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We have performed a kinematically complete experiment for state-selective double-electron capture occurring
in 15-keV/u C** + He collisions by means of cold-target recoil-ion momentum spectroscopy. It was shown that
capture into ground and low excited states of the C** ions is overwhelmingly dominant. Besides, a small fraction
of autoionization decays from doubly excited states of symmetric as well as asymmetric electron configurations
following endothermic double-electron capture were clearly observed. Emphasis was given to the population
mechanisms of the different electron configurations. Our analysis indicates that electron-electron correlation
effects may play a major role in the double-electron capture process. In addition, the large transverse recoil-
ion momentum of symmetric configurations as compared to asymmetric configurations for the doubly excited
autoionizing states may be attributed to the different number of steps involved in the primary capture process,
with the former likely produced by a two-step mechanism and the latter by a one-step mechanism.
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I. INTRODUCTION

Charge-transfer processes occurring in ion-atom collisions
have been extensively studied both experimentally and theo-
retically for several decades. The interest in these processes
stems not only from fundamental aspects but also from their
importance in various applied fields such as astrophysics and
fusion plasma physics [1]. For the most dominant reaction
involved in the process, i.e., single electron capture (SEC),
one may consider that the essential features are now well un-
derstood. However, the situation is quite different for double-
or multiple-electron capture, in which the electron-electron
correlations may play a decisive role.

Starting from the 1980s, many experiments have been
performed for double-electron capture (DEC) occurring in
collisions between highly charged ions and neutral targets in
the kiloelectronvolt range [2-7]. It was found that in these
collisions the two electrons are usually captured into highly
excited orbitals, giving rise to the population of doubly excited
states of the projectile ion. These states can either radiatively
decay (true double capture, TDC) or autoionize by emission
of an Auger electron (autoionizing double capture, ADC),
thereby resulting finally in an apparent one-electron capture
process called transfer ionization. Note that in many cases
ADC is dominant and only a few doubly excited states decay
via photon emission.

Intuitively, one may speculate that the DEC process leads
to the population of symmetric or quasisymmetric doubly
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excited states due to high selectivity of the electron popu-
lations for the SEC process [6]. However, it was found that
asymmetric configurations are also important in many cases
[3]. Of great interest is the different production mechanisms
of symmetric and asymmetric electron configurations. In par-
ticular, the mechanisms for the population of asymmetric
configurations have been the center of considerable discus-
sion in the literature for many years. Experimentally, the
production mechanisms were mostly investigated by means
of Auger electron spectroscopy [2,3,8,9] and cold-target
recoil-ion momentum spectroscopy (COLTRIMS) [6,7,10].
Study of the production mechanisms using energy gain spec-
troscopy [11] or photon spectroscopy [12] has been reported
as well, but only for a few cases. In parallel, consider-
able theoretical efforts using the classical curve crossing
model [6-8,11,13,14], classical over-barrier model (CBM)
[15], Landau-Zener model [4], and in some exceptional cases
even more elaborate close-coupling calculations [6] have
been devoted to the formation mechanisms of doubly excited
states for ADC. Different mechanisms have been proposed to
describe DEC, among which the most popular ones are si-
multaneous correlated double capture (CDC) [16], correlated
transfer excitation (CTE) [4,16,17], successive independent
two-step process [18], and autotransfer to Rydberg states
(ATR) [19]. While the considerable progress represents a large
step forward over early efforts, the production mechanisms of
DEC are still under debate.

In the present work, the state-selective ADC and TDC pro-
cesses, resulting finally in apparent one- and two-electron cap-
ture channels, respectively, were measured with COLTRIMS
for 15-keV/u C** + He collisions. Contrasting with
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most previous measurements using COLTRIMS which were
limited to the measurements of recoil ion only, in this work
both the recoil ion and the electrons are measured in co-
incidence for ADC, which allows to determine the state
populations and the corresponding scattering angles of the
doubly excited states with either symmetric or asymmetric
configurations. Also note that for the endothermic reactions
as ADC occurring in C* 4+ He collisions studied here, the
cross sections are much smaller than those of the exothermic
reactions which have been the focus of most of the previous
work [15,20-26]. By measuring both the recoil ions and the
electrons simultaneously, the relatively smaller ADC contri-
bution can thus be identified without serious contamination
from other processes. The study of this system is of consider-
able interest because it gives information on the mechanisms
responsible for DEC in endothermic reactions which are
energetically forbidden within classical approximation. In ad-
dition to the ADC channels, other DEC contributions (e.g.,
ground and low excited states capture) were briefly discussed
in comparison with previous sophisticated quantum mechani-
cal calculations for completeness.

Atomic units (a.u.) are used throughout unless otherwise
indicated.

II. EXPERIMENTAL SETUP

The experiment was carried out with a COLTRIMS
reaction microscope [27,28] mounted on a 320-kV plat-
form for multidisciplinary research with highly charged
ions at the Institute of Modern Physics, Lanzhou. The
details of the COLTRIMS have been described else-
where [29,30]. Briefly, the C* jons produced in the
14.5-GHz electron cyclotron resonance (ECR) ion source
were extracted, charge analyzed, and accelerated to the de-
sired energy. The C** beam was then transported toward the
target chamber and collimated using two sets of adjustable
slits to a size of about 1 mm in diameter in the collision
zone. Several sets of electrostatic deflectors upstream from the
target chamber were used to clean charge state impurities from
the beam and to steer the beam to the target.

In the target chamber, the C*t beam crosses a two-
stage differentially pumped supersonic gas jet beam produced
by the supersonic expansion of He gas through a 30-um
nozzle. The recoil ions and electrons created in the collisions
were extracted perpendicular to the incoming C** beam by
a homogeneous electrostatic field and then traveled through
field-free drift tubes. Two position-sensitive detectors located
at the ends of the drift tubes were used to detect the ions
and electrons. To reduce the influence of the finite size of
the interaction area on the momentum resolution, we used
a so-called one-dimensional time focusing geometry for the
recoil ions and electrons [31]. A homogenous magnetic field
of about 10.0 G generated by a pair of Helmholtz coils was
applied parallel to the electrostatic field so that a much larger
solid angle for electron collection could be covered. At the
exit of the target chamber, the primary projectile beam and the
scattered projectile ions are charge state analyzed by a dipole
magnet. Finally, the primary projectile beam was collected
with a Faraday cup, whereas the scattered ions were detected
with another time- and position-sensitive detector.

In the present experiment, the recoil ion was recorded in
coincidence with the scattered projectile. In the offline data
analyzing process, the transfer ionization and the TDC chan-
nels could be unambiguously identified by the projectile and
recoil-ion final charge states in the two-dimensional spectrum
of the time of flight of the recoil ions versus the scattered
ion position [29]. For the transfer ionization process, the
emitted electron was also recorded. The momentum vectors
of both the recoil ions and the emitted electrons were recon-
structed from the time of flight and the impact positions on the
detectors.

III. RESULTS AND DISCUSSION

The measured longitudinal recoil-ion momentum for the
TDC is shown in Fig. 1(a) for 15-keV /u C* 4 He collisions.
It was found that the two target electrons are predominantly
captured into the ground states or low excited states that are
below the autoionization threshold. The relative contributions
of the main channels were determined using the Gaussian
curve fitting method to be 39.0%, 37.0%, and 24.0% for
capture into 2s%, 2s2p, and 2p?, respectively. The measure-
ments are in good agreement with the recent semiclassical
atomic-orbital close-coupling (SCAOCC) calculations [26],
which predict that the relative contributions for capture into
252, 2s2p, and 2p2 are 40.5%, 33.9%, and 25.6%, respectively.

For the two-electron process, one of the most interesting
questions is whether electron-electron correlation effects are
involved or not. One may expect that the process without
electron-electron correlation effects can be, to a large extent,
described by independent electron approximation. Within
such approximation, the two electrons are captured into two
neighboring shells (n, n), (n,n — 1), (n — 1, n — 1) with sym-
metric or quasisymmetric electron configurations, where n
stands for the principal quantum number in which single
capture primarily occurs [18]. However, it is recalled that the
population of symmetric doubly excited states may also be
produced by a process involving electron-electron interactions
[9]. Thus, both mechanisms with or without electron-electron
correlations may contribute to the production of the symmet-
ric configurations. In contrast to the symmetric configurations,
it was widely considered that the independent electron ap-
proximation cannot account for capture into doubly excited
states with asymmetric configurations [6,8,32]. Electron-
electron interaction should play an important role in the
formation of asymmetric configurations. For the present C*+
+ He collision process, no clear conclusion can be drawn from
the data concerning the question of whether or not the elec-
tronic correlations contribute to the symmetric TDC channels.
It is, however, interesting to note that the inadequacy of one-
electron models to describe the main electronic processes in
C* 4 He collisions and the importance of the interelectronic
interaction have been demonstrated in an extended investiga-
tion by Gao et al. [26], which clearly demonstrates that the
electronic correlations may also be involved in the formation
of the symmetric configurations.

Furthermore, according to the SCAOCC calculations [26],
these symmetric configurations are produced via simultaneous
exchange of both electrons, which is rather in qualita-
tive agreement with previous investigations [21,24,32]. The
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FIG. 1. The measured recoil-ion momentum distribution for
TDC for 15-keV/u C** + He collisions. (a) The longitudinal
recoil-ion momentum distribution; (b) the two-dimensional recoil-
ion momentum distribution showing the transverse momentum vs the
longitudinal momentum of the recoil ion.

transverse recoil-ion momentum might be supportive of the
population mechanism. The measured longitudinal versus
transverse recoil-ion momentum distribution is shown in
Fig. 1(b). It can be seen that the transverse recoil-ion mo-
mentum distribution for different populations shows similar
features and mainly lies within 8 a.u.. The peaking of the main
distributions near a relatively small transverse momentum
is roughly consistent with the expectation from a classical
model [5,7,11,13,14,27,33], which shows that the two-step
mechanism accounts for the large-angle scattering, while
the one-step process is mainly responsible for small-angle
scattering.

It can be seen from Fig. 1(a) that for C** 4+ He collisions
at the impact energy considered, there is almost no observable
contribution of radiative decays from the doubly excited states

above the autoionization threshold, indicating that the doubly
excited states populated were almost exclusively autoionizing.
However, double-electron capture to autoionizing states is
strongly suppressed since the involved channels are endother-
mic [34]. The autoionization decays could be better identified
from the measured two-dimensional electron momentum dis-
tributions parallel and perpendicular to the projectile beam, as
shown in Fig. 2(a). It can be seen that the electrons are emitted
preferentially in the forward direction in the laboratory frame.
The most noticeable feature is the semicircle patterns of vary-
ing sizes centered around the projectile, which is clear proof of
an ADC mechanism. Besides, quite a few electrons are found
as well in the region between the target and the projectile
in Fig. 2(a). The so-called saddle point mechanism [35], a
widely discussed mechanism for the direct transfer ionization
process, may be responsible for these relatively low-energy
electron emissions. According to the mechanism, the emitted
electron will be found in the region between the target and the
projectile due to the two center effects [36], i.e., the emitted
electron moves in the combined Coulomb field induced by
the recoil ion and the projectile ion. In the following we focus
on the different production mechanisms of the doubly excited
states formed in the ADC process.

For ADC, three groups of electron momentum distribu-
tions associated with different autoionizing doubly excited
states are identified from the distributions, as marked by three
semicircular lines in Fig. 2(a). The electron energy in the
projectile frame [Fig. 2(b)] clearly shows the characteristic
energies of the three groups of ADC electrons, i.e., 0.4 eV,
3.1 eV, and 14.1 eV. According to previous calculated and
measured energies of Auger transitions [2], these observed
ADC electrons are associated with autoionization following
DEC to 1s?2p4¢, 1s*2pnt (n > 5), and 15>3£3¢’, respectively.
The contributions for different groups of ADC electrons can
be approximately extracted in the two-dimensional correlated
spectrum distribution of the electron energy in the projectile
frame versus the longitudinal recoil-ion momentum [37], as
shown in Fig. 2(c). It can be seen that in the impact en-
ergy region of our concern, the contribution of asymmetric
configurations is rather large, especially for the 1522p4¢ pop-
ulation, whereas the intensity of the electrons produced from
the symmetric DEC is relatively small. Note that electron-
electron interaction should play an important role in the
formation of asymmetric configurations. It thus appears that
the formation of the asymmetric populations 2p4¢ and 2pnt
(n = 5) is evidence of electron-electron correlation effects.
The large fraction of asymmetric configurations implies the
importance of the electron-electron correlations in the ADC
process, while the small contribution of the symmetric or
quasisymmetric configurations represents an upper limit of
the monoelectronic contribution to the process.

As already mentioned above, in addition to the Q-value,
the COLTRIMS also gives access to the projectile scattering
angle via the measurement of the recoil-ion momentum vec-
tor. It has been well established that the scattering angle or
transverse momentum exchange can serve to investigate the
mechanisms responsible for the process [32]. In Fig. 2(d), the
transverse recoil-ion momentum p;, distributions for different
ADC contributions selected in Fig. 2(c) are shown. It can
be seen that the p,, distribution for symmetric configuration
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FIG. 2. The measured momentum and energy distributions for transfer ionization for 15-keV/u C** + He collisions. (a) The two-
dimensional electron momentum distributions parallel and perpendicular to the projectile beam; (b) electron energy in the projectile frame;
(c) the correlated spectrum of longitudinal recoil-ion momentum vs electron energy in the projectile frame; (d) the transverse recoil-ion
momentum. The location of the projectile velocity is indicated by a red arrow in (a).

peaks at 18 a.u., which is about eight times as much as that
for asymmetric configuration. The large difference in the p;,
distributions for these two configurations indicates that the
electron populations of different configurations are related to
different capture processes since the followed electron emis-
sion does not affect the recoil-ion momentum, which suggests
that the formation of asymmetric configurations is not due
to the postcollisional effects but rather due to the primary
process of the collision. Therefore, the mechanisms proposed
based on postcollisional effects such as, for example, the
well-known ATR mechanism [19] can be readily excluded,
since the ATR mechanism predicts that asymmetric configu-
ration is produced by a transfer process due to configuration
interactions with the symmetric configuration formed in the
primary capture process. This is in qualitative agreement with
the results for ADC in low-energy Ne!®* + He collisions [6].

The p,, distributions could also shed light on the number
of steps involved in the primary capture process for ADC.
One may speculate that the conclusion drawn for exother-
mic reactions is also justified for the endothermic reactions.
In analogy to the exothermic reactions, the much larger de-
flection for the two-step process could also be attributed to
the smaller impact parameters and the longer time spent on
Coulomb repulsion for endothermic reactions. Assuming that

for endothermic reactions the first and the second step of
the two-step process occurs at an internuclear distance of
r.1 and rg, respectively, whereas the one-step process takes
place at r., one might expect that ., is smaller than r,, since
the charge changed collision partners (C3*, He") formed in
the first step charge exchange process should come close
enough to capture an electron from an He™ ion by the down-
charged projectile C** ion. More importantly, in order to
reach the required internuclear distance for these two mecha-
nisms, the critical (largest) impact parameter for the two-step
process should be much smaller than that for the one-step
process due to the long-time deflection induced by long-range
Coulomb repulsion between the two charge collision partners
(C**, He™). Therefore, the typical scattering angle for the
two-step process can be much larger as compared to the
one-step process. From the analysis it thus follows that the
emerging large difference of p,, distributions observed in
Fig. 2(d) indicates that a two-step DEC process is more likely
in symmetric configuration, while a one-step DEC process
is preferable in asymmetric configurations. Interestingly, this
is different from the above analysis for TDC, where a one-
step process is more likely for the symmetric configurations.
Clearly, the present analysis concerning the steps involved in
the endothermic channels is oversimplified. In order to shed
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more insight on the mechanisms, further theoretical efforts
beyond the qualitative explanations, as well as extensive kine-
matically complete experiments, are highly desirable.

IV. CONCLUSION

We have performed a kinematically complete experi-
ment for state-selective double-electron capture occurring in
15-keV/u C** + He collisions by using COLTRIMS. The
true double-electron capture and autoionizing double-electron
capture channels have been identified. The results show that
capture into the L shell (252, 2s2p, and 2p2) is overwhelm-
ingly dominant. Besides the dominant true double-electron
capture channels, a small fraction of autoionization decays
from doubly excited states of symmetric as well as asym-
metric configurations following double-electron capture were
observed. Our analysis indicates that electron-electron corre-
lation effects may play a major role in the double-electron
capture process. In particular, the minor total cross sec-
tions for producing the symmetric or quasisymmetric electron
configurations in autoionizing double-electron capture repre-
sent an upper limit of the monoelectronic contribution to the
process. In addition, for autoionizing double-electron capture,
the striking difference of transverse recoil-ion momen-
tum distributions corresponding to different configurations

suggests that the electron populations of different configura-
tions are related to different primary capture processes since
the subsequent electron emission does not affect the recoil-ion
momentum. Moreover, the large transverse recoil-ion momen-
tum of symmetric configurations as compared to asymmetric
configurations for the doubly excited autoionizing states may
be attributed to the different number of steps involved in the
primary capture process, with the former likely produced by a
two-step mechanism and the latter by a one-step mechanism.
A full theoretical treatment of endothermic double-electron
capture processes, as well as further experimental measure-
ments, are required to provide a more refined analysis.
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