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The state-selective cross section data are useful for understanding and modeling the x-ray emission in celestial obser-
vations. In the present work, using the cold target recoil ion momentum spectroscopy, for the first time we investigated the
state-selective single electron capture processes for S9T—He and Hy (g = 11-15) collision systems at an impact energy of
g % 20 keV and obtained the relative state-selective cross sections. The results indicate that only a few principal quantum
states of the projectile energy level are populated in a single electron capture process. In particular, the increase of the
projectile charge state leads to the population of the states with higher principal quantum numbers. It is also shown that the
experimental averaged n-shell populations are reproduced well by the over-barrier model. The database is openly available

in Science Data Bank at 10.57760/sciencedb.j00113.00091.
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1. Introduction

Since the first x-ray image of Comet C/Hyakutake 1996
B2 with the ROSAT telescope was reported,!!! the charge ex-
change investigation has become a hot topic. Solar wind ions
contain a large proportion of protons and alpha particles (more
than 99%), and a smaller proportion of highly charged heavy
jons, such as C, N, O, Si, S, Fe and so on.[2 Although, heavy
ions represent a small fraction in the solar wind, they are the
major contribution to the x-ray source from astrophysical ob-
jects and environments. Charge-exchange collisions between
these ions and neutral atoms/molecules can leave the ions in
highly excited states. These highly excited ions then decay to
lower energy states by spontaneous emission of photons in the
x-ray range. The interplay or understanding of the observed x-
ray spectra requires more atomic data for the charge exchange.
Most of the existing data on charge exchange reaction rates
were mainly obtained by theoretical calculations, and only a
few measurements were performed using various experimen-
tal methods.>! With the development of the cold target recoil
ion momentum spectrometer (COLTRIMS) or reaction mi-
croscopy technique,[®”! the state-selective capture cross sec-
tions in collisions between highly charged ions and atoms can
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be easily obtained at solar wind velocities. However, theoreti-
cal calculations face a large challenge. For collisions between
highly charged ions and atoms, the captured electron always
prefers to populate into the higher states of the projectile ion,
the theoretical calculation needs to include the ground state
to higher states, and the time cost of calculation is very high
even over the ability of the computer. The review paper shows
the progress and challenges of atomic structure and collision
dynamics with highly charged ions. [®!

Sulfur ions as an important species of the solar wind were
also observed in astrophysical objects and environments. [*~12]
The mysterious 3.5 keV line observed in XMM-Newton ob-

13,141

servations of the galaxy clusters in 2014[ was attributed

to the emission from the charge exchange of bare sulfur ion

[15]

with neutral component interactions by Gu ef al.'">! and has

been confirmed by Shah e al. experimentally. ']

Studies of charge exchange involving sulfur ions remain
relatively rare. Wilson ef al. measured the state-selective elec-
tron capture by S3* ions from H, H, and He at impact en-
ergies in the range of 2.4-9.0 keV using the translational en-
ergy spectroscopy technique.!!'”! Labuda et al. reported a the-
oretical investigation of the state selective electron capture in

the collision of S** ions with atomic hydrogen and helium at
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low impact energy.''®! The theoretical description presented in
Ref. [18] is based on an ab-initio molecular calculation of the
potential energy curves and couplings combined with semi-
classical description of the collision dynamics. Wang et al.!'’!
investigated theoretically the charge transfer in collisions of
ground-state S**(3s? ''S) ions with the helium atom at energies
between 0.1 meV/u and 10 MeV/u utilizing the quantum me-
chanical molecular-orbital close-coupling (QMOCC), atomic-
orbital close-coupling (AOCC), classical trajectory Monte
Carlo (CTMC) and continuum distorted wave methods. Zhao
et al.®Y reported a comparative study of charge transfer in col-
lisions of ground-state S?>* ions with the He by fully quantum
and semiclassical molecular-orbit close-coupling approaches
at collision energies between 10 eV/u and 10 keV/u. How-
ever, for highly charged sulfur ions at solar wind velocities, no
theoretical investigation of highly charged sulfur ions with he-
lium and molecular hydrogen collisions is available, which is
due to strong Coulomb interactions, electrons are more likely
captured into highly excited states of the projectile, and the
method based on quantum mechanics is time consuming. For
example, the QMOCC calculations have difficulty to include
these important high excitation channels. So the classical
model is usually used to calculate the total cross-sections and
quantum state population of charge transfer between highly
charged ions and atoms or molecules at solar wind velocities,
such as multi-channel Landau—Zener method, 2! over-barrier
models!*?! and also some scaling laws. [2324]

Yet, the study of charge exchange of sulfur ions, which
represent important species of the solar wind, remains rare, in
particular, the state-selective electron capture process. In the
present work, we study the state-selective single electron cap-
ture (SEC) of highly charged SY* ions (¢ = 11-15) colliding
with the helium and molecular hydrogen neutral targets at an
impact energy of g x 20 keV.

2. Experimental setup

The experiment is performed at the IMP EBIS-A facility
combined with cold target recoil ion momentum spectroscopy
(COLTRIMS).[6-7:25.26] The experimental details can be found
in Refs. [25,26]. Here is only a brief description. The sulfur
ions are produced in the electron beam ion source (EBIS) with
the injection gas H,S. The ion beam is extracted from EBIS
with electric fields and passes through the Wien filter. The
expected charge state of sulfur ions is selected, and then accel-
erated into a desired energy by a high-voltage platform. The
selected ion beam is collimated before the collision chamber
with four-jaw slits and then crosses the super-sonic gas jet at
the center of the collision chamber. The produced target ions
are extracted by uniform electric fields perpendicular to the
beam and gas jet direction and guided into a position-sensitive
detector with a delay line anode. The scattered projectile ions
are analyzed by a parallel plate deflector and then detected by

the position sensitive 2D detector similar to the recoil detector
as shown in Fig. 1. The inset of Fig. 1 depicts a typical result
of the recoil ion detector for a single electron capture (SEC)
in S'4*_He collisions at the collision energy of 280 keV. The
separated vertical structures correspond to the electron capture
into different states of the projectile ion.

For the single electron capture in collision of S4 with
atoms or molecules, the reaction process is expressed as

ST+ B — SW U (n) + BT +Q, (1)

where ¢ is the charge state of the projectile, B is the atomic or
molecular target, and n represents the principal quantum num-
ber of the projectile populated by the captured electron.

For the pure electron capture process in the collision, ac-
cording to the energy and momentum conservation, the reac-
tion energy Q (the energy change of the active electrons before
and after the reaction) can be obtained from the longitudinal
momentum transfer to the recoil ion (Pone) according to the
following equation:

1
Q= —vp- Pong = 51V )

where v;, is the velocity of the projectile, and n is the numbers
of captured electrons from the target. Note that all quantities
are given in atomic units and in laboratory frame.

Gas jet (He/H,)
/. Scattered detector
Skimmer <~

Farady cup

Sa+

Fig. 1. The experimental scheme of COLTRIMS.

3. Results and discussion

We present the results concerning the relative n-state-
selective cross sections for single electron capture in collisions
between S¢" and helium and molecular hydrogen. We have
converted the recoil longitudinal momentum distributions into
Q-value distributions using Eq. (2). Figure 2 shows the mea-
sured Q spectra of SEC in S9*—He and S9"—H, collisions at
impact energies of g x 20 keV. Also the relevant capture chan-
nels are indicated in the graphs. The left panels show the he-
lium target, and the right panels correspond to the molecular
hydrogen targets. The experimental resolution is enough to
separate the capture channels with different principal quan-
tum numbers of the projectile. Indeed, the Q-value spectra
show that only one or two n-shells are significantly populated.
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The increase in the projectile charge ¢ will lead to the shift to
higher values of populated principal quantum numbers 7. Rel-
ative partial cross sections for capture into different n-shells
are obtained by Gaussian fits of the peaks in the Q-value spec-

tra and listed in Table 1. Here, the relative cross sections were
determined from the ratio of the area under each reaction chan-
nel to the total signal, 0, /0. The errors only consider the
statistical error.

Table 1. Measured relative state-selective cross sections for SEC in S9"—He and H; collisions at impact energies of g x 20 keV. ¢ is

the charge state of the projectile.

Relative cross sections (%)

sis+ gl4+ Si3+ Sl2+ sli+
8 5.0£0.7 1.440.3 0 0 0
7 49.0+0.9 26.7+0.4 9.44+0.2 2.1£0.4 0.6+0.1
He 6 45.0+1.0 64.4+0.6 69.24+0.3 51.840.7 17.7£0.6
5 1.£0.7 7.5+£0.3 21.440.2 46.1+0.6 77.8%1.1
4 0 0 0 0 3.9+£0.7
10 2.0£1.4 1.0+0.4 0 0 0
9 29.443.7 12.24+0.6 4.4+1.5 0 0
H, 8 50.1+4.4 49.0+1.0 31.24+2.8 14.3£0.2 3.7£0.3
7 18.5+3.2 35.7£0.9 57.8%£3.7 61.84+0.4 38.5+0.6
6 0 2.1£0.5 6.6+2.2 23.940.3 54.2+0.7
5 0 0 0 0 3.6+0.4

For the n-shell population of the electron capture in slow
collisions, the simple scaling laws on the n-state population of
SEC were proposed by Otranto e al.,!*3! Janev & Winter, [>*]
Tawara et al.'*”) and Iwai et al.!*) based on the over-barrier
model.??) According to these models, the most probable prin-
cipal quantum number populated by the captured electron is

given by
I 1/2
no=(1H> 7, 3)
t
q—l IH 1/2
= 1+ — — 4
o)1) e
q 0.75
nosM—fz(Z) : )
t

where Iy and I; are the first ionization energies of the atomic
hydrogen and the neutral target, respectively, g is the charge
state of the projectile ion, and Z; is the effective charge of the
atomic or molecular target.

Here, a brief description of the classical over-barrier
model (OBM) is provided. For the single electron capture of
highly charged ions with the helium target, the projectile ions
are approximated by bare nuclei with an effective charge g and
the He atom is described as a single active electron with an ef-
fective charge Z;. For highly charged ions, assuming H-like
ions, the energy levels are given by 13.6 - ¢*/n?, where n is
the effective principal quantum number of the excited level.
Thereby, utilizing the observed energy gain Q and the known
ionization potential of target atom I, the electron capturing
level can be determined through the following relation:

13.6.4>
nz

0= I, 6)

where Q and /; are given in eV. Here in our case, Iy = 24.59 eV
and 15.42 eV for He and H, targets, respectively.

According to the classical one-electron model, the elec-
tron transfer from the target to projectile happens when the
energy levels of the collisions system before and after colli-
sion balance each other, that is, the quasiresonance condition
is fulfilled, i.e.,

4 B _ ¢ ] D
R 2n? 2n§ R’

where R is the internuclear distance between projectile ion and
the target atom, and ny, is the principal quantum number of the
populated state of the projectile ion. In the present case, ny = 1
since the electron is in the ground state of the He atom.

The potential seen by the electron is the potential of the
approaching ion plus the target nucleus

q Z;

YO =R

®)
where r is the distance between the electron and its parent nu-
cleus, 0 < r < R. The height of the potential barrier between
the ion and the atom depends on the internuclear distance. The
maximum of the barrier can be calculated by differentiating
Eq. (8) and equating the differential to zero:

dv (r)

@ _Z_

the height of this maximum barrier is

(10)

The electron can transit from the target to the projectile ion at
a distance at which Vi, in Eq. (10) equals the potential energy
of the electron before the collision

(Va+vZ)

ZZ

q t
=_4+1. 11
R R 2n? (n
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From Egs. (7) and (11), the populated states n, of the single
electron capture can be expressed as

o M FﬁWZ]” 12)
PTZ] L g+2vVg 2 :

This classical model can be used to estimate the electron
capture levels in collisions with highly charged ions.?”) For
highly charged projectile, the classical formula (5) is obtained
as an asymptotic limit g > Z;.

According to Refs. [29-32], the effective charges of the
targets are set, Z; = 1.46 and 2 for H, and the helium target,
respectively. According to Egs. (3) and (4), the probable prin-
cipal quantum number 7 depends on the first ionization energy
of the target. The larger the first ionization energy /; of the
target results in a smaller n for the same charge state of the
projectile. The larger the charge state of the projectile leads to
a larger n for the same target. This tendency agrees well with
the present experiment. In order to compare with the above
scaling law predictions, we also present the experimental 7,
values for different state weights. The scaling laws predicted
n values for He and Hj target and the experimental 7y are
shown in Table 2.

For SEC in S'3*-He collisions, the electron is captured
into projectile states with principal quantum numbers n = 6
and 7 with roughly equal contributions, the experimental aver-
aged n-value nexp ~ 6.6 0.2. The predictions of the scal-
ing laws according to Egs. (3), (4), and (5) are no = 5.7,
nyw = 5.9, and nopm = 6.4. Accordingly, the experimental
n-value agrees well with the OBM model prediction. The scal-
ing law proposed by Otranto et al. underestimates the n-value
compared to the one given by Janev & Winter. Comparing the
spectra of S!'* and S, one notices that the dominant popu-
lated states are shifted to higher # by just two units, fromn =35
to n =7 as shown in Fig. 2.

For SEC in S'>T—H, collisions as shown in Fig. 2(g), the
electron is captured into n = 8 with high probability. While
the captures to n = 7 and n = 9 have small contributions. The

scaling law predictions according to Egs. (3), (4), and (5) are
no =17.2, nyjw = 7.5, and nogm = 8.1. The experimental aver-
aged n-value is nexp ~ 8.1 £1.0. The prediction of OBM still
agrees well with the experiment. The spectra for the molecular
target Hy, right panel of Fig. 2, show that the dominant pop-
ulated states are shifted to higher principal quantum numbers
by two units: from n = 6 to n = 8 when the projectile charge
states increase from 114 to 15+. This behavior in the molecu-
lar targets, i.e., the increase of principal quantum number with
the increase of the projectile charge, is also observed in the
case of the helium target as shown in Table 2.

He Ho
150 100
(a) ":77L:6 S15+
P 100 %
o
3 ]
o & <]
o 50 O
Qla+ 1000 (h) gla+
€ 0
E E
z 3
o 3
g3+
3 3
1<}
3 3
gl2+
«
2
&
]
<]
O
g+
0
2
5]
= 300
1<}
O n==6
n=7 n=4
0

04
—20 0 20 40 60 80 100 120
Q-value (eV)

0 40 80 120 160 200
Q-value (eV)

Fig. 2. Measured Q-value spectra of SEC in S"—He and S9"—H, collisions
at an impact energy of g x 20 keV. The left and right panels represent He
and H targets, respectively. The incident projectile charge state ¢ runs from
11 to 15. Solid blue circles are the experimental measurements and the red
lines represent the Gaussian fits.

Table 2. The experimental n population with the prediction of scaling laws.

He target H, target
1 Nexp no nyw NOBM Nexp no nyw NOBM
15 6.61+0.2 5.7 5.9 6.4 8.1+1.0 72 7.5 8.1
14 6.240.1 5.4 5.6 6.1 7.7+£0.3 6.8 7.1 7.7
13 5.940.1 5.1 53 5.8 7.3+0.8 6.4 6.7 7.3
12 5.640.1 4.8 5.0 5.4 6.910.1 6.1 6.3 6.9
11 5.240.1 4.5 4.6 5.1 6.440.1 5.7 5.8 6.4

Comparing the S9"—He and S?t—Hj collision systems,
the captured electron prefers populated into the high excited
states. For the molecular hydrogen target, the most populated
principal quantum number in SEC is larger than in the helium
target, the reason lies in their different first ionizations. Also,
this behavior can be predicted from formulas (3) and (4).

4. Summary and conclusion

We have measured the state-selective cross sections for
the single electron capture in collisions of highly charged sul-
fur ions with the helium and the molecular hydrogen targets
at impact energies of g x 20 keV (¢ = 11-15). The experi-
mental results show that only a few states with given principal

023401-4
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quantum numbers of the projectile ion can be populated by
the captured electron. By increasing the projectile charge state
g, the n-population distribution clearly shifts to higher values
of n. For the helium target, with the increase of the projectile
charge state g, the most populated states in single electron cap-
ture raise by two units from n =5 ton = 7. A similar tendency
is also observed in molecular H; target but fromn=6ton =38
when g increases from 11+ to 15+. The scaling law predic-
tions based on the over-barrier model agree with the present
experiment. The obvious discrepancy occurs with other scal-
ing law calculations. The n-channel population based on the
over-barrier model may be a potential candidate for predict-
ing n-state-selective single electron capture in other collision
systems at solar wind velocities.
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The data that support the findings of this study are
openly available in Science Data Bank at 10.57760/sci-
encedb.j00113.00091.

Acknowledgements

We thank the engineers of the EBIS platform for provid-
ing us with the high-quality ion beam and for their assistance
during the experiment. B. N. gratefully acknowledges the sup-
port from the CAS President’s Fellowship Initiative. X. Zhu
gratefully acknowledges Minwu Zhang providing help in the
data analysis.

Project supported by the National Key Research and De-
velopment Program of China (Grant No. 2017YFA(0402400),
the National Natural Science Foundation of China (Grant
Nos. 11974358 and 11934004), the Strategic Priority Re-
search Program of the Chinese Academy of Sciences (Grant
No. XDB34020000), and the Heavy Ion Research Facility in
Lanzhou (HIRFL).

References

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]

[11]

[12]

[13]

[14]
[15]

[16]
[17]

[18]

[19]
[20]
[21]

[22]
[23]
[24]
[25]
[26]
[27]

(28]
[29]

[30]
[31]
(32]

023401-5

Lisse C M, Dennerl K, Englhauser J, et al. 1996 Science 274 205
Cravens T E 1997 GeoRL 24 105

Cravens T E 2002 Science 296 1042

Kuntz K D 2019 Astron. Astrophys. Rev. 27 1

Gu LY, Chintan Shah and Zhang R T 2022 Sensors 22 752

Dorner R, Mergel V, Jagutzki O, et al. 2000 Phys. Rep. 330 95

Ullrich J, Moshammer R, Dorn A, et al. 2003 Rep. Prog. Phys. 66 1463
Ma X W, Zhang S F, Wen W Q, et al. 2022 Chin. Phys. B 31 093401
Lanzerotti L J, Armstrong T P, Gold R E, et al 1992 Science 257 1518

Frankel M, Beiersdorfer P, Brown G V, et al. 2009 Astrophys. J. 702
171

Clark G, Mauk B H, Paranicas C, et al. 2016 J. Geophys. Res. Space
Physics 121 2264

Duncan V Mifsud, Zuzana Katniuchova Péter Herczku, et al. 2021 Space
Sci. Rev. 217 14

Boyarsky A, Ruchayskiy O, Iakubovskyi D, et al. 2014 Phys. Rev. Lett.
113 251301

Bulbul E, Markevitch M, Foster A, et al. 2014 Astrophys. J. 789 13

Gu L, Kaastra J, Raassen A J J, et al. 2015 Astron. & Astrophys. 584
L1l

Shah C, Dobrodey S, Bernitt S, et al. 2016 Astrophys. J. 833 52

Wilson S M, McLaughlin T K, McCullough R W, et al. 1990 J. Phys.
B 231315

abuda M, Tergiman Y S, Bacchus-Montabonel M C, et al. 2004 Int. J.
Mol. Sci. 5 265

Wang J G, Turner A R, Cooper D L, et al. 2002 J. Phys. B 35 3137
Zhao L B, Stancil P C, Gu J P, et al. 2005 Phys. Rev. A 72 032719

Anderson L R, Pedersen J O P, Bardny A, et al. 1989 J. Phys. B: At.
Mol. Opt. Phys. 22 1603

Ryufuku H, Sasaki K and Watanabe T 1980 Phys. Rev. A 21 745
Otranto S, Olson R E and Beiersdorfer P 2006 Phys. Rev. A 73 022723
Janev R and Winter H 1985 Phy. Rep. 117 265

Ma X, Zhang R T, Zhang S F, et al. 2011 Phys. Rev. A 83 052707

Zhu X, Ma X, LiJ Y, et al. 2019 NIMPB 460 224

Tawara H, Iwai T, Kaneko Y, et al. 1985 J. Phys. B: At. Mol. Phys. 18
337

Iwai T, Kaneko Y, Kimura M, et al. 1982 Phys. Rev. A 26 105

Cassimi A, Duponchel S, Flechard X, et al. 1996 Phys. Rev. Lett. 76
3679

Duponchel S, Cassimi A, Flechard X, et al. 1997 Phys. Scr. 1997 199
Edgu-Fry E, Wech A, Stuhlman J, e al. 2004 Phys. Rev. A 69 052714
XulJ W, Xu C X, Zhang R T, et al. 2021 ApJS 253 13


https://doi.org/10.57760/sciencedb.j00113.00091
https://doi.org/10.57760/sciencedb.j00113.00091
https://doi.org/10.1126/science.274.5285.205
https://doi.org/10.1029/96GL03780
https://doi.org/10.1126/science.1070001
https://doi.org/10.1007/s00159-018-0114-0
https://doi.org/10.3390/s22030752
https://doi.org/10.1016/S0370-1573(99)00109-X
https://doi.org/10.1088/0034-4885/66/9/203
https://doi.org/10.1088/1674-1056/ac8736
https://doi.org/10.1126/science.257.5076.1518
https://doi.org/10.1088/0004-637X/702/1/171
https://doi.org/10.1088/0004-637X/702/1/171
https://doi.org/10.1002/jgra.v121.3
https://doi.org/10.1002/jgra.v121.3
https://doi.org/10.1007/s11214-021-00792-0
https://doi.org/10.1007/s11214-021-00792-0
https://doi.org/10.1103/PhysRevLett.113.251301
https://doi.org/10.1103/PhysRevLett.113.251301
https://doi.org/10.1088/0004-637X/789/1/13
https://doi.org/10.1051/0004-6361/201527634
https://doi.org/10.1051/0004-6361/201527634
https://doi.org/10.3847/1538-4357/833/1/52
https://doi.org/10.1088/0953-4075/23/8/008
https://doi.org/10.1088/0953-4075/23/8/008
https://doi.org/10.3390/i5110265
https://doi.org/10.3390/i5110265
https://doi.org/10.1088/0953-4075/35/14/310
https://doi.org/10.1103/PhysRevA.72.032719
https://doi.org/10.1088/0953-4075/22/10/016
https://doi.org/10.1088/0953-4075/22/10/016
https://doi.org/10.1103/PhysRevA.21.745
https://doi.org/10.1103/PhysRevA.73.022723
https://doi.org/10.1016/0370-1573(85)90118-8
https://doi.org/10.1103/PhysRevA.83.052707
https://doi.org/10.1016/j.nimb.2018.11.047
https://doi.org/10.1088/0022-3700/18/2/020
https://doi.org/10.1088/0022-3700/18/2/020
https://doi.org/10.1103/PhysRevA.26.105
https://doi.org/10.1103/PhysRevLett.76.3679
https://doi.org/10.1103/PhysRevLett.76.3679
https://doi.org/10.1088/0031-8949/1997/T73/060
https://doi.org/10.1103/PhysRevA.69.052714
https://doi.org/10.3847/1538-4365/abd020

	1. Introduction
	2. Experimental setup
	3. Results and discussion 
	4. Summary and conclusion
	References

