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Double electron capture in O6+ + He collisions
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As one kind of ubiquitous collision system, O6+ + He deserves attentive study due to its theoretical signif-
icance in fundamental physics and applied value in fields like astrophysics or plasma physics. Specifically, in
the case of the electron capture process, while a considerable number of measurements and calculations have
focused on single electron capture, research is still inadequate on the double electron capture which contributes
nearly 10% to the overall electron capture. In this work, a two-active-electron semiclassical asymptotic-state
close-coupling method is used to calculate the total and l−resolved state-selective double electron capture cross
sections of O6+ + He collisions in the energy range 0.5–100 keV/u, accompanied by experimental measurements
in the energy range 2.63–37.5 keV/u with an uncertainty of 16%, in good consistency. These theoretical and
experimental data can fill gaps in the database of double electron capture in O6+ + He collisions and provide
insights for improving theoretical models in further research.
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I. INTRODUCTION

Collisions between highly charged ions (HCIs) and
atoms/molecules have received great attention in recent
decades due to advancements in HCI source technology. In
particular, electron capture (EC), a dominant collision mech-
anism when the impact velocity is less than nearly one atomic
unit [1], has been of considerable interest. To be more spe-
cific, as one of the main impurity ions in nuclear fusion
devices, O6+ ions are frequently detected at present tokamak
plasma edges and divertors [2–5]. These impurity ions may
undergo EC processes with helium particles, which are abun-
dant as products of D-T fusion reactions. Studies on their
state-selective cross sections can be exploited for diagnosing
impurity density through measured emission spectra [6] and
assessing their influence on plasma operations. In addition,
O6+ ions are of great abundance in the solar wind [7,8], as
well as helium in the exospheres of astrophysical objects like
Jupiter [9]. EC events between these kinds of particles in the
solar wind and neutral gas materials are confirmed as impor-
tant sources of extreme ultraviolet and soft x-ray emissions
from astrophysical objects [10–12]. To better analyze the
spectral lines in astrophysics, an accurate and comprehensive
database of EC cross sections is also desirable.

At present, in contrast to the numerous calculations and
experiments carried out on the single electron capture (SEC)
of O6+ + He [13–19], scarce attention has been given to the
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double electron capture (DEC) process, which can be written
as

O6+(1s2) + He(1s2) → O4+(1s2nln′l ′) + He2+. (1)

This lack of emphasis may come from the inherent low
cross sections of DEC compared with SEC. However, based
on our results, the cross sections of DEC can account for
approximately 10% of the total EC process and should not be
ignored in order to achieve a more precise spectrum analysis.

What is more, owing to weak reaction cross sections from
DEC channels [20,21], it has been challenging to provide
high-precision state-selective DEC results. For the vacuum
ultraviolet photon-emission spectroscopy [17,18] or Auger
spectroscopy [22] with a limited detective angle, long-time
detection and low background are required if a relatively
weak reaction process is studied, which brings many diffi-
culties in carrying out the experiment technically. Moreover,
Auger spectroscopy cannot provide information of DEC, a
process that is followed by the process of radiative decay. To
overcome these challenges, a methodology was established,
allowing for the direct judgement of the state selectivity of
captured electrons by the momentum measurement of re-
coil ions along the projectile direction with a 4π detective
angle [23,24]. In present experiments, a cold target recoil
ion momentum spectroscopy (COLTRIMS) is employed to
reconstruct the momentum of recoil ions, achieving a good
state-selective resolution. The total and state-selective cross
sections of DEC in O6+ + He have been measured experimen-
tally in the impact energy range of 2.63–37.5 keV/u.

With regard to theoretical perspective, only Machacek
[20] has reported the total DEC cross sections using the
n−electron classical trajectory Monte Carlo method (CTMC).
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This method simulates the collision between the projectile and
the target within the framework of classical physics, ignoring
the quantum effect, and the state-selective cross sections can-
not be given accurately due to the fact that the determination
of quantum number (n, l, m) of the captured electron is based
on the quantum-classical correspondence principle. In this
work, the measured results are compared with those calculated
by a two-active-electron semiclassical asymptotic-state close-
coupling (SCASCC) method. It has been successfully used to
calculate SEC for O6+ + He [19]. SCASCC is a semiclassical
nonperturbative method based on solving the eikonal equa-
tion. This equation can be solved by inserting the electronic
wave function which is expanded by the asymptotic state,
including reaction channels like excitation and electron trans-
fer as much as possible. Comparing with the previous atomic
close-coupling method based on a single active electron [13],
the present electronic wave function is constructed by two ac-
tive electrons. Therefore, it can describe the DEC process and
provide cross sections for different DEC reaction channels.
Furthermore, it is advantageous for assessing the accuracy of
the theory regarding DEC process through comparison with
experimental data.

The present article is organized as follows: The experimen-
tal setup is described in Sec. II. A brief introduction of the
two-electron SCASCC method is given in Sec. III, and the
basis sets and model potential are also reported. In Sec. IV,
experimental and theoretical DEC cross sections are presented
and compared with other available data. Conclusions are given
at last. Atomic units will be used throughout this article,
unless explicitly indicated.

II. EXPERIMENTAL METHOD

The experiments have been conducted at the Highly
Charged Ions Collision Platform at Fudan University [21,25].
The platform comprises a 14.5-GHz electron cyclotron res-
onance (ECR) ion source capable of providing a HCI beam
within an acceleration field ranging 5–150 kV. Two beam
lines are utilized: beam line A, equipped with a gas cell for
measuring total DEC cross sections, and beam line B, housing
COLTRIMS for state-selective EC cross sections measure-
ments. The background vacuum of beam lines is maintained
at a level better than 10−6 Pa. Figure 1 describes the overall
experimental setup.

In short, oxygen ions are extracted from the ECR at the
desired energy. After mass charge selected by a 90◦ magnetic
analyzer, a collimated beam of O6+ ions can enter either beam
line A or B depending on whether a 45◦ magnetic analyzer is
activated.

Detailed introduction for beam lines A and B can be found
in our previous work [19]. In essence, beam line A is built
based on the growth-rate method [26,27], which can measure
the total DEC cross sections using the equation

Fq−2 = σq,q−2l

kT
P. (2)

Here q is the initial charge state of projectiles. Fq−2 stands
for the fraction of scattered oxygen ions with charge of q −
2 to the total. σq,q−2 is the total DEC cross sections. P and
l are the pressure and length in the gas cell, respectively. k

FIG. 1. Schematic drawing of the experimental apparatus.

is the Boltzmann constant, and T is the temperature of target
gas in units of kelvin. As l , k, and T are all known constants
during the experiments, σq,q−2 can be derived from the linear
relationship of Fq−2 as a function of P. The total error of σ6,4 is
estimated to be about 16% which has been analyzed in detail
elsewhere [21].

As for beam line B equipped with COLTRIMS [28,29],
different EC channels are identified through the coincidence
measurements between each scattered oxygen ion and recoil
helium ion with different charge states. The three-dimensional
momenta of recoil He ions are then reconstructed. Due to the
conservation of energy and momentum in one DEC collision,
the momentum pX along the projectile direction of each recoil
He2+ ion is discrete and has a specific relation with the state
selectivity of captured electrons, which follows

pX = −Q1 + Q2

v
− v, (3)

where v is the velocity of projectiles, and Q1 or Q2 is the
binding energy difference of each captured electron defined as
Q = ε f − εi (εi and ε f are the binding energy of the captured
electron in the initial ground-state target and the final excited
ion, respectively). Thus, the state selectivity in DEC can be
directedly measured through the pX distribution of He2+ given
by COLTRIMS. Combined with the absolute total DEC cross
sections, the state-selective ones can then be normalized. The
uncertainties of state-selective DEC cross sections mainly re-
sult from the error in measuring σ6,4 and the statistical error
in counting recoil He2+ ions.

It is noteworthy that all measured DEC cross sections have
not considered the autoionization double capture (ADC) chan-
nel. Due to the long distance between the collision zone and
the following electric deflector exit (approximately 220 and
280 mm in beam lines A and B, respectively), the drift time
of scattered ions before getting charge analyzed is larger than
0.8 × 10−7 s, which far exceeds 10−12–10−15 s, the typical
time scale of Auger decay process [30,31] after two electrons
are captured into an autoionization state like 2pnl (n � 6) or
3lnl [22,32].
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III. THEORETICAL METHOD

In this section, we introduce the two-active-electron semi-
classical asymptotic-state close-coupling method [33–38]
briefly.

Under the impact parameter approximation, the two elec-
trons time-dependent Schrödinger equation can be reduced as

[
He − i

∂

∂t

]
�(−→r1 ,−→r2 , t ) = 0 (4)

with the electronic Hamiltonian He,

He =
∑
i=1,2

[
−1

2
∇2

i + VT (�ri ) + VP
(
�rp

i

)] + 1

|�r1 − �r2| . (5)

�ri is the position vector of electron which is close to the
target. �rp

i = �ri − �R(t ) is the position vector of the electron

with respect to the projectile. The relative projectile-target
position �R(t ) is defined as �R(t ) = �b + �vt , where �b and �v are
the impact parameter and velocity, respectively.

The interaction between electrons with target and projectile
are represented by VT and VP, respectively. For this work,
these potentials [39,40] are expressed as

VHe(r) = −2

r
, (6)

VO6+ (r) = −6

r
− 2

r
(1 + 33.60r)e−16.80r. (7)

Equation (4) is solved by expanding the wave function
accordingly on a set of electronic states of isolated collision
partners,

�(−→r1 ,−→r2 , t ) =
NT T∑
i=1

cT T
i (t )�T T

i (−→r1 ,−→r2 )e−iET T
i t +

NPP∑
j=1

cPP
j (t )�PP

j (−→r1 ,−→r2 , t )e−iEPP
j t

+
NT∑
k=1

NP∑
m=1

cNT NP

km (t )
[
�T

k (−→r1 )�P
m(−→r2 , t ) + �T

k (−→r2 )�P
m(−→r1 , t )

]
e−i

(
ET

k +EP
m

)
t
, # (8)

where the superscripts T and TT (P and PP) denote that the
states and corresponding energies for one or two electrons
are on the target (projectile), respectively. For both electrons,
the projectile states contain plane-wave electron translation
factors ei�v·�ri−i 1

2 v2t in order to ensure Galilean invariance of
the results. After inserting the wave function into Eq. (4),
a first-order coupled differential equations can be obtained,
written in matrix form as

i
d

dt
c(t ) = S−1(�b,−→v, t)M(�b, �v, t)c(t ). (9)

After calculating the overlap and coupling matrix elements
for a given b and v, the expansion coefficient c can be obtained
by solving Eq. (9). Therefore, the expansion coefficient c is
dependent on parameters b and v indirectly, where c is the
column vector of the time-dependent expansion coefficients,
and S and M are the overlap and coupling matrices, respec-
tively.

Then the probability for a transition from the initial state i
to a final state f is given by

Pf i(b, v) = lim
t→∞ |c f (t )|2. (10)

The corresponding cross sections are then calculated from
the above probabilities as

σ f i(v) = 2π

∫ +∞

0
bPf i(b, v)db. (11)

In the present calculations, the determination of electronic
states centered on the target and projectile is performed using
the variational method with Gaussian-type orbitals (GTOs). A
set of 77 GTOs (12 for l = 0, 8 × 3 for l = 1, 4 × 5 for l = 2,
and 3 × 7 for l = 3) is used on the projectile (O) center, and

a set of 22 GTOs (10 for l = 0 and 4 × 3 for l = 1) is used
on the target (He) center. These can allow the inclusion of 147
TT (two electrons on He), 1144 TP (one electron on He+ and
the other electron on O5+), and 1583 PP (two electrons on
O4+) states in calculations. The eigenvalues of states on the
O4+ ion are presented in Table I, and are compared with the
corresponding experimental data from NIST tables [41] and
Ref. [42]. It should be mentioned that the O4+ first ionization
threshold [43] is −5.076 a.u. in our scale. The states which are
lower than 2p5d are bound states from NIST. In the present
work, considering the calculate error, the states classified as
those below 2p5d are regarded as bound states even though
their calculated energies are higher than −5.076 a.u.

The convergence of the GTOs is also checked by calcu-
lating the cross sections with different size GTO basis sets at
the different collision energies. The present results have been
compared with those from a larger basis set (82 GTOs (12 for
l = 0, 8 × 3 for l = 1, 5 × 5 for l = 2, and 3 × 7 for l = 3)
on the center of target and same basis on projectile). The total
DEC cross sections from these two sets agree with each other
within 3% and, for the dominant l−resolved state-selective
double electron capture cross sections, disagreement is less
than 25%.

IV. RESULTS AND DISCUSSION

A. Total DEC cross sections

The present experimental and theoretical total DEC cross
sections are shown as a function of impact energy in Fig. 2.
As far as we know, only the cross sections at 1.17 and
2.33 keV/u reported by Machacek et al. [20] and a few points
reported by Crandall et al. [44] can be compared. The present
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FIG. 2. Total DEC cross sections σ6,4 of O6+ colliding with He
as a function of the impact energy.

experimental results exhibit little variation in the energy range
2.63–37.5 keV/u and align with the theoretical calculations
of Machacek at 2.33 keV/u. However, a significant differ-
ence exists, especially in 2–10 keV/u, where the present
experimental value is maximally 78% larger than the present
theoretical one. One possible reason for the discrepancy is the
limitation of the used basis in present theoretical calculations.
To be more specific, the calculated total cross sections do not
include the contributions from 2s5g and 2snl (n � 6) states,
except for 2s6s and 2s6p states. According to the data from

NIST [41] and Ref. [42], these neglected states are proba-
bly bound states and have a non-negligible contribution. As
Fig. 4 shows, the cross sections of 2s5l and above level can
contribute nearly 50% to the entire DEC at 2.625 keV/u and
decrease to 30% as the energy increases. This indicates that
the neglected states in the basis may have a substantial influ-
ence on calculated outcomes in a comparatively low energy
region. Moreover, the omission of successive electron capture
processes in our calculation may also lead to the difference.
Roncin et al. [45] pointed out in their study that correlated
transfer-excitation (CTE) was a dominant process for this
collision system under the incident energy of 0.56 keV/u.
With the energy increases, the contribution from the correlated
double capture (CDC) process becomes important [22,46].
The agreement between experimental and theoretical values
in Fig. 4 further indicates that CDC is a dominant process for
this collision system.

Additionally, when the two electrons of the He atom are
captured into autoionization states of O4+ ions, they can de-
excite through two different ways [45,47]. The n−symmetric
states where the electrons occupy similar n shells tend to
decay through Auger emission and produce O5+ ions, which
is known by the autoionization double capture (ADC) process.
Conversely, the n−asymmetric states have high probability to
decay rapidly by photon emission. Then both electrons remain
on the projectile (O4+ ions), which is known by the true dou-
ble capture (TDC) process. The cross sections from the TDC
process have not been included in the present calculations.
However, the previous studies have pointed out that the sta-
bilization ratio R = σTDC/(σTDC + σADC) reaches 76%
at 0.56 keV/u [45] and 68% at 6 keV/u [47], respectively.
The high R value for this collision system is mainly due to

TABLE I. Comparison of energies (in a.u.) of O4+ states obtained in this work with the NIST [41] and bold data in italics are from Ref. [42].
Diff = (E − ERef )/E .

Config Term ERef [41,42] E Diff(%) Config Term ERef [41,42] E Diff (%)

1s22s2 1S −9.2615 −9.2700 0.09% 1s22p4s 1P −5.5058 −5.4808 −0.46%
1s22s2p 1P −8.5379 −8.5041 −0.40% 1s22p4p 1S −5.4368 −5.4611 0.45%
1s22p2 1D −8.2057 −8.1445 −0.75% 1s22p4p 1P −5.4816 −5.4458 −0.66%
1s22p2 1S −7.9497 −7.8867 −0.80% 1s22p4p 1D −5.4439 −5.4064 −0.69%
1s22s3s 1S −6.7041 −6.7113 0.11% 1s22p4d 1P −5.4002 −5.3983 −0.03%
1s22s3p 1P −6.6151 −6.6127 −0.04% 1s22p4d 1D −5.4440 −5.3978 −0.86%
1s22s3d 1D −6.4702 −6.4648 −0.08% 1s22p4 f 1F −5.3920
1s22p3s 1P −6.2339 −6.2064 −0.44% 1s22p4 f 1G −5.4071 −5.3824 −0.46%
1s22p3p 1P −6.1965 −6.1609 −0.58% 1s22p4 f 1D −5.3756
1s22p3d 1D −6.0965 −6.0594 −0.61% 1s22p4d 1F −5.4016 −5.3543 −0.88%
1s22p3p 1D −6.0849 −6.0470 −0.63% 1s22s6s 1S −5.4391 −5.3474 −1.71%
1s22p3p 1S −6.0373 −6.0151 −0.37% 1s22s6p 1P −5.4359 −5.3437 −1.72%
1s22p3d 1F −6.0130 −5.9770 −0.60% 1s22p5s 1P −5.1700 −5.1906 0.40%
1s22p3d 1P −5.9842 −5.9474 −0.62% 1s22p5p 1P −5.1673 −5.1480 −0.37%
1s22s4s 1S −5.9277 −5.9187 −0.15% 1s22p5p 1D −5.1497 −5.1003 −0.97%
1s22s4p 1P −5.8995 −5.8941 −0.09% 1s22p5d 1D −5.1485 −5.0875 −1.20%
1s22s4d 1D −5.8612 −5.8469 −0.24% 1s22p5p 1S −5.1255 −5.0837 −0.82%
1s22s4 f 1F −5.8450 −5.8425 −0.04% 1s22p5 f 1F −5.1305 −5.0801 −0.99%
1s22s5s 1S −5.6127 −5.6312 0.33% 1s22p5 f 1G −5.1244 −5.0722 −1.03%
1s22s5p 1P −5.6052 −5.5948 −0.19% 1s22p5 f 1D −5.1232 −5.0665 −1.12%
1s22s5 f 1F −5.5758 −5.5493 −0.48% 1s22p5d 1F −5.1316 −5.0470 −1.68%
1s22s5d 1D −5.5784 −5.5361 −0.76% 1s22p5d 1P −5.1181 −5.0321 −1.71%
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FIG. 3. Measured X-dimension momentum spectra of recoil He2+ ions at different collision energies. Solid black dots are experimental
data and red lines are final results of multipeak Gaussian fitting. To distinguish overlapping peaks, blue dashed lines are used standing for the
single Gaussian peaks of different final electron states.

TABLE II. Measured total and state-selective DEC cross sections for O6+ colliding with He. (Note: All cross sections are in units of
10−16 cm2, and energies in keV/u. Autoionization states are not included.)

σ6,4(nln′l ′)

Energy σ6,4 2s2s 2s2p 2p2p 2s3s 2s3l 2p3l–2s4l � 2s5l

2.625 1.7 ± 0.27 0.004 ± 0.003 0.218 ± 0.035 0.415 ± 0.066 0.491 ± 0.090 0.789 ± 0.126
4.50 1.7 ± 0.27 0.032 ± 0.008 0.326 ± 0.052 0.628 ± 0.101 0.715 ± 0.115
6.00 1.6 ± 0.26 0.075 ± 0.018 0.119 ± 0.019 0.239 ± 0.038 0.631 ± 0.101 0.656 ± 0.109
9.00 1.4 ± 0.22 0.006 ± 0.002 0.131 ± 0.021 0.140 ± 0.022 0.658 ± 0.105 0.465 ± 0.096
12.0 1.6 ± 0.26 0.021 ± 0.004 0.155 ± 0.025 0.160 ± 0.026 0.746 ± 0.119 0.518 ± 0.083
15.0 1.5 ± 0.24 0.040 ± 0.012 0.108 ± 0.019 0.167 ± 0.027 0.661 ± 0.106 0.525 ± 0.085
19.5 1.6 ± 0.26 0.006 ± 0.003 0.051 ± 0.015 0.075 ± 0.017 0.868 ± 0.139 0.599 ± 0.097
24.0 1.5 ± 0.24 0.008 ± 0.004 0.062 ± 0.019 0.042 ± 0.017 0.229 ± 0.052 0.589 ± 0.139 0.570 ± 0.097
28.5 1.5 ± 0.24 0.010 ± 0.004 0.065 ± 0.017 0.035 ± 0.014 0.264 ± 0.042 0.676 ± 0.110 0.450 ± 0.077
33.0 1.6 ± 0.26 0.013 ± 0.003 0.074 ± 0.012 0.041 ± 0.007 0.251 ± 0.040 0.713 ± 0.114 0.507 ± 0.081
37.5 1.6 ± 0.26 0.018 ± 0.004 0.066 ± 0.011 0.057 ± 0.010 0.249 ± 0.040 0.781 ± 0.125 0.429 ± 0.069
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TABLE III. Calculated total and state-selective DEC cross sections for O6+ colliding with He. (Note: All cross sections are in units of
10−16 cm2, and energies in keV/u. Autoionization states are not included.)

σ6,4(nln′l ′)

Energy σ6,4 2s2s 2s2p 2p2p 2s3l 2s4l 2s5l 2p3l 2p4l 2p5l 2s6l (l = s, p)

0.5 1.5796 0.0001 0.0004 0.0031 0.0777 0.0711 0.1704 0.0953 0.5983 0.4818 0.0814
0.7 1.3776 0.0002 0.0006 0.0021 0.1044 0.1033 0.1302 0.1153 0.4761 0.4050 0.0405
0.8 1.3558 0.0002 0.0009 0.0020 0.1292 0.1061 0.1330 0.1242 0.4089 0.4065 0.0448
1 1.2680 0.0009 0.0007 0.0014 0.1658 0.0964 0.1247 0.1508 0.3500 0.3452 0.0320
1.2 1.1958 0.0004 0.0017 0.0023 0.2015 0.1030 0.1113 0.1467 0.3250 0.2752 0.0288
1.5 1.0571 0.0001 0.0004 0.0016 0.2033 0.1172 0.0992 0.1462 0.2643 0.2026 0.0221
2 0.9906 0.0001 0.0003 0.0026 0.2000 0.1229 0.0700 0.1711 0.2457 0.1605 0.0173
3 0.9233 0.0001 0.0007 0.0061 0.2082 0.1488 0.0945 0.1849 0.1599 0.1039 0.0163
5 0.9161 0.0003 0.0022 0.0231 0.1635 0.1712 0.0669 0.2335 0.1620 0.0733 0.0202
10 1.0788 0.0004 0.0134 0.0989 0.1444 0.1362 0.0262 0.3589 0.1957 0.0502 0.0544
15 1.1754 0.0010 0.0316 0.0798 0.1627 0.1086 0.0202 0.4069 0.2509 0.0432 0.0707
20 1.2216 0.0041 0.0410 0.0476 0.2064 0.1090 0.0187 0.4011 0.2735 0.0493 0.0709
25 1.2289 0.0073 0.0391 0.0329 0.2240 0.1206 0.0193 0.4167 0.2729 0.0433 0.0528
35 1.1982 0.0098 0.0346 0.0325 0.2240 0.0978 0.0277 0.4479 0.2353 0.0643 0.0242
50 1.1100 0.0114 0.0377 0.0460 0.1972 0.0846 0.0291 0.4614 0.1659 0.0658 0.0108
80 0.8359 0.0092 0.0331 0.0718 0.1173 0.0742 0.0251 0.3174 0.1236 0.0567 0.0075
100 0.6436 0.0058 0.0246 0.0770 0.0749 0.0574 0.0244 0.2151 0.1045 0.0541 0.0058

the significant population of 2lnl (n � 6) configurations. As
the incident energy increases, the population of 3l3l′ states
may become significant and can be comparable to those of
2lnl (n � 6) configurations. Thus, the smaller contribution
from the deexcitation of these states through photon emission
causes the convergence between theoretical results and the
experimental data. It can also be one of the reasons for the dis-
agreement between the theoretical SEC cross sections and the
experimental ones in the high-energy region [19]. Thus, the
reasons mentioned above along with the experimental error
of 16% lead to the noticeable difference between the present

FIG. 4. The comparable relative state-selective DEC cross sec-
tions as a function of the impact energy.

experimental and theoretical results. Further investigations are
still needed to confirm this.

B. n- and nl-state-selective DEC cross sections

The total DEC cross sections give the probability that two
electrons are captured during the collision process, but with-
out the information about their final states (nl, n′l ′). Based on
COLTRIMS, the distribution of final states of the two trans-
ferred electrons is measured through the recoil momentum of
He2+ and presented in Fig. 3. In order to distinguish over-
lapped states as fine as possible, multipeak Gaussian fitting
is applied when dealing with the recoil momentum spectrum.
In general, the position and width of every single Gaussian
peak are fixed when fitting an area with dense peaks. The
accurate value of the position of each state can be calculated
through Eq. (3), and the width of a well-separated single state
like 2p2p can be a proper reference for other states. As for
one peak containing multiple states, its position is slightly
optimized from the average value of calculated positions, and
its width is expanded based on their position difference to
reach a better fitting of R2.

In the energy range 2.63–37.5 keV/u, these electrons from
the neutral He are primarily captured into 2s3l and higher
energy levels (autoionization states are not considered). With
the increase of collision energy, the channels of both elec-
trons being captured into the n = 2 subshell gradually open
up and contribute more to the overall DEC process. For the
convenience of application, all measured and calculated data,
including the total and state-selective DEC cross sections, are
listed in Tables II and III, respectively.

Since we have no correlated absolute DEC state-selective
data for comparison, Fig. 4 presents the relative cross sections
of state-selective DEC together with those measured using
the same method by Cao et al. [48]. General agreement is
achieved between the present results and the experimental
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FIG. 5. The calculated relative state-selective DEC cross sections
as a function of the impact energy. As mentioned before, 5g and 6l
(except for s and p) are not included.

ones from [48] at 19.5, 37.5, 75, and 100 keV/u. In the present
results, cross sections of the 2s2s and 2s2p channels grow
dramatically with the increase of energy and flatten out at
nearly 20 keV/u. There are three peaks for 2lnl states around
1 keV/u, however, the accuracy of the present calculation
may not be enough given the minor contribution to the rel-
ative cross section; the use of logarithmic scale exaggerates
the difference, particularly at the adjacent two points where
they do not align. Consequently, the reliability of these peaks
may be questionable. For 2s3l and higher energy states, their
contributions comparatively remain steady. Rich trends are
observed in the 2p2p channel, where its cross sections reach
a maximum at 10 keV/u and rebound at 30 keV/u. The
measured tendencies of different channels align well with the
calculated ones.

A more detailed description of the state-selective DEC
cross section can be found in Fig. 5. This figure only shows
the theoretical results since the experimental challenge lies
in distinguishing the single l-state momentum peak when
energy levels get higher and denser. Under the independent
electron approximation (IEA), the electrons are captured in-
dependently and expected in the same or neighboring shells,
however, the existence of electronic correlations cause the

IEA’s predictions to deviate from the actual situation, leading
to asymmetric states. In other words, electronic correla-
tions were involved in the formation of the configurations,
especially for asymmetric states. The considered channels can
be divided into two main groups: one group stands for the
electron of lower energy always staying in the 2s state (solid
lines), while another group stands for the lower one which
always stays in the 2p state (dashed lines). Generally, the cross
sections from 2pnl states are larger than those of 2snl states for
the same n quantum number. This could be attributed to their
similar energies, but the former have more available coupling
states. Below 3 keV/u, the dominant channels are 2p4l and
2p5l , while the 2s3l state reaches its maximum. With increas-
ing impact energy, the 2p3l channel becomes increasingly
significant and far surpasses the second candidate.

V. CONCLUSION

In the present work, the investigation of the DEC process
in collisions of O6+ with He is performed both experi-
mentally and theoretically. The total cross sections for two
electrons captured into O4+ (1s2nln′l ′) from neutral He
have been measured with an uncertainty of 16% in the
energy range 2.63–37.5 keV/u. Additionally, the branch ra-
tios of different DEC state-selective channels have been
obtained from the He2+ recoil momentum distribution mea-
sured by COLTRIMS. Total and state-selective cross sections
are also calculated by a two-active-electron semiclassical
asymptotic-state close-coupling method in the energy range
0.3–100 keV/u. General agreement between the present ex-
perimental and theoretical results is obtained for the relative
state-selective ones in the overlapping energy range, while
an obvious discrepancy exists in the total DEC cross sec-
tions. Electrons tend to be captured into 2pnl states rather
than 2snl, in particular, the 2p3l state is the most significant
channel above 3 keV/u. These energy-dependent total and
state-selective DEC cross sections can provide essential data
for the analysis of spectral emission and plasma simulations
in the current tokamaks, astronomical objects, etc.
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