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Abstract: We present an experimental study on the double K-shell ionization of argon in single
collisions with the Xe3** ion at 197 MeV /u. The X-ray spectra of multi-ionized argon are measured
at the observation angles of 90° and 145° with respect to the projectile beam. The target K X-ray
satellite and hypersatellite lines are analyzed with a fitting model and the cross-section ratio of double
to single K-shell ionization is derived. The experimental results are compared to the relativistic
time-dependent, two-center calculations, and a reasonable agreement is reached.
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1. Introduction

The double K-shell ionization of atoms by the impact of charged ions is one of typical
two-electron processes considerably studied by theories and experiments [1-5]. The double
K-shell ionization of heavy atoms can also provide the possibilities to investigate exotic de-
cay modes, such as hypersatellite transitions [6-9], the hypersatellite Auger process [10,11],
two-electron one-photon (TEOP) transitions [12], and the three-electron Auger process [13].
Experiments on these decay processes can be accessed in the collisions of energetic heavy
ions, in particular bare ions, with target atoms, where the strong Coulomb field of the
projectile causes the simultaneous ejection of the two K-shell electrons of the target atoms
with a significant cross-section [14,15].

The production of double K-shell vacancies in heavy atoms by bare heavy ions with
energies ranging from several to tens of MeV/u has been widely studied in the last
decades [4,16-19]. By measuring and analyzing the K X-ray spectrum, Hall et al. studied
the formation mechanism of double K-shell vacancies in titanium atoms in the collision
with 5-15-MeV /u CI'7* [4,16], 2.0-6.0 MeV /u Si'** [16], 5 MeV /u F*, Mg!?*, and Al'3*
ions [16], respectively. Experimental studies of such a process for argon were also carried
out with gaseous targets by Schulz et al. and by Wohrer et al. by employing 0.5 MeV /u
S16+ [17] and 7.0 MeV /u Fe2* beams [18], respectively. More recently, Hillenbrand et al.
presented a study of double K-shell vacancies in xenon atoms in symmetric collisions with
15-50-MeV /u Xe®** ions [19]. In these cases, the ion velocity vp is lower than or close
to the classical velocity of the target atomic electron vk; the formation mechanisms of
double K-shell vacancies in atoms are complicated, due to the contributions of the direct
ionization and electron transfer, while the situation gets simpler when vj, is far greater than
vk. The two K-shell electrons of the target atom are considered to be removed dominantly
by two independent direct single-ionization events [14]. The experimental study of this
process is important for mapping the limits of the applicability of the independent electron
approximation, which is usually considered to be valid for multiple inner-shell ionization.
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This requires the relativistic energies for the incident heavy ions according to the classical
velocity of the K-shell electrons for atoms with the medium atomic numbers (Z). However,
the availability of the relativistic heavy ions made these studies scarce.

Heavy-ion storage rings, characterized by relativistic energies and high-Z bare ions,
combined with gaseous internal targets, provide new possibilities for the investigations of
the special atoms/ions with the double K-shell vacancies with a wide variety of ion species
and energies. In addition, environmental effects during the collision and decay processes,
such as secondary ionization and interatomic transition, can be suppressed effectively in
gas target experiments [8]. In a previous experiment, we studied the dynamic formation
of double K-shell vacancies in krypton atoms in collisions with 52-197-MeV /u Xe®** ions
through the X-ray spectroscopy method at a heavy-ion storage ring equipped with an
internal gas-jet target, where the corresponding vy, /vk ranges from 1.2 to 2.2 [15]. In this
paper, we report the results of an X-ray spectroscopy study of the argon atoms with the
double K-shell vacancies produced in single collisions with relativistic (197-MeV /u) bare
xenon ions. The present work is a continuation of our previous study, and its main goal
is to explore the creation of K- and L-shell vacancies in argon atoms colliding with heavy
bare ions in the higher vy, /vk region, as well as the filling processes of the K-shell vacancies.
The experiment and data analysis methods are described in the second and third sections,
respectively. The results and discussions are presented in Section 4, and finally, a conclusion
of the present work and a brief outlook are given in Section 5.

2. Experiment

The measurement was carried out at the HIRFL-CSR (Heavy Ion Research Facility at
Lanzhou—Cooling Storage Ring) with its internal target [20,21]. The details of the experi-
ment have been described elsewhere [15]. Briefly, a beam bunch of about 107 Xe>** ions
with the energy of 197 MeV /u was injected into the experimental ring (CSRe); it was cooled
by the electron cooler and then collided with the argon gas-jet target. The beam current
was about 100-600 1A, and the target thickness was around 10'2-10'3 atoms/cm? during
the measurement. The beam energy loss, due to the interaction with the target, was com-
pensated by the continuous electron cooling. The projectile ions that capture one electron
were separated from the circulating beam due to the change in their magnetic stiffness.

The X-rays produced in the collisions of the ions with the target were registered by
a lithium-drifted silicon [Si(Li)] detector mounted at 90° and a high-purity germanium
(HPGe) detector at a 145° observation angle with respect to the ion beam direction. The
distances between the detectors and the interaction point were 270 and 500 mm, respectively.
The detectors were isolated from the ultrahigh vacuum system of the interaction chamber
by 100 pm beryllium windows, shielded by lead and brass assemblies and collimated by
holes of an 8 mm diameter. The detectors were calibrated using radioactive sources of >Fe,
133Ba, 152Ey, and 24! Am before and after the experiments. The energy resolutions (i.e., full
width at half maximum) of the present detectors are both about 181 eV at around 3.0 keV.

3. Data Analysis Methods
3.1. Spectra Fitting of K X-ray

The spectrum of argon K X-rays recorded by the Si(Li) detector are shown in Figure 1.
The weight center positions of the argon K« and K@ diagram transitions, Kad and Kp4,
at 2.957 keV and 3.191 keV, are indicated by the vertical lines, respectively [22]. The clear
shift of the experimental peaks to higher energies indicates high ionizations of the argon
atoms. The energy intervals between the Ka®, Kas, KB*, and KBM peaks are close to
the resolution of the detectors (~180 eV) [23]. The origin of the Ko®, Kf3* satellite and
Kohs, KBNS hypersatellite peaks is described in detail in our previous paper [15]. The
Ko®, KB® satellite and Ko, KBMs hypersatellite peaks come from the transitions of the fol-
lowing types: K- 1L~ M~ — KOL~(nAD)p=nm KL= M~ — KOL=m M~ (tm+1)
K2L" M~ — KL=t ) p—m and K20 "L M—"M — KL= M~ (") respec-
tively.
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Figure 1. Measured spectra of X-rays emitted from argon target in the collisions with 197-MeV /u
Xe%** ions, obtained by the Si(Li) detector at the 90° observation angle. The measured data are
represented by open circles, while the fitted transitions are represented by dashed curves. The fitted
background is shown as gray dotted line.

All the four peaks contain the X-rays emitted from states with different L-shell and
M-shell vacancies, resulting in broadened Gaussian profiles. By only using the energies
and widths of the peaks as free-fitting parameters, those peaks can be fitted unambiguously.
In this case, we adopt an approach similar to that developed by D. Banas et al. [24]. As the
mean number of L-vacancies, n7j, is very close when a hypersatellite and satellite transition
occurs [8], we further simplify the correlation of the fitting parameters here. The Ko,
Kos, KB, and KB"*® peaks are fitted by four Gaussian distributions with the following
parameters: (a) the positions of these four peaks are all expressed in terms of the mean
L-vacancy number 17 at the time of X-ray emission; (b) the full widths at half maximum
(FWHM) of the Ka® and Ko® peaks are set to the same because of the identical peak
widths of Ka® and KaMs for the same nj, as derived by convolution and fitting [23]; so, the
same occurred for the KB® and KB peaks for the same reason. Therefore, a total of seven
parameters (four peak intensities, two peak widths, and n7) are used.

The transition energies and decay rates of argon Ko, Ko, K@°, and KBM* as a func-
tion of the vacancy number in the L-shell were calculated using the GRASP 2K program [25].
The energy shifts caused by M-shell vacancies are assumed to be proportional to their num-
ber and given by the difference between the calculated results when the M-shell is full and
when there is only one M-vacancy. The binomial population distributions of the number of
the L- and M-shell vacancies in the target atoms at the time of the K-shell radiations are
assumed [26]. The average numbers of L-vacancy nj and M-vacancy 1y, were associated
by a scaling formula [27]. The results were the convolutions of the population distributions
of the number of the L- and M-shell vacancies and Gaussians for a detector resolution of
181 eV. The weight center energies of the KL% —KL~! and K~'L.M® — KL.°M~! argon
transitions are calculated to be 3.131 and 3.1416 keV, respectively. The mean energy of
Ko, Ko, K %, and K Bh'S as a function of the spectator L-vacancy number 1 are obtained
as follows:

Exgs = 2.957 +0.0192nf 1)
Eg e = 3.131 4 0.0198n} @)
Exps = 3.191 + 0.0495n} 3)
Exghs = 3416 +0.0516n] (4)

The Gaussian fittings of the experimental X-ray spectra were carried out after the
correction of the detection efficiency and subtraction of the linear background. Figure 1
depicts the fitting curves as well. The energies, widths, relative intensities of the peaks, and
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spectator L-vacancy numbers are listed in Table 1. The energy uncertainties include the
detector calibration error and the fitting error. The former contributes £3 eV as evaluated
from measuring the argon Ko diagram lines by an X-tube. The total uncertainties in the
energy shift are estimated to be within &5 eV, resulting in an 0.3 uncertainty for nj.

Table 1. The determined relative intensities I(Kx"%)/I(KaS), the energy, and FWHM of K«®, Ko,
KB and KBS peaks, as well as the average number of spectator L-vacancies ni of argon in collision
with 197-MeV /u Xe>** ion. The data include measurements at both the Si(Li) at the 90° observation
angle and the germanium detectors at the 145° observation angle.

Results Detection Angle of 90° Detection Angle of 145°
1<Kah,s> /1(Ka®) 0.107 4 0.02 0.119 £ 0.02
E(Ka®)/FWHM (keV) 3.0007/0.199 3.0037/0.206
E( Kah,s) /FWHM (keV) 3.1778/0.199 3.1808/0.206
E(Kp°)/FWHM (keV) 3.3058/0.238 3.3132/0.244
E ( K/;h,s) /FWHM (keV) 3.5371/0.238 3.5448/0.244
n¥ 234 +03 249 +£03

It can be seen from Table 1 that all of the deduced results from the spectrum at 90° are
consistent with those from 145°. The K3® and KB"* peaks shift much more than the Ko®
and Ko® peaks. In addition, the Gaussian profiles of the KB® and KB peaks broadened
more than the Ko® and Ko"® peaks. This is due to the fact that the L-vacancies affect the
transitions from the upper M-shell more than those from the L-shell.

3.2. Fluorescence Yields of Argon with Multiple Vacancy

In order to deduce the ratio of the double to single K-shell ionization cross-section of
argon atoms from the relative intensities of emitted Ka® and Ka® X-rays, the fluorescence
yields of argon with multiple vacancies are required. The fluorescence yields wy s and
wggs for argon with different spectator vacancies in the K-shell, L-shell, and M-shell should
be undertaken for each parent defect configuration and are currently not available. There-
fore, the fluorescence yields of multivacancy configurations are derived using a statistical
weighting procedure developed by Larkins [28]. The original radiative and radiationless
transition rates of a single K vacancy are obtained from the tabulated data [29,30]. The rela-
tionship between the initial vacancy distribution of argon atoms by projectile impacts and
their time evolutions by taking into account multi-step vacancy rearrangement processes
is evaluated by the model developed by Horvat et al. [31]. The population distributions
of the number of target atom L- and M-shell vacancies from collisions are also assumed
to be binomial. According to the scaling formula, the average numbers of the spectator
L-vacancy n{ and M-vacancy 19, are associated [27].

The relationship between n} and n? with and without considering the vacancy rear-
rangement process, is shown in Figure 2a. In the figure, the experimental data are also
shown (denoted by horizontal and vertical dashed lines). The experimental 77 is obtained
by averaging the data at the observation angles (90°and 145°). It can be seen that nj is sig-
nificantly smaller in the case which considers vacancy rearrangement than the case which
does not consider vacancy rearrangement. This means that a part of the L-vacancies is filled
by electrons in higher levels before the K X-ray emission during the vacancy rearrangement
process. The nf for the Ka® radiation is larger than that for the Koc® radiation if they have
the same initial n). This is due to the fact that the K-shell is filled faster for the double
K-vacancies than for the single K-vacancy.



Atoms 2022, 10, 155

50f8

4.5

T T T T T T T

40

35F

3.0F

.
—— Ko ® & Ka® without vacancy rearrangement (KL
Ka"® with vacancy rearrangement 024 [ O o(K2L™™) 1
Ka® with vacancy rearrangement 1 Oos(K2L™™)

e Ka"® (experiment)
®m  Ko® (experiment)

el
1 T ® oy o(K2L™) (experiment)
3 020 F & oy s(K2L™) (experiment)
=% ¢ - | c
[
8 0.18 |- -
. o
<]
So16 ]
] [

o

)

=3
T

o

N

N
T

B oy (KL & K2L™) (experiment) & ]

o
IS

o
N

o
o

o
o [7

15 2.0 25 3.0 35 4.0

(a) (b)

Figure 2. (a) Calculated average numbers of spectator L-shells at the time of X-ray emission nj versus
that of spectator L-shells produced in the collision n% for argon. (b) The calculated fluorescence yields
WKgs, Wighs and wh, versus n% for argon. The experimental results are represented by solid symbols
with vertical and horizontal lines indicating their coordinates.

Accordingly, the average fluorescence yields of the Ka"* from the K~2L "L states
Wy,hs, the Ka® from the KL= states wg,s, and the Ka® originating from the cascade
decay of the K™2L "L states w),; versus the n} are shown in Figure 2b, respectively. These
three yields all increase as n! increases. The w} is significantly larger than the wy s
and wy s at the same n%. This is because the number of vacancies in the L shell will
increase when the first K-shell vacancy is filled through the dominant KL radiation or the
KLM and KLL Auger processes. The experimental wy s and w},s deduced from the n?
of the K~2L~"L states, as well as the wg,s from the n(i of the K~1L~"L states, are shown in
Figure 2b by the blue and black dashed lines and the red dot horizontal lines, respectively.
Their values are 0.145, 0.153, and 0.177, respectively. It should be noted that the measured
Ka® lines contain the Ka® lines of the K~! states originating from the cascade decay of the
K—2L~" states.

4. Results and Discussion

The cross-section ratio between the double x> and the single oy —1 K-shell ionization
can be calculated from
Ik-2 R

= ©)

/
U1 Wighs / WKas — Ry Wghss / Wiy

where R3; is the relative intensities I(Ko$) /1(Kos). Taking the relative intensities of the X-
ray emission listed in Table 1 and the fluorescence yields deduced in Section 3, the ionization
cross-section ratios for argon collided by the 197 MeV /u Xe>** ion were obtained and are
listed in Table 2. The experimental mean number of the L-vacancies produced by collision
n% (K~2L7"L) is also shown in in Table 2. The mean number of L-vacancies of the K~ 1L "L
state in collision n (K~1L"L) is not given here because we do not try to distinguish between
the contributions of the K~1L~"L states produced in collision and those originating from
the cascading of the K~2L " states under the current experimental resolution.
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Table 2. Comparison of our experimental results with theory for target single and double K-shell
vacancy production. The uncertainty of intensity ratio comes from the uncertainties of the fitting
parameters. The uncertainty of the deduced mean L-vacancies is estimated by detection error and
fitting error.

Experiment Theory (RCC)
o e 0
Projectile o2l (K_? If—"L) o2 (kbarn) op-1(kbarn)  oy2/oyga n%(K‘zL_"L)
197
MeV/u 0.12 + 0.02 24+03 289 2709 0.1067 3.56
XeS4+

In the present work, the velocity of ion vp is 77.4 a.u, which is about 4.3 times the
velocity of the atom’s K-shell electrons, but the perturbation strength from the projectile
ion x (x = Zp/vp, Zp is the nuclear charge of the projectile) is 0.70, which is close to 1.
Thereby the non-perturbative relativistic coupled-channel (RCC) method based on the
independent electron model and the two-center atomic-like Dirac-Fock-Sturm orbitals
as a basis set are adopted to calculate the cross-sections of single and double K-shell
ionizations [32]. The calculation results are also shown Table 2. The experimental ratio Rp;
for the double-to-single target K-shell vacancy production cross-section is slightly greater,
but it agrees reasonably with the theoretical result. This indicates that the independent
electron approximation is still suitable for the process of K-shell multiple ionization in the
current collision system.

The deduced mean number of spectator L-vacancies produced when the double K-shell

vacancies created in collision n (K 72L’”L) in the experiment is less than the theoretical

result. At present, it is difficult to identify conclusively whether the remaining discrepancy
originates from inaccuracies in the theoretical description of the process or in the potentially
incomplete fitting model we used. However, some factors need to be mentioned, such as
that the strong electron correlations may affect the multiple vacancies production in the
L-shell. The shake-off probability of the K-shell electron is only 0.001%, while that of the
L-shell electrons is nearly 2%, as the result of a sudden vacancy in the K-shell for the argon
atoms [33]. The simultaneous production of two K-shell vacancies and multiple L-shell
vacancies may lead to the shake-off of the remaining L-shell electrons with an even higher
probability (>2%). In the experiment, the measurements with higher energy resolutions
realized by crystal spectrometers or microcalorimeters will enable us to perform more
unconstrained identifications of the related processes. For example, by using a crystal
spectrometer with an energy resolution better than 8 eV, the K X-ray hypersatellite lines from
excited argon atoms with different spectator L-shell vacancies can be fully resolved [8]; then,
the n} (K~2L™") could be obtained by the weighted averaging of the L-vacancy numbers
of the individual peaks with their relative intensities, rather than by deducing from the
energy shifts of the convolutional peaks. The uncertainty of the obtained nf(K~2L~""t) will
be within 0.1.

5. Conclusions

The Koc®, Ko%, KB*, and KB X-rays of multiple ionized argon atoms were measured
in single collisions of 197-MeV /u Xe*** ions with an argon target. The double K-shell
ionization processes of the argon atoms were investigated by means of the intensity ratios
I(Kohs) /I(Ko®) from a fitting model, combined with the evaluation of the fluorescence
yields of the multi-vacancy state atoms and the vacancy rearrangement process. The
relative yield of the double K-shell vacancies of the argon atoms with respect to single the
K-shell ionized ones was determined to be 12%. The experimental cross-section ratio shows
a reasonable agreement with the calculated value from the relativistic time-dependent
two-center theory. However, the mean number of the spectator L-vacancies extracted from
the experiments is a number that is nearly one less than that of the theory. More precise
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experiments with high-resolution detectors are expected to provide a more stringent test of
the theory.
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