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State-selective single- and double-electron capture processes in collisions of $>* ions with helium at energies ranging
from 50.8 keV to 100 keV were investigated using cold target recoil ion momentum spectroscopy (COLTRIMS). Q-value
spectra and projectile scattering angle distributions were obtained. For single-electron capture, single electron capture into
n = 3 states of the projectile ion is dominant. As the projectile energy increases, the contribution of single electron cap-
ture into n = 4 states is observed. Experimental relative cross-sections for single-electron capture into different projectile
final states were compared with theoretical predictions based on the molecular orbital close-coupling (MOCC) method.
In double-electron capture, two-electron populating into the 3s23p and 3s3p? states of projectile dominates. The reaction
window calculated from the classical molecular Coulombic barrier model can qualitatively explain the experimental re-
sults. The scattering angle distribution of the multi-peak structure of the double-electron capture process is observed. The
database is openly available in Science Data Bank at https://doi.org/10.57760/sciencedb.j00113.00233.
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1. Introduction

Electron capture in ion—atom collisions represents a fun-
damental process in atomic physics. In fundamental research,
electron capture processes contribute to our understanding of
atomic structure and the few-body dynamical mechanisms,
such as electron—electron correlations and strong Coulomb
interactions.!!! Furthermore, in applied research, electron cap-
ture processes play a crucial role in astrophysics, plasma
physics, biological irradiation effects, etc.[>=! The pure elec-
tron capture process can be simply represented by the follow-
ing equation:

A9t +B _>A(q—n)+ Jan-ﬁ—’ (1)

where A is the projectile ion, g is its charge state, B is
the target atom, and n is the number of electrons cap-
tured by the projectile ion during the collision. The pro-

cess with n = 1 is called single-electron capture (SEC), and
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that with n = 2 is called double-electron capture (DEC).
The review paper discusses the progress and challenges of
atomic structure and collision dynamics with highly charged
ions.[%] Experimental breakthroughs have been achieved in
characterizing state-selective SEC and DEC processes for
highly charged ions (including Ar®*, Ne¥*, Ne’+, 0+, 0%,
C3*, and N°*) through advanced detection techniques with
cold target recoil ion momentum spectroscopy (COLTRIMS)

7-16] Theoretical

and high-resolution reaction microscopes. !
frameworks have correspondingly evolved, with two dis-
tinct computational approaches demonstrating particular ef-
ficacy: The two-center atomic orbital close-coupling (TC-
AOCC) method has successfully modeled SEC mechanisms
in Ne?t—H collisions (¢ = 6-10),['”1 while both TC-AOCC
and single-center atomic orbital close-coupling (SC-AOCC)
methodologies have provided insights into SEC and DEC dy-
namics for C**—He!'8! and Ar®*—He.l'”) Notably, synergis-

tic experimental—-theoretical investigations have further eluci-
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dated collision processes in Ar¥*—He,!”l Ar8T—H,,[13] 06+—
He!'* and C3*—He!"! collision systems, establishing robust
cross-validation between empirical observations and compu-
tational predictions.

Sulfur ions, as significant heavy ions, are ubiquitously
observed in astrophysical environments, including the solar
wind, interstellar medium, and galaxy clusters.”?°23 Many
astronomical studies have shown that electron capture pro-
cesses between heavy ions, like sulfur ions, and neutral at-
mosphere are the main source of x-rays. [>+2>]

Due to the importance of sulfur ions, Wilson et al. investi-
gated the state selective electron capture of slow S>* ions from
a recoil ion source using translational energy spectroscopy. 6!
To understand the dynamic mechanisms further, Zhao et al.
conducted a comparative study of electron capture in colli-
sions of S?>* ions with He atoms at collision energies between
2.5 eV/u and 10 keV/u using fully quantum molecular orbitals
close coupling method (QMOCC) and semiclassical molecular
orbitals close coupling method (SCMOCC).*’! Subsequently,
Wilson et al.
cross sections of St ions from H, H, and He at collision ener-
gies between 2.4 keV and 9.0 keV. For the H and He targets, a
multichannel Landau—Zener (MCLZ) model was used to pre-

measured the state selective electron capture

dict the cross sections. 28] Besides, Bacchus e al. studied the
SEC process of the S3*—He collision system at the labora-
tory energy range of 2—-50 keV using a semiclassical approach.
The results are in good agreement with experimental data.[>’]
Labuda er al. reported a theoretical study of state selective
SEC in collisions of S3* ions with H and He atoms at low
collision energies, also using a semiclassical approach.3%-311
Wang et al. carried out a theoretical study of the electron cap-
ture process in collisions of ground-state S** (3s> !S) ions
with He energies ranging from 0.1 meV/u to 10 MeV/u. By
using quantum mechanical molecular-orbital close-coupling
(QMOCC), atomic-orbital close-coupling (AOCC), classical
trajectory Monte Carlo (CTMC), and continuous distorted
wave methods, they obtained the total cross-section and the
state selective electron capture cross sections for the SEC
process as well as the rate coefficients.’?! Zhu et al. pio-
neered the investigation of state-selective single-electron cap-
ture processes in S9T—He and S9T—H, collisions (g = 11—
15) at 20 - ¢ keV energies using COLTRIMS. [!:33] Their work
provided the first experimental determination of the princi-
pal quantum number n distribution and yielded relative state-
selective cross sections for these systems. ¥

However, there have been no reports of experimental
studies of state-selective electron capture in S>* ions. In the
present work, we investigated the state-selective single- and
double-electron capture processes in S T—He collisions at im-
pact energies from 50.8 keV to 100 keV using the COLTRIMS
and obtained Q-value spectra and scattering angle distribu-

tions. The measured results were qualitatively interpreted us-
ing the molecular Coulomb barrier model (MCBM)[*>! and
potential energy curves. Unless otherwise indicated, atomic
units are used.

2. Experimental setup

The experiments were conducted using the COLTRIMS
at the EBIS-A facility at the Institute of Modern Physics, Chi-
nese Academy of Sciences, Lanzhou, China, the details can
be found elsewhere. %] A brief introduction is provided here.
The facility includes a EBIS-A ion source, a high voltage plat-
form with deceleration lens, a Wien filter and a beam guiding
and diagnostic system. Projectile ions are produced and ex-
tracted from the EBIS-A ion source, and can be analyzed by
the Wien filter. Then, they are accelerated or decelerated to the
required energy on the high voltage platform. The accelerated
or decelerated ions are guided to the experimental terminal for
different experiments. Our COLTRIMS experimental appara-
tus and methods are described in previous literatures. [34-36-40]
S>* jons generated and extracted from EBIS-A are acceler-
ated and collided with a supersonic helium beam at the ge-
ometric center of the time-of-flight (TOF). The scattered ion
charge states were analyzed using an electrostatic analyzer
with a position-sensitive detector (PSD) equipped with delay-
line anode, and the recoil target ions were guided to another
position-sensitive detector by an electric field perpendicular to
the projectile beam and target beam. S* ions not involved
in the collision are collected by the Faraday cup. In addition,
the experiment employs the recoil and scattering ion coinci-
dent technique, which allows individual reaction events in the
collision process to be obtained one by one, thus effectively
separating the different reaction processes.

3. Results and discussion

The longitudinal (along the ion beam direction) and trans-
verse (perpendicular to the ion beam direction) momentum of
the recoil ions can be reconstructed. For the pure electron cap-
ture process, according to the energy and momentum conser-
vations, the Q value and 6 can be determined by

Popg = — = — —. . 2
long v 3 n-vp, 2

Prans =Py - 97 (3)

where Q is the difference in binding energy of the active elec-
trons before and after the collision, # is the number of captured
electrons, vp, is the velocity of the projectile, Fy is the initial
momentum of the projectile ion, and 6 is the scattering an-
gle of the projectile ion. The Q value reveals the information
about the populated state of electron, and the angular distribu-
tion reveals the information about the dynamics of the electron
capture.

073402-2
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3.1. SEC in S>*—He collisions

Figure 1 shows the measured Q-value spectra of SEC in
S>*—He collision for impact energies of 50.8 keV and 100 ke V.
The populated states of the captured electron are shown in
Fig. 1, which correspond to nin'l’ in

S3*(3s) + He — S* (nln'l') + He ™t (1s). (4)

The formation of S4+(3p2) involves the transfer projectile ex-
citation (TPE) process where the S>* projectile ion captures
one electron from the He target to its 3p orbitals, accompanied
by the projectile excitation of 3s into 3p orbitals. Spectral term
resolution of 25! is implemented, e.g., 3s3p 3P°, 3s3p 'P°,
and so on. Relative state-selective cross sections were derived
by applying Gaussian fits to the Q-value spectra of the SEC
process, as shown in Table 1. It can be seen that projectile
ions capture electrons into 31 orbitals and TPE dominates the
SEC process. As the energy increases, there is a small increase
in the contribution of captured electrons to n = 4 states and the

reaction window expands, as predicted by the MCBM model.

2500
2000
1500

1000
500

Counts
o

100 keV

210 o 10 20 30 40 50 60

Fig. 1. The Q-value spectra of SEC in $>*—He collision. The black
vertical line is the scattering ion extranuclear electron fabrication for the
SEC process, red curve is the reaction window calculated by the MCBM
model, 3] and color curves are the results obtained from Gaussian fit.

Table 1. State-selective SEC relative cross-sections measured in S*—He collision. The error bars are determined from the Gaussian fitting error
of the peaks and the collection range of the solid angle by the recoil detector.

3s21s 3s3p 3P° 3s3p 'P° 3p% 'D, 3p? 3P 3s3d 3D, 3p? 'S 3s3d 'D 3sds, 3p3d, 3sdp
50.8 keV 0.740.1 4.4+0.1 21.5+0.2 16.240.1 51.3+0.3 4.840.1 1.240.1
100 keV 2.140.1 9.94+0.4 17.74+0.6 15.740.6 36.3+1.5 12.6+1.3 5.6+0.3

Figure 2(a) shows the simplified potential energy
curves!*!l of the main reaction channels for the SEC process
in S>*—He collisions. For the incoming channel, the polar-
ization potential between the projectile ion and the target is
ignored. For the outgoing channels, similar to the treatment
of Fischer et al.,1*!! the kinetic energy of the captured electron
and the Coulomb potential between the scattered ion and the
recoil ion are considered as follows:

=1L 01202 5)
where ¢; and ¢, are the charge states of the scattering
and recoil ions, r is the nuclear distance between the pro-
jectile and the target nucleus, v, is the projectile velocity
For the SEC
process, n = 1 and n = 2 for the DEC process.

and n is the number of captured electrons.
As can
be seen from Fig. 2(a), the crossings of the incoming and
outgoing channels may indicate the capture and TPE pro-
cesses observed in our experiment. In addition, the elec-
tron structures of S>*—He were obtained from the multi-
reference single- and double-excitation configuration interac-
tion (MRDCI) program.*>#3 The charge transfer processes
were studied using the quantum-mechanical molecular-orbital
close-coupling (QMOCC) method. **#7! The potential energy
curves are shown in Fig. 2(b). To describe the incoming state
better, 47 potential energy curves of S>*—He were calculated
from 1.0 a.u. to 50.0 a.u. As for the choice of basis set, the

effective core potential (ECP) and [4s, 4p] Gaussian-type ba-
sis set of CRENBL augmented by (2d, 2f) functions were used
to describe the S atom. Aug-cc-pVDZ (augmented correlation
consistent polarization valence quadruple §) basis set diffused
by a set of (1s, 1p) functions was employed for the He atom.
In the dynamical process, 17 reaction channels for S>T—He
collision were taken into consideration. Namely, the QMOCC
calculation of S>*—He is converged in this work.

The avoided crossing point of the incoming and outgo-
ing channels for the 3p? 'S and 3s3d 3D states can be seen
in the figure, which confirms the experimental result that the
SEC process is dominated by the TPE and the capture of elec-
trons into the 3s3d 3D state. The relative cross sections of the
main reaction channels in the SEC process from the experi-
ment were compared with the results of the present theoretical
calculations, as shown in Fig. 3. The colored solid lines in
Fig. 3 represent the results of the theoretical calculations,
and the colored points represent the experimental measure-
ments. In Fig. 3, the main reaction channels represented by
the black solid line, the red solid line, and the purple solid
line are in good agreement with our experimental results. The
purple diamond-shaped points represent the most important
reaction channels 3s3d 3D, 3p? 'S in the experimental SEC
process, and the theoretical calculated relative cross-sections

are also in good agreement with the experimental results.
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Fig. 2. (a) Potential energy curves for SEC process of S3*—He collision
at the energy of 50.8 keV by Eq. (5). (b) Potential energy curves of the
$>*—He collision system calculated by the QMOCC method, with the red
solid line representing the incoming channel of the $>* projectile ions
and the other colored solid lines representing the outgoing channel of the
projectile after capturing one electron.
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Fig. 3. Relative cross-sections of SEC channels in the S5+ _He collision,
colored solid lines are the results obtained by the QMOCC method, and
colored points represent experimental results.

The green solid line only considers the reaction channel 3p?
D, while our experimental measurements include both 3p?
'D and 3p? 3P, which cannot be completely separated by ex-
perimental resolution due to the energy levels differing by less

than 1 eV. The green curve, which accounts solely for the 3p?
ID state contribution, exhibits significant discrepancies com-
pared to the present experimental data. Overall, the theoretical
calculations are basically consistent with the experimental re-
sults in the dominant reaction channels, with deviations in the
3s3p PP channel and higher excited states, which may require
more accurate theory for further explanation. Figure 4 shows
the measured angular distributions of the SEC process for dif-
ferent final states, clearly demonstrating the bimodal structure.

60F T
r 21
30- EIE IEE 3s° 'S
7II§ 1111115111
07 III X 3 % 3 x x ¥ 3 3
200+ L . 3s3p *P°
07-' — TreL..
n 1600[ - - 333p 1P°
E  800F . - P
3 i . el
o 0 =
O 800 r . . 3p? ID3p
400 [ ° e
|
4000 . 3 )1
2000 -..' 3s3d D, 3p” 'S
0,
200 ¢ 5 1
100L* 2 E . 3s3d D
0’ . I . I S Py . I . I N
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0 (mrad)

Fig. 4. Measured angular distributions in the final states of the SEC pro-
cess at 50.8 keV collision energy.

3.2. DEC in S°T-He collisions

Figure 5 shows the measured Q-value spectra of DEC in
S3*_He collisions at 50.8 keV and 100 keV impact energies.
The captured channels shown in Fig. 5 are as follows:

St (3s)+He — S** (nin'I'n"1I") + He* . (6)

Similar to SEC, the final states are corresponding to
nln'I'n”"1” in Eq. (6). It can be seen that the DEC process is
dominated by the capture of double-electron into the ground
state 3s23p, but the capture of electrons to the 3s3p? state is
also significant. Figure 5 shows that channels in higher ex-
cited states such as 3s23d, 3s24s are opened as the collision
energy rises. It is noteworthy that the 3s3p> 2P state at an im-
pact energy of 50.8 keV is in the position of the trough, mean-
ing that no capture of electrons to the 3s3p? 2P state occurs,
but at 100 keV we can see some contribution from this chan-
nel. Nevertheless, the capture of electrons into the ground state
3s%3p remains the dominant reaction channel. The predictions
of MCBM agree qualitatively with the present experimental
results. Figure 6 shows the measured angular distributions of
the DEC process in the final states and demonstrates the obvi-

ously multi-modal structure.
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Fig. 5. The Q-value spectra of DEC in S3*—He collision. The black
vertical line is the scattering ion extranuclear electron fabrication for the
DEC process, and the red curve is the reaction window calculated by the
MCBM model.33
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Fig. 6. Measured angular distributions in the final states of the DEC pro-
cess at 100 keV collision energy.

4. Conclusions

The SEC and DEC processes for the low-energy S>*—He
collision were studied at impact energies from 50.8 keV to
100 keV. In the SEC process, the direct capture of single elec-
trons into 3s, 3p, 3d orbitals and transfer projectile excitation
of the 3p® process dominate. Realizations with 25*!L reso-
lution such as 3s3p 3P°, 3s3p 'P°, etc. were achieved. As
the collision energy increases, the channels for captured elec-
trons to higher excited states are opened and the proportion
of captured electrons going to the 3s” ground state increases
slightly. For the DEC process, the captured electrons prefer-
entially populate the ground state 3s°3p 2P, while the aggre-
gation of captured electrons to the 3s3p? state is of secondary
importance. As the collision energy increases, the entry of
captured electrons into higher excited states becomes increas-
ingly important. The reaction windows calculated using the
MCBM model can qualitatively interpret the measured state-
population distributions for SEC and DEC. The scattering an-
gular distributions show the bimodal and multi-modal struc-

tures of SEC and DEC, respectively. Future theoretical studies
are required to provide a more comprehensive interpretation
of the experimental findings.
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