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Dynamic charge-changing processes in highly charged ions colliding with Ar atoms
near the Bohr velocity
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The average charge states of 2°Ne’* and '3!Xe?** ions penetrating through the gaseous argon targets with
different areal densities are measured, and the velocities of projectile is close to the Bohr velocity regime (v ~ 1
a.u.). The results show that, with the increase of target density, the dynamic evolution of average charge occurs
in three different stages. The dependence of the average charge state on the charge-changing cross section from
the nonequilibrium stage to the equilibrium stage is revealed by the theoretical predictions that consider single-
electron and additional double-electron processes. It is found that the multi-electron charge-changing process
needs to be properly considered in the equilibrium stage. In addition, an analysis model is proposed to predict
the average charge state of the projectile in the event of significant energy loss and to quantitatively evaluate the
dependence of energy loss on the charge-changing cross section.
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I. INTRODUCTION confinement fusion, the capsule self-burning is determined
by the DT — reaction produced 3.5 MeV «-particle stopping
in the plasma surrounding; the fast particles ignition appli-
cation requires a deeper understanding of charge-changing
and energy loss of ions in plasma [20,21]. Furthermore,
the dynamics of charge state distribution and equilibrium
average charge of projectiles are of interest for mastering
some new applications, such as heavy-ion tumour ther-
apy and detection of superheavy chemical elements, as
well as the development of modern intense heavy-ion ac-
celerators which improve a new solution of warm dense
matter research driven by intense heavy-ion beams in the
laboratory [22-26].

The charge-changing processes for highly charged ions
penetrating through gaseous targets have been discussed ex-
perimentally and theoretically in the past decades, and it is
well-known that charge state distribution and average charge
are strongly influenced by relevant charge-changing cross
sections [3,27-31]. Explanations of the physical processes
were made in terms of the atomic approach, the variation of
charge composition and average charge g of the ion beam
penetrating through a gaseous target can be described by the
balance (rate) equations [1]:

The charge-changing processes, one of the fundamental
aspects in atomic physics, depending on the atomic numbers,
shell structure and relative velocity of colliding particles, as
well as the target density, are of importance [1-3].The dy-
namic evolution of charge states, occurring in the passage of
ion-beams through targets, are determined by the properties
of charge-changing collisions, which involve ion-electron and
ion-atom processes, as well as photoprocesses related to radi-
ation and absorption of photons [4]. And hence the change of
projectile charge may be used to diagnose the dynamic elec-
tron (atomic) density and temperature using emission spectra
in a transient process [5,6]. When an accurate estimation
of charge state distribution and/or energy loss of ions after
their passage through a target is needed, it is necessary to
acquire the information on charge-changing cross sections
caused by the collisions of interacting systems [7-12]. In
principle, the charge state of ions may be widely different
in plasma than that in cold matter because the dominant
ion-free-electron collision induces the decrease of the
electron-capture cross section and, as a result, the increase
of charge state and enhanced energy loss [13-17]. The
roles of charge-changing and related energy loss for ions
penetrating through matter are also important for the in-
vestigation of fusion energy research [18,19]. In inertial
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where x denotes the target areal density in cm™2, g (or ¢') is
the charge of the projectile ions after their passage through a
layer with areal density x, F;(x) and F (x) denote the fraction
of the projectile to be in a certain charge state g and ¢/, respec-
tively, and o;; are the single- and multi-electron loss (i < j)
and capture (i > j) cross sections, respectively. It should be
pointed out that the balance equations (1) and (2) are only
valid when the target is sufficiently dilute so that the energy
loss of projectiles is negligible [1]. For few-electron projec-
tiles and atoms, the evolution of charge fractions is governed
by the single-electron charge-changing processes [4].

So far, several studies of interest have focused on the
highly charged ion interaction system where there is more
than one electron shell in the collision system [4]. In the
case of many-electron ions in collision with neutral atoms,
since the inner-shell electrons play a large and even main
role, the contribution of multi-electron charge-changing cross
sections to the total cross sections can reach up to 40% and
more [32,33], which will strongly influence the evolution of
the ion charge state. For example, for heavy ions colliding
with gaseous target atoms, the contribution of multi-electron
processes could be about 50%, which leads to a change by
20%-30% in the equilibrium average charge of outgoing ions
[34-36]. Therefore, it is necessary and valuable to study
the influence of multi-electron processes on charge state for
highly charged ion collision systems.

What is more, charge-changing cross sections are strongly
dependent on relative colliding velocity (kinetic energy of
projectiles) [31,32]. When a gaseous target density in-
creases sufficiently, such that the average ion energy loss
becomes non-negligible, the charge-changing cross sections
will change continuously with projectile velocity until pro-
jectiles exit the target, which, also in turn, influences the
evolution of the average charge state. Schiwietz’s [28] power
law (g ~ v' 947 where Z, is the projectile nuclear charge,
can roughly describe the relevance between average charge
g and velocity v. However, charge-changing cross sec-
tions play a bridging role between projectile velocity and
charge state, for which a detailed and quantitative analysis is
highly required.

In this paper, we report the experimental data on § for
20Ne’* and '*'Xe?™ ions in an Ar gas target with varying
areal density from 0.01 to 130 wg/cm?. The initial projec-
tile energies were several tens of keV/nucleon, within the
intermediate energy regime (0.05-500 keV /nucleon) near the
Bohr velocity (E = 25 keV/nucleon). So far, this parame-
ter regime features the largest theoretical uncertainties, and
quantitative experimental data are lacking because both the
electron capture and loss are comparable processes [13,37].
The experimental results are compared with the predictions
with taking single- and double-electron loss and single-
electron capture processes into account. The evidence of
multi-electron effects on the dynamic evolution of average
charges with target areal density is given. The theoretical
description of g based on the balance equations (1) and (2)
is presented too, where the electron capture and loss cross
sections are predicted by using two semi-empirical scaling
laws [38,39]. Moreover, the dependence of ¢ on the projec-
tile energy loss is discussed within the present theoretical
treatment.

The system of atomic units is used throughout unless oth-
erwise specified.

II. EXPERIMENTAL METHOD

At the Institute of Modern Physics, Chinese Academy
of Sciences (IMP CAS), an experimental setup for an ion-
gaseous target was built for the low-energy regime of the
Heavy Ion Research Facility in Lanzhou (HIRFL), where
various ions were produced by a 18 GHz electron cyclotron
resonance (ECR) ion source and accelerated to energies in
keV units in the range 20 to 320 times g (where g is the charge
state of the projectile) [14,40,41]. The available beam current
ranged from 10 enA to 100 e A. Typically, the projectile ve-
locity was 1% of the speed of light (more or less), which was
close to the Bohr velocity. Figure 1 schematically illustrates
the experimental setup. As shown in Fig. 1, a pseudostatic gas
target was created at the end of the accelerator section. The
target gas was injected through a leak valve coupled with a gas
inlet which was mounted on a flange on top of the 300-mm-
long gas chamber. The pressures of the target were measured
at the periphery of the target chamber using a vacuum gauge
(Leybold ITR90). The vacuum system of the ion transport line
was maintained by means of differential evacuation with the
use of two turbo molecular pumps with an evacuation rate of
500 L/s. In this case, the length of the gas column in the
target was limited by two diaphragms with 1-mm-diameter
apertures. In our experiment, '*! Xe and 2’Ne ions with initial
charge state 20+ and 74- were accelerated to 5 and 1.75 MeV,
respectively, and transmitted to the gaseous target regime. The
outgoing ions were measured by a position-sensitive detector
coupled the electrostatic parallel plates.

To obtain a high detection efficiency, a relatively high
intensity of the ion beams needs to be ensured. Therefore, two
X-Y deflector plates (for slight adjustment of the ion-beam
transmission) and a Glaser lens (to focus the ion beam) were
added to optimize the beams and their transport in the target
regime. After the target, the electrostatic parallel plates with
a fixed bias were used to deflect the different charged ions
to arrive at different positions on the detector; as a result,
the distribution of the charge state of ions was obtained. The
detector consisted of two microchannel plates (MCPs), a P46
phosphor screen, and a CCD camera coupled with an optical
lens. The spatial resolution was about 70 um and a 0.5 mm
slit was placed in front of the parallel plates, which ensured
sufficiently high resolution of the charge state. To measure
the intensity of each charge state of ions, first the initial highly
charged ions passing through the vacuum (no gas in the target
chamber) were measured, where the beam current and the bias
on detector were properly set to produce the signal intensity
at the detector lower than its saturation value. With increasing
target density, the main beam intensity decreases because
the charge-changing collisions between beam ions and target
atoms lead to intensity redistribution to other charge states.
Therefore, within the measurement, the intensity of ions at the
detector remained below saturation. To achieve a relatively
small statistic error in the experiment, the ion counts were
more than tens of thousands for each measurement and the
total error, including the detector, beam current, ions statistic,
and so on, was less than 10%.
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FIG. 1. Schematic illustration of the experimental setup for measuring the charge state of ions penetrating through an argon target

at IMP, CAS.

III. THEORETICAL DESCRIPTION OF THE
CHARGE-CHANGING CROSS SECTIONS

Betz et al. outlined the basic procedures for calculation of
charge-changing cross sections many years ago. As pointed
out by Betz, the capture of more than one electron at a time
is a relatively minor process, whereas simultaneous loss of
several electrons in a single collision has a high possibility
and cannot be neglected, especially for heavy ions penetrating
through heavy gas targets [1]. In addition, the double-electron
loss dominates the multi-electron loss process according to
the experimental and theoretical data given in Refs. [32-34].
Therefore, more focus on multi-electron-loss processes (espe-
cially double-electron) is given in our discussion. In order to
solve the balance equations (1) and (2), the following charge-
changing cross sections are involved: single o (SEC) electron
capture cross section and single o (SEL), double o (DEL)
electron loss cross sections.

A. Electron capture

Friedman er al. [38] presented the first general semi-
empirical scaling law for low charged (¢ < 8) nonresonant
charge-exchange collisions at intermediate velocities (0.5 <
v < 5). In the present work, the kinetic energy of pro-
jectiles are in the range of several tens of keV/nucleon
(87.5 keV/nucleon for neon ions and 38.2 keV /nucleon for
xenon ions), which are close to the velocity of v ~ 1 (1.88 a.u.
for neon ions and 1.24 a.u. for xenon ions). Correspond-
ingly, the single-electron capture cross sections for neon ions
(g < 8) can be calculated by using this scaling law. The cross
sections can be obtained in terms of following equations:

1 26|:¢1|1/2 =1,2
Pl aVn ) 1T
o, = 3)

125|:L
LA+ VIe)

6m = 6.13exp (—2.337,,), with
5, = vmq—0.89IT—0.23’ (4)

~ —0.6471.94
Om = 0Omq I,

}, q>2,

6(v) =exp |:—| — i|, with
Um
D =v/vy,
6 =0/on,
i = 1.8900°7,
ii = 0.331}.09v%44zg.23zg.33, (5)

where AE = Ip — Iy denotes the energy defect for single-
electron processes, and I and Ip are the initial target and final
projectile binding energies, respectively. The predictions for
Ir, Ip, and AE use the rules described in Ref. [38] (Sec. 2.1).
Using these to get v, from Eq. (3) and o,, from Eq. (4) can be
gotten. Using both of the predictions above can get the o cross
section in Eq. (5). The parameters v,,, o,,, ¢, etc., involved in
Egs. (3)—(5), were defined in Ref. [38].

B. Electron loss

DuBois et al. [39] figured out the semi-empirical scal-
ing law of single- and multi-electron loss cross sections
for any projectile colliding with argon and molecular nitro-
gen, which can be applied over an energy range extending
from sub keV/nucleon to hundreds of MeV /nucleon. Such
that we can estimate the electron-loss cross sections by the
following formula:

OEL = 11.Sv_lng)_':ff[IH/ISum]O.59s (6)

where the constant 11.5 is in units of 7aZ, v is the projectile
velocity in atomic units, Np.eir is the effective number of pro-
jectile electrons which are available for removal. In principle,
Np.efr is the number of outermost subshell or shell electrons
of projectiles. Iy is the ionization potential for atomic hydro-
gen, and Iy, is the sum of the ionization potentials which
is required to remove the number of electrons in a sequen-
tial manner. In our calculation, N, and I, change with
different charge state; ionization potentials are obtained from
the NIST database and the valuation of N, is referred to
Ref. [42] for details.

The calculated charge-changing cross sections used to
solve Eqgs. (1) and (2) are shown in Figs. 2(a) and 2(b)
for Ne and Xe ions, respectively. SEC denotes the single-
electron capture cross sections predicted using Friedman’s
semi-empirical scaling law [Egs. (3)-(5)]. SEL and DEL
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FIG. 2. Electron capture (EC) and loss (EL) cross sections of
Net and Xet ions with Ar atoms at 87.5 and 38.2 keV /nucleon
energy as a function of the projectile-ion charge ¢, respectively. SEC,
single-electron capture cross sections, are estimated by Friedman’s
semi-empirical scaling law [Egs. (3)—(5)]; SEL and DEL, single-
and double-electron loss cross sections, are estimated by DuBois’s
scaling formula (6). The g values correspond to the initial and final
state of ions for the EL and EC cross sections, respectively, and the
corresponding collision formulas are also shown. The lines are added
to guide the eyes.

denote the single- and double-electron loss cross sections
predicted using DuBois’s scaling formula (6). It can be found
in the figures that the g value corresponds to the initial state
of ions for the EL cross section while it corresponds to the
final state for EC, respectively. For example, g = 0, the SEC
corresponds to the neutralization of a singly charged ionic
projectile, whereas the SEL corresponds to the creation of a
singly charged projectile ion from a neutral atom.

It should be noted that all the capture cross sections of
Xe?t jons (0 < g < 20) are obtained through Friedman’s
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FIG. 3. Average charge states of exit ions as a function of the
target areal density for (a) Ne’™ and (b) Xe?* ions penetrating
through gaseous Ar targets. Experimental data are shown by the
square symbols. Solid, dashed, and dotted curves mark the results
of the present theoretical predictions [SEL + SEC, DEL + SEC (a)
and DEL + SEC (b), respectively, see text for detail].

scaling law, which claims to be appropriate for ions with
low charge (¢ < 8) only (see Ref. [38]). The extended appli-
cation of Friedman’s scaling law for the case of Xet ions
(0 < g < 20) colliding with argon atoms is interesting, since
it is hard to find any other semi-empirical scaling laws for
capture cross-section calculation for our case [38,43]. The
present work can be expected to verify its applicability.

IV. RESULTS OF THE CALCULATIONS AND
COMPARISON WITH EXPERIMENT

A named BREIT code (available online [29]) was used
to solve Egs. (1) and (2). The experimental and theoretical
g values for Ne and Xe ions are presented in Figs. 3(a)
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and 3(b), respectively, as a function of the target areal
density. In Fig. 3(a), SEL 4 SEC denotes the theoretical
prediction with considering only single-electron loss and cap-
ture cross sections, including 0,4 (1 <g=¢'+1 < 7) and
oy 0<g=¢g —1<6) in Eq. (1); DEL + SEC (a) ad-
ditionally, the double-electron loss cross sections op, and
o013 are taken into account; DEL + SEC (b), more than
DEL + SEC (a), the cross section of o0, 4 is considered. In
Fig. 3(b), similarly, SEL + SEC, for single-electron loss and
capture cross sections, including o, (1 <g=4¢"+1 < 20)
and o, (0 < g =¢q — 1 < 19) only; DEL 4 SEC is for 09 5,
01,3, and 02.4.

A. The role of multi-electron processes on evolution of average
charge states

As shown in Fig. 3(a), the experimental g value is
dynamically decreasing with increasing areal density and
approaching the equilibrium value of 2.78 around an areal
density of about 1.48 pg/cm?. Starting from 36.90 pg/cm?,
the ¢ value decreases again with the areal density. Obviously,
three distinguishing stages can be observed over the whole
evolution of average charge, including the nonequilibrium
stage (0 < x < 1.48 pug/cm?), equilibrium stage 1 (1.48 <
x < 36.90 pug/cm?), and equilibrium stage 2 (36.90 < x <
123.00 pg/cm?). It is important to point out that the equi-
librium g and the charge distributions herein remain constant
with the change of areal density only at equilibrium stage 1,
corresponding to the solution of Egs. (1) and (2) at dF, /dx =
0 [4]. Apparently, the experimental data are coincident with
the theoretical predictions within the error bars in the nonequi-
librium stage. The effect of multi-electron charge-changing
upon the average charge state seems nodifferent compared
with the single-electron process in the nonequilibrium stage.
However, the difference becomes obvious in the equilibrium
stages. It can be attributed to the fact that the contribution
of multi-electron-loss processes increases with decreasing ion
charge g [2,33], since the number of active electrons from
small to large and their orbital binding energy from strong to
weak. More details of a comparison between the experiment
and the theoretical prediction are shown in Fig. 4. As a typ-
ical case, Fig. 4(a) shows the charge state distributions and
Fig. 4(b) shows the corresponding characteristic parameters,
respectively, for the areal density of 1.48 ug/cm?. The pa-
rameter width d = [}_, (¢’ — q)*F (¢')]'/? and skewness s =
>, (@ — @)’F(q')/d* characterize the standard deviation and
asymmetry of the distribution, respectively (see Ref. [1] for
detail). Figure 4(a) shows that the equilibrium charge distribu-
tion moving to the higher charge state, while considering the
double-electron loss effect, which provides better agreement
with the experiment data. More clear evidence can be found
in Fig. 4(b), when we take DEL + SEC (a) and DEL + SEC
(b) into account, it leads to g increasing by about 10.3%
and 25.4%, respectively, and makes g and s approaching a
much better agreement with the experimental data than the
prediction of SEL + SEC only. The differences of d between
the experiment and all the predictions are not obvious. Thus
for Ne’* ions with Ar atoms at equilibrium stage 1, the con-
tribution of multi-electron-loss cannot be neglected. For the
equilibrium stage 2, § goes down again and the reason can

E 0.4 (a)I ' ! —— Experiment
g SEL+SEC
2 0.3 DEL+SEC(a)
E 02 —@— DEL+SEC(b)
=
£ 0.1 E
9
£ 0.0 - .
h T T T T T T T T
0 1 2 3 4 5 6 7 8
Charge state - ¢
3 1 (b) 2.81 2.78 SEL+SEC

2.47 DEL+SEC(a)
DEL+SEC(b)

Experiment

2.24

103 099 L8 g9

0.51 0.46
l—‘ 0.20 0.20
Average charge Width - d Skewness - s
Characteristic parameters of equilibrium charge distribution

FIG. 4. (a) The typical charge state distributions at equilibrium
stage 1 where the experimental data correspond to the areal density
of 1.48 pug/cm?, the theoretical predictions are shown, too. (b) The
characteristic parameters of the equilibrium charge distributions
of panel (a).

be deduced to the energy loss of projectiles, which will be
discussed later.

As seen from Fig. 3(b), the change of average charge
of Xe?" ions is similar to that of Ne?" ions in Fig. 3(a).
However, g of Xe ions reaches equilibrium stage 2 around
an areal density of 73.80 pg/cm?, where the areal density is
36.90 ug/cm? for the Ne?" case. The experimental data
for Xe ionsis well reproduced by our presented theoretical
predictions except for the areal density of 73.80 wg/cm?.
When we take the double-electron loss cross sections oy 2,
01,3, and 07 4 into account, it makes the g increase by about
15.5% and concludes a better agreement with the experiment
than only considering the single-electron case. More impor-
tant, this experimental evidence may be used to clarify the ap-
plicability of the Friedman’s scaling law [Egs. (3)—(5)] for the
first time to be used in ion charge g > 8 at the intermediate-
velocity regime.

B. The influence of energy loss on average charge state

Figure 5(a) shows that the significant energy loss of the
projectile (Ne ion) in the large target areal density region
(equilibrium stage 2) is observed in experiment, the corre-
sponding velocities of outgoing ions are also shown. The
BREIT code, used to solve Egs. (1) and (2), assumes the con-
stant cross sections with respect to the areal densities and
without considering energy-loss effect [29]. Obviously, that
is not valid for our situation at equilibrium stage 2 where the
energy loss happens.

In principle, the energy loss of a projectile ion can be
obtained through the summation of the piece of energy loss
that happens at every sufficiently thin layer of a target, where
the ion energy and the charge-changing cross section remain
constant. The ion energy in each layer is only determined by
the last energy-loss process at the previous layer [29]. We pro-
pose an analysis model schematically illustrated in Fig. 5(b) in
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FIG. 5. (a) Experimental energy loss and corresponding velocity
of outgoing ions at equilibrium stage 2 for the Ne-ion case. The
error bars, smaller than the size of the symbols, are invisible. (b) The
diagram of the hypotheses model we proposed to solve the average
charge state of projectiles when a significant energy loss happens
at equilibrium stage 2. At the top, ions are passing through the
gaseous target, which is divided into n sufficiently small layers. The
bottom shows the evolution of the kinetic energy of ions within their
penetration. Energy loss only happens at the edge between layers and
the ion velocity remains constant in each layer.

order to predict the average charge state at equilibrium stage
2 by the experimental energy loss:

(i) Asshown in Fig. 5(b), the penetration depth L of ions in
the target is divided into n sufficiently thin layers §/. The total
energy loss AE can be represented by AE = E| — E, = néE,
where E| and E, denote kinetic energy of ions in the first and
nth layers, respectively; SE is the energy loss of ions in each
layer and is restricted to be sufficiently small.

(i) Obviously, the areal densities at equilibrium stage 2
have reached the so-called equilibrium areal density (see
Ref. [1]) at the present ion energy. Under the circumstances,
the evolution of the ion charge state in each layer is deter-
mined only by the charge-changing cross sections but not by
the initial charge state. According to Sec. III, therefore, the
evolution of the charge state in each layer depends only on
projectile velocity.

(iii) In the last layer, the projectile energy is approximately
equal to the energy of the outgoing ions. Consequently, the
projectile velocity in the last layer can be known by the ex-
perimental energy loss AE of outgoing ions, i.e., by Fig. 5(a).
This allows us to simplify the prediction of the average charge
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FIG. 6. The average charge states g as a function of the areal
density for Ne’* ions penetrating through gaseous Ar targets at
equilibrium stage 2. The experimental average charges shown by
square symbols are taken from Fig. 3(a). The two solid lines delineate
the predicted average charges, using the Schiwietz’s semiempirical
formula and cross-section method (SEC + SEL), respectively. The
cross sections used in the cross-section method are shown in Fig. 7.

state, i.e., the average charge state of ions penetrating the
whole target can be obtained merely through analyzing the
ion penetration in the last layer of the target.

Then, based on the model above, the cross-section method
[solve Egs. (1) and (2) by using the BREIT code] or some
empirical formula can be applied to obtain the average charge
state when energy loss of projectiles happens.

Several approximate relations to estimate the aver-
age charge ¢ in the equilibrium stage are proposed in
Refs. [1,28,44,45]. Schiwietz’s formula [28] in a gas and
solid target providing an averaged dependence of the equi-
librium average charge on ion energy without the con-
sideration of oscillations related to the shell structures
of an ion and target atom are considered the most ac-
curate [46]. Therefore, it can be used to evaluate our
model without regard to charge-changing processes. The
equilibrium average charge state in a gas is given by
Schiwietz’s formula as follows:

376 + £°

fuchi = Z : 7
qsch P 1428 — 1206%—05 + 6905 + %—6 ( )
with the scaling parameter
— 70.521) "
£ = [(vp/v0)Z; 02z P00 o1k 04/2e (g

where Zp and Zr denote the nuclear charge of the ion and
of the target atom, respectively. vy is the Bohr velocity,
and vp is the projectile velocity. Based on our model, vp
is the velocity of an outgoing ion, e.g., vp = 1.25 a.u. at
an areal density x = 123.00 ug/cm? for the Ne-ion case,
according to Fig. 5(a).

Figure 6 shows the average charge states § of Ne ions as
a function of target areal density at equilibrium stage 2. [The
experimental data are taken from Fig. 3(a).] The theoretical
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FIG. 7. Electron-capture (EC) and loss (EL) cross sections of
Ne?t ions with Ar atoms at different areal densities as a func-
tion of the projectile ions charge ¢q. SEC and DEC are single-
and double-electron capture cross sections from Friedman’s semi-
empirical scaling law [Eqgs. (3-5)] and the formula (9), respectively.
SEL and DEL are single- and double-electron loss cross sections
from DuBois’s scaling formula (6). The g values correspond to the
initial and final state of ions for the EL and EC cross sections. The
lines are added to guide the eyes.

prediction by Schiwietz’s formula (red line) shows a very
good agreement with the experiment, which indicates that
our model is sound. Therefore, we repredict § by using the
cross-section method based on our model, and the results
are also shown in Fig. 6: SEC + SEL denotes the predic-
tion only considering single-electron charge-changing cross
sections. Double-electron modifications denote the prediction
additionally considering double-electron cross sections. The
corresponding charge-changing cross sections used to predict
g by the cross-section method are shown in Fig. 7. We note
that the single-electron capture and loss cross sections in-
crease simultaneously with increasing areal density, but the
rate of capture cross sections is twice as fast as the loss cross
sections. As shown in Fig. 6, the differences between experi-
ment and prediction by SEC 4 SEL are within the error bars,
except for the areal density x = 123.00 ug/cm?. The explana-
tion for the discrepancy at this areal density (123.00 pg/cm?)
may be deduced that the multi-electron capture process be-
comes more important, thus a hypothetical calculation of the
multi-electron capture process for our case is given.

As pointed out by Ding et al. [37], the cross section for pure
ionization of the target is very small near the Bohr velocity en-
ergy regime (v ~ 1 a.u. or E ~ 25 keV /nucleon). Therefore,
the multi-electron-capture cross sections of projectiles should
be very close to the multi-electron removal cross sections
of target atoms. Furthermore [37], in the velocity range of
0.65-1.32 a.u., the electron-capture cross section of highly
charged ions colliding with atoms displays weak velocity de-
pendencies. In our work, the velocity of outgoing ions is equal
to 1.25 a.u. at the areal density x = 123.00 ug/cm?, and thus
we can predict double-electron-capture cross sections through

33 T T
3.2 JAreal density x = 73.80 pg/cm’

3.1 4Energy loss AE = 6.9 keV/nucleon _
3.0 1 ¥ -
2.9 1 A E
2.8 1 s
2.7 =
2.6 4 =
2.5+ =
2.4 4
2.3

Average charge - ¢

Experiment  Schiwietz ~ SEC+SEL  DEC+SEL

Xe? + Ar at 31.3 keV/nucleon

(=)

—=—SEC
51 DEC
4J——SEL

0 - Xeq+ N Xe(q+])+ J

XeW™D* _ Xet*

Cross section [107° cm?)
w
1

T T T T T T T T T T
0 2 4 3 8 10 12 14 16 18 20
Charge state - ¢

FIG. 8. (top) The comparison of average charge state between
the experiment and the theoretical predictions for Xe** ions
penetrating through gaseous Ar target at the areal density x =
73.80 ug/cm?. (bottom) Electron-capture (EC) and loss (EL)
cross sections of Xe?" ions with Ar atoms at areal density x =
73.80 wg/cm? as a function of the ion charge state g. SEC and
DEC are single- and double-electron-capture cross sections from
Friedman’s semi-empirical scaling law [Eqgs. (3)—(5)] and formula
(9), respectively. SEL is single-electron-loss cross sections from
DuBois’s formula (6). The g values correspond to the initial and final
state of ions for the EL and EC cross sections, respectively. The lines
are added to guide the eyes.

the semi-empirical formula in which the absolute cross sec-
tions of removing k electrons from the target is written as [47]

N
of = (2.7 x107¥)gk (1,3 Z[i(h/ll-)z]), 9)

i=1

where /; is the ith target ionization potential in eV, N is the
number of outer-shell electrons of the target, and ¢ is the
charge state of the projectile.

In Fig. 7, the double-electron-capture cross sections pre-
dicted through formula (9) for Ne?" ions with Ar atoms
at x = 123.00 pug/cm? are shown by dotted lines. For x =
123.00 pg/cm?, incorporating double-electron-capture cross
sections into the calculation, the predicted § is shown in
Fig. 6 by a blue solid sphere. It is observed that the double-
electron-capture effect induces a lower ¢, which makes
a better agreement with the experiment than the single-
electron-capture case. So it is plausible to believe that the
multi-electron capture plays a role at the areal density of
123.00 pug/cm?. Moreover, Fig. 6 shows an additional pre-
dicted g at areal density x = 36.90 ng/cm? by considering
the multi-electron effect and Fig. 7 shows the double-
electron-loss cross sections. As a result, a better agreement
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at x = 36.90 ug/cm? with the experiment indicates that the
multi-electron-loss effect happens, too, in the small-energy
-loss region.

Moving to Xe" ions and argon atoms collision system
which has been shown in Fig. 3(b), the change of g of Xe ions
is very similar to that of Ne ions at the equilibrium stage 2. The
experimental ¢ decreases with increasing areal density too be-
cause of the increased energy loss, which has been discussed
previously. At areal density x = 73.80 ug/cm? the experi-
mental energy loss of Xe?" ions is equal to 6.9 keV /nucleon
and the velocity of outgoing ions is equal to 1.12 a.u. This
allows us to predict the double-electron-capture cross sections
through formula (9). The top of Fig. 8 shows the compar-
ison between the experiment and the theoretical § of Xe™
ions penetrating through the Ar target when the areal density
x = 73.80 Mg/cmz, where the theories include Schiwietz’s
formula, the single-electron (SECHSEL) and the additional
double-electron (DEC+SEL) charge-changing cross sections
calculations, respectively. It is found that g given by Schiwi-
etz’s formula fits the experiment within the error bar (~10%),
which shows the evidence that our proposed model can be
applied for the highly charged Xe’™ ions at equilibrium stage
2, too. The g given by the SEC + SEL overestimates the
experiment, but the § predicted by the DEC + SEL pro-
vides a better agreement with the experiment. The bottom
of Fig. 8 shows the relevant charge-changing cross sections
used in our theoretical calculations. Comparing with Fig. 2(b),
where the projectile energy is 38.2 keV/nucleon, we note
that single-electron capture and loss cross sections increase
simultaneously, but the rate of capture cross section seems
faster than that of the loss cross section by a factor of 1.5.

V. CONCLUSIONS

Experimental data of the evolution of average charge
states, when 2°Ne’* and '*'Xe?** ions penetrate through

the different densities of the gaseous Ar target, are pre-
sented. The energy of Ne’* and Xe?** ions are 87.5 and
38.2 keV/nucleon, respectively. The density of Ar targets
ranges from 0.01 to 123.00 1g/cm?. The experimental results
show a clear dynamic evolution of the average charge state
from the nonequilibrium stage to equilibrium stage 1 and
2. In the nonequilibrium stage, the single-electron charge-
changing process is dominant. In equilibrium stage 1, the
multi-electron-loss process needs to be properly considered.
In equilibrium stage 2, the average charge state decreases
again as the projectile decelerates. This paper presents an
analysis model to predict the average charge state of a pro-
jectile in the case of significant energy loss. Schiwietz’s
formula verifies the validity of our model. It has been figured
out that the single-electron capture and loss cross sections
increase simultaneously with increasing energy loss, where
the rate of capture is larger by 1.5 to 2 times than that of
loss. It is worth noting that this finding applies only to low
energies near the Bohr velocity (E ~ 25 keV/nucleon). In
addition, our work suggests that the contribution of the multi-
electron charge-changing process should be considered in
equilibrium stage 2.

Our experimental data of highly charge Xe?" ions show
evidence that Friedman’s scaling law can be used when g > 8
in the Bohr-velocity regime.
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