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Single and double K-shell vacancy production in slow Xe***33*-Xe collisions
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We present an experimental and theoretical study of symmetric Xe*** 4 Xe collisions at 50, 30, and 15
MeV /u, corresponding to strong perturbations with vg /v, = 1.20, 1.55, and 2.20, respectively (v is the classical
K-shell orbital velocity and v, is the projectile velocity), as well as Xe>** + Xe collisions at 15 MeV /u. For
each of these systems, x-ray spectra are measured under a forward angle of 35° with respect to the projectile
beam. Target satellite and hypersatellite radiation Ko5 | and Kob®,, respectively, are analyzed and used to derive
cross-section ratios for double-to-single target K-shell vacancy production. We compare our experimental results

to relativistic time-dependent two-center calculations.
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I. INTRODUCTION

Due to its nonperturbative character, the accurate descrip-
tion of the propagation of bound electrons in the field of two
heavy nuclei colliding at slow velocities is a fundamental
challenge on the path to understanding heavy-ion collision
dynamics [1]. In these systems, the collision partners can be
described by transiently forming heavy quasimolecules, as
the atomic orbitals merge into molecular orbitals that evolve
as a function of the impact parameter and the internuclear
distance [2]. Studies on slow collisions of heavy ions are
strongly motivated by the prediction of spontaneous electron-
positron pair creation when the combined nuclear charge of
the target and projectile reaches a critical value of Z, ~ 173
[3]. Favorable collision energies corresponding to long “life-
times” of the transient quasimolecule are comparable to the
Coulomb barrier and amount to a few MeV /u [4]. These the-
oretical predictions have recently been refined [5—8], based on
major advances in the relativistic time-dependent two-center
description of the process [9,10].

Numerous experiments with slow heavy ions at parti-
cle accelerators focused on impact-parameter dependences
of charge-transfer processes [2,11-20]. For incoming bare
projectiles, single and double K-shell vacancy production
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was investigated, which for near-symmetric systems towards
low collision energies is dominated by quasiresonant elec-
tron transfer from the target K shell to the projectile K shell
[20-23]. However, fully symmetric systems leading to reso-
nant K-shell-to-K-shell transfer could not be studied in these
experiments, since target and projectile K radiation of identi-
cal collision partners could not be resolved at small Doppler
shifts.

In order to produce intense beams of bare or hydro-
genlike ions in a stripper target, the beam needs to be
accelerated to a velocity higher than the orbital velocity
of the projectile K-shell electron, v, > vg. However, quasi-
molecular effects become important at strong perturbations
with v, < vg. Therefore, early experiments already applied
an acceleration-deceleration technique at linear accelerators,
where a stripper target was used in between the acceleration
and the deceleration stages. Nevertheless, the beam energies
available at these facilities limited the projectile charge g and
atomic number Z to the mid-q high-Z range [2,14-16] or the
high-g mid-Z range [17-20].

The development of heavy-ion synchrotrons in combi-
nation with cooler-storage rings such as the experimental
storage ring (ESR) at the GSI Helmholtzzentrum fiir Schw-
erionenforschung in Darmstadt, Germany, now provides the

©2022 American Physical Society
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capabilities to use the driver accelerator to reach the ion en-
ergy required for producing the desired charge state through
traversing a stripper target and subsequently uses the stor-
age ring to decelerate those ions to the desired low collision
velocities, thus providing highly luminous cooled beams of
bare and H-like heavy ions at v, < vg. Previous experi-
ments at storage rings with xenon as the internal-target gas
were performed at collision energies down to 50 MeV /u,
corresponding to vk /v, = 1.20 [24-28]. The experimental
challenges that need to be overcome when going to even lower
collision energies are discussed in this paper.

In its nonrelativistic straight-line collision description, the
impact-parameter-dependent probability for single K-electron
transfer in symmetric collisions of a bare and a hydrogen-
like ion can be directly scaled from the H" + H(1s) system
[29,30]. For heavy ions, relativistic effects are predicted
to cause a deviation from this elementary scaling [9]. In
contrast, probabilities for double K-electron transfer cannot
be scaled directly from the He** + He(1s?) system due to
the electron-electron interaction and the resulting partially
screened Coulomb potential [31,32]. However, for heavy ions
the effectiveness of the electron-electron interaction relative
to the Coulomb field strength of the nucleus is diminished
and charge-transfer processes can be readily described in an
independent-particle model [9,10]. Therefore, studies with
heavy ions are mainly sensitive to relativistic effects.

The focus of the experimental and theoretical study pre-
sented in this paper is the target single and double K-shell
vacancy production in slow symmetric collisions of bare
Xe’** with atomic Xe. For bare projectiles towards the high
collision-energy limit of weak perturbations, target K-shell
vacancy production is dominated by direct ionization into the
continuum. Towards the low-collision-energy limit of strong
perturbations, the adiabatic electron transfer from the target
K shell into the projectile K shell proceeding through the
transiently formed quasimolecule determines largely the tar-
get K-shell vacancy production. A resulting distinct signature
of the quasimolecular character is the pronounced probabil-
ity of double K-shell electron transfer investigated in the
present work. We present new measurements for bare Xe’**
projectiles at 30 and 15 MeV/u and for H-like Xe>** at 15
MeV /u. Furthermore, we revaluate previous measurements at
50 MeV /u [26].

The paper is organized as follows. Section II provides a
brief description of the experiment. Section III presents ex-
perimental results and their analysis. Section IV summarizes
the theoretical description of the process. Section V discusses
the results. Section VI summarizes and provides an outlook
for future work.

II. EXPERIMENT

In the experiment, '**Xe*®* ions were accelerated to 76.5
MeV /u (vg /vp = 0.97) in the SIS18 synchrotron of GSI. Sub-
sequently, the ions traversed an 11-mg/cm? carbon stripper
target. Xenon ions of the desired charge state, 53+ or 54+,
were injected into the ESR and decelerated to the investigated
collision energies. Electron cooling was applied after injec-
tion as well as after deceleration. A typical number of ions
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FIG. 1. X-ray spectrum for Xe>** 4 Xe at 30 MeV /u as a func-
tion of the photon energy in the target and the projectile frame,

corresponding to the bottom and the top axes, respectively. The
unlabeled signal at approximately 28 keV is the escape peak.

circulating in the ring at the beginning of the measurement
phase was 5 x 107. A measurement cycle, e.g., for Xe** at
30 MeV /u, comprised an injection every 50 s with a mea-
surement phase of 10-20 s. During this measurement phase,
the xenon gas-jet target was activated with an area density
of the order of 2 x 10!'° cm~2, a value that was much lower
compared to previous similar experiments [24,26]. Due to the
immense cross sections for charge transfer at low collision
energies, a stable target operation at this low density was
key to the success of the measurements in order to ensure
single-collision conditions, acceptable detector count rates,
and reasonable beam-storage lifetimes in the ESR.

X-ray spectra were measured at an angle of 35° with re-
spect to the projectile beam direction using an ORTEC GLP
series planar high-purity germanium detector with an active
diameter of 16 mm. The detector resolution at 30 keV was
AEpwam = 357 eV, as derived from the calibration measure-
ment with an *! Am x-ray source. A 7-mm slit was used in
front of the detector to reduce Doppler broadening for x rays
emitted by the projectile. The distance of the x-ray detector
from the interaction point was 34 cm, thus resulting in an
effective solid angle of AQ/Q = 7.7 x 1075, In symmetric
collision systems, such as the one studied here, target and
projectile radiation can be energetically separated solely by
the Doppler shift. For our case of a 35° observation angle,
this increases the detected energy of x rays emitted by the
projectile by a factor of 1.28, 1.22, and 1.15 at 50, 30, and
15 MeV /u, respectively.

III. RESULTS

A. Full x-ray spectrum

The full x-ray spectrum measured for the Xe>** projectile

at 30 MeV/u is shown in Fig. 1. All characteristic features
of the projectile (P) radiation after capture of a target electron
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into an n > 2 state are clearly visible.! Moreover, the shape of
the P-K « radiation indicates that there is a distinct probability
of capturing two electrons leading to a He-like projectile state.
Due to the Doppler shift, the P-K« radiation is well separated
energetically from the target (T') satellite (s) and hypersatellite
(hs) radiation T-Ka* and T-Ka", originating from single and
double K-shell vacancy production, respectively. Note that the
T-Ko® radiation also includes photons from the second decay
following a double K-shell vacancy production.

The intensity of the projectile radiation is significantly
higher than that of the target radiation, indicating that electron
transfer from the target to the projectile has a much larger
probability for n > 2 levels than for the K-shell-to-K-shell
levels. Unfortunately, the 7-K 8% lines are partially blended
with the P-K« lines and thus not visible.

The low intensity of the 7-Ka*" radiation in relation to
the P-Ko radiation is one of the challenges of these mea-
surements. In addition, the effective solid angle for projectile
radiation is enhanced due to the Doppler boost at forward
detection angles. When correcting for this kinematic effect,
our data show that the ratio of 7-Ka®" to P-Ka radiation
emitted at 35° is 28%, 7%, and 2% for 50, 30, and 15 MeV /u,
respectively. In combination with the reduced energetic sep-
aration between target and projectile radiation towards lower
collision energies, this situation constitutes a major challenge
for measuring the 7-Ka*™ radiation with sufficient statistics.

B. Target x rays

In Fig. 2(a) the target Koj, radiation is shown for

Xe3*(1s) projectiles. In this system, double electron transfer
from the target K shell to the projectile K shell is highly
improbable. The absence of the target Kob® radiation indi-
cates that the probability for creating a target double K-shell
vacancy through the collision with a Xe3*(1s) projectile is
negligible since here only one electron can be captured from
the target K shell into the projectile K shell, while the other
K-shell electron of the target would have to be captured into
an excited state of the projectile or ionized into the contin-
uum in order to create a target double K-shell vacancy. In
Figs. 2(b)—(d) the target K a;?S radiation measured for Xe>**
projectiles with an empty K shell at three collision energies
is shown. Figure 2(d) is based on the experimental data of
Ref. [26], which unfortunately contains poor statistics. The
comparison of the x-ray spectra for the H-like Xe>** and bare
Xe>** projectiles and the absence of the Kagfl radiation for

the Xe>** projectiles indicate that at low collision energies a
target double K-shell vacancy is created by resonant transfer
of two target K-shell electrons into an empty K shell of the
projectile.

Each x-ray spectrum was corrected for the energy depen-
dence of the detection efficiency and fitted by a superposition

I'The escape peak originates from events where the detector does
not absorb the complete photon energy E,, . If one quantum of energy
corresponding to a Ko transition in the Ge absorber escapes the
detector, the remaining deposited energy causing the escape peak is
Ew=E, —EX ~E, —99keV.
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FIG. 2. Background- and efficiency-corrected x-ray spectra of
target Kai:l?s radiation. The charge and energy of the projectile are
(a) Xe>* and 15 MeV/u, (b) Xe*** and 15 MeV/u, (c) Xe’** and
30 MeV/u, and (d) Xe*** and 50 MeV/u. The measured spectra
(blue lines) were fitted with Egs. (1) and (2) (red lines). The centroid
position of the individual fitted lines (green dashed lines) are marked

on the corresponding top axes.

of four Gaussians,

4
(E, — E;)?
I(E,) = ay+ @ E, + Zbexp(—sz), )
i=1 Y

corresponding to the four expected peaks i€
{Kas, Ka$, Kab®, Ka®}. The coefficients ap and a; describe
a linear background, which has been subtracted in the spectra
shown in Fig. 2. The centroid energies were fitted with
EKags = Eko; + AEns and EKa?s = Eka; + AEns, implying
that the fine-structure splitting of the satellite and the
hypersatellite line are identical on the level of accuracy
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TABLE I. Comparison of our experimental results with theory for target single and double K-shell vacancy production. Experimental

errors reflect uncertainties for the fit parameters of Egs. (1) and (2).

Fit to experimental data Theory
Ep EKocE EKO(? AEhs AEFWHM Og-2 /O'K—l Og—1 Og-2 Okg—2 /UK—I
Projectile  (MeV/u) vk /v, eV) V) V) (eV) (%) (kbarn)  (kbarn) (%)
X3+ 15 220 29946 + 7 30356 £ 3 446 + 9 325 9 2.8
Xeo*t 15 220 29979 + 7 30394 +£4 724 + 8 498 + 8 71.1£3.5 252 198 78.6
Xed4t 30 1.55 29920 + 2 303201 707 £ 3 482 + 3 714+£1.1 199 154 71.4
Xe* 50 1.20 29705 £ 17 30118+9 723 £ 23 526 + 22* 57.3+6.8 192 97 50.5

2The x-ray spectrum of Ref. [26] had a slightly worse energy resolution.

relevant here. [Deviations from this assumption are up to 1%
(see Sec. V)]. The width of each peak was considered to be
identical, characterized by the standard deviation o, with
AEgwnm = 2.360,. The line intensities /; of the fit function
(1) are given by

Og-2
Ixay = 1o\ 1 + WK, (2a)
Og-1
Og—2
[Kai = [0(1 + L)wl(vtiv (2b)
Ok-1
Og-2
IKD[IZW = I() wKDt;"" (2C)
Og-1
Og—2
IKOtll‘s = I() wKO[l]“’ (2d)
Og-1

Equations (2a) and (2b) take into account that each hyper-
satellite photon is most likely followed by a satellite photon.
The relative branching fractions of the radiative decay chan-
nels, wgqey = 0.3506 +£0.0002 [33] and wgm = 0.3953 +
0.0008 [34], were taken from theory, with Wy = 1 — kg
and wgon = 1 — wg,n. Another fit parameter is the overall
intensity Iy. By using this fit model, we experimentally derived
the cross-section ratios og-:/og-1 for the three investigated
collision energies.

The fit results are summarized in Table I. All errors refer to
fit uncertainties at one standard deviation. The energy calibra-
tion uncertainty is about 1 eV. Uncertainties in the detection
efficiency correction over the energy range of the target Koy 1;5
radiation are negligible. The overall uncertainty of ox—/ Ox-1
is discussed in Sec. V.

IV. THEORY

The fully relativistic time-dependent two-center approach
applied in the present work was developed in Refs. [9,10] and
has been compared to experimental results in Refs. [19,24,35].
For Xe>** + Xe collisions at 30 MeV /u, theoretical results
for the impact-parameter-dependent single and double K-shell
vacancy production probabilities were presented in Ref. [36].
For the present analysis we extended the previous calculations
to 15 and 50 MeV/u, also including L- and M-shell vacancy
production probabilities.

In the following, px(b), pL(b), and py(b) denote the
probabilities as functions of the impact parameter b of pro-
ducing an individual vacancy in the respective shell of the
neutral target atom during the collision with a bare projectile.

The example results for 30 MeV /u are shown in Fig. 3(a). It
can be seen that pg(b) peaks close to the so-called chemical
distance of b ~ 2rg, where rg is the classical K-shell ra-
dius in Xe. For comparison, the nonrelativistic approximation,
derived by setting the speed of light to infinity, leads to a
pk (D) which is slightly shifted towards larger values of b.
This feature can be seen as the signature for the relativistic
shrinking of the 1s wave function (or in the quasimolecular
picture the 1so molecular orbit) of the Xe-Xe system.

Statistically, the probabilities for creating certain numbers
of vacancies within an individual fully occupied shell follow a
binomial distribution. For the K shell, this binomial distribu-
tion leads to the impact-parameter-dependent probability for
creating one or two vacancies in the K shell,

Pg-1(b) = 2pk (b)[1 — pk(b)],
Pi—(b) = [px (D)%,

respectively. Note that Pg-1(b) < 0.5 for all possible values of
px (D) € [0, 1], and Px-2(b) = Px-1(b) for pk(b) € [0.67, 1].
Deviations from this statistical independent-particle picture
may result from correlation effects beyond the one-electron
approximation, which are considered here to be negligible due
to the strong Coulomb potential of the heavy nuclei.

Figure 3(b) shows the probabilities weighted by b. As in-
tuitively expected, b x Px-2(b) dominates at smaller b, while
b x Pg-1(b) dominates at larger b. The total cross sections for
single and double K-shell vacancy production are then
given by

3)

[}
Og-1.-2» = 21 / b x Px-1.-2(b)db. “4)
0

The probabilities in the relativistic calculations peak at
slightly smaller values of b than in the nonrelativistic case,
leading to slightly smaller cross sections. Note that the dif-
ferences between the relativistic and the nonrelativistic case
essentially cancel out in the cross-section ratio og-2/og-1.

Within the range of impact parameters relevant for pg (b),
the probabilities py(b) and pys(b) are nearly constant. In the
example shown in Fig. 3, the Xe target atom loses on average
5.5 out of 8 L-shell electrons and 13.1 out of 18 M-shell elec-
trons simultaneously with a single K-shell vacancy production
or 6.1 L-shell and 13.3 M-shell electrons simultaneously with
double K-shell vacancy production. Similar numbers apply to
the initially fully occupied N and O shell.

Furthermore, we illustrate that the target K-shell vacancy
production mainly proceeds via K-K charge transfer to the
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FIG. 3. Theoretical results for Xe>** + Xe at 30 MeV /u, partially taken from Ref. [36]. Thick and thin lines show the relativistic and
the nonrelativistic results, respectively. (a) Probability for an individual target vacancy production in the K shell (relativistic, thick magenta
line; nonrelativistic, thin magenta line), L shell (relativistic, brown dashed line), and M shell (relativistic, green dotted line). (b) Weighted
probabilities for single (blue dashed lines) and double (red solid lines) target K-shell vacancy production. The gray diagonal line represents

P(b) = 1.

projectile by the following numbers: The double K-shell va-
cancy production in the target atom leads to a double K-shell
population in the projectile ion with probabilities of 95%,
81%, and 66% for 15, 30, and 50 MeV /u, respectively. We
note that it is not possible to unambiguously identify these
events experimentally through a coincidence detection of the
target Koz;ll“ photon and the down-charged projectile due to
the large ﬁrobability of simultaneous n > 2 charge transfer
from the target to the projectile.

V. DISCUSSION

The positions of the experimentally derived line centroids
Eka; and Ekas, given in Table I, can be compared to the
transition energies of different charge states of the xenon
target presented in Table II. Note that the x-ray spectra
of satellite and hypersatellite lines with all combinations
of L-shell populations, but completely filled outer shells,
have been calculated, e.g., in Ref. [40]. The values de-
rived in our experiment for Eka; and Ekgs lie consistently
between the corresponding energies of the Xet(1s~!') and
the Xe52+(1s2p) configuration, while the values of EKags =
Exoy + AEps and EKO[}IN = Ego; + AEns lie consistently be-
tween the corresponding energies of the Xe?"(1s~2) and the
Xe*3*(2p) configuration. This shows that the initially neutral
Xe target is highly ionized after the collision, while the degree
of ionization increases with decreasing collision energy.

TABLE II. Energies in eV for E1 transitions of different xenon
charge states (rounded for easier readability).

The measured linewidths AEprwpm given in Table I origi-
nate from a quadrature sum of the broad (hyper)satellite x-ray
distribution due to the broad target charge-state distribution
after the collision [40] and the detector resolution (see Sec. II),
with both contributions being comparable in magnitude. This
means that even with an ideal detector resolution, the four
lines would still be energetically overlapping.

In our collision systems, the relative branching fractions
of the radiative decay channels wg,; and Wil result from a
superposition of various charge states, subshell populations,
and decay channels and may thus deviate from those given
in the literature for ions with completely filled outer shells
[33,34]. Furthermore, a single or double K-shell vacancy can
decay not only through Ke5 | and K alz‘fl emission, but with
a minor probability also through K B3 emission or Auger
decay. The assumption of the fit model is that the branching
fractions for K 83 radiation, as well as the Auger yield, are
identical for the satellite and the hypersatellite configurations.

Target Configuration Ko, Ka, Ref.
Xe™ Is~! 29458 29778 [37]
Xe?* 1s72 30093 30418 [34]
XeS2t 1s2p 30206 30630 [38]
Xe3t 2p 30857 31284 [39]

UK/UP
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08f  * s . ]
+ °
L o6 i ]
[
=
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0.2} ]
0.0=—7% 20 30 10 50

E, (MeV /u)

FIG. 4. Cross-section ratio of double-to-single target K -shell va-
cancy production. Experimental results given in Table I are shown as
red points with statistical error bars. Theoretical results are shown as
blue diamonds, connected by a dashed line as a guide to the eye.
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In Fig. 4 we compare our experimentally determined ratio
for the double-to-single target K-shell vacancy production
cross section to the theoretical results. Reasonable agreement
is evident. Presently, we cannot conclusively identify whether
the remaining discrepancy originates from inaccuracies in the
theoretical description of the process or in the potentially
incomplete fit model we used to describe our data. From
the theoretical side, electron correlation effects between the
K-shell electrons, which were neglected due to the much
stronger interaction of the electrons with the nuclei, may affect
the cross sections by up to a few percent. In order to estimate
this effect we performed a set of calculations using differ-
ent kinds of the atomic screening potential. Also, numerical
uncertainties may play a role, whose estimation is difficult.
On the experimental side, measuring the target radiation with
higher energy resolution using a microcalorimeter would en-
able us to apply an unconstrained fit to the four peaks and
would thus reduce the assumptions required to describe the
data by a fit model [41].

VI. SUMMARY AND OUTLOOK

In summary, we experimentally studied slow collisions of
bare and H-like xenon ions with neutral xenon target atoms.
We performed x-ray spectroscopy of the target and projectile
radiation emitted under a forward angle of 35° with respect
to the projectile beam direction. Our experiment signifies a
major step within the regime of measurements at strong per-
turbations and provides some technical lessons learned for the
path towards studying symmetric quasimolecular collisions at
even lower collision energies and supercritical fields. Most
importantly, the intensity of the Ka>" radiation relative to the
projectile K« radiation rapidly decreases when going to lower
collision energies, thus leading to a diminishing contribution
of target K -shell vacancy production relative to charge transfer

between outer shells. This poses the main challenge when
performing measurements at even lower collision energies. In
addition, the Doppler shift decreases, which requires a better
resolution and/or a smaller observation angle with respect to
the projectile beam for energetically separating the target and
projectile radiation.

In the presented study, we analyzed the target x-ray spec-
tra to derive cross-section ratios for double-to-single K-shell
vacancy production for projectile energies ranging from 15
to 50 MeV /u. We compared these cross section ratios to the
predictions of relativistic time-dependent two-center theory.
Considering the assumptions applied in the analysis, we find
fairly good agreement. In a future study, the assumptions
introduced in the analysis can be reduced significantly by
enhancing the x-ray energy resolution using high-resolution
magnetic microcalorimeters [41], thus providing a more
stringent test of the theory. Corresponding experiments at
collision energies down to a few MeV /u are now accessi-
ble at CRYRING@ESR, a dedicated low-energy storage ring
CRYRING, installed behind ESR [42].
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