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In the present work, an alternative approach for the evaluation of the equilibrium K -, L-, and M -shell ionizations
and the mean charge state g for projectiles passing through various targets has been proposed. The approach is
based on measured K x-ray energy shifts and line intensity ratios and utilizes the theoretical analysis of projectile
spectra using multiconfiguration Dirac-Fock calculations. It was applied for the satellite and hypersatellite
K lines in the x-ray spectra emitted by sulfur projectiles passing with energies of 9.6-122 MeV through carbon,
aluminium, titanium, and iron targets, recorded by a Si(Li) detector. It was found that only in the high projectile
energy region there was significant dependence of mean equilibrium K -shell ionization on the target atomic
number. The equilibrium L-shell ionization rises with the increase of sulfur energy until 32 MeV, but for higher
energies the changes are very weak. The equilibrium M-shell ionization changes very weakly for low projectile
energy while for higher energies this ionization is practically constant. For each target, the estimated value of
g rises with the increase of the sulfur energy value. The dependence of the sulfur charge state on the target
atomic number was discussed by taking into account the cross sections for ionization, decay, and electron capture
processes. The data were compared with the experimental data measured by other authors and with the predictions
of Shima’s and Schiwietz and Grande’s semiempirical formulas. The presented good agreement points out that

this alternative approach delivers quantitative results.
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I. INTRODUCTION

Knowledge of the charge state of projectiles passing
through matter is one of the most relevant questions for studies
of ion stopping power and atomic excitation and subsequent
material modification during ion-atom interactions. In such
processes multiple inner shell vacancies are produced both in
the projectile and in the target atoms as the result of collisions.
The competition among ionization, excitation, capture, loss
of electrons, and decay processes creates an electron-hole
equilibrium in the electron shells of the moving projectile
which yields the mean equilibrium charge state g attained by
an ion.

A large number of studies have been performed in this area
both experimentally and theoretically. Consequently, there are
some well-known reviews concerning projectile charge states
such as those by Allison [1] and Betz [2]. Also, extensive
tabulations of charge projectile states as well as parameters of
the charge distributions are available [1-5]. Theoretically it is
known that the ion reaches an equilibrium charge state after
penetration of some distance into matter. This charge state g is
determined by the competition among ionization, excitation,
capture, electron loss, and decay processes. Because the
mean charge states of the projectile inside matter cannot
be determined directly, only the charge states of projectiles
emerging from targets have been measured directly using
different spectrometers [6—15]. In these papers the relation
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between ion charge values inside and outside the target is
generally open. Simultaneously, two main theoretical models
describing the ion charge state in solids have been proposed
to answer the question: Is there a significant difference of
projectile charge states inside and outside a solid target? The
Bohr and Lindhard (BL) model [16] considers that the fast
sequence of collisions experienced by the ion inside a solid
produces an enhancement in the ionization and excitation
probabilities which increases the equilibrium charge of the
ion. Consequently, the projectile charge state inside a solid
target increases constantly to the value observed behind
the target [16]. According to the Betz and Grodzins (BG)
model [17] the effect of sequential ion collisions inside matter
produces ions with several excited electrons in outer shells.
These electrons are emitted from the projectile immediately
after its exit from the target [17,18] when the ion decays to the
ground state through Auger processes. The multiple electron
emission predicted by this model has been sought for many
years [19-22] but the observed number of electrons was much
lower. Recently, Lifschitz and Arista [23] have shown, on the
basis of adequate nonlinear calculations of the energy loss
of heavy ions inside solids using quantum theory to evaluate
the transport cross section, that the ion charge inside a solid
should be quite close to the charge observed for an ion outside
the target.

The problem of the relation between the projectile charge
states inside and outside a solid target can be partially
explained using x-ray spectra emitted through the projectile
being inside and outside of the target. During a collision of
an ion with a target atom the strong Coulomb field of one
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of the “collision partners” can cause simultaneous ejection
of several electrons from the other. This process yields a
reduction in the nuclear charge screening and increases the
binding energy of the remaining electrons [24]. In a short
time the ion reaches an equilibrium inner shell population of
electrons which determines the equilibrium charge state of the
ion. Finally, as a result of the multiple inner shell ionization,
instead of a single-hole x-ray transition called a diagram line,
the structure of x-ray satellites appears. Using low-resolution
x-ray spectrometers, such as a semiconductor Si(Li) detector,
the satellite structure of induced x rays cannot be resolved.
Nevertheless, the x-ray spectra are strongly affected by the
structure of the inner shell electrons and vacancies. The
measured x-ray lines are shifted toward higher energies and
broadened with respect to the corresponding x-ray energies
of a singly ionized atom [25-27]. Consequently, from these
energy shifts and the broadening of K x-ray lines information
concerning the probability of multiple ionization can be
extracted. The method of analysis of atom multiple ionization
applying low-resolution x-ray spectra was used in our previous
work to study the ionization probabilities of M, N, and
O shells of heavy atoms bombarded by projectiles [28-31]
and of K, L, and M shells of sulfur projectiles passing
through a carbon target [27,31]. We have used the fact that
the x-ray satellite structure can be well approximated by a
Gaussian profile whose energy shift and width depend on
the K-, L-, and M-shell ionization at the moment of x-ray
emission.

Finally, the equilibrium electron configuration of the
projectile is achieved as the result of the electron loss and
capture processes. The energy of the x rays emitted from such
multiply ionized atoms reflects the actual electron population
and consequently the total charge state of the projectile during
x-ray emission. In our recent work [31,32] it has been shown
that the shifts of K x-ray lines with respect to the corresponding
x-ray energies of singly ionized atoms are sensitive to the
degree of ionization of their L and M shells. On the basis of
these experimental x-ray shifts it was possible to estimate
the mean equilibrium charge of the projectiles inside the
solid [33].

The main aim of the present work is the evaluation of
the equilibrium K-, L-, and M-shell ionizations, the mean
charge state g, and the charge-state distribution of sulfur
projectiles passing (with energies of 9.6-122.0 MeV) through
carbon, aluminium, titanium, and iron targets. For this purpose,
we have proposed an alternative approach for the evaluation
of the equilibrium ionizations of particular shells and the
mean charge state for different projectiles passing through
various targets. The results were obtained by the analysis of
low-resolution sulfur K x-ray spectra using a theoretical model
based on multiconfiguration Dirac-Fock (MCDF) calculations.
This work is a continuation of our previous study concerning
the dynamic formation of K -hole fractions of sulfur projectiles
inside a carbon target [27,33,34]. The dependence of sulfur
mean charge states g on the target atomic number is discussed
by taking into account the measured cross sections for ioniza-
tion, decay, and electron capture processes. Simultaneously,
the problem of the ion charge inside and outside of a solid
target is discussed. The data for g are compared with the
semiempirical formulas of Shima er al. [35] and Schiwietz
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and Grande [36]. The universal function allows us to compare
g results with data measured by the other authors in different
ion-target configurations.

II. EXPERIMENTAL DETAILS

The experimental setup was the same as that described
earlier [31,34] and therefore only a brief description is
presented here. Sulfur ion beams with incident energies of 9.6,
16.0, 22.4, and 32.0 MeV and initial charge states ¢ = 47,6
were obtained from the tandem accelerator at the Institute
of Physics of the Erlangen—Niirnberg University and with
energies of 65, 79, 99, and 122 MeV and charge states
g = 13%,14" were extracted from the U-200P cyclotron at
the Heavy Ion Laboratory of Warsaw University.

The ion beams passed through two collimators located at
38 and 24 cm in front of the target to define the diameter of the
beam spot as 2 mm at the target. The targets (self-supporting
foils of different materials) were positioned in a target holder
at an angle of 25° to the beam direction. Targets with different
effective thicknesses were used: carbon targets of thicknesses
in the range of 15210 ug/cm?; aluminium foils with
thicknesses of 122.4 and 127 ug/cm? during the experiment
at low sulfur energies (9.6-32.0 MeV) and with thicknesses of
136.8 and 145.6 pg/cm? for the high-energy measurements
(65-122 MeV); titanium foils with thicknesses 286.4 and
324.5 pg/cm? in the low-energy range and 157.8 pug/cm? in
the high-energy range; and iron foils with thicknesses 180.1,
188.2, 183.2, and 188.7 ug/cm?, respectively. All the targets
were prepared by vacuum evaporation and their absolute
thicknesses were determined in separate measurements on
the basis of the energy loss of 5.48-MeV « particles emitted
by an **' Am source. The necessary values of the stopping
power of « particles in the target materials were taken from
Biersack and Haggmark [37] and the final target thicknesses
were calculated using the computer code TRIM [38]. The
target thicknesses were also checked using elastically scattered
2.0-MeV “He™ ions from the Van de Graaff accelerator of the
Institute for Nuclear Studies. The absolute thickness of each
target was determined with an accuracy of about £4%. The
targets were considered as “thin” because the ions passing
through the foil did not lose an appreciable amount of energy
(AE was less than 0.15E, for the thickest target at the
lowest ion energy and decreased rapidly up to 0.01E, for
the highest projectile energy). The estimated self-absorption
of the measured x rays in the targets was low and less than
4%. Independent measurements of target thickness enabled
absolute normalization of the x-ray intensity on the incident
number of projectiles obtained from elastically scattered sulfur
ions detected in a silicon surface-barrier detector located inside
the chamber at 12.5° to the beam direction.

The K x rays emitted from the moving projectiles were
measured by a Si(Li) detector (30 mm? active area, crystal
thickness of 5 mm, and an energy resolution of FWHM =
150 eV for 6.4 keV) in a reflective geometry at 90° to the
beam direction and placed outside the target chamber. The
x rays emitted by the projectile passed on their way to the
detector through a 10-um metallized Mylar chamber window,
a 25-pum-thick beryllium detector window, and a 5-mm air gap
between both windows. Since the registered K x rays were
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attenuated due to transmission through the various absorbers
the x-ray spectrometer was carefully calibrated to obtain the
exact detection efficiency. The calibration was performed
according to the recipe of Pajek et al. [39] in the x-ray energy
range of 1.5-120 keV using standard calibration sources of
37Co, 133Ba, '3?Eu, and >*! Am and by particle induced x-ray
emission (PIXE) measurements of x rays from thin calibration
targets (Z = 13-42). For the relatively low x-ray energy region
(2-5 keV), essential in this work, the detector efficiency was
determined to an uncertainty of less than 4%. The energy
calibration of the spectrometer (the second sensitive parameter
in the present study) was checked several times during the
experiment by measuring the x rays emitted from standard
radioactive sources (57C0, I33Ey, 152Ba, and 241Am) and was
determined with an uncertainty of 2-3 eV depending on the
experimental run.

The geometry of the apparatus used in this work means that
the detector should register x rays emitted by the projectile
inside the target as well as from distances up to 1.2 cm behind
the target, so even x rays with different long lifetimes up to
10712 s were registered.

III. METHODOLOGY

A. Spectra analysis procedure

Typical x-ray spectra emitted by sulfur ions passing through
the Ti, Al, Fe, and C targets with energies of 9.6, 32.0, 79,
and 122 MeV and recorded by the Si(Li) spectrometer are
presented in Fig. 1. Depending on the projectile energy, differ-
ent x-ray lines are resolved in the measured spectra and their
origin was described in detail in our previous paper [27]. The
Ko ,, KB; 5 satellite and Kaf ,, KB{ 5 hypersatellite peaks
are the result of the overlapped contributions corresponding
to electron transitions in the sulfur ions of the following
types: 1s7! — 2p~!, 1s7! — 3p~'and 1s72 — 1s~12p~!,
1s72 — 1s~'3p~!, respectively. For higher incident sulfur
energies in a couple of cases the additional hypersatellite
peak labeled as Ky" was detected, which corresponds to the
hypersatellite transitions from the 4p and 5p subshells of
excited sulfur (i.e., transitions of the following types: 1572 —
Is~'4p~'and 1572 — 1s~!'5p~"). Its presence proves that the
K y* satellite transitions (i.e., transitions of the following types:
Is™! = 4p~'and 1s~' — 5p~!) should also take place. The
lack of a separate Ky* satellite peak in the observed spectra
indicates [31] that the contribution of this transition type
overlaps with another peak and the Ky* line energy and its
intensity were calculated by applying the K ,Bf’j one according
to the procedure described by Majewska et al. [31].

The resolved Kotf’z, K,Bi3 satellite and Kai’qz, Kﬂ{‘ﬁ,
Ky" hypersatellite peaks in the x-ray spectrum emitted by
multiply ionized sulfur projectiles are broadened and shifted
toward higher energies (with the width and energy shift being
characteristic for individual peaks) in comparison to the K« »
and K B; 3 diagram lines of the singly ionized sulfur atom (see
Fig. 1). All x-ray peaks recorded by the Si(Li) detector were
formed, in fact, by the convolution of the wide (~150 eV)
Gaussian response function of the semiconductor detector
with the natural structure of the satellite or hypersatellite lines
having typical energy spacing in the range of tens of electron
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FIG. 1. (Color online) The x-ray spectra emitted by sulfur ions
passing through Ti, Al, Fe, and C targets with energies of 9.6, 32.0,
79, and 122 MeV, respectively. Spectra were registered using a Si(Li)
detector with FWHM = 150 eV over the energy range 2—4 keV.
Dashed and dash-dotted vertical lines show the positions of the sulfur
Ko, , and KB, 3 diagram lines, respectively.

volts. In our previous work (Banas et al. [28]) we showed that
assuming a binomial character for the intensity distribution
of the x-ray satellites and taking into account their natural
widths and their Gaussian energy spread in the semiconductor
detector, the measured x-ray peaks appear as a Gaussian profile
which is shifted and broadened with respect to the diagram
line. Moreover, we have demonstrated [28] that the energy
shift and width of each measured x-ray peak can be expressed
in terms of the multiple ionization probabilities and the energy
shift per electron vacancy. In the present study we adopted
this method for the analysis of the measured K x-ray spectra
of multiply-ionized sulfur projectiles passing through different
foils. The energy and intensity of the resolved x-ray peaks were
determined from a least-squares analysis of the spectra using
from three to five (see Fig. 1) Gaussian functions (with the
characteristic width of the fitting function for each peak) and
a polynomial form for the background. The energy shift and
width of each x-ray peak reflects the electronic configuration
of the highly ionized sulfur projectiles at the time of x-ray
emission [27,31].

The measured energies of all x rays emitted from the
moving ions have been corrected for the Doppler effect,
resulting in a transformation of the registered energies into
the projectile rest frame. The stopping power of sulfur ions
in the target was taken into account by using an effective
beam energy. The measured intensities of the x-ray peaks were
corrected for the detector efficiency and for self-absorption of
X rays in the target [27].

022709-3



J. BRAZIEWICZ et al.

Additionally, x rays emitted as a result of radiative electron
capture (REC) from the K, L, and M shells of a target atom to
the projectile vacancy form the peak which is marked in Fig. 1
as Kgrgc. Its energy and shape changes drastically with the
sulfur projectile energy and also depends on the binding energy
of the inner shell electron in the multiply-ionized sulfur [40].
In the sulfur projectile energy range of 9.6-32.0 MeV the
energy of the Krgc peak is close to the characteristic sulfur
K x-ray lines and therefore it was taken into consideration in
the peak-fitting procedure. The expected Krgc peak form was
first simulated to predict its energy and broadening (caused
by the distribution of the momenta of the captured electrons
according to Biggs et al. [41]) for each projectile energy and the
data obtained were taken into account as initial parameters in
the x-ray peak-fitting procedure. For projectile energies higher
than 65 MeV the Kgrgc peak energy in the range 4.6-5.8 keV
is far from the analyzed region of the sulfur K x-ray energies
and therefore was not taken into account during the fitting
procedure.

B. The background of MCDF calculations

In recent years, several theoretical models based on the
MCDF method have been developed [42-48] and applied
[48-51] to give a reliable description of very complex x-ray
spectra accompanying the ionization process. The methodol-
ogy of the MCDF calculations performed in the present studies
is similar to that published earlier (see, e.g., [47]). In this
method the Hamiltonian for the N-electron atom is taken to
be of the form

N N
H=Y hpi)+ Y Cy. (1)
i=1

j>i=1

where hp(i) is the Dirac operator for ith electron and the
terms C;; account for electron-electron interactions and come
from the one-photon exchange process. The latter are the sum
of the Coulomb interaction operator and the transverse Breit
operator.

Atomic state functions with total angular momentum J
and parity p are represented in the multiconfigurational
form

W (IP) = en($) Py "), )

m

where ®(y,, JP) are the configuration state functions (CSFs),
cm(s) are the configuration mixing coefficients for state s, and
v Tepresent all the information required to uniquely define a
certain CSF.

In the present MCDF calculations the energy functional has
an identical form to that published in our earlier work [47].
Apart from the transverse (Breit) interaction, two types of
quantum electrodynamics (QED) corrections are included,
namely the self-energy and vacuum polarization corrections
(see McKenzie et al. [52]). The formulas for the transition
matrix elements and spontaneous emission probabilities can
be found in the work of Grant [53]. The calculations were
performed for the Coulomb gauge, which yields the dipole
velocity expression [53] in the nonrelativistic limit for electric
dipole transitions.
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It is important to note that the influence of dynamic
screening plays some role in the description of ion-solid
collisions [54-58]. In such studies the screening length [57]
was often used as a simple parameter adequate to qualify the
magnitude of the dynamic screening role in such collisions.
The preliminary estimations indicate that in our cases the
screening lengths have large values (i.e., several times bigger
than the impact ion radius), which indicates that not taking
the dynamic screening effect into account does not have an
important influence on particular subshell ionization values.
Therefore, not using this effect in our studies does not cause
a visible inaccuracy of the obtained results. Moreover, it
seems difficult to apply the concept of dynamic screening
for many electron projectiles such as sulfur, because there
are no works in the scientific literature which use the
dynamic screening for more complicated systems than one
electron.

C. Evaluation procedure of the equilibrium K-, L-, and M-shell
ionizations and ion charge states

As mentioned, our proposed quantitative approach for the
evaluation of the equilibrium K-, L-, and M -shell ionizations
and the mean equilibrium charge states g of sulfur projectiles
is based on the experimental values of various parameters of
the K x-ray spectra emitted by the projectiles passing through
the target. We have determined the value of the mean charge
state g according to the following expression:

EZI’ZK+I1L+I/ZM, (3)

where n is the average number of K -shell vacancies, n, is the
average number of L-shell vacancies, and n), is the average
number of M-shell vacancies.

As seen in Fig. 1, the structure of the measured K x-ray
spectra seems very simple, but, in fact, each of the registered
K x-ray peaks is composed of many x-ray contributions
corresponding to the various types of electronic configurations
of sulfur ions. It should be emphasized that, in order to
evaluate the equilibrium K-, L-, and M-shell ionizations,
and mean charge states g of the sulfur projectiles, it was
necessary to divide all the measured spectra into two groups
dependent on the projectile energy (i.e., 9.6-32.0 and 65—
122 MeV) and to apply different approaches for each energy
range.

1. Sulfur projectile energies of 9.6-32.0 MeV

For projectiles passing through foils, K-shell ionization is
always accompanied by simultaneous multiple ionization of
the outer shells. For the low-energy range (9.6, 16.0, 22.4,
and 32.0 MeV) we showed in our previous paper [32] that
determination of the average number of electron holes in the
L and M shells of sulfur projectiles is possible by taking
into account the fact that the influence of electron removal
from the subshells on the Koy , and Ky ; transition energies
and the KB ; : Kay , intensity ratio is nonadditive [32,59].
Specifically, the Koy , and Kfj 5 transition energies increase
much faster than linearly with the number of holes in a given
subshell.

Therefore, to interpret our experimental K x-ray spectra for
sulfur, it was necessary [32] to perform theoretical calculations
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which take into account simultaneous multiple ionization of
the L and M shells. The results of very detailed MCDF
calculations for electronic configurations corresponding to
various distribution of holes in the 2s, 2 p, 3s, and 3 p subshells
of sulfur were presented in our previous paper [32]. From a
comparison of these results with all three parameters of the
measured sulfur K x-ray spectra (i.e., the Kaj, and Kfj 4
transition energies and the Kfj;: Koy, intensity ratio) it
was possible to estimate the average number of holes in the
M shell (accompanying the L-shell holes). It seems that only
those configurations of sulfur in which the average number
of M-shell holes is about five can play an important role in
the measured K x-ray spectra [27,32]. The average number
of M-shell holes slightly increases with the sulfur projectile
energy.

a. (L-shell ionization). It is very important to note that the
K aj , energy shift strongly depends on the ionization of the 2p
and 2s subshells while the influence of one electron removal
from the 3p subshell on the Ko , shift is 28 times smaller
than from the 2p subshell and the influence of one electron
removal from the 3s subshell is 40 times smaller than from the
25 subshell [59]. However, in the case of the K ] ; energy shift
and the KBj 5 : Koy, intensity ratio the d1fference between
the effects of L- and M-shell ionizations is not so large. We
have considered here that L-shell ionization means only 2p
(but not 2s) subshell ionization because the effect of removing
electrons from the 2s or 2p subshells on the Kaj , energy
is very similar. Therefore, the difference between the effect
of removing electrons from the 2s and 2 p subshells does not
provide a significant error. This possible error is practically
negligible because the ionization of the 2s subshell plays a
small role at the time of emission of the K x-ray lines (because
the number of electrons in the 2s subshell is one-third that in
the 2p subshell and moreover fast Coster-Kronig transitions
cause filling of one hole in the 2s shell, creating one hole in the
2 p shell, simultaneously removing one electron from a higher
shell [60]).

In connection with this, we decided to base our determina-
tion of the average number of holes in the L shell of the sulfur
projectile not on all three parameters of the measured K x-ray
sulfur spectra but only on the K o} , energy shift. Therefore, we
used the MCDF results for the K d{qz energy shift for the initial
configurations 1s~'2p=33s723p~3, 1s712p~*35723p~3, and
1s~'2p~335723 p~3 of sulfur ions and point out the theoretical
dependence of the K o] , energy shift on the number of L-shell
vacancies in the presehce of five holes in the M shell. This
dependence was the basis for the evaluation of the L-shell
ionization for different targets and different projectile energies
by comparison with the theoretical MCDF and experimental
Kaj , energy shifts.

b. (M-shell ionization). We have evaluated the average
number of M-shell holes by analyzing the dependence of
the KpBj; energy shift values on the number of M-shell
holes for a particular L-shell ionization (i.e., for three, four,
and five L-shell holes). For three L-shell holes we used
the configurations 1s~'2p=33s713p~3, 1s712p~335723p 3,
and 1s7'2p~335723p~*4p!; for four L-shell holes we used
1s712s712p7335s723p3 and 1s 1257 '2p~33s723p~*4p!;
and for five L-shell holes we used 1s~'2p~>3s723p~> and
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1s~12p=335723p~*4p'. The choice of these configurations
corresponds with the conclusion of our previous paper [32] that
initial states having a singly occupied 4 p subshell (instead of a
singly occupied 3 p subshell) can play an important role at the
time of emission of the K x-ray spectra from sulfur projectiles
passing through solid targets. This is very interesting since
the 4p subshell is empty in the ground state of the neutral
sulfur atom. The average number of holes in the M shell,
determined from this procedure, changes from about 5.0 to
about 5.4. This confirms that our initial assumption of about
five M-shell holes not changing much with the sulfur projectile
energy is reasonable and does not introduce any significant
errors in the estimation of the average number of L-shell
holes.

c. (K-shell ionization). In order to evaluate the K-shell
ionization it is necessary to the determine values of particular
K -vacancy fractions, which is possible on the basis of the
analysis of K-vacancy fraction formation dynamics for sulfur
ions passing through various targets [27,34]. In the low-energy
region multicollisional effects mainly lead to creation of two
fractions of projectiles, that is, a fraction without a K vacancy
(Fp) and a fraction with a single K vacancy (F}). A fraction
with a double K vacancy (F3) only appears at a sulfur energy
of 32.0 MeV. In order to evaluate the equilibrium K-shell
ionization we have the equation

nK=F1+2F2. (4)

Finally, using Eq. (3), we evaluated the mean charge state
g for sulfur ions passing with low energies through carbon,
aluminium, titanium, and iron targets.

2. Sulfur projectile energies of 65-122 MeV

In the high sulfur projectile energy range (i.e., 65, 79,
99, and 122 MeV) the possible electron configurations are
different than in the case of the low-energy range. Each
of the K x-ray peaks (Kai"z, Kozi"z, K,Bfﬁ, K,B{‘y and
Ky") is composed of x-ray contributions corresponding to
a specific initial configuration of the inner shell electrons [31].
The existence of the Kaj, and Kfj 5 satellite peaks in the
measured x-ray spectra suggests the presence of a fraction
of sulfur projectiles with one K-shell hole (F}) and with
an occupied 2p or 3p subshell, respectively. Similarly, the
existence of the K oz{"z and K ,8{{ 5 hypersatellite peaks suggests
the presence of a fraction of sulfur projectiles with two
K -shell holes (F;) and with occupied 2p and 3p subshells,
respectively. The last, highest energy peak in the measured
spectra labeled as Ky" (see Fig. 1), which corresponds to the
hypersatellite transitions from 4p and 5p subshells, proves
that the corresponding satellite transitions (K y*) also take
place [34].

Moreover, it was found [31] that five- and more-electron
fractions of sulfur ions are negligible in the charge-state
distribution for the energies studied and therefore only one-,
two-, three-, and four-electron configurations are responsible
for the measured x-ray spectra parameters. For possible
numbers of electrons we have chosen the configurations which
allow the positions of the satellite and hypersatellite peaks
to be reproduced and which ensure that these configurations
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correspond to the excited states with the lowest energy among
all the possible states which can produce the considered
peaks [31]. In other words, we assume that the configurations
corresponding to the satellite and hypersatellite K« 2, KB 3,
and Ky peaks have singly occupied 2p, 3p, and 4p (or Sp)
states, respectively. Consequently, the Ko}, and KBj 3 (or
Ko, and KB} ;) transitions can be considered independently.
The MCDF results show that the possibility of such initial
configurations which can de-excitate via Kaj, or Kfj,
(Koz{”2 or K,Bfg) transitions is negligible.

a. (L- and M-shell ionizations). The number of L- and
M -shell holes in the high-energy projectiles can be evaluated
on the basis of the x-ray satellite (corresponding to fraction
F)) or hypersatellite (corresponding to fraction F3) line energy
shifts. Consequently, in order to estimate the average L-shell
ionization on the basis of the measured satellite K« , energy
shift, we have assumed six M-shell holes (based on the MCDF
results) and used the theoretical values for the K 0‘1 , shifts cor-
responding to the following initial configurations of the sulfur
ions: 1s712s712p™3s723p~* and 1s~'2s722p335723p~*.
Finally, we point out the theoretical dependence of the Ko7 ,
energy shift on the number of L-shell vacancies. which enables
the value of the sulfur L-shell ionization, n(LK“), inside different
targets to be evaluated. In this case the following relation is
valid:

(Ka)

Gxoe =Ny +6+ng. (®)]

Similarly, for the evaluation of the average number of
L-shell holes on the basis of the satellite Kpj; energy

shift, n(K’3 ), we have to assume possible sulfur electronic
conﬁguratlons with five M-shell holes. The MCDF values for
the KBy ; energy shifts corresponding to the configurations
1s712s712p~035723p=3 and 1s7'25722p~03s723p~3 give
the theoretical dependence of the K] ; energy shift on the
number of L-shell vacancies and allow us to calculate

(KB)

gkp=n;  +5+ng. (6)

Taking into account the KB ; : Kaj , intensity ratio as

= %8 @

IKa
where I, + Ixg =1, we can evaluate the average num-
ber of L- and M-shell holes of the sulfur ions passing
with high energies through various targets according to the
formulas

(Koz) (KB)
+xn;
:—’ 8
nr 1+« (3
6+x-5
ny T+ )

The L- and M-shell ionizations obtained in the same
manner using the hypersatellite K ozl , and K ,31 5 lines agree
with the results obtained on the basis of the satellite lines
within an accuracy of 0.3 units of charge.

b. (K-shell ionization). In the high-energy region where
the fraction of ions with double K-shell vacancies (F»)
is significant [27,34] the average number of K-shell holes
was estimated according to Eq. (4). Finally, we evaluated
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the mean charge state g for sulfur ions passing through
targets.

IV. RESULTS AND DISCUSSION

The charge state of the ion changes with the depth of target
penetration as a result of electron loss and capture processes.
Passing some way into the target, the projectile reaches an
equilibrium electron defect configuration in each electron
shell, which yields the equilibrium ion charge state. In our
previous work [31,32] we have shown that the characteristic
parameters of the projectile K x-ray spectra, like x-ray energy
and width of different x-ray lines, are sensitive to the degree of
inner shell ionization and electron excitation into higher shells.
Therefore, the measured x rays inform us about the electronic
configuration of the highly ionized projectile at the time of its
x-ray emission and enable us to estimate its mean equilibrium
charge.

Our previous work [27,31], in which the dependence on
carbon target thickness of the experimental energy shifts
and the relative intensities of the individual satellite and
hypersatellite K x-ray peaks was discussed, sheds light on the
problem of electron population equilibration in various shells
of sulfur ions. It was shown that the measured shifts of the
transition energies for the satellite and hypersatellite K ozl 2,

KBy g’, and Ky*" x-ray peaks with respect to the diagram
ener;gies for a singly ionized atom [61] are almost (within
error bars ~1.5 eV for Ka{:g, ~3 eV for Kﬂf:g’, and ~4 eV
for Ky*") independent of the target thickness. Generally,
this suggests an insignificant role for the nonequilibrium
charge fractions of sulfur ions in the L and M shells even
in the case of the thinnest carbon foils. The K a{{z t Koy,

and K ﬂf’3 : KB 5 intensity ratios allow us to conclude that
a rather ’long paith of the projectile inside a carbon target
(characteristically increasing with the projectile energy) [27]
is required to achieve an equilibrated number of projectile
K-shell electrons. We have shown [27] that for the highest
sulfur energies equilibration of the electron population in
the K shell of the projectile is achieved for the bulk of
sulfur ions in a carbon foil with a thickness of not less than
100 pug/cm? [27,31].

Moreover, this result is very important as evidence for
different charge states of the ion inside (gj,) and outside
(gour) @ solid target. The difference between g, and goy has
been widely discussed for years and two main models (BL
and BG [16-18]) have been proposed to describe the charge
state inside a solid, but neither model is completely suitable.
Experimentally, depending on the solid target thickness the
fraction of registered x rays originating from the projectile
inside and outside the target changes. If a difference of charge
states in these two projectile positions existed it would appear
in the registered x-ray shifts. No observed dependence of x-ray
energy shifts on the target thickness [27,31,33,34] proves the
Lifschitz and Arista [23] result, that the ion charge state within
a solid should be quite close to the charge observed after the
ion exits the target.

The thicknesses of the C, Al, Ti, and Fe targets used during
the experiment (>120..g/cm?) were chosen to be such that the
conditions for equilibration of the electron population in the
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FIG. 2. (Color online) The dependence of the energy shift of the
satellite (a) Ko} ,, (b) KBj ; and hypersatellite (¢) Kaf ,, (d) KB},
and Ky" lines of a sulfur projectile on incident energy for various
targets.

K, L, and M shell are fulfilled and an equilibrium charge state
of the sulfur projectiles will be achieved. In Fig. 2 we present
the values of the energy shifts of the Kaj,, K a{"z, KB 3,

K ,Bf‘j, and K yh lines of sulfur ions measured in this work,
relative to the diagram energies [61], inside C, Al, Ti, and Fe
targets and for all projectile energies. As seen in the figure,
the measured energy shifts of all satellite and hypersatellite
K x-ray peaks are relatively large and their values increase
with increasing sulfur beam energy. Simultaneously, we see
that the dependence of the energy shifts on the target atomic
number Z, is relatively weak, but a systematic difference for
the various targets is apparent.

A. Equilibrium K-, L-, and M -shell ionization and mean
charge g of sulfur projectiles

According to the proposed analysis procedure described
in Sec. IIIC the evaluation of the equilibrium K-, L-,
and M-shell ionization on the basis of the measured x-ray
spectra was possible and the results obtained are presented
in Fig. 3 and Table I. In the low projectile energy region
we observed no dependence of mean equilibrium K-shell
ionization on the target atomic number. In contrast to this,
in the higher projectile energy range the dependence on
the target atomic number is larger. The equilibrium L-shell
ionization rises with increasing incident sulfur energy until
32 MeV. At high projectile energies the L-shell ionization
changes very weakly with incident energy. The equilibrium
M-shell ionization changes very weakly (from 5.0 to 5.4)
in the low projectile energy range while for higher energies
this ionization state is practically constant. Finally, the results
for the K-, L- and M-shell ionization allowed the mean
charge of the projectile passing though the solid target to be
evaluated.

The dependence of estimated mean equilibrium charge g of
sulfur projectiles passing through C, Al, Ti, and Fe targets on
the beam energy is graphically presented in Fig. 3. For each
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FIG. 3. (Color online) The dependence of evaluated mean equi-
librium K-, L-, and M-shell ionization and mean charge of sulfur
projectiles on their energy inside solid targets of C (black squares),
Al (red circles), Ti (blue triangles), and Fe (orange diamonds).

target the estimated value of g increases with increasing ion
energy.

It is worth noticing that the difference between the lowest
and the highest value of g (for 9.6 and 122 MeV, respectively)
for S projectiles passing through C and Al is equal to 6.1
and 5.6 units of charge, respectively. At the same time the
estimated mean charge of sulfur traversing Ti and Fe targets
is 4.8 and 5.1 units of charge, respectively. The dependence
of the g value on the target atomic number is generally
weak.

Due to be limited experimental data on the charge state
of sulfur projectiles moving through different targets we
compared the behavior of our results with the charge data for
Cl projectiles (a neighboring atom of S) presented by Shima
et al. [10,12]. Moreover, Shima and co-workers investigated
the target atomic number Z, dependence of charge states of fast
Cl ions passing with energies in the range 0.7-3.1 MeV/amu
through thin foils of 20 different materials. Their mean charge
g of Cl ions clearly oscillates as a function of target atomic
number Z; for each projectile energy.

Very good agreement between Shima’s results for Cl
projectiles and our data for sulfur ions is observed. For the
lower energies (0.3-0.7 MeV /amu) the charges g of sulfur
and chlorine projectiles passing through C and Al targets are
lower than the charges of these ions traversing Ti and Fe foils.
For 32.0-MeV sulfur and 35.2-MeV chloride projectiles, their
charges do not differ much for C, Al, Ti, and Fe foils. In
the case of sulfur ions at energies of 65 and 99 MeV and
chlorine ions at energies of 68 and 108.5 MeV the g values of
both projectiles is higher when these projectiles pass through
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TABLE I. The dependence of evaluated mean equilibrium K-, L-, and M-shell ionization and mean charge of sulfur projectiles (passing

through solid targets of C, Al, Ti, and Fe) on their energy.

Projectile energy (MeV)

Target 9.6 16.0 224 32.0 65 79 99 122
ng C 0.004+£0.0004  0.03£0.003 0.06£0.006 0.14+0.01 035£0.04 050£0.05 0.62+£0.06 0.68+0.07
Al 0.004+£0.0004 0.03£0.003 0.06£0.006 0.14+0.01 0.17£0.02 025+£0.03 0.31+£0.03 0.36£0.04
Ti 0.004+£0.0004  0.03£0.003 0.06£0.006 0.14+0.01 020£0.02 031+£0.04 041+£0.04 0.50£0.05
Fe 0.004+£0.0004  0.03£0.003 0.06£0.006 0.14+0.01 026£0.03 038+£0.04 048+£0.04 0.57£0.06
nr C 3.0£0.1 3.7£0.1 43+0.1 49+0.1 6.3+0.3 6.5+0.2 6.8+0.2 7.0+0.3
Al 29+0.1 3.7£0.1 43+0.1 49+0.1 62+0.4 6.5+04 6.7+0.4 6.9+04
Ti 33£0.1 4.0+0.1 44+0.1 49+0.1 50+04 6.2+04 6.4+0.4 6.4+04
Fe 34£0.1 4.0+0.1 444+0.1 50£0.1 6.0+0.4 6.4+04 6.6+0.4 6.7£0.4
Ny C 52+0.1 5.1£0.1 5240.1 53£0.1 6.0+0.1 6.0£0.1 6.0+0.1 6.0£0.1
Al 5.0£0.1 5.0£0.1 5240.1 53£0.1 6.0+0.1 6.0+0.1 6.0+0.1 6.0+0.1
Ti 52+0.1 52+0.1 53+0.1 53£0.1 6.0+0.1 6.0+0.1 59+0.1 59+0.1
Fe 53%0.1 52+0.1 53%0.1 54£0.1 6.0+0.1 6.0£0.1 6.0+0.1 6.0+£0.1
q C 82+£0.1 89+0.2 9.6+0.1 10.5+0.2 129+0.3 13.5+0.2 14.0+0.2 143+0.3
Al 8.0£0.1 8.8£0.1 9.6+0.1 10.5+0.1 125+04 13.0+04 13.3+04 13.6+04
Ti 85%0.1 9.2+0.1 9.9+0.1 10.4+0.1 123+0.4 12.7+04 13.1+0.4 13.3+04
Fe 8.7£0.1 9.3+0.1 9.9+0.1 10.6+0.1 125+04 13.1+04 13.5+04 13.8+0.4

carbon and aluminium targets than for titanium and iron. For
both kinds of ions g reaches a minimum value for Ti foils. The
dependence of g on Z; and projectile energy will be discussed
in the following in the light of projectile excitation, ionization,
decay, and electron capture processes.

In recent years semiempirical formulas for projectile
charge g traversing matter have been obtained by several
authors [19,62-68]. These formulas include the target atomic
number dependence and cover a broad ion energy region. A
widely used universal formula proposed by Shima et al. [35]
is as follows:

q/Z, = [1 —exp(—1.25X +0.32X? — 0.11X?)]
x [1 —0.0019(Z, — 6)v/X + 0.00001(Z, — 6)>X]
=q/Z,(Z, = 6)][1 + g(Z,)], (10)

where Z, and Z; denote the ion and target atomic num-
bers, respectively, and X is the reduced ion velocity de-
fined by Nikolaev and Dmitriev [62] as X =wv,/[3.6 x
108 (cm / 5)22'45], where v, is the projectile velocity. The factor
1 —exp(—1.25X +0.32X? — 0.11X?) was obtained on the
basis of the most abundant charge-state distribution of ions
traversing carbon foils.

A multiparameter least-squares fit formula for mean equi-
librium charge states of projectiles ranging from protons to
uranium has been also presented by Schiwietz and Grande [36]
on the basis of about 850 experimental points as

g = Z,[(12x + x*/(0.07/x + 6 + 0.3x° + 10.37x + x)],
(11)
—0.019Z, %%, /vy

with x = (UP/UOZ;O'SzZ,
vo is the Bohr velocity.

/1.68)1+18/Zs  wwhere

A comparison between the g values measured in this work
with the data predicted by the Shima and Schiwietz-Grande
formulas is presented in Fig. 4. Our experimental data are best
described over the full energy range by Schima’s formula in the
case of C targets and by Schiwietz-Grande’s formula in the case
of Al targets. The largest disagreement between experimental
data and Shima’s and Schiwietz-Grande’s formulas is observed
for the Ti targets at the lowest and largest values of ion
energies and is as large as ~13%. The same disagreement
is observed in the case of Fe targets at the lowest sulfur ion
energy.

TS — A

mean charge q

60 80 100 120 20 40 60 80 100 120
sulfur projectile energy (MeV)

20 40

FIG. 4. (Color online) Evaluated “experimental” mean charge
g values (square, circle, triangle, and diamond symbols) and data
estimated on the basis of Shima’s [dashed line, Eq. (10)] and
Schiwietz’s [solid line, Eq. (11)] formulas for C, Al, Ti, and Fe
targets as a function of sulfur projectile energy.
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FIG. 5. (Color online) Evaluated “experimental” mean equilib-
rium charge state g of sulfur projectiles passing through C (black
squares), Al (red circles), Ti (blue triangles), and Fe (orange
diamonds) targets plotted on the universal curve g/{Z,[1 + g(Z,)]}
vs reduced velocity of ions. The curve denotes the empirical formula
of Shima [35]. The data from Refs. [3-5] for S and CI projectiles
passing through Be, C, Al, Ni, and C targets are denoted by the open
black symbols.

In Fig. 5 the experimental data are presented in coordinates
q/{Z,[1+ g(Z,)]} versus reduced ion velocity X, which,
according to the fitting procedure of Schima, is a universal
behavior of mean equilibrium ion charge state passing through
Z, foils. In this figure the other experimental data for sulfur
ions passing through Be, C, Al, and Ni targets [35] and data for
chlorine projectiles passing through C foils [3-5] are compared
with our data and the universal function of Schima. The best
agreement between our experimental values of ¢ and Schima’s
universal estimation is observed for C targets. These data
reflect the universal curve with an accuracy of about ~1%
and in this case the dispersion of the data is about 0.2 units of
charge. The greatest disagreement is observed for the lowest
sulfur energy in Ti and Fe targets and is not higher than 0.7
units of charge and for the highest ion energy in Al and Ti
targets on the level of 0.4 units of charge.

The results obtained are in good agreement with the
conclusion of Schiwietz and Grande [36]. It is emphasized
that they found no remaining systematic single-parameter
dependence between the experimental values of ion charge
state and ion velocity or the nuclear charges of the ion and
target. In fact, the observed small disagreement of the present
data with the fitted values appears to be consistent with the
deviation of experimental data taken from different labora-
tories. According to Schiwietz and Grande, a comparison
between the predictions of Eq. (11) and experimental data
indicates that “other hidden” parameters influence the value of
g. There exists some remaining systematic single parameter
dependence of G.y — g5 on the mean number of bound
projectile electrons (N, = Z, —¢q) [36]. In relation to this
conclusion, for the low-energy region, when the mean number
of bound sulfur electrons is as large as eight our experimental
values of g are statistically greater than the fitted data by as
much as about 0.5 units of charge. At higher projectile energies,
when the mean number of bound electrons is much lower than
six the experiment-to-fit agreement is satisfactory, although
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the dispersion of the experimental data is about 0.5 units of
charge and the observed disagreements at the highest sulfur
energies are inside this “experimental dispersion.”

The good agreement of our data with the other data pre-
sented in Figs. 4 and 5 and the semiempirical estimations points
out that the method used in the present work delivers qualitative
results concerning the charge states of ions traversing solid
targets. Additionally, the great merit of this method is the
possibility of estimating the inner shell equilibrium ionization
of an ion inside a solid target using a low-resolution x-ray
semiconductor detector.

These results prove the opinion that other hidden parameters
may influence the value of the projectile charge G As
mentioned before, the average charge of the projectile is
a result of electron loss and capture processes which the
projectile has undergone passing through matter. Therefore,
in the present paper we tried to look for the influence of
ionization and electron capture processes on the charge state
of the ion. In order to explain the origin of the projectile
charge dependence on the target atomic number and ion
energy, the ionization and electron capture cross sections
have been estimated. Cross sections for direct K - and L-shell
ionization of sulfur ions by target atoms of carbon, aluminium,
titanium, and iron were calculated using the plane-wave Born
approximation (PWBA) model [69] and the total ionization
cross section was obtained. The electron capture processes
were described using the Oppenheimer-Brinkmann-Kramers
(OBK) formulation described by Nikolaev [70] and by Lapicki
and McDaniel [71]. These calculations enabled the total
electron capture cross section from K, L, M, and N shells
of the target atoms to the inner shells of the sulfur projectile
with an appropriate number of vacancies [27,31] obtained on
the basis of multiconfiguration Dirack-Fock calculations to be
estimated [47]. In contrast to the work of Gardner et al. [72]
or Cocke et al. [73] no scaling factor was introduced to the
calculated cross section values. The theoretical estimations
for ionization and electron capture were performed for “re-
alistic” K-, L-, and M-shell binding energies, expected for
the most probable configurations of multiply ionized sulfur
projectiles [31,32], calculated using the multiconfiguration
Dirack-Fock method [47].

Over the energy range of sulfur projectiles used here the X -
and L-shell vacancy production processes are dominated by
Coulomb ionization and the value of these cross sections (and
the total ionization cross section) increases homogeneously
with increasing target atomic number. Consequently, the
observed dependence of the mean projectile charge on target
atomic number [10,12] should be dominated by the electron
capture process. In the present paper we tried to consider the
influence of electron loss from K and L projectile shells and
capture of K-, L-, M-, and N-shell target atom electrons into
the K, L, and M shells of the sulfur projectile on the projectile
mean charge state. Shima and co-workers [10,12] suggested
that one of the origins of the projectile charge dependence on
the target atomic number Z, is the dependence of the electron
capture cross section on the projectile inner shell vacancies.
In Fig. 6 the mean charges g of sulfur projectiles measured
in this work are plotted as a function of target atomic number
Z, together with the total electron capture cross section to the

sulfur inner vacancies (o). Also presented are values of the

022709-9



J. BRAZIEWICZ et al.

11 1
o » - . "
% 10 . . .= 10
L}
'cC: 9 . - " 9
=] [ ]
“— [
é 8 = 8
71 9.6 MeV] 16.0 MeV] 22.4 MeV| 32.0 MeV] 7
. ¥ x: ¥ % *- K % X K % X
g 10 * 10°
= . * *
= 5 K * 1
S 10 B 10
° - o- O 8 5 - o .
S 400 . 8 8:g Srng e
(2}
[0}
SR 1
c 10 10
15 15
o u
o 14 n 14
= - - n =
g L] " [ ] "
S 13}a = . 13
5 - "
= 12 12
3
11|_65 MeV] 79 MeV/ 99 MeV] 122 MeV 11
E 2 2
g 10 « XX % ¥ % * L x 10
LK
S 10" * i * 10'
o *
& 40 0
o10° g 10
0 a o
o 8o o . o o
G 10" 8048 g a. g 110"

5 10 1520 25 5 10 1520 256 5 10 15 20 25 5 10 15 20 25
target atomic number

FIG. 6. (Color online) The dependence of the sulfur mean
equilibrium charge state (blue squares), total electron capture cross
section (black asterisks), the ratio of the total electron capture to the
total ionization cross section (black open squares), and the ratio of
the L-shell electron capture to the L-shell ionization (orange open
circles) cross section on the target atomic number.

ratio of total electron capture cross section to total ionization
cross section, 0%, and the ratio of the cross section for electron
capture to the L-shell to L-shell ionization, o /oL, for the
studied sulfur energies.

In the lowest projectile energy region, the contribution of
GEKC (i.e., electron capture into the sulfur K shell from the K,
L, M, and N shells of the atom target) to the total electron

capture cross section o is significantly lower than that into

L- and M-shell vacancies and these data determine the GIE:OC‘
value. In this low sulfur projectile energy region the value of

o shows the largest dependence on the target atomic number.

Additionally, o' dominates over the value of the ionization
cross section and consequently its dependence on target atomic
number Z, is the main influence on the value of the ion charge
state. Its maximum value observed for Al targets correlates
with the minimum value of sulfur charge traversing this target.
Concluding, we observed a good correlation between the
dependence of the sulfur charge and the ratio of the total
electron capture to the total sulfur ionization cross sections
on the target atomic number (see the upper rows of Fig. 6 ). In
the mid-energy range (i.e., 22.4-32.0 MeV) the values of the
ionization and electron capture cross sections are equivalent
and the behavior of these data is very weakly dependent on the
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target atomic number as well as the equilibrium sulfur charge.
The dependence of g on Z, and o' /o on Z, disappears with
increasing ion energy.

The L-shell ionization process dominates over the total
electron capture process in the highest incident ion energy
region (i.e., over 60 MeV). In this case we observe that
ot /ot < 1, which means the domination of loss processes
over the electron capture process in sulfur projectiles. Con-
sequently, in this energy regime the mean sulfur charge is
dependent on the target atomic number in the same manner as

ool - oL
the value of the ratio oy : 0y,

B. Charge-state distribution of sulfur projectiles

The equilibrium charge-state distributions for sulfur pro-
jectiles inside solid targets may be estimated on the
basis of data for sulfur charges. According to Schima
et al. [4] the equilibrium charge fractions F(g) have
been deduced using the measured projectile charges g and
their charge distribution widths w according the Gaussian
distribution

F(q) = (1/¥2mw)expl—(q — §)*/2w?]. (12)

The width distribution w was obtained from the experimental
data collected by Shima et al. [5]. Limited data for the charge
distribution width w for sulfur projectiles with energies of 116,
129.4, and 141.8 MeV in Be, C, Al, and Ni targets showed that
the value of the width w does not depend strongly (~10%) on
the target atomic number Z,. Moreover, for chlorine projectile
energies ~20-120 MeV, the value of the charge distribution
width w does not change as a function of target atomic number
4-28 (Be, C, Mg, Al, Ti, Cr, Fe, Ni, and Ge) to within
an uncertainty of 2% to 12%, respectively [5]. Since the
mean charges of sulfur and chlorine ions emerging from C
(see [4,5]) and Al, Ti, and Fe targets are very similar it is
reasonable to assume that the width of the charge distribution,
w, of sulfur projectiles traversing solid material depends very
weakly on the target atomic number Z,;. According to the
approach by Shima er al. [4] we have assumed the charge
distribution width w for sulfur ions inside all the targets
studied here (Al, Ti, Fe) to be equal to that for a carbon
target.

The second approach used in our work is that of Schiwietz
and Grande [36]. They defined a reduced width of the charge-
state distribution as

0.035—-0.0009Z

w =dZ,*? 2 F@FZ, D, (13)

fe)=J(x+03720%/x  and  d=[Z(q—

q)°F(¢)]'?. The Z,%?7 dependence dominates the general
trend of the data and the function f serves as a correction
for the statistical reduction of the width at either very low or
very high mean charge states [36]. The values of w obtained
on the basis of Shima’s data are higher from ~40% for
the highest projectile energies to ~24% for the lowest ion
energies in comparison to the values calculated by means
of Schiwietz-Grande’s recipe. The width w of the charge
distribution adopted from Shima’s data for carbon targets

with
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decreases smoothly with increasing projectile energy [with
the difference being equal to ~21% for the lowest (9.6 MeV)
and the highest (122 MeV) energies]. The reduced width w
obtained on the basis of Schiwietz and Grande’s formula
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depends on Z, and the dependence on ion energy is different
for different targets: It is strongest for Ti targets and weakest
for Al foils (with 14% and 4% difference in value for energies
of 9.6 and 122 MeV).

TABLE II. The evaluated “experimental” equilibrium charge-state distribution according to Shima et al. [4] and according to Schiwietz
and Grande [36] of sulfur ions passing through (a) carbon, (b) aluminium, (c) titanium, and (d) iron foils. (g is the mean equilibrium charge

of the ions.)

(a) C target: Charge state fraction of S ions at various energies (MeV)

According to Shima et al. [4]

According to Schiwietz and Grande [36]

9.6 160 224 320 65 79 99 122 9.6 16.0 224 320 65 79 99 122
q 8.2 8.9 9.6 10.5 12.9 13.5 13.9 14.3 8.2 8.9 9.6 10.5 129 135 13.9 143
6+ 0.057 0.014 0.002 0.005
7+ 0201 0.085 0.024 0.003 0.134 0.013
8+ 0.339 0.250 0.124 0.029 0.541 0.237 0.037 0.001
9+ 0271 0.346 0.299 0.144 0.298 0.563 0.375 0.056
10+ 0.103 0.225 0.333 0.321 0.008 0.022 0.179 0.498 0.437
11+ 0.019 0.069 0.172 0.324 0.071 0.019 0.004 0.008 0.087 0.446 0.013 0.001
12+ 0.002 0.010 0.041 0.147 0.261 0.133 0.053 0.018 0.002 0.059 0.242 0.056 0.010 0.002
13+ 0.005 0.030 0.382 0.352 0.255 0,160 0.001 0.573 0.450 0.223 0.101
14+ 0.003 0.222 0.348 0415 0418 0.166 0.441 0.580 0.528
15+ 0.051 0.129 0.228 0.324 0.006 0.052 0.180 0.340
16+ 0.005 0.018 0.042 0.074 0.001 0.007 0.027

(b) Al target: Charge state fraction of S ions at various energies (MeV)
According to Shima et al. [4] According to Schiwietz and Grande [36]

9.6 16.0 224 320 65 79 99 122 9.6 16.0 224 320 65 79 99 122
q 8.0 8.8 9.6 10.5 124 13.0 133 13.6 8.0 8.8 9.6 10.5 124 13.0 133 13.6
6+ 0.082 0.019 0.002 0.014
7+ 0244 0.105 0.025 0.003 0.228 0.025 0.001
8+ 0344 0276 0.129 0.031 0.554 0.308 0.044 0.001
9+ 0230 0.341 0.303 0.149 0.002 0.195 0.531 0.388 0.064
10+ 0.073 0.198 0.330 0.325 0.025 0.005 0.001 0.010 0.130 0.481 0.447 0.001
11+ 0.011 0.054 0.166 0.320 0.147 0.060 0.024 0.007 0.005 0.084 0.429 0.067 0.011 0.002
12+ 0.001 0.007 0.039 0.142 0.350 0.251 0.168 0.094 0.002 0.057 0469 0.222 0.101 0.040
13+ 0.004 0.028 0.331 0.396 0.397 0,356 0.001 0.415 0.571 0.529 0.402
14+ 0.003 0.125 0.232 0316 0.397 0.046 0.188 0.341 0.486
15+ 0.019 0.051 0.085 0.131 0.001 0.008 0.027 0.071
16+ 0.001 0.004 0.008 0.013 0.001

(c) Ti target: Charge state fraction of S ions at various energies (MeV)
According to Shima et al. [4] According to Schiwietz and Grande [36]

9.6 16.0 224 320 65 79 99 122 9.6 16.0 224 320 65 79 99 122
q 8.4 9.2 9.9 104 122 127 13.1 13.3 8.4 9.2 9.9 104 122 127 131 13.3
6+ 0.036 0.007 0.001 0.002
7+ 0.156 0.057 0.015 0.004 0.073  0.006
8+ 0.318 0.203 0.091 0.037 0.449 0.143 0.020 0.002
9+ 0309 0.342 0.262 0.167 0.003 0.416 0.531 0.267 0.088
10+ 0.142 0.271 0.348 0.336 0.038 0.011 0.002 0.058 0.295 0.542 0.483 0.003
11+ 0.031 0.101 0.214 0.306 0.189 0.095 0.036 0.018 0.001 0.024 0.163 0.382 0.116 0.026 0.003
12+ 0.003 0.018 0.061 0.125 0.373 0.311 0.210 0.160 0.007 0.043 0.543 0.345 0.143 0.074
13+ 0.001 0.008 0.023 0.293 0.379 0413 0418 0.001 0.315 0.533 0.595 0.576
14+ 0.002 0.092 0.172 0.273 0.324 0.023 0.094 0.248 0.334
15+ 0.011 0.029 0.061 0.074 0.002 0.010 0.015
16+ 0.001 0.002 0.005 0.005
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TABLE II. (Continued.)
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(d) Fe target: Charge state fraction of S ions at various energies (MeV)

According to Shima et al. [4]

According to Schiwietz and Grande [36]

9.6 16.0 224 320 65 79 99 122 9.6 160 224 320 65 79 99 122
q 8.7 9.3 9.9 10,6 125 131 135 138 8.7 9.3 9.9 106 125 13.1 135 138
6+ 0.022 0.005 0.001 0.001
7+ 0.117 0.045 0.015 0.002 0.036  0.003
8+ 0287 0.179 0.094 0.024 0.345 0.106 0.021 0.001
9+ 0333 0334 0265 0.128 0.001 0.502 0497 0.277 0.048
10+ 0.183 0.291 0.347 0309 0.022 0.003 0.001 0.112 0.354 0.537 0.391 0.001
11+ 0.048 0.119 0.210 0.334 0.138 0.043 0.014 0.003 0.004 0.038 0.157 0474 0.059 0.006 0.001
12+ 0.006 0.023 0.059 0.163 0.343 0.213 0.124 0.059 0.001 0.007 0.084 0446 0.158 0.053 0.014
13+ 0.002 0.008 0.036 0.340 0.393 0.365 0.292 0.002 0437 0.563 0.452 0.280
14+ 0.004 0.134 0.270 0.361 0.432 0.055 0.258 0.443 0.580
15+ 0.021 0.069 0.121 0.189 0.001 0.015 0.050 0.123
16+ 0.001 0.007 0.014 0.024 0.001 0.003

The values of the mean charge g and the equilibrium charge-
state distributions of sulfur ions passing through C, Al, Ti, and
Fe targets obtained according to both approaches (by Shima
et al. [4] and by Schiwietz and Grande [36]) are presented
in Table II. Moreover, Fig. 7 shows the equilibrium charge-
state distributions for selected sulfur energies. It is known
that the charge equilibrium for the projectile in the target is
the result of a few competitive processes. The obtained charge-
state distribution shows the smaller absolute target dependence
at 9.6 MeV projectile energy than at 122 MeV (see Fig. 7),
while the relative dependence of the mean charge g on the kind
of target is different (achieving 9% at 9.6 MeV and decreasing
to 7% at 122 MeV,; see the numerical values in Table I). It
seems that the target electronic structure is less important in
determining the projectile charge states at higher energies.

06f 9.6MeV 9.6 MeV 0.6
0.4+t - A 0.4
S o2t // \\‘5\4 ] \ 02 é
S oopet S LA N, 00 ©
= 06. 320MeV 32.0 MeV 0 o
o
7 04 - i 0.4 %
S o2t J/ A\ , \ 0z 2
% 0.0 “’T/ ‘ ’\“‘ ‘ J e 900 _(c:
‘E 06t 122MeV 122 MeV . 0.6 %
@ 04l AN ./‘\ 04 @
02¢ N / .\ : : \ 0.2
0.0t ,754:/ “ A7 2N oo
6 & 10 12 14 16 6 8 10 12 14 16

sulfur projectile charge q

FIG. 7. (Color online) The dependence of the evaluated “exper-
imental” charge state fractions on target atomic number for sulfur
projectiles at 9.6, 32.0, and 122 MeV energies passing through C
(black squares), Al (red circles), Ti (blue triangles), and Fe (orange
diamonds), estimated on the basis of Shima’s [4] (left side) and
Schiwietz and Grande’s [36] (right side) approximations.

V. SUMMARY AND CONCLUSIONS

In the present work, an alternative approach for the evalua-
tion of the equilibrium K-, L-, and M-shell ionizations, mean
charge state g, and charge-state distribution for projectiles
passing through various targets has been proposed. The
approach is based on the measured K x-ray energy shifts
and x-ray line intensity ratios, and it utilizes a theoretical
analysis of projectile K x-ray spectra using multiconfiguration
Dirac-Fock calculations.

This method has been applied to the satellite and hyper-
satellite K x-ray lines emitted by sulfur projectiles passing
with energies of 9.6-122 MeV through carbon, aluminium,
titanium, and iron targets recorded by a Si(Li) detector. The
measured energy shifts of all satellite and hypersatellite K
x-ray peaks (with respect to the corresponding diagram lines)
are relatively large and their values grow with increasing sulfur
projectile energy. Simultaneously, it was pointed out that the
dependence of the energy shifts on the target atomic number
Z, is relatively weak, but a systematic difference has been
observed.

According to the proposed procedure, the equilibrium K -,
L-, and M-shell ionizations were obtained and were the
basis for an evaluation of the mean charge state g. The data
were compared with the experimental data measured by other
authors and with the predictions of Shima’s and Schiwietz
and Grande’s semiempirical formulas. The good agreement
obtained suggests that this method delivers quantitative results.
Additionally, the great merit of the method is that it answers
the very important aspect of the difference between ion charge
states inside and outside a solid target. The results of this work
settled this question, showing that the ion charge within a solid
should be quite close to the ion charge just after its exit.

Some general conclusions can be drawn on the basis of our
study. In the case of a small energy range of the projectile
(i.e., 9.6-32.0 MeV), we found that (i) the average number
of holes in the L shell of the sulfur projectile strongly rises
with increasing energy; (ii) in contrast, the average number
of holes in the M shell slightly increases, from about 5.0
to about 5.4, with rising projectile energy; (iii) initial states
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having one electron in the 4p subshell can appear; and
(iv) generally, the average number of holes in the L and M
shells weakly depends on the target atomic number Z;. In
the case of the higher ion energy range of 65-122 MeV, the
general conclusions are (i) the average number of holes in the
L and M shells is practically independent of the ion energy and
(ii) the ion charge state is determined by the statistical
distribution of only a few electrons.

The dependence of the sulfur projectiles’ mean charge state
g on the target atomic number was discussed by taking into
account the data of the cross sections for ionization, decay,
and electron capture processes. In the low sulfur projectiles
energy region, the dependence of the ion mean charge on the
atomic number of the solid target is dominated by the ratio of
the total electron capture to the total ionization cross section.
In the large projectile energy region, the mean sulfur charge
is dependent on the target atomic number in the same manner

PHYSICAL REVIEW A 82, 022709 (2010)

as the value of the L-shell electron capture to the ionization
Cross section ratio o : ok .

Concluding, in the present paper we proposed a quantitative
approach enabling a reasonable estimation of the equilibrium
K-, L-, and M-shell ionizations and the mean charge state g

for ions passing through solid targets.
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