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A combined experimental and theoretical study on single-electron capture in 30 − 125 keV/u He2+ + He
collisions was performed. Single-electron capture state-selective and angular-differential cross sections were
measured using a cold target recoil ion momentum spectroscopy, for which the longitudinal momentum res-
olution has been improved up to 0.066 a.u.. More details of electron captured to higher excited-states and
transfer-excitation processes were obtained from angular-differential cross sections. It was found that the exper-
imental angular-differential cross sections were in good agreement with the two-active-electron semiclassical
asymptotic-state close-coupling calculation for the considered impact energies. It is shown that single electron
capture mainly occurs at small projectile scattering angles (< 0.4 mrad), where prominent oscillatory structures
resulting from Fraunhofer-type diffraction can be seen. While a significant contribution from large projectile
scattering angles (> 0.6 mrad) was observed in the transfer-excitation process at 30 keV/u. From a quasi-
molecular interaction picture, it is shown that both the small internuclear distance radial coupling and rotational
coupling at the united-atom limit are responsible for the large angle scattering mechanism at 30 keV/u.
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I. INTRODUCTION12

Electron capture (EC) occurring in ion-atom collisions is a13

process in which one or more target electrons are transferred14

from the neutral atom into the moving projectile ion [1, 2].15

The potential role of EC processes has attracted widespread16

attention from scientists in different fields, such as astro-17

physics and radiobiology. For the former, the discovery of18

comet X-ray emission is caused by the EC process between19

solar wind ions and neutral species on the comet [3–7]. For20

the latter, the detailed knowledge of cross sections are needed21

to feed statistical methods that track the energy deposition[8].22

Furthermore, the study of EC processes can also provide valu-23

able information about the atomic structure [9, 10] and few-24

body dynamic mechanism [11].25

In view of these important aspects, the single-electron cap-26

ture (SEC) process, in particular, charged particles colliding27

with helium, has been given much attention in both experi-28

mental [12–17] and theoretical [18–21] aspects over the past29

decades, respectively. In this work, we are interested in He2+
30

+ He collisions, such collision system is also of challenging31

importance in relation to the effects of the electronic correla-32

tion between the two active electrons of the target in the col-33

lision process. However, most previous experimental [22–26]34

and theoretical [27–34] investigations focused mainly on the35

energy dependence of total SEC cross sections.36

Experimentally, Afrosimov et al. [35] and Folkerts et al.37

[36] performed state-selective SEC cross sections measure-38

ments using energy gain spectroscopy and photon emission39

∗ zhangshf@impcas.ac.cn
† x.ma@impcas.ac.cn

spectroscopy respectively, for energies ranging from 0.5 to40

15 keV/u and 1 to 75 keV/u, respectively. However, en-41

ergy gain spectroscopy has been used only in slow ion-atom42

collisions, necessitating a high-quality ion beam to achieve43

the desired resolution. The typical energy resolution of en-44

ergy gain spectroscopy reached is about ∆Q/EP = 10−4 [37].45

While the photon emission spectroscopy method offers high46

resolution without restrictions on ion beam energy and qual-47

ity, it faces constraints in measuring reaction channels that48

do not emit photons, such as electron capture to the ground49

state. Additionally, its experimental efficiency is diminished50

due to the restricted solid angle (10−4 − 10−3 of 4π). Later in51

the 1990s, with the advent of the cold target recoil ion mo-52

mentum spectroscopy (COLTRIMS) method, several labora-53

tories worldwide has led to an important advance in the ex-54

perimental studies of atomic and molecular collisions. This55

method can perform measurement of ion-atom collision at the56

fully differential level, and provide an unprecedented kine-57

matically complete physical picture for collision processes to58

shed more light on the basic reaction dynamics [38, 39]. Us-59

ing COLTRIMS technique, Mergel et al. [37], Schöffler et al.60

[40] and Alessi et al. [41] have measured state-selective and61

angular-differential SEC cross sections in He2+-He collisions62

for impact energies 0.25 - 1 MeV, 60 - 630 keV/u and 13.3 -63

100 keV/u, respectively. During the past 10 years, Zhu et al.64

[42] and Wang et al. [43] also measured state-selective and65

angular-differential SEC cross sections in He2+-He collisions66

for low energy in 7.5 keV/u and 10 - 17.5 keV/u, respectively.67

However, due to the limitation of the experimental resolution68

in Ref. [37, 41, 42], n-selective electron capture processes can69

not be fully resolved, the obtained state selective and angular-70

differential cross sections summed over a number of excited71

states of projectile or target may wash out the structure in72
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the individual channels and obscure the comparison to the-73

ory. In addition, the authors mainly attention is addressed to74

the angular-differential cross sections for SEC to He+(1s) of75

He2+-He collisions in Ref. [40, 43].76

In this work, we present experimental findings from the77

collision of He2+ ions with He atoms at projectile ener-78

gies ranging from 30 − 125 keV/u. Using the COLTRIMS79

technique with an improved resolution up to 0.066 a.u.,80

we were able to determine the relative state-selective cross81

sections and angular-differential cross sections of the col-82

lision with n-resolution at intermediate projectile energies.83

The mechanisms underlying the structures observed in the84

angular-differential cross sections of ground-state transfer,85

transfer to excited, and transfer-excitation processes, which86

were indistinguishable in early experiments, have also been87

discussed. The present angular-differential cross sections88

obtained compared further with the theoretical calcula-89

tions using a semiclassical asymptotic-state close-coupling90

(SCASCC) approach to provide physical insight into this col-91

lision system.92

The paper is organized as follows. The experimental setup93

is shown in Sec. II. We briefly outline the SCASCC approach94

used in the present calculations in Sec. III. Section IV is de-95

voted to the detailed analysis of relative state-selective cross96

sections and angular-differential cross sections. Followed by97

the conclusions in Sec. V.98

II. EXPERIMENTAL SETUP99

The experiment was conducted at the 320-kV platform for100

multidisciplinary research with highly charged ions at the In-101

stitute of Modern Physics, Chinese Academy of Sciences,102

Lanzhou, China [44, 45]. The He2+ beam produced in the103

14.5-GHz electron cyclotron resonance ion source (ECRIS)104

was extracted, magnetically charge analyzed, and then accel-105

erated to the desired energy. Before the beam entering the106

collision chamber, two sets of mutually perpendicular and ad-107

justable slits are installed at a distance of 1m from the collision108

zone to collimate the beam to a size of 0.5× 0.5 mm2. Several109

sets of electrostatic deflectors installed in front of the collision110

chamber were used to steer the beam to the target and to clean111

charge-state impurities from the beam.112

As shown in Fig. 1, a newly built COLTRIMS is installed113

at a dedicated beam line for atomic collisions studies. The114

working principle of the COLTRIMS detecting technique has115

been described in Refs. [38, 39]. But in this experiment, as116

shown in the Fig. 1, a new time-of-flight (TOF) spectrometer117

have been used[46, 47]. In the target chamber, the He2+ beam118

passing through a small hole with a diameter of 20 mm on119

one side of the TOF electrodes intersected with a supersonic120

gas jet which consisted of two stages of a differential vacuum121

system. The lengths of the accelerating zone of the TOF were122

380 mm without the one-dimensional time focusing geometry123

(Wiley-McLaren time focusing condition) [48]. In order to124

minimize the influence of the finite interaction volume on the125

momentum resolution, we used an adjustable slits to collimate126

the gas jet to a size of 0.5 mm in the direction of He2+ beam at127

the intersection. The gas jet expanded through a 30 µm nozzle128

from a gas reservoir and extracted through two skimmers with129

a size of 0.3 mm and 0.5 mm in diameter, and then entered to130

the target chamber. The typical density of the gas target was131

estimated to be 5 × 1010 atoms/cm2 at the intersection with a132

driving pressure of 20 bar. In the direction with an angle of 14133

degrees to the He2+ beam, we applied a weak homogeneous134

electrostatic field of 0.85 V/cm to project the recoil ions onto a135

position sensitive detector (PSD) of 75 mm diameter. To max-136

imize the acceptance efficiency for electrons, a homogeneous137

magnetic field of 6.0 G parallel to the electrostatic field gener-138

ated by a pair of Helmholtz coils was used. Scattered ions (the139

neutral He and the He+) were separated from the He2+ beam140

by an electrostatic deflector downstream of the target chamber141

and detected by a PSD about 1.8 m downstream of the target142

zone. The residual projectile beam is collected by a Faraday143

cup.144

For capture reactions in the ion-atom collisions, the longi-145

tudinal momentum vector of the recoil ion Pz (parallel to the146

projectile beam axis) follows147

Pz = −
Q
vp
−

nvp

2
, (1)

where vp is the projectile velocity, n is the number of electrons148

captured from the target to the projectile, and Q is the bind-149

ing energy difference of the active electron before and after150

collision and defined as,151

Q = ϵi − ϵ f (2)

where ϵi and ϵ f are binding energy of the active electron in152

the initially ground-state target and finally excited ion, respec-153

tively. Owing to the quantization of Q value, the recoil ion154

momentum is discrete. Therefore, for certain projectile en-155

ergy, the Q value can be obtained from Pz, and then the distri-156

bution of state-selective population after the collision can be157

obtained. From the momentum conservation, the transverse158

momentum of the recoil ion Pxy (perpendicular to the projec-159

tile beam axis) equals the loss of projectile momentum in the160

transverse direction, and is related to the projectile scattering161

angle θ as162

Pxy = −P0 tan θ, (3)

where P0 is the projectile momentum.163

For suppressing the contamination form other processes,164

measurement has been carried out with double coincidence165

between recoil ions and scattered projectile. The projectile166

scattering angle differential cross sections of different reac-167

tion channels are obtained by choosing the events of different168

Pz in the data analysis system. The momentum resolution was169

estimated to be 0.4 a.u. in x direction (target beam direction)170

and 0.03 a.u. in y direction (perpendicular to the directions of171

target and projectile beam) and 0.07 a.u. in z direction (projec-172

tile beam direction) (see Fig. 1). With the present setup, it has173

been reported that the longitudinal momentum-resolution is174

about 5-6 times better than the previous one with the transver-175

sal extraction mode [49, 50]. Note that, in order to collect176

recoil ions with greater transverse momentum, increasing the177
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FIG. 1. (Color online) An overview of the newly built COLTRIMS experimental setup at the 320-kV platform for research with highly charged
ions.

TOF voltage will lead to an increase in longitudinal momen-178

tum resolution (see Fig. 2(a) and Fig. 7(a)). The statistical179

error bars were simply calculated by a square root of event180

counts. Atomic units are used throughout this paper unless181

other wise stated.182

III. THEORETICAL METHOD183

In the present work, the cross sections of the EC processes184

occurring during He2+ + He collisions are calculated using185

a two-active-electron semiclassical asymptotic-state close-186

coupling (SCASCC) approach which has been previously de-187

scribed, for example in Ref. [51–53]. We only outline here188

briefly the main features of the approach. The two-electron189

time-dependent Schrödinger equation (TDSE) is written as190 [︄
H − i

∂

∂t

]︄
Ψ(⃗r1, r⃗2, t) = 0, (4)

with the electronic Hamiltonian,191

H =
∑︂
i=1,2

[︄
−

1
2
∇2

i + VT (ri) + VP(rp
i )
]︄
+

1⃓⃓⃓
r⃗1 − r⃗2

⃓⃓⃓ , (5)

and r⃗i, r⃗i
p = r⃗i − R⃗(t) are the position vectors of the elec-192

trons with respect to the target and the projectile respectively.193

The relative projectile-target position R⃗(t) defines the trajec-194

tory, with R⃗(t) = b⃗ + v⃗Pt in the usual straight-line, constant195

velocity approximation where b⃗ and v⃗P are the impact param-196

eter and velocity respectively. In the present collision system,197

the potentials VT = −2/ri and VP = −2/rp
i describe the inter-198

action between the electrons and the target (He) and projectile199

(He2+) nucleus.200

The Schrödinger equation is solved by expanding the wave-201

function Ψ accordingly on a set of electronic states described202

with Gaussian-type orbitals (GTOs) and spin-adapted prod-203

ucts of these GTOs centred on both isolated collision part-204

ners. Furthermore, they are augmented with plane-wave elec-205

tronic translation factors to ensure Galilean invariance of the206

results. The probability amplitudes a f for a given final state f207

included in the expansion are obtained after propagation of the208

initial state i, and the integral cross sections can be evaluated209

through,210

σ f i(vP) = 2π
∫︂ +∞

0
bP f (b, vP)db, (6)

with the transition probability P f (b, vP) = |a f (b, vP)|2.211

In the same manner as in [49, 54, 55], the angular-212

differential cross sections for inelastic processes are expressed213

in the center of mass frame as,214

dσ f i

dΩ
=
⃓⃓⃓
f f i(θ, ϕ)

⃓⃓⃓2
=
⃓⃓⃓
µv(−i)1+|∆m f i |e−i∆m f iϕ

×

∫︂ ∞
0

bdbJ|∆m f i |(2µvbsin(θ/2))c f (b, vP)
⃓⃓⃓2 (7)

where the scattering amplitude f f i is given as a Bessel trans-215

form of the collision amplitude c f , µ is the reduced mass of the216

target and projectile, ∆m f i = m f −mi with mi, m f are the mag-217

netic quantum numbers of the initial and final states, respec-218

tively. It should be noted that all b-dependent phases should219

be included in the collision amplitudes c f (b, vp) of Eq. 7. This220

implies the inclusion of the common phase related to the core-221

core Coulomb interaction [56], which can be factorized out222

from the total Hamiltonian by a trivial phase transform to get223
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to the Hamiltonian written in Eq. 5. From the amplitude a f224

obtained by solving the TDSE in a large, but finite, time do-225

main, the collision amplitude can then be expressed as226

c f (b, vP) = a f (b, vP) exp
(︃ i
vP

2ZT ZPlnb
)︃
, (8)

where ZT and ZP are respectively the target and projectile227

charges ( 2 for both of them in the present system). It is indeed228

the complete phase information that allows the extraction of229

the angular differential cross sections from straight-line tra-230

jectory collision amplitudes.231

In the present calculations, a set of 49 Gaussian-type or-232

bitals (GTOs) (10 for l = 0, 8× 3 for l = 1 and 3× 5 for l = 2)233

are used on both projectile and target centers; this allows the234

inclusion of 1897 singlet states in total : 555 TT (states of235

two electrons on target), 555 PP (states of two electrons on236

projectile), and 787 TP (He+, He+) singlet states. The cross237

sections reported in the following have been compared with238

those obtained with a smaller basis set built from 36 GTOs (8239

for l = 0, 6 × 3 for l = 1 and 2 × 5 for l = 2) for both pro-240

jectile and target. The angular-differential cross sections for241

ground-state transfer (GT) and transfer to excited-state (ET)242

from these two sets agree with each other within 9% for the243

considered energies. For transfer-excitation (TE) processes,244

the DCS converged within 35% at worse at 30 keV/u, 15%245

at intermediate energies and to be better than 6% for highest246

energies we considered (125 keV/u).247

IV. RESULTS AND DISCUSSION248

The SEC process can take place via the following three re-249

action channels:250

He2+ + He→ He+(n = 1) + He+(n = 1) (GT),
→ He+(n ≥ 2) + He+(n = 1)
& He+(n = 1) + He+(n′ ≥ 2) (ET),
→ He+(n ≥ 2) + He+(n′ ≥ 2) (TE),

(9)

where GT corresponds to ground-state transfer; ET denotes251

the transfer to excited-state process in which one electron is252

captured into projectile excited states while the second one is253

kept on the target ground state (or one electron is captured into254

the projectile ground state and the second one on the target255

is excited); TE represents the transfer-excitation process that256

captures one electron into projectile excited state while excites257

the second one on the target.258

The measured recoil-ion longitudinal momentum distribu-259

tions for SEC by He2+ from He at impact energies of 30,260

62.5 and 125 keV/u are shown in Fig. 2. In order to extract261

the state-selective cross sections, the longitudinal recoil-ion262

momentum distributions have been fitted with Gaussian func-263

tions. The different peaks correspond to different final states264

indicated by (n, n′). In this notation, n denotes the individual265

quantum number of the captured electron and n′ denotes the266

individual quantum number of electron which remains bound267

to the target. When the reaction products are symmetric, like268
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FIG. 2. (Color online) Recoil-ion longitudinal momentum distribu-
tions for SEC from He in collision with He2+ at (a) 30, (b) 62.5 and
(c) 125 keV/u, respectively. Solid circles: experimental measure-
ments. Solid curves: Gaussian fittings. Each inset plot shows more
detailed momentum distribution of TE process.

in the (1, 2)&(2, 1) processes, their experimental separation269

becomes very challenging. Therefore, for n = 2, the experi-270

ments provide data for the sum of the cross sections for elec-271

tron capture and residual target-ion excitation into the corre-272

sponding shell (see Eq. 9).273

In particular, the relative state-selective cross sections were274

extracted from the corresponding fitting curves shown in Fig.275

2 and these values are listed in Table I. Clearly, at higher im-276

pact energy of 125 keV/u, the spectrum indicates that the GT277

process is overwhelmingly dominant over the other processes.278

Fitting the peak (1, 1), corresponding to the GT process, re-279

veals a remarkable recoil ion longitudinal momentum reso-280

lution of 0.066 atomic units. Besides the dominant reaction281

channel, the contributions from the ET and TE processes can282

also be identified at present longitudinal momentum resolu-283

tion. Compared with earlier experimental results [37, 41, 42],284

the present experimental results can further distinguish the285

(1, 3)&(3, 1) and (1,≥ 4)&(≥ 4, 1) from (1,≥ 3)&(≥ 3, 1),286
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TABLE I. Present experimental relative state-selective cross sections
σrel (%) for He2+-He collisions. (Errors given in the bracket are de-
termined from Gaussian fitting error of the peak.)

Final state (n, n′) Energy (keV/u)
30 62.5 125

(1,1) 25.18 (0.76) 29.92 (0.72) 39.38 (0.61)
(1,2)&(2,1) 58.15 (1.37) 42.87 (0.96) 33.38 (0.53)
(1,3)&(3,1) 9.13 (0.44) 12.02 (0.59) 10.49 (0.69)
(1,≥ 4)&(≥ 4, 1) 6.47 (0.43) 14.18 (0.63) 13.70 (0.74)
(2,2) 0.61 (0.35) 0.51 (0.24) 1.47 (0.09)
(2,≥ 3)&(≥ 3, 2) 0.47 (0.34) 0.51 (0.33) 1.57 (0.11)

and likewise for the (2, 2) and (1,≥ 4)&(≥ 4, 1) from (2,≥287

3)&(≥ 3, 2). As the impact energy decreases, the ET process288

(2, 1)&(1, 2) begins to gradually increase, and the TE process289

(≥ 2,≥ 2) will become a more negligible contribution.290

To get a better understanding, differential scattering an-291

gle distributions were unfolded for the (1, 1), (1, 2)&(2, 1),292

(1, 3)&(3, 1), (1,≥ 4)&(≥ 4, 1) and (2, 2) capture process, re-293

spectively. As shown in Fig. 3(a)-(c), we present the measured294

angular distributions for GT processes at impact energies 30,295

62.5 and 125 keV/u, respectively. The present SCASCC re-296

sults are also shown in the same figure for comparison. It297

can be observed that the measured angular differential cross298

section displays an oscillatory structure for all three impact299

energies.300

Comparing with the theoretical results, good overall agree-301

ment is obtained, in particular, the oscillatory structure ob-302

served in the angular differential cross section is well re-303

produced by the theory. It can be seen from Fig. 3 that304

the structures move towards small scattering angles and get305

closer with each other for increasing impact energies. Due306

to the limitation of transversal momentum resolution, it is307

easy to understand that the discrepancy between the min-308

ima and maxima in present experimental and theoretical in-309

creases with the increase of collision energy. Such oscillatory310

structure has been observed in the past and interpreted as re-311

sulting from Fraunhofer-type diffraction [43, 50, 57–61]: the312

angular-differential cross sections present alternately minima313

and maxima like the diffraction pattern in optics, with alter-314

nately dark and bright fringes, where the first dark and bright315

fringes locates at316

θmin = 0.61λ/ρ,
θmax = 0.819λ/ρ,

(10)

in the case of a circular aperture of radius ρ, of a radiation of317

wavelength λ, see Ref. [62].318

Using the analogy of Fraunhofer diffraction of electromag-319

netic radiations and de Broglie atomic scattering waves with320

λ = 2π/µvP, and taking the aperture radius from the effective321

impact parameter range where electron transitions take place322

from the present SCASCC calculations, one can obtain the323

expected positions of the first dark and the first bright fringes.324

First, the positions of the 1st minimum θdark, marked as black325

arrows in Fig. 3, are determined directly from the experimen-326

tal cross sections. Second, from these minimum, an effec-327

tive aperture radius ρ is obtained so that the position of the328

0
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FIG. 3. (Color online) Angular-differential cross sections for GT
process as functions of the laboratory scattering angles for (a) 30, (b)
62.5, and (c) 125 keV/u He2+-He collisions. Solid symbols: present
measurements; red curves: present SCASCC results. The error bars
are smaller than the size of the data symbols. The black arrows show
the positions of the first minimum in our angular-differential cross
sections; the red arrows show the positions of the first bright fringe
calculated by the Fraunhofer-type diffraction model.

first expected Fraunhofer bright fringe θbright is evaluated (see329

Eq. 10). In Table II, the values of our calculated effective aper-330

ture radius and the positions of first bright fringe are shown,331

the latter are also marked in Fig. 3 as red arrows. It can be332

seen in Table II and in Fig. 3 that for the three energies under333

consideration, the positions of the first maximum in our cross334

sections agree with the predicted positions stemming from the335

Fraunhofer-type diffraction model.336

To compare our calculated effective aperture radius with the337

corresponding effective impact parameter range, the probabil-338

ities of the GT process as a function of impact parameter are339

shown in Fig. 4 for impact energies 30, 62.5 and 125 keV/u.340

Our calculated effective aperture radius for the correspond-341
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TABLE II. Positions of the first minimum and maximum in the angular-differential cross sections of GT process as well as the effective aperture
radius ρ and the positions of the first bright fringe calculated by the Fraunhofer-type diffraction model.

Energy (keV/u) wavelength λ (a.u.) 1st minimum (mrad) ρ (a.u.) 1st maximum (mrad) 1st bright fringe (mrad)
30 0.000781 0.17 2.8 0.23 0.22

62.5 0.000541 0.15 2.2 0.19 0.17
125 0.000383 0.13 1.8 0.17 0.15

0 1 2 3 4
0 . 0 0

0 . 0 5

0 . 1 0

0 . 1 5

0 . 2 0

0 . 2 5

0 . 3 0

 

 

P(b
)

b  ( a . u . )

 3 0  k e V / u
 6 2 . 5  k e V / u
 1 2 5  k e V / u

FIG. 4. (Color online) Transition probabilities of the GT process as
functions of impact parameters and for three different impact ener-
gies. The arrows mark the positions of the effective aperture radius
calculated by the Fraunhofer-type diffraction model, see Table II.

ing impact energies are denoted as arrows in the same figure.342

It is found that the probabilities of all these impact energies343

are negligibly small beyond the corresponding positions of344

the arrow. The effective impact parameter range is therefore345

in good agreement with the effective aperture radius. This346

tends to indicate that the oscillatory structure appearing in the347

GT angular-differential cross sections originates mainly from348

Fraunhofer-type diffraction.349

Comparing to previous experimental studies [37, 40–43],350

the improved resolution in the present experiment allows351

the extraction of angular distributions for electron capture to352

higher excited states. In Fig. 5(a)-(c), we show the present353

experimental cross sections for ET to (1, 2)&(2, 1) state, to-354

gether with the present SCASCC calculations for compari-355

son. Excellent agreements can be obtained for all the con-356

sidered impact energies. The theoretical results for ET to357

(1s,2s)&(2s,1s) and (1s,2p)&(2p,1s) states are also displayed358

in the same figure. Compared to the GT process, a similar359

behavior was observed, though with a weaker second peak.360

The oscillations for the (1s,2s)&(2s,1s) and (1s,2p)&(2p,1s)361

state, similar to (1, 1) state, may be also attributed to the362

Fraunhofer-type diffraction. The previous study revealed that363

the diffraction appears in electron capture for ∆ml = 0 [49].364

In the present case, a similar process maybe occur for the365

(1s,2p)&(2p,1s) state, in which electron capture into the 2p366

state tends to occupy the orbit of ml = 0. Furthermore, our367

SCASCC calculations show that the cross sections for ET to368

0
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FIG. 5. (Color online) Angular-differential cross sections for
(1, 2)&(2, 1) state of ET process as functions of the labo-
ratory scattering angles for (a) 30, (b) 62.5, and (c) 125
keV/u He2+-He collisions. Solid symbols: Present measure-
ments; red curves: (1, 2)&(2, 1) state of SCASCC results; green
curves: (1s, 2s)&(2s, 1s) state of SCASCC results; blue curves:
(1s, 2p)&(2p, 1s) state of SCASCC results. The error bars are
smaller than the size of the data symbols.

(1s,2p)&(2p,1s) is preferred at 30 keV/u, while as increasing369

impact energies, the ones for ET to (1s,2s)&(2s,1s) at large370

scattering angle become dominant.371

In Fig. 6, we compare the present experimental cross sec-372
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FIG. 6. (Color online) Angular-differential cross sections for
(1, 3)&(3, 1) state of ET process as functions of the laboratory scat-
tering angles for (a) 30, (b) 62.5, and (c) 125 keV/u He2+-He colli-
sions. Solid symbols: Present measurements; red curves: SCASCC
results. The error bars are smaller than the size of the data symbols.

tions for ET to (1, 3)&(3, 1) state with the present SCASCC373

calculations, showing again good agreements for all the con-374

sidered impact energies. The cross sections display a similar375

behavior with the ones for ET to lower electronic states, as376

shown in Fig. 3 and 5.377

The measured cross sections for TE to (2, 2) state are shown378

in Fig. 7(a)-(c) for impact energies 30, 62.5 and 125 keV/u, to-379

gether with the SCASCC circulations for comparison. Good380

overall agreement is found between the present experimental381

data and SCASCC calculations, though, at 62.5 keV/u, less382

satisfactory than that in GT and ET processes. It is shown383

in Fig. 3, 5 and 6 that the GT and ET processes mainly oc-384

cur at small projectile scattering angles (< 0.4 mrad), while in385

Fig. 7(a) the angular distribution for the TE process is dom-386

inated by large scattering angles (> 0.6 mrad) at 30 keV/u,387
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FIG. 7. (Color online) Angular-differential cross sections for (2, 2)
state of TE process as functions of the laboratory scattering angles
for (a) 30, (b) 62.5 and (c) 125 keV/u He2+-He collisions. Solid
symbols: Present measurements; red curves: SCASCC results. In
Fig. 7(a), we also present the angular-differential cross sections
of (2s, 2s) (blue curves), (2s, 2p)&(2p, 2s) (magenta curves) and
(2p, 2p) (green curves) states.

and as increasing impact energies the contribution of the large388

scattering angles decreases and disappears from the cross sec-389

tions. In fact, such significant contribution from large projec-390

tile scattering angles for TE process in He2+ + He collisions391

was observed at low energies in the past [35, 63]. From a392

quasimolecular interaction picture (see Fig. 4 in Ref. [63] and393

corresponding text), the large angle scattering mechanism was394

attributed by Afrosimov et al. [35] to a small internuclear dis-395

tance radial coupling between the incoming channel 2pσ2
u

1Σg396

(correlated asymptotically to He2+ + He(1s2)) and the outgo-397

ing channel 2sσ2
g

1Σg (correlated asymptotically to He+(2s)398

+ He+(2s)). Instead, Bordenave-Montesquieu et al. [63] at-399
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tributed it to a rotational coupling Σg-Πg-∆g at the united-atom400

limit Be2+(2p2), leading to the state He+(2p) + He+(2p). In401

Fig. 7(a), we also display angular differential cross sections402

for TE into (2s,2s), (2p,2p) and (2s,2p)&(2p,2s) channels403

obtained from present SCASCC calculations at 30 keV/u. It404

can be seen that significant contributions from large projec-405

tile scattering angles appear for all the three channels, which406

may suggest that both the small internuclear distance radial407

coupling and rotational coupling at the united-atom limit are408

responsible for the large angle scattering mechanism at 30409

keV/u.410

V. CONCLUSIONS411

In conclusion, we have presented a systematic compari-412

son of experimental data and theories for angular-differential413

cross sections of electron capture in 30-125 keV/u He2+ +414

He collisions. Employing high-resolution longitudinal cold415

target recoil ion momentum spectroscopy (COLTRIMS), we416

successfully acquired high-resolution ngitudinal momentum417

spectra. The precise n-resolved relative state-selective cross418

sections obtained in the present experiment provide experi-419

mental benchmarks available for the development of multi-420

electrons semiclassical or quantum calculation. In the pro-421

jectile angular-differential cross sections, overall good agree-422

ments were also obtained between the present experimen-423

tal and theoretical results. It is shown that the GT process424

mainly occurs at small projectile scattering angles within 0.4425

mrad, where prominent oscillatory structures can be observed.426

We have shown that these oscillatory structures are stemming427

from the atomic matter-wave Fraunhofer-type diffraction. For428

ET to higher excited states, the cross sections show similar429

structures as in GT processes. Furthermore, a significant con-430

tribution from large projectile scattering angles (> 0.6 mrad)431

was observed from both the present experimental and theoreti-432

cal results for TE process at 30 keV/u. From a quasimolecular433

interaction picture, it may suggests that both the radial cou-434

pling at the small internuclear distance and rotational coupling435

at the united-atom limit are responsible for the latter mecha-436

nism.437
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M, Geis S and Schmidt-Böcking H 1995 Phys. Rev. Lett.556

74(12) 2200–2203 URL https://link.aps.org/doi/10.557

1103/PhysRevLett.74.2200558

[38] Dörner R, Mergel V, Jagutzki O, Spielberger L,559

Ullrich J, Moshammer R and Schmidt-Böcking H560
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