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Evidence for target outer-shell excitation mediated by electron correlation in single-electron-capture
collisions of slow He2+ ions with Ar atoms
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We have performed kinematically complete experiments on single-electron capture in slow He2+-Ar col-
lisions. Besides the pure capture to the He+(n = 2) level, capture into the deep He+(n = 1) state with
simultaneous excitation of another target electron is also observed. In contrast to the pure capture, the total cross
section for this two-electron transition decreases with increasing collision energy, and its angular-differential
cross section exhibits a much slighter slope. We take these observations as evidence for electron capture mediated
by electron-electron interactions.

DOI: 10.1103/PhysRevA.102.042820

I. INTRODUCTION

The process of correlated two-electron transition gener-
ally exists in the field of atomic physics. Autoexcitation and
Auger transition occurring in separated atoms, for example,
are such physical processes. In slow ion-atom and ion-surface
collisions, the inner-shell vacancy production of the projectile
was interpreted through the inverse autoexcitation [1] and the
internal dielectronic excitation mechanisms [2], respectively.
Another example of the correlated two-electron process, in
ion-atom collisions, is the correlated double-electron capture
[3], which is different from the sequential double capture.
All of these processes, in separated atoms or collisions, are
mediated by electron-electron interactions (in the following
referred to as e-e interaction), which may lead to pronounced
electron correlation effects.

The transfer target excitation (TTE) in ion-atom collisions,
that is, the process in which the projectile captures a target
electron with excitation of another one is also a potential
candidate for exploring the correlated two-electron transi-
tion since it contains only two collision fragments and no
continuum electrons in the final states. In the collisions of
protons with He atoms, Hasan et al. [4] observed the TTE
reaction with collision energies from 25 to 75 keV and found
an enhancement for the ratio of TTE to pure single-electron
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capture (PSEC) and double to single excitation cross section
around scattering angle θP ≈ 0.5 mrad. Theoretical works
[5–7] indicated that this enhancement is not related to the
correlated two-electron transitions. By increasing the collision
energy to 240–2500 keV, SchOoffler and co-workers further
investigated the TTE reaction for this collision system [8] and
also found a peak structure around θP ≈ 0.5 mrad for the ratio
of TTE and PSEC. They attributed it to the further momentum
exchange between the projectile and another target electron
in the second interaction of an independent two-step process.
In contrast to the strong electron correlation in double cap-
ture, Schulz et al. [9] pointed out that the e-e interaction is
unimportant in the final state of TTE for the p+He collisions.
In slow collisions of the highly charged ions with He atoms,
Andersson et al. [10] found an enhancement (a depleting)
of the cross section for one- (two-) electron removal from
the target. By extending the molecular classical overbarrier
model [11], Cederquist [12] explained the experiments with
a three-step mechanism, in which the loosely bound one of
the two consecutively captured electrons is recaptured at a
critical internuclear distance by the target to its excited state
(TTE) because of the interaction of the double-capture quasi-
molecular channel and the TTE channel. Target excitation
through this re-capture mechanism was also observed fol-
lowing multiple-electron capture in collisions of 15N7+ ions
with Ar atoms [13]. A more complicated mechanism called
postcollision interaction or autotransfer to Rydberg state was
also proposed by Roncin et al. [14,15] to interpret the TTE
reaction in low-energy collisions of highly charged ions with
atoms. Fritsch calculated the cross section of TTE in slow
C6+ + He collisions and found that it was larger than that
for single-electron excitation [16], which is an indication of
the correlated two-electron transition since the product of in-
dependent transfer and excitation probabilities would always
result in a smaller probability than either.
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FIG. 1. Schematic of the pure single-electron capture (PSEC)
(a), transfer ionization (b), two-step transfer ionization (c), and trans-
fer target excitation (TTE) processes (d).

In the present work, we show evidence for target excitation
mediated by the e-e interaction in single-electron capture col-
lisions of He2+ ions with Ar atoms. Since the e-e interaction
is relatively weak (0.1 a.u. or less) [17,18] as compared to
nuclear-electron coupling, the collision energy is selected as
11.3 and 21.8 keV. When the He2+ ion approaches the target
atom, the potential barrier between the two nuclei gradually
decreases. At a certain distance, it will quasiresonantly cap-
ture a valence electron to its n = 2 orbital. For the low-energy
collisions in our experiments, it is impossible to capture the
valence electron into the n = 1 orbital [Fig. 1(a)]. However,
our work puts forward that the e-e interaction enables this
capture channel to occur at a relatively small internuclear dis-
tance and another valence electron will be excited due to the
recoil force [Fig. 1(d)]. At moderate distances, the occurrence
of transfer ionization is possible in much the same way as the
TTE process [Fig. 1(b)]. Other correlated two-electron transi-
tions such as the two-step process as shown in Fig. 1(c) could
also produce the Ar2+ ions. Atomic units are used throughout
unless indicated otherwise.

II. EXPERIMENTAL APPARATUS

The experiments were performed by using a reaction mi-
croscope in Max-Planck Institute for Nuclear Physics in
Heidelberg. The details of the reaction microscope and the
beamline have been described elsewhere [19], and then some
improvements have been made [20,21]. In brief, He2+ ions
were extracted from a Penning Source, as shown in Fig. 2,
then analyzed by a switching magnet. The extraction volt-
age was 5.7 and 10.9 kV, respectively. After collimated and
cleaned by a pair of slits, the ion beam was directed through
an annular position-sensitive detector (PSD), which is for de-

Penning source

Switching magnet

Slits

Recoil ions PSD

Scattering ions PSD

Cylindrical plate

Reaction  microscope

Supersonic gas jet

FIG. 2. Schematic diagram for the experimental setup.

tecting the recoil ions, then was intersected with a supersonic
cooled Ar target jet in the center of the reaction microscope.
After collisions, the scattered ions passed through another
annular PSD, and then the He+ ions were selected by a cylin-
drical plate spectrometer and detected by a rounded PSD. The
recoil ions were accelerated and extracted by a homogeneous
electric field (here 60

11 V cm−1) oriented opposite to the beam
direction, then entered into a field-free drift region that is
satisfying the time-focusing operation condition, and finally
were measured by the recoil-ion PSD. In experiments, we
recorded both the time of flight and position of the recoil argon
ions in coincidence with the scattered He+ projectiles.

For an inelastic collision involving two reaction products,
such as the PSEC or TTE process, the recoil ion momentum
depends only on the reaction Q value, i.e., the difference of
binding energies of all electrons in the final and the initial
states. In the case of small scattering angles and small changes
in projectile energy, the longitudinal momentum for the recoil
ion is given by P‖ = Q

υP
− υP

2 , where υP is the projectile veloc-
ity. Hence the populated electronic states could be accessed
via the precise measurements of the recoil-ion longitudinal
momentum, which is determined by the time of flight.

III. RESULTS AND DISCUSSION

Figures 3(a) and 3(b) show the Q-value spectra of the recoil
Ar+ ions measured in coincidence with the scattered He+

ions at collision energies of 21.8 and 11.3 keV, respectively.
As shown, the Q-value spectrum consists of two peaks. As
discussed in Refs. [22–24], the stronger peak on the right
corresponds to the PSEC reaction, i.e., a valence electron of
the Ar atom is captured to the n = 2 orbital of the He+ ion,

He2+ + Ar → He+(n = 2) + Ar+(3p5). (1)

At the collision energy of 21.8 keV, as shown in Fig. 3(a),
the reaction window seems to spread to populate the
n = 3 orbital. This is in agreement with the prediction of the
molecular classical overbarrier model [11] that the reaction
window will expand with the increase of the collision energy,
which has been confirmed in other collision systems [21,25].
Figure 3 also shows that the relative intensity of the PSEC pro-
cess increases with increasing collision energy, which could
be interpreted by taking the endothermicity of this process
(∼2.15 eV) into account. It should be noted that no electron
capture to the n = 1 orbital of He+ (Q = −38.66 eV) was
observed in any of the measurements. The collision energy
for opening this capture channel is roughly estimated to be
280 keV by using the uncertainty relation Qλ/υP � 1/2 (set-
ting λ, the effective range of interatomic forces, to 1.0).

042820-2



EVIDENCE FOR TARGET OUTER-SHELL EXCITATION … PHYSICAL REVIEW A 102, 042820 (2020)

FIG. 3. Q-value spectrum for PSEC and TTE processes in col-
lisions of He2+ ions with Ar target at (a) 21.8 and (b) 11.3 keV,
respectively. The right peak represents the PSEC; the left peak
represents the TTE process. The inner-shell pure single-electron
capture (I-PSEC) represents the capture of a 3s electron. The atomic
terms 4D, 2D, and L represent another 3p electron excitation into the
first state, the state of Ar+(3s23p4[1D]3d )[2D], and the energy limit,
respectively.

Figure 3 also shows a lower intensity peak on the left
side of the Q-value spectra. For this collision system, Panov
et al. [26] predicted in 1980 that, when the collision energy is
less than 15 keV, only the TTE process can occur. However,
both the PSEC and TTE processes have been observed in our
experiments, but the TTE process becomes stronger as the
collision energy decreases. The TTE process can be expressed
as

He2+ + Ar → He+(n = 1) + Ar+(3s23p4nl ). (2)

The electron configuration Ar+(3s23p4nl ) includes a large
number of states, which are not resolved in the measurements.
The first excitation state 4D and the ionization limit L for the
Ar(3s23p5) configuration are labeled in Fig. 3. The center
of the peak corresponds to the Ar+(3s23p4[1D]3d )[2D] state.
Note that the total spin is zero for the four residue electrons
in the 3p shell, so it means one of a pair of electrons with
opposite spins in the initial state is captured to the n = 1
orbital of He+ and the other one is excited to the 3d shell
of Ar+. The configuration consisting of four 3p electrons
with a total spin of zero and one 3d electron contains 11

FIG. 4. Measured total cross sections for the PSEC and the TTE
processes at two collision energies. The Stolterfoht’s model results
[1] are also plotted for the TTE.

energy levels. The inner-shell PSEC process, He2+ + Ar →
He+(n = 1) + Ar+(3s3p6), is also labeled in Fig. 3.

Figure 4 shows the total cross sections for the PSEC and
the TTE processes, which were obtained by normalizing the
integrated counts of the right and the left peaks in the Q-value
spectrum, respectively, to the total cross section for the He+

production from Refs. [27–29]. Since the incident ions are
3He2+ rather than 4He2+ in Refs. [27,28], we used the data
with the same velocity rather than the same kinetic energy as
our experiments to normalize our results. There are about 5%
discrepancies between the total cross sections obtained from
the data in [27,28] and those in [29]. As shown in Fig. 4,
the PSEC cross section quickly increases from about 12 to
45 × 10−17 cm2 as the collision energy increases from 11.3 to
21.8 keV. However, the cross section for the TTE process de-
creases slightly. This indicates that the mechanism is different
for these two processes. The nuclear motion plays a significant
role in the PSEC process; nevertheless, not in the TTE.

In slow ion-atom collisions, the quasimolecular framework
has been proven to be very powerful in dealing with the inner-
shell excitation, ionization, and vacancy transfer processes
[30–33]. For this asymmetric He2+ and Ar system, a unique
feature is the matching of the K-shell level of He with that
of the M shell of Ar; thus the adiabatic diagram of orbital
energies (Fig. 5), which is calculated by using the GAMESS

packages [34], can serve as the starting point for discussing
the experimental results. As shown in Fig. 5, the energy for
the 5σ molecular orbital (MO), which is correlated with the
3p shell of Ar, decreases swiftly with the decrease of the
internuclear distance. At about 2.0 a.u., a resonance condition
is created and makes an electron in the 5σ MO transit to the 1s
level of He+ and another one with opposite spin transit to, for
example, the 3d excited level of Ar. The orbital selection rules
are that the sum

∑
�ml is unchanged and that the parity of

the product of the MO’s is the same [17]. Although limited by
these rules, there are a large number of such transitions due to
a large number of high-lying excited states of Ar. It should be
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FIG. 5. Computed MO energies for the He2+-Ar system as a
function of internuclear distance R. The σ orbitals (or π orbitals) are
indicated by solid (dotted) lines; the atomic character of each MO
is shown to the right. The unoccupied orbital of He+(1s) is plotted
by dashed lines. The excited level of Ar(3d) is calculated using the
Coulomb formula E (3d ) = −1.7–27.2/R. Note that the resonance
condition is created near R = 2.0 a.u., allowing the TTE process to
occur.

noted that this correlated two-electron transition occurs only
as the projectile velocity υP is less than the electron velocity.

In slow Ar+ + SiH4 collisions, Stolterfoht proposed a cor-
related two-electron mechanism called inverse autoexcitation
to interpret the Ar L-vacancy production and gave an empiri-
cal formula to estimate the probability for such a dielectronic
process [1],

P(Rc) = 2π
Nf |Vi f (Rc)|2R2

c

0.7υP
, (3)

where Rc is the critical distance between the two nuclei (2.0
a.u. here), Nf is the number of final states (11 here), and
Vi f (R) ≈ 0.2 exp(−αR) is the e-e coupling matrix element.
Here, α = 0.86(

√
2Bi + √

2B f )/2 with Bi and B f being the
binding energies of the transferred electron in the initial and
final states, respectively. The Coulomb “force” F = 1/R2 is
used here for simplicity [35]. Based on Eq. (3), we evaluated
the total cross section of the TTE process by assuming a
constant probability inside the critical distance, i.e., σTTE =
πR2

cP(Rc). Although the calculated results overestimate the
experiments by a factor of ∼1.5, as shown in Fig. 4, they
basically describe the decreasing behavior of the TTE as in-
creasing the collision energy.

Similar to the correlated TTE process, another correlated
two-electron process called transfer ionization (TI), in which
one 3p electron of Ar is ionized simultaneously due to the
“huge” potential energy liberated from the capture of another
electron to the n = 1 orbital of He+, may occur at an inter-
nuclear distance of about 4.9 a.u., as shown in Fig. 5 and
Fig. 1(b). Because of the similarity between the TI and TTE,
the cross section of Ar2+ ions produced by the TI process
should increase also with decreasing collision energy. Figure 6
shows the longitudinal momentum spectra of the recoil Ar2+

ions, which were measured in coincidence with the He+ ions.

FIG. 6. Longitudinal momenta for recoil Ar2+ ions measured in
coincidence with He+ ions for 11.3 (solid square) and 21.8 (hollow
square) keV collisions, respectively. The fitting curves are just to
guide the eyes.

In addition to the TI, several other processes would contribute
to the production of the Ar2+ ions. For the collision veloc-
ities explored here, the longitudinal momenta less than zero
approximately correspond to the TI, while those greater than
zero correspond to autoionization double electron capture and
other processes, such as the one shown in Fig. 1(c). All these
processes were not resolved in the present measurements.
However, as shown in Fig. 6, the segment representing the
TI process behaves in much the same way as the TTE process
as the collision velocity changes.

In single-electron capture collisions of He2+ ions with Ar
atoms [22,27], more production of the recoil Ar2+ than Ar+

ions had been found as the incident ion energy is dropped from
about 30 to 5 keV, while for the Ne, Kr, and Xe targets the
most recoil ions are always the single charged ions. The au-
thors attributed these findings to the endothermicity of Eq. (1)
and the favored crossing radius for Ar [22,27]. The same
results were observed in our experiments, as shown in Table I.
In view of the similar behavior of the TI and TTE with the
change of the collision velocity, we assume that the increase
in the relative intensity of Ar2+ ions comes only from the TI
reaction and the intensity ratio of TI to TTE is independent of
the velocity. Thus the fractions of the Ar2+ ions produced due

TABLE I. Relative intensity Irel for recoil Ar ions and corre-
sponding total cross section (TCS) measured in coincidence with the
scattered He+ ions. Estimation of the production for the Ar2+ ions by
the TI and other mechanisms is listed in the last two rows. The units
for the TCS are 10−17 cm2.

11.3 keV 21.8 keV

Recoil ion Irel (%) TCS Irel (%) TCS

Ar+ (PSEC) 25 11.8 47 45.2
Ar+ (TTE) 11 5.2 4 3.8
Ar2+ 60 28.3 40 38.5
Ar3+ 4 1.9 9 8.7

Ar2+(TI) 31 14.6 11 10.6
Ar2+(others) 29 13.6 29 27.9
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to the TI and other processes could be resolved (listed in the
last two rows of Table I). The fact that more than 50% of the
Ar2+ ions are produced by the TI process in low-energy col-
lisions means that the ejected electron spectrum would have a
significant fraction of continuous distribution, on which linear
electron spectra from autoionization double electron capture
and other processes are superposed.

Our experimental results could not be explained by other
theoretical models, such as the two step [8], the recapture
following consecutive two-electron capture [12,13], and the
postcollision interaction mechanism [14,15]. According to
the two-step mechanism [8], the cross section of the TTE
or TI should increase with increasing collision energy since
the independent electron capture and target excitation are
monotonic increasing functions of the collision energy. In
the three-step model [12,13], two electrons will be consec-
utively captured to corresponding resonant states; then the
first captured electron (loosely bound in the n = 2 orbital)
will be recaptured by the target ion to an excited state with
a further decrease of the internuclear distance. Except for
the positive correlation between the electron capture cross
section and the collision energy, the pure electron capture to
the deeper bound state (here n = 1) is not observed in our
experiments. Therefore, this mechanism can be excluded. For
the postcollision interaction or autotransfer to the Rydberg
state model [14,15], the TTE originates from the captures of
two electrons to a doubly excited state of He; then one of the
two electrons decays to the 1s orbital, while the other one
autotransfers first to the Rydberg states and then finally is
recaptured by the Ar2+ ions to an excited state. However, the
significant energy difference between the captured states and
the n = 1 of He will lead directly to an autoionization of the
second electron rather than its transition to the high Rydberg
states. This complicated mechanism is somewhat similar to
the autoionization double capture and also involves the e-e
interaction.

Another piece of evidence is related to the discrepancies
between the angular-differential cross sections for the SPEC
and the TTE processes. As shown in Fig. 7, the angular dis-
tribution for the TTE process exhibits a much slighter slope
after it reaches the maximum, while that for the PSEC has
a sharp decrease. Roughly, the segment for scattering angles
below 1.0 mrad is primarily due to the momentum exchange
between the projectile and the electron, while those in larger
angles are because of the nucleus-nucleus scattering. As men-
tioned above, the PSEC process is caused by the interaction
between the incident ion and the target electron, so its angular
distribution will have a sharp peak in the small-angle part. On
the contrary, the TTE proceeds through the correlated two-
electron process governed by the e-e interaction, so there is no
sharp peak in the small-angle part. In other words, the angle
distribution of the TTE primarily originates from the nucleus-
nucleus scattering and the e-e interaction is independent of the
scattering angle explored in the present experiments.

IV. CONCLUSIONS

In conclusion, we have performed kinematically complete
experiments on single-electron capture in slow collisions of
He2+ ions with Ar atoms and observed two reactions, namely,

FIG. 7. Angular-differential cross sections for the PSEC and
TTE processes as functions of the laboratory scattering angles for
(a) 21.8 and (b) 11.3 keV He2+-Ar collisions.

the PSEC and the TTE. In contrast to the PSEC process,
the total cross section of the TTE decreases slightly with
the increase of the collision energy. Moreover, by using the
calculated critical internuclear distance, Stolterfoht’s model
that accounts for the correlated two-electron transition prob-
ability can approximately describe the behavior of the TTE
cross section. Also, a similar correlated two-electron process
called TI behaves in much the same way as the TTE as the
collision energy changes. The much smoother distribution for
the angular-differential cross section of the TTE, as compared
to the steeply decreasing for the PSEC, gives further evidence
that the TTE is caused by e-e interaction. In short, our work
unveils strong evidence that the TTE reaction in slow colli-
sions of He2+ ions with Ar atoms is a correlated two-electron
transition process.
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