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Subshell-resolved electron capture in O**-He collisions near Bohr velocity
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Subshell-resolved single-electron capture has been investigated in collisions between O*" ions and He atoms
at energies from 7 to 70 keV /nucleon, using high-resolution cold-target recoil-ion momentum spectroscopy.
Analysis of the Q-value spectra, n-shell dependence, relative branching ratios, and angular distributions provides
insight into the dominant reaction channels. Capture into the n = 3 state remains dominant in the entire projectile
energy, agreeing with predictions from the molecular Coulombic over barrier model. At low energies, capture
preferentially populates the 3s subshell, while higher [ states like 3d become dominant at higher projectile ener-
gies. The oscillatory transverse momentum distribution of 3s states is attributed to de Broglie wave Fraunhofer
diffraction, indicative of the quantum nature of the collision dynamics.
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I. INTRODUCTION

Electron capture processes, which involve the capture of
one or several target electrons by an energetic ion during colli-
sions with neutral atoms, are considered to be among the most
fundamental charge-changing interactions. Due to their signif-
icant role in both fundamental and applied research, electron
capture processes have garnered considerable attention. From
a fundamental perspective, the study of electron capture pro-
cesses is crucial for understanding quantum few-body and
multibody problems, such as electron-electron correlation and
strong Coulombic interactions. These processes provide valu-
able insights into atomic structure [1,2]. Apart from their
fundamental importance, electron capture processes also play
pivotal roles in various applied fields, such as astrophysics
[3,4] and fusion plasma physics [5,6]. As accurate collision
cross sections are crucial for interpreting phenomena in these
fields, extensive research efforts have been devoted to under-
standing electron capture processes [7—10].

From a theoretical perspective, the simple classical over-
barrier model (OBM) provides reasonable predictions on
capture cross sections for the principle quantum number n
[11,12]. Mann et al. [13] suggested that double-electron cap-
ture in the collision of slow O and C** ions with rare gas
atoms occurs through one-step capture, based on the OBM
model. Niehaus et al. [14] proposed the molecular Coulombic
overbarrier model (MCBM), i.e., the reaction window theory,
taking into account some influence of the projectile velocity,
and the predicted widths of energy gain spectra were in agree-
ment with the experimental results for Ar®"-Ar collisions at
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500 eV (velocity vy = 0.022 a.u.) and C**-He collisions at
40keV (vo = 0.365 a.u.).

In addition to the classical OBM method and MCBM
method, the atomic-orbital close-coupling (AOCC) and
molecular-orbital close-coupling (MOCC) approaches have
been shown to have advantages in the intermediate en-
ergy range [15-20]. The semiclassical atomic-orbital close-
coupling (SCAOCC) approach provides good agreement
between theoretical calculations and experimental results for
the collision of C** jons with He atoms [21,22]. The classical
trajectory Monte Carlo (CTMC) method has also been used
to provide a reasonable description in the intermediate energy
range [23-29].

However, current theoretical approaches still face chal-
lenges in the intermediate projectile energy range and
multielectron systems due to the strong coupling of various
reaction channels. Therefore, classical models remain impor-
tant theoretical methods for investigating ion-atom collisions.

From an experimental perspective, most experiments in
the past decades have focused on the energy dependence
of total absolute cross sections and emission spectra in ion
collision [30,31]. However, there have been relatively few
studies on differential cross sections, which provide more
information about collision dynamics. [32-38]. Among these
studies, Gao et al. [38] measured the angular distributions
for electron capture in He™-He collision, which observed
pronounced oscillations. They stated that the oscillation pat-
terns arise as a consequence of the interference between
the gerade and ungerade scattering amplitudes, classical
trajectory-dependent effects, and the diffraction of the matter
wave of the projectile by the target.

The development of cold-target recoil-ion-momentum
spectroscopy (COLTRIMS) [10,39] has provided a power-
ful method to measure state-selective cross sections and
angular-differential cross sections due to its unique ability in
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coincidence measurement on the recoil ions with scattering
projectile. Guo et al. employed COLTRIMS to obtain 7 shells
state-selective cross sections and angular-differential cross
sections in collisions involving protons and He™ ions with He
atoms at intermediate projectile energies [40,41]. The results
exhibited favorable agreement with theoretical calculations.
Abdalla et al. [42] and Zhang et al. [43,44] studied the
electron capture process in the collision of Ar®* ions with
He atoms, and distinguished electron capture into 4s, 4p,
and 4d and 4f subshell states, along with 3p and 3d states.
Zhang et al. [44] verified the importance of electronic corre-
lations by comparing experimental angular distributions with
the AOCC calculations. Additionally, relative state-selective
cross sections of subshells 3s and 3p and 3d were reported
in the collision of C°* ions with He atoms [45,46]. Fur-
thermore, all subshells degenerated to n = 3 and n = 4 were
delineated only in the collision of Ne’" ions with He atoms
[2]. However, investigations on electron capture into subshell
state-selective cross sections and angular-differential cross
sections remain limited. It is evident that more experiments
on subshell-resolved cross sections are imperative.

In this work, we present experimental findings from the
collision of O*" ions with He atoms at projectile energies
ranging from 7 to 70 keV/nucleon. Using the longitudinal
COLTRIMS technique, we were able to determine the rela-
tive state-selective cross sections and transverse momentum
distributions of the collision with subshell resolution at in-
termediate projectile energies. Our results revealed that the
dominant channel is the electron captured into the n = 3 state,
which is in excellent agreement with the reaction window
calculated using the MCBM method. Additionally, we ob-
tained the relative branching ratio for different nl/ shells as a
function of projectile energy. Furthermore, we examined the
transverse momentum distributions for different / population
within the n = 3 shell. The observed oscillation structure can
be attributed to Fraunhofer-type diffraction of the O** projec-
tile de Broglie wave, which arises due to the limited spatial
region for single electron capture.

II. EXPERIMENTAL SETUP

In the experiment, O** ions generated in a 14.5-GHz
electron cyclotron resonance (ECR) ion source are extracted,
charge-selected and accelerated to the desired energy before
entering the collision chamber of the COLTRIMS system. The
time of flight (TOF) system consists of a 380-mm-long path,
with the angle between the TOF axis and the projectile beam
measuring approximately 14° (see details in Ref. [47]). The
primary O*" ion beam is separated from the O*" scattered
projectile using an electrostatic deflector and a dipole magnet
located downstream from the collision chamber. The uncol-
lided O*" ions are collected by a Faraday cup, while the O**
ions are detected by another position-sensitive detector. An
electrostatic field of 0.81 V/cm is employed to extract the
recoil ions. The recoil ion He™ is measured in coincidence
with the scattered projectile O**. The longitudinal momentum
resolution of the system is estimated to be approximately
0.08 a.u. in the z direction (projectile beam direction) and the
transverse momentum resolution is about 0.28 a.u. perpendic-
ular to the beam direction. In our studies, capture processes

with projectile energies of 7, 9, 11.5, 16.67, 25, 35, 50, and
70keV /nucleon are investigated.

III. RESULTS AND DISCUSSION

By considering energy and momentum conservation in a
single electron capture reaction, we can determine the lon-
gitudinal momentum transferred to the recoil ion using the
equation

P=-=_2 ()

Here, Q represents the difference between the total internal
energies of the projectile and the target, while v, denotes the
projectile velocity. The longitudinal momentum distributions
provide insights into the states of the projectile products.
While the transverse momentum P, of the recoil ion is linked
to the scattering angle 6 of the projectile through the equation

P, = 0R,. 2

In this equation, Py represents the projectile initial momen-
tum. This relationship allows us to analyze the differential
cross sections and gain a deeper understanding of the dynam-
ics of the populated states.

The two-dimensional spectrum in Fig. 1 displays the lon-
gitudinal and transverse recoil ion momentum, specifically
for the projectile energy of 7 keV/nucleon. The spectrum
projected on the horizontal and vertical axes corresponds to
the longitudinal and transverse momentum, respectively, rep-
resenting partial cross sections and projectile scattering angle.
The captured channels shown in Fig. 1 are as follows:

0" (2s?) + He — O (nln'U'n"1"y + Het (1s), (3)
0**(252p,> P) + He — O** (nin'l'n"l") + HeT (1s), (4)

0" (25%) + He — O** (2snin'l’) + Het (21), 5)

which are marked by black, red, and blue text, respectively.
Figure 1 illustrates that at the given projectile energy, the
primary capture event predominantly occurs within the n = 3
shell of O°* (31), with distinct subshell channels being evi-
dent. There is also observable, albeit weaker, capture into the
n = 2 shell [0*" (2p)] and n = 4 shell [O** (4])]. The occur-
rence of the metastable state O** (252p P) in the projectile
is remarkably low, leading to its negligible contribution to
the overall capture process. In addition to the primary single-
capture events, Fig. 1 also reveals secondary processes such
as transfer target excitation (TTE), characterized by single
capture into the 2p state of O°* coupled with the excitation
of He™ into the n = 2 states, and concurrent single capture
alongside projectile-core excitation (PCE), i.e., single capture
into 2p coupled with the excitation of 2s of O**(2s?) into
the 2p state [03+(252p?, 2p®)]. Furthermore, the transverse
momentum associated with reactions involving capture into
the n = 4 shell is consistently higher than that for capture
into the n = 3 shell. This trend aligns with the observation
in C°* ion interactions with helium [45,46], where the energy
curve for n = 3 state may cross the entrance channel while
for n = 4 state it does not at large impact parameters [45].

052811-2



SUBSHELL-RESOLVED ELECTRON CAPTURE IN ...

PHYSICAL REVIEW A 109, 052811 (2024)

Counts
3 79

1 460

r 7 keV/nucleon

2s2p*(°D
2k FWHM | 253p p“(*D)

0.08a.u. *ﬁ
2s%41

Counts

2p°(°D)
1 k | 2p3(zP ) L

252p2 > w
225 DISP \25 Ty
p’('P)

L ) * D Y ]
2s%2p 2D 2g2p /;‘\':52\ L4 ,..,\‘ 25751 »
-4 -3 -2 -1 0 1

P, (a.u.)

TL2

‘\2523d
=

FIG. 1. Two-dimensional momentum and longitudinal distribu-
tions for single-electron capture in O** + He collisions at a projectile
energy of 7 keV/nucleon. The black, red, and blue text indicates
capture into the ground state O*" (25?), capture into the metastable
state O*" (252p 3P), and capture into the ground state with transfer
excitation processes, respectively.

Consequently, electron capture into the n = 4 state may be
more likely to occur at small impact parameters, i.e., higher
transverse momentum.

A. State-selective electron capture cross sections

Figure 2 illustrates the Q-value spectra and the reaction-
window results from molecular Coulombic over barrier model
(MCBM) across varying projectile energies, with the theoret-
ical outcomes being standardized to the experimental peak
values. The blue vertical lines in the figure delineate the Q-
value corresponding to electron capture into discrete states,
and the values at the intersections of these lines with the reac-
tion windows demarcate the state-selective cross sections as
predicted by MCBM. It is observed that electron capture into
the n = 3 shell remains the dominant process, as evidenced
in Fig. 2; this dominance persists with increasing projectile
energy. It is worth noting that the data for different energies
exhibit similar characteristics. Simultaneously, the propensity
for electron capture into the n = 2 shell, as well as into higher
shells such as n =4, exhibits a gradual rise, additionally,
the channel of n > 5 is opened with projectile energy in-
crease and becomes significant at higher projectile energy.
This trend aligns well with MCBM’s theoretical projections,

which attribute the increase to an expansion of the reaction
window. In contrast, the relative cross sections for PCE of
the ground state and metastable state O** and TTE processes
demonstrate a decline with increasing projectile energies, be-
coming marginally significant at 50 and 70 keV /nucleon. The
PCE and TTE involve multielectron processes, necessitating
more time for the adjustment of electron distribution to adapt
to the changing potential. However, as the velocity of the
projectile increases, the interaction time diminishes. Conse-
quently, the cross sections of both processes may decrease.
While the channel of capture into 2s for the metastable state
O* is opened with the projectile energy increase, which is
agreement with the ground state O** that the contribution of
capture into ground state 2p exhibits a rise with increasing
projectile energy. Notably, experimental data at a lower pro-
jectile energy of 7 keV /nucleon indicate that within the n = 3
subshell channels (the most prominent for electron capture)
capture into the 3s state is dominant. As the projectile energy
increases, the contribution from higher angular momentum
states (/) grows, culminating in the 3d state’s dominance at
higher projectile energies. This experimental finding is at odds
with MCBM predictions which underestimates the 3d yield
and overestimates the 3s and 3 p yields for 25-70 keV /nucleon
collision energies and posits sustained dominance of the 3s
state across the entire range of tested energies.

Figure 3 delineates the branching ratios of electron capture
into the n shell and subshell as a function of the projec-
tile energies, with Figs. 3(a) and 3(b) representing each,
respectively. It is imperative to note that the presented the-
oretical results are predicated solely on the scenario of pure
single capture. Meanwhile, the experimental branching ra-
tios have been derived from Gaussian fits to the Q-value
spectra.

As discerned from Fig. 3(a), electron capture into the n = 3
shell emerges as the preeminent reaction pathway across the
entire energy spectrum, according to our experimental obser-
vations. With an increase in projectile energy, the branching
ratio for n = 3 capture exhibits a decline. Conversely, the
branching ratios for capture into other n shells exhibit an
increase. Comparatively evaluating experimental data for n
shell resolutions against theoretical predictions in Fig. 3(a),
the trend of relative branching ratio with the projectile energy
predicted by MCBM aligns with experimental results. In ad-
dition, the magnitudes of cross sections for n = 3 and n = 4,
as predicted by MCBM, correspond with experimental results
within the projectile energy range of 7-11.5 keV /nucleon.
Whereas discrepancies emerge between experimental and
theoretical results as projectile energy increases. The cross
sections for other n states show a disagreement between ex-
perimental and theoretical results.

Figure 3(b) addresses the subshell dynamics, where at
lower projectile energies, the 3s state of O°" is identified
as the primary capture channel. The branching ratio for this
state diminishes as projectile energy increases, while the op-
posite trend is observed for capture into the 3d state, which
becomes increasingly dominant at higher energies. The 3p
state’s branching ratio initially rises with projectile energy
but subsequently declines. Generally, with increased colli-
sion velocity, there is a propensity for electron capture into
higher [ states, an observation supported by the works of
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FIG. 2. Q-value spectra for single electron capture in O*" + He collisions at varying projectile energies. The dots denote the experimental
data, while the blue dashed curves illustrate the reaction windows calculated using the MCBM method. The curves in various colors result
from multipeak Gaussian fits with fixed peak positions. The vertical lines indicate the Q-values for electron capture into distinct n states.

Abdallah et al. [42] and Kamber et al. [46] in their studies
of single-electron capture by Ar®* and C>* ions from helium,
respectively. These findings can be attributed to the conserva-
tion of angular momentum; in the projectile’s rest frame, the
classical angular momentum of a target electron is approxi-
mately bv, (~2.25 a.u. at v, = 1 a.u.), where b represents the
classical barrier radius. This angular momentum is substantial
enough to favor the population of states with higher angular
momentum projections perpendicular to the collision plane as
energy increases, thus enhancing the likelihood of capture into
higher [ states at increased projectile energies.

B. Transverse momentum distributions

Figure 4 illustrates the transverse momentum distributions
observed for the 3s, 3p, and 3d channels at projectile en-
ergies of 7, 9, 11, 16.67, 25, 35, and 50 keV/nucleon. It
should be noted that the distribution for a projectile energy
of 70 keV/nucleon is not included due to the resolution
constraints. The transverse momentum distributions for the
3s channels feature a prominent peak and a shoulder struc-
ture at small transverse momentum marked by black arrows.
Additionally, the data reveal an oscillatory pattern at larger
transverse momentum, characterized by double peaks in the 3s
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FIG. 3. Relative branching ratios plotted as a function of projectile energy for single electron capture in O** + He collisions, with
(a) resolution by n shells and (b) subshell resolution for the n = 3 state. The data points (dots) correspond to experimental measurements,

while the solid lines depict the results obtained from the MCBM.

channels at lower projectile energies. This pattern becomes
less pronounced at higher energies as the transverse momen-
tum declines with the projectile energy increasing.

The oscillatory nature of the electron capture from the
s state into the s state, consistent with a Fraunhofer-type
diffraction, was observed in earlier studies [38,41,48-52].
This phenomenon occurs because electron capture is limited
to the spatial region proximal to the target. As the projectile
traverses this region, it behaves analogously to a matter wave
with a wavelength A, given by A = 27 /Py. Consequently, the
scattering angular distribution exhibits alternating minima and
maxima akin to an optical diffraction pattern which can be
described as

emin/max = const. X 277,’/(,0P()), (6)

where p is the radius of the effective circular aperture.
Associating Eq. (2) with Eq. (6), the first and second minima
(dark fringes) and maxima (bright fringes) are theoretically
located at

2
Pt 1st,min — 061_’ (7)
0
2
Pz Ist,max — 0819_7 (8)
0
2
P 2nd,min = 1.1 167 (9)

The position of the first dark fringe is determined from the
experimental transverse momentum distributions and marked
with blue dashed line and word P, g min in Fig. 4. Notably, the
positions of the minima are roughly invariable for different
projectile energies, suggesting that the aperture radius may
be independent of projectile energy. The aperture radius is
estimated to be about 2.25 a.u., according to Eq. (7) and the
observed positions (1.7 a.u.) of the minima. Previous studies
have also indicated that the maximum of the impact param-
eter, i.e., p, is also roughly independent of projectile energy
[22,41,44]. Using the deduced aperture radius p, we can infer
that the theoretical positions of the first bright fringes, which

are indicated by red dashed line. The correlation between the
positions of the red dashed line and the experimental maxima
at large scattering angles corroborates the interpretation that
the oscillatory structures in the 3s state angular distributions
stem from Fraunhofer-type diffraction. Additionally, the de-
duced position of the second dark fringe is also marked in
Fig. 4, however, the predicted minimum is not observed. Pre-
vious studies illustrated the “way in” and “way out” capture
pathways in the two-state picture of trajectories [53,54]. The
overlap of two pathways could make the minima obscure, and
it may also result in the shoulder structure at small transverse
momentum.

The transverse momentum distributions for the 3p state
also exhibit a shoulder structure and oscillatory pattern in
lower projectile energies. For the 3d state, the oscillatory pat-
tern is obscure, and only a broad peak appears at small trans-
verse momentum. The oscillations for the 3p state, similar to
3s state, may be also attributed to the Fraunhofer-type diffrac-
tion. The previous study revealed that the diffraction appears
in electron capture for Am; = 0 [22]. In the present case, a
similar process maybe occur for the 3 p state, in which electron
capture into the 3p state tends to occupy the orbit of m; = 0.

IV. CONCLUSION

In summary, we conducted a thorough investigation of
single-electron capture in O** and helium collisions over an
intermediate projectile energy range between 7 keV /nucleon
and 70 keV /nucleon. Employing high-resolution longitudinal
cold target recoil ion momentum spectroscopy (COLTRIMS),
we successfully acquired high-resolution Q-value spectra.
This technique facilitated the extraction of the relative branch-
ing ratios with distinct resolution for individual n shells,
specifically for the pure single capture process, and for sub-
shell resolution within the n = 3 channel.

Our findings reveal that, at the level of n shells resolu-
tion, the capture into the n = 3 state consistently represents
the predominant channel throughout the entire range of pro-
jectile energies examined. However, as the projectile energy
increases, the prevalence of the n = 3 channel diminishes in
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FIG. 4. Experimental transverse momentum distributions for electron capture into the 3s, 3p, and 3d states at various projectile energies.
The blue dashed line indicates the position of the dark fringe in the Fraunhofer-type diffraction pattern. The red dashed line marks the position
of the first bright fringe, which is inferred from the location of the first dark fringe in the Fraunhofer diffraction pattern.
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favor of other n shell channels. At the subshell resolution,
the 3s orbital capture emerges as the primary channel at
lower projectile energies, which shifts with an increase in
projectile energy, where higher / subshells gain significance
driven by the conservation of angular momentum, making the
3d subshell the most prominent reaction channel. Also, we
obtained the transverse momentum distributions for the 3s,
3p, and 3d subshells. The observed oscillatory pattern in the
3s distribution is interpreted as a matter-wave phenomenon
analogous to Fraunhofer-type diffraction.

Moreover, we applied the molecular classical over barrier
model to compute both the reaction window and the theoreti-
cal relative branching ratios and found that the classical theory
only can qualitatively forecast the cross sections as a function
of projectile energy, Thus, more accurate semiclassical or full
quantum-mechanical theory is needed for quantitative pre-
dictions of cross sections and analysis of dynamics process.
The precise subshell resolved relative state-selective cross

sections and differential cross sections obtained in the present
experiment provide experimental benchmarks available for
the development of multielectrons semiclassical or quantum
calculation.
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