direct ionization probabilities obtained by means of the scaling and “chemical” rearrangement
procedure, respectively (for details see text). The theoretical L-shell electron-capture probabilities estimated from the eikonal capture cross

sections [55] and used in fitting procedure are also shown.

.. Theory Experiment
Projectile
energy (pEC)eikonal (p]L)I)GM (p]L)I)SCA (pgl)scal (plL)I)chem
~11MeV/u 0.002 0.48 0.31 0.32£0.04 0.41 £0.04
~8 MeV/u 0.008 0.54 0.45 0.33+£0.04 0.44 +£0.04
~5MeV/u 0.074 0.64 0.72 0.37 £ 0.04 0.67 £ 0.05
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predicted by both SCA and GM theories (see Fig. 9). These
striking differences between the values of the direct L-shell
ionization probabilities obtained after the scaling and chemical
rearrangement corrections are related to the fact that the scal-
ing procedure significantly underestimates the rearrangement
processes occurring in the highly ionized Si atoms situated in
the chemical and/or nanoplasma environment. In this way the
scaling procedure reproduces the primary L-shell distribution
anomalously shifted toward the lower number of the L-shell
vacancies. As a consequence, the obtained values of the L-shell
ionization probabilities are artificially understated.

In contrast to that, the chemical rearrangement proce-
dure that takes into account the enhanced rearrangement
processes occurring in the electron-rich environment of the
Si0, compound reliably reproduces the high degree of the
L-shell ionization at the moment of the ion-atom collision.
As a result, the values of the direct L-shell ionization
probabilities are much higher than those obtained by means
of the scaling procedure. This finding once more confirms
the great importance of the chemical (solid-state) approach to
the rearrangement processes, which modify the valence-shell
configuration of the highly ionized atomic systems.

D. Nanosize plasma effects

Lankin et al. [44] have proposed a relaxation model of
low-temperature plasma (10-50 eV) generated by a fast single
ion in condensed matter. This collisional-radiative model
predicts the time-dependent population of the Si ground and
excited states produced in the track due to collisions with the
plasma electrons. The model is based on the assumption that
the plasma structures are localized inside the ion track core.
Further assumptions concern the Maxwell distribution of the
plasma electrons, the constant values of the plasma electron
density and temperature during the x-ray irradiation and finally
the fully ionized M-shell after the direct interaction with a
projectile.

Although this is not the only factor affecting the post-
collisional rearrangement, a solid-density plasma appearing
in the ion track can affect the relative intensities of the
KoLV satellite lines, which in “pure” atomic conditions are
the signature of the primary distributions of the K LV states
induced in the ion-atom collisions. In the model it is assumed
that the solid-density nanosize plasma in the area of the ion
track is uniformly created. In our analysis of the spectra
measured at the different projectile energies, the only symptom
of the plasma nanofields inside the ion track is related to the
increase in the broadening of the KaL" lines. In the case of
the KaL' satellite structure, the total width increased from
~4 eV up to ~6 eV in the spectra emitted at the early and later
stages of the stopping process, respectively.

In the plasma relaxation model it has also been assumed
that the free electrons and the highly ionized states of
the target atoms (ions) with a single K-shell vacancy, the
N number of the L-shell vacancies, and the fully ionized
M -shell are produced in the area of the projectile-target atom
interaction. The part of this assumption related to the fully
ionized M shell is an obvious contradiction with the binary-
encounter estimations and results obtained in the experiment.
The values of the experimental KaL" satellite energy shifts
reflect the strong M -shell electron enrichment at the moment of
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x-ray emission. The nanoplasma effects can also contribute to
the reduction of the Ko L™ transition energies (the so-called
red shift) caused by the electron gas pressure in the track
core [45,46]. However, even the strong nanoplasma effects
cannot reduce the energy of the K« satellite transitions to the
values observed in our experiment. For example, in the case
of the KaL* satellite the energy of the x-ray transition in
Si can be reduced by only 1-8 eV in a plasma environment
with electron density ranges from 1 x 10 up to 5 x 10%
cm~3 and electron temperature from 10 eV up to 50 eV [70].
Meanwhile, the energies of the K a L* satellites observed in the
experiment are reduced by more than 16 eV in comparison with
the corresponding energies of the KaL* satellite transitions
occurring in the presence of a fully ionized M shell.

Furthermore, if the electron gas pressure was the only
factor responsible for the reduction of satellite transition
energy, the values of the energy shifts should increase with
the ion penetration depth, especially at the lowest projectile
energies due to the increase in the density and the temperature
of the ionized target electrons. It should be noted that the
experimental values of the energy shift for every KoLV
satellite group does not depend on the ion penetration depth
and thus on the ion charge and velocity. Finally, the reduced
number of the L-shell vacancies observed in the KoL
satellite spectra proves the extremely strong rearrangement
processes related with M — L electron transitions. These
transitions cannot occur when the M-shell is entirely empty.
In our view, this eventually proves that the M shell is strongly
enriched at the moment of the x-ray emission and the plasma
effect might play at most a secondary role in the reduction of
the K-shell x-ray transitions induced in the stopping media
during the considered phases of the stopping process.

The electron enhancement of the valence shell observed at
the moment of the x-ray radiation induced by the projectiles
with energies ~5 MeV /u and above suggests a neutralization
of the ion track core potential in the femtosecond time scale
after ionization by projectile ions. This indicates that the
Coulomb explosion and the following material deformation are
prevented in the early and intermediate phases of the stopping
process.

Another conclusion presented by Lankin [44] concerns
the phase of the nanoplasma relaxation that significantly
contributes to the x-ray emission. It has been shown that the
most intensive spectral lines are radiated during the first 7 fs
after the projectile-target atom interaction. The calculations
of the atomic decay rates for Si with the electron-enriched
M shell predict lifetimes of the K LY states from 1.5 fs (for
KL% up to 14.6 fs (for K L7), which is in an agreement with
the values obtained in the plasma relaxation model.

Finally, we comment on the L-shell ionization probabilities
obtained from the fitting of the plasma parameters to the
experimental spectra [44]. The weak dependence between the
L-shell ionization probabilities and the projectile energies is
a further consequence of the fully ionized M shell assumed
in the plasma relaxation model. Based on this assumption,
the rearrangement processes cannot be included in the cal-
culations. In this way, the highest ionized KLV states are
under-represented in the model, especially as far as the later
phases of the stopping process are concerned. Similarly,
an inadequate scaling rearrangement procedure applied in
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our analysis of the KaL" satellite intensities resulted in a
weak dependence between the L-shell ionization probabilities
and the projectile energies (for details, see the previous
section).

V. SUMMARY AND CONCLUSIONS

The Ko« x-ray spectra of Si induced by the 11.4 MeV /u
Ca projectile slowing down in the low-density aerogel
Si0, target have been studied for different stages of the ion-
stopping process. The measurements with a high-energy reso-
lution (comparable with the natural line width) provided pre-
cise experimental data concerning the intensities and energies
of the Ka L™ x-ray satellite transitions occurring in a Si atom
situated in the valence-electron-rich chemical environment.

It was found that the energy shifts of the KaL" satellites
measured with respect to the K« diagram lines do not depend
on the Ca projectile energy. The low-energy shifts of the Ko LY
satellites observed in the experiment were attributed to the
chemical effect that decreases the KaL" satellite transition
energies due to the enrichment of the valence-electron fraction.
Furthermore, it was demonstrated that this effect is prominent
for higher-order Ka L™V satellites where the L shell of a
Si atom is highly ionized. It was also shown that the
nanoplasma effects in the area of the ion track can play only a
secondary role in the reduction of the Ka LV satellite energy
shifts (the red shift) in early and intermediate phases of the
stopping process. For those phases the assumption of the
nanoplasma relaxation model concerning the fully ionized M
shell seems to be unjustified.

The L-shell vacancy distributions of Si at the moment of the
ion-atom collisions occurring in different phases of the stop-
ping process were obtained from fitting the model distribution
into the measured Ka LV satellite intensities corrected for the
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rearrangement processes. Our results show a high level of the
L-shell ionization during all considered phases of the stopping
process. The L-shell vacancy production is especially intense
in the later phase of the stopping process, when the probability
of the L-shell ionization reaches almost 70%.

The populations of the highly ionized K LV states appearing
in the Si atoms after the interaction with the Ca ions were
found to undergo a significant reduction in the time between
the ion-atom collision and the x-ray emission due to the very
intense rearrangement processes. This reduction is especially
striking for the latest (considered in this work) phase of the
stopping process, where a degree of the L-shell ionization
is expected to be the highest. As a consequence, the highest
ionized states of Si produced in the ion-atom collisions cannot
be directly observed in the K« satellite x-ray spectra. The
high intensity of the rearrangement processes was attributed
to the electron-rich chemical environment which modifies the
valence shell of Si being in the highly ionized K LV states. The
importance of the chemical approach for the rearrangement
processes was also shown in the procedures used in order to
determine the L-shell ionization probabilities.
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