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Electron emission from single-electron capture with simultaneous single-ionization reactions
in 30-keV/u He2+-on-argon collisions
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Electron emission from the single-electron capture with simultaneous single ionization in 30 keV/u He2+

on argon was investigated using a reaction microscope, providing the electron energy spectra and momentum
distributions. Intensive peaks for electrons with near-zero kinetic energies have been observed. It is demonstrated
that mechanisms contributing to the electron emission include direct transfer ionization (DTI), double-electron
capture with autoionization (DECA), and single-electron capture with autoionization (SECA) of target.
Comparison of resonance energies shows that Ar+ ions in SECA decay mainly through the 3s3p53d states
by emitting Auger electrons, and He∗∗ in DECA decay through the 2l2l′ states. The dependence of electron
emission on the transverse momentum exchange has been studied. In the transfer ionization channel studied here,
the DTI process dominates the electron emission, and no saddle point electron mechanism has been found.
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I. INTRODUCTION

The atomic collision ionization by charged particles has
been an attractive subject due to both its importance in
fundamental physics and its application in many fields, such as
laboratory and astrophysical plasmas, radiation physics, and so
on. In recent decades, single ionization of H and He atoms has
been studied in detail experimentally as well as theoretically
from intermediate [1–3] to relativistic [4,5] collision energies.
Recently, interest in ionization processes involving two and
more active electrons is increasing with the development of
coincident measurements and reaction microscope techniques.
When a bare projectile collides with an atomic target, the
two electron processes include double-electron capture (DEC),
double ionization (DI), transfer ionization (TI), and single
ionization (SI) of the target accompanied by target excitation.
The studies of these reactions are essential to understand the
role of electron correlation [6,7] in these processes.

Transfer ionization at low incident energies was investi-
gated in detail using protons and He2+ as projectiles. In the
incident energy range of 150 keV–1.4 MeV, Mergel et al. [8]
studied the transfer ionization in p-He collisions by using the
cold target recoil ion momentum spectroscopy (COLTRIMS)
[9,10]. From the measured fourfold differential cross sections,
independent two-step processes of one-electron capture with
ionization of target and the electron-electron Thomas scat-
tering are clearly distinguished. In a later publication [11],
Mergel et al. studied the electron emissions in the scattering
plane and in the backward direction; they argued that the
strong correlations in the He ground-state momentum wave
function played a role and concluded that it is the evidence
of a new transfer ionization mechanism. Abdallah et al. [12]
measured momentum distributions of continuum electrons
emitted in the impact of slow He1+ and He2+ ions on He. Their
experimental results showed that the electrons are concentrated
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in the collision plane and their distributions have a structure of
a π -orbital shape. Thus, they proposed that the promotion of
π -orbital electrons contributes dominantly to the low-energy
continuum electron production. Furthermore, Schmidt et al.
[13] investigated the electron-emission pattern produced in the
He2+ + He collision by kinematically complete measurements
at projectile velocities between 0.6 and 1.06 a.u. Their data
demonstrated that the molecular orbital (MO) promotion
provides a good description of the reaction dynamics, and the
symmetry of the initially populated MOs is preserved upon
promotion of the electron to the continuum.

For heavier atoms impacted by bare light ions, total and
partial cross sections have been available for a long time (for
example, see [14,15]), but highly differential experimental
data are still scarce. Moretto-Capelle et al. [16] studied
electron emission at 35◦ in coincidence with recoil ions in the
He2+ + Ar collision at an incident energy of 12.5 keV/u. The
electron energy was determined by an electrostatic analyzer,
and only the electrons with energies larger than 10 eV were
detected. Their electron energy spectrum had a broad smooth
distribution above 10 eV and showed peak structures at
around 60 eV, which is due to double-electron capture into
the projectile excited states. The authors concluded that the
TI is important in the production of continuum electrons,
and for two-electron processes the exothermic TI reaction is
dominant over the autoionization process. Vikor et al. [17]
measured the cusp electron emission in He2+-on-Ar collisions
at 25–250 keV/u and found that TI and the electron capture to
the continuum contribute to the cusp electrons. Fregenal et al.
[18] investigated double-electron capture with simultaneous
ionization in He2+ on Ar collisions at 25 keV/u by measuring
the electron energy at different emission angles in coincidence
with the neutral exit projectiles. They clearly observed the cusp
electron in this reaction channel. Godunov et al. [19] found
that fully differential cross sections of transfer ionization is
sensitive to details of the electron correlations in target atom
and that backward electron emission reveals the ground-state
electron correlations of helium. However, no information has
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been available concerning the dependence of the electron
emission on the momentum transfer for the transfer ionization
reaction in He2+ on Ar collisions. We have performed a series
of kinematically complete experiments for He2+ impacting
on Ar with incident energies of 30 keV/u and 60 keV/u and
identified various reaction channels. In this paper, we focus
on the electron emission from the single-electron capture with
simultaneous ionization process in the collision of He2+ on
Ar target at incident velocity near 1 a.u. and analyze main
ionization mechanisms.

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

II. EXPERIMENT

The experiment was performed at the Institute of Modern
Physics, Chinese Academy of Sciences, Lanzhou, China,
where a dedicated beam line for atomic physics studies is
equipped at the 320-kV platform for research with highly
charged ions [20]. A recoil ion momentum spectrometer [21]
was first constructed and employed to study the electron-
capture processes [22]. Later on, an electron detector and a pair
of Helmholtz coils were installed to enable collection with high
efficiency and analysis of the emitted electrons in collisions.
Details of the accelerator system and the experimental terminal
are shown in Fig. 1.

The working principle of the reaction microscope has been
described in detail in [9,10]. In brief, the reaction microscope
has a two-stage supersonic gas jet. Whenever necessary, the
gas can be precooled down to 77 K before expansion. The
target gas flows through a 0.03-mm nozzle and is picked
up by two skimmers with 0.4-mm apertures; the diameter
of the atomic beam at the interaction zone is about 2 mm.
The ions produced in the electron cyclotron resonance (ECR)
ion source (ECRIS in Fig. 1) are first charge selected by an
analyzing magnet and then accelerated to the desired energy
when they leave the high-voltage platform. The ion beam is
collimated before entering the collision chamber by two sets
of four-jaw adjustable slits at a distance of 3.2 m. Several sets
of electrostatic deflectors are installed in front of the collision
zone to steer and clean the beam. The He2+ projectiles collide
with the atomic argon at the center of the spectrometer. The

FIG. 1. (Color online) An overview of the experimental setup at
the 320-kV platform for research with highly charged ions. PSD
represents the microchannel plate position sensitive detector (the
suffixes -R, -e, and -P corresponding to recoil ion, electron, and
projectile detectors), and FC represents the Faraday cup.

produced recoil ions and electrons are extracted perpendicular
to the projectile and jet beam direction by a weak electric
field of 1.8 V/cm. Then they pass through field-free drift
tubes and are finally directed to the two individual time-
and position-sensitive detectors (PSD-R and PSD-e). The
charge states of projectiles are analyzed by an electrostatic
deflector downstream of the collision center. The primary
beam is collected by a Faraday cup, and the charge-changed
ions are directed to a position sensitive detector (PSD-P).
All position-sensitive detectors are built as a combination of
the microchannel plate (MCP) with the standard delay line
anode [23]. The information on the position and timing is
recorded event by event by a data acquisition system based
on the PXI electronics. In the offline data analysis, all three
components of the momentum vectors of the recoil ions and
electrons can be reconstructed according to the acquired time
and position information. The magnetic field to force the
electrons to move on spiral trajectories from collision zone to
the detector is 10.8 Gauss. The electron energy (Ee) resolution
varies with its kinetic energy. For example, the estimated
energy resolution is better than 0.3 eV for Ee < 1 eV and
is about 1 eV for Ee of 10 eV. The momentum resolution of
the recoil ions and electrons for the spectrometer has been
investigated in detail [24]. Assuming the maximum value of
the Cartesian component is 15 a.u., the momentum resolutions
of the three components of recoil ion momentum have been
estimated to be �PR,X � 0.20 a.u., �PR,Y � 1.50 a.u., and
�PR,Z � 0.74 a.u., respectively.

In the present studies, measurement has been carried out
with triple coincidence between recoil ion, emitted electron,
and scattered projectile. Thus, pure electron-capture channels
have been discarded. Figure 2 shows a typical two-dimensional
spectrum recorded in the experiment. Here, the vertical axis
is the time of flight of the recoil ions (top: Ar2+) and
the horizontal axis is the projectile position corresponding
to its final charge state. From the charge conservation, the
highlighted areas can be assigned to various reaction channels.
For example, the areas labeled with (a), (b), and (c) represent

FIG. 2. (Color online) Typical two-dimensional spectrum of time
of flight of the recoil ions (vertical axis) versus the scattered ion
position (horizontal axis). From top to bottom, the recoil ions are
Ar2+, Ar3+, Ar4+, and Ar5+. [See Eqs. (1)–(3).]
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three transfer ionization channels, which can be described as
following:

T1I1 : He2+ + Ar = He+∗ + Ar2+∗ + e−, (1)

T1I2 : He2+ + Ar = He+∗ + Ar3+∗ + 2e−, (2)

T2I1 : He2+ + Ar = He∗ + Ar3+∗ + e−, (3)

where an asterisk indicates that ions can be in excited states,
and TmIn represents that m electron(s) is transferred to the
projectile and n electron(s) is ionized to the continuum. The
charge states of recoil ions of up to five (Ar5+) have been
observed at the present incident energy. One should note that
the wings of the areas extending to left and right sides in Fig. 2
reflect the scattering angles. When the processes with more
target electrons are removed, collisions are violent and the
projectiles are scattered far off the primary directions (close
collisions). Extensions of the position areas of He+ and He0

on the detector actually overlap, but the events can be singled
out in the data analysis in the two-dimensional plot as shown
in Fig. 2. The cutoff of the wings at the left or right edge is
due to the effective size of the projectile detector.

By setting conditions in the data-analysis procedure for
the areas of interest in Fig. 2, each reaction channel can be
sorted out. Thus, all differential spectra in this reaction channel
can be obtained. In the present paper, we select the T1I1
transfer ionization channel and analyze the electron-emission
mechanisms. Since the jet target density is not easy to
determine accurately, the cross sections in the present work
are calculated by normalizing the data to the values published
by Dubois [14], and only the statistical errors are presented.

III. RESULTS AND DISCUSSION

In the following discussion, we employ two coordinate
systems. One is the laboratory system (X, Y, Z), where the
Z axis is defined by the projectile direction, the Y axis is
antiparallel to the jet beam direction, and the X axis is the
direction of extraction of recoil ions (right-hand system). The
other one is the scattering system (x, y, z), where the z axis
is again the projectile direction and the x axis is defined by
the transverse momentum of the recoil ion after collisions
(also a right-hand system). Here the transverse momentum
of recoil ions (PR,⊥) is perpendicular to the beam axis and

defined as PR,⊥ =
√

P 2
R,X + P 2

R,Y . It is clear that all events
recorded in the laboratory system can be transformed into the
scattering system (x, y, z). The scattering plane is defined by the
initial momentum vector P0 (z axis) of the incident projectile
and the transverse momentum vector PR,⊥ of the recoil ion
(x axis). In the laboratory frame, this plane is randomly rotating
around the incident direction from collision to collision. The
electron momentum distribution has a rotational symmetry
in the laboratory frame, but it only has a mirror symmetry
with respect to the scattering plane. Projections of the electron
distribution onto the scattering plane have been termed “top
view” in literature [12,13]. In the present paper, we follow the
same notations.

The top view of the electron momentum distribution is
shown in Fig. 3. In this presentation, the target nucleus is
located at (0, 0) and the projectile nucleus is at (1.1, 0). The
recoil ion always moves upward according to the definition.

FIG. 3. (Color online) The electron momentum distribution in the
scattering plane. The horizontal axis is parallel to projectile incident
direction. The recoil ion moves always upward.

Apparently, the electrons are mainly concentrated between the
two nuclei along the projectile direction in the velocity space.
Intensive low-energy electrons were observed (momentum less
than 0.2 a.u.), and most of the electrons have very small
transverse momentum (within Pe,⊥ = ±0.1 a.u., both in x
and y directions). In contrast to the results of symmetric
He2+-on-He collisions [12,13], where a local minimum with
a near-zero transverse momentum in the electron distribution
was found, our results show a fully filled area and a nearly
upward and downward symmetry (x direction). However, there
is a shallow and wide valley between the two nuclei for
Pze = 0.4 − 0.8 a.u.This was not observed in previous studies
on symmetric systems (e.g., He2+ on He) at similar incident
velocities. The electron momentum pattern in Fig. 3 does not
show any indication that the electrons are produced from the
molecular orbital promotion (π or σ orbitals).

Olson [25–27] proposed the so-called saddle point (SP)
mechanism for the ionization dynamics in slow ion-atom
collisions based on the classical Monte Carlo calculations.
Some efforts have been made to search for SP electrons also
in transfer ionization processes [28]. According to the SP
mechanism, the SP electron in TI should have a velocity of
vSP

e = vP
1

1+√
ZP /ZT

, where ZP (ZT ) is the final charge state
of the projectile (target), respectively. In our case, the SP
electrons should be found at vSP

e = 0.64 a.u. From the electron
momentum distribution pattern in Fig. 3, there only appears
the shallow and wide minimum, and no evidence of the SP
electrons can be concluded.

The total electron energy spectrum is shown in Fig. 4. In
the present experiment, the maximum electron momentum
perpendicular to the magnetic field that could be measured
is 2 a.u., so the maximum electron energy corresponds to less
than 80 eV. The electron energy has a broad distribution. Low-
energy electrons (Ee < 1 eV) are very intense. The intensity
decreases rapidly with increasing electron energy. Compared
to the electron-energy distributions in high-energy ion-atom
collisions [29,30], we find the following three characteristics:
(i) The global dependences of the curves on the electron energy
in both cases are quite similar, namely, smooth distribution
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FIG. 4. (Color online) Total electron energy spectrum in the
laboratory frame. The red solid line is a fit to the smooth contribution
for the background subtraction. The insert shows the resonance
structures.

with a sharp decrease for the electron energies above 10 eV
(on double log-scale). (ii) There are some resonance structures
for electron energies of less than 20 eV; see the insert in Fig. 4.
(iii) The intensity of the very-low-energy electrons (less than
1 eV) is much higher in the present work, while it is relatively
flat or even drops in the case of pure ionization. It is believed
that the smooth continuum contributions in the electron-energy
spectrum is from the direct ionization of the target electron
with the simultaneous single-electron capture (DTI), in which
most of the electrons are localized in the continuum states of
the target and lie at lower energies.

The resonance structures can be shown in a more clear way
by subtracting the smooth background (DTI contribution). The
background fitting is shown by the red solid line in Fig. 4,
and the tailored spectrum is shown in Fig. 5. There can be
two ways to produce the resonance structures. One way is
that when one electron is captured into the projectile, the
argon ion is left in the autoionization states and then the
ion decays via the emission of Auger electron, here called
SECA. Theoretical calculations indicate that the removal of
one inner-shell electron, such as 1s, 2s, 2p, or 3s, can form
autoionization states. Since the structures appear at low energy
range (less than 20 eV), we find that whenever one 3s electron

FIG. 5. Resonance structures in the electron-energy spectrum ob-
tained from the continuum background subtraction in the laboratory
frame (see Fig. 4). The vertical lines indicate the calculated Auger
transitions, which are listed in Table I.

of Ar is transferred and one 3p electron is excited into nl orbital
(3d, 4s and other higher excited), the resulting autoionization
states Ar+([Ne]3s3p5nl) can decay into Ar2+ ([Ne]3s23p4) by
emitting Auger electrons in the energy range of ∼1.0–20.0 eV;
here [Ne] denotes the inner shell 1s22s22p6. These transitions
form the structures are shown in Fig. 5. In Table I, a part
of the possible autoionization states has been given, which
corresponds in Fig. 5 to the three peaks in the energy region of
2–7 eV. The broad peak at around 13 eV is due to the overlap
of several closely spaced Auger transitions including Ar+
([Ne]3s3p5nl, nl = 3d, 4s, 4p, 4d). It is interesting to note that
Ar+ ([Ne]3s3p6) cannot decay by the Auger process, and Ar+
([Ne]3s3p5nl) involves three active electrons in the capture
process. Up to now, we cannot be sure what role the electron
correlations play, and we will address this in the future. The
intensive contributions at near-zero electron energy in Fig. 5
are from the incomplete background subtraction. This means
that these electrons are produced from the DTI processes.

The other way to produce the resonance structures is
the autoionization decay of doubly excited states, which
are formed in the double-electron capture into the projectile
(DECA). Due to the fast movement of the projectile, the
electrons emitted from the projectiles will have different

TABLE I. Calculated Auger transitions from the autoionizing target Ar+∗∗ ions. [Ne] denotes 1s22s22p2
1/22p4

3/2 and J is the total angular
momentum.

Autoionization state Auger final state Auger electron energy (eV) Auger rate (s−1)

[Ne]3s3p2
1/23p3

3/23d3/2 J = 7/2 [Ne]3s23p2
1/23p2

3/2 J = 0 2.99 3.03 × 1011

[Ne]3s3p2
1/23p3

3/24s J = 3/2 [Ne]3s23p2
1/23p2

3/2 J = 0 3.65 8.79 × 1013

[Ne]3s3p1
1/23p4

3/24s J = 1/2 [Ne]3s23p2
1/23p2

3/2 J = 0 3.77 9.15 × 1013

[Ne]3s3p2
1/23p3

3/23d5/2 J = 7/2 [Ne]3s23p2
1/23p2

3/2 J = 0 4.70 3.66 × 1013

[Ne]3s3p1
1/23p4

3/23d5/2 J = 5/2 [Ne]3s23p2
1/23p2

3/2 J = 0 4.78 3.14 × 1013

[Ne]3s3p2
1/23p3

3/23d5/2 J = 5/2 [Ne]3s23p2
1/23p2

3/2 J = 0 5.05 1.14 × 1012

[Ne]3s3p1
1/23p4

3/23d3/2 J = 3/2 [Ne]3s23p1
1/23p3

3/2 J = 2 6.16 4.19 × 1011

[Ne]3s3p2
1/23p3

3/24s J = 3/2 [Ne]3s23p1
1/23p3

3/2 J = 2 6.55 4.09 × 1014

[Ne]3s3p1
1/23p4

3/24s J = 1/2 [Ne]3s23p1
1/23p3

3/2 J = 2 6.66 4.26 × 1014
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FIG. 6. (Color online) The two-dimensional plot for the electron
energy Eep in the projectile frame versus the recoil longitudinal
momenta. The horizontal lines indicate the Auger transition energies
from the doubly excited states. The vertical lines in the upper part
correspond to the recoil ion longitudinal momenta PR,‖ for DECA.
The vertical lines at the bottom represent the PR,‖ for DTI. The
corresponding values are listed in Table II.

energies at different observation angles in the laboratory frame.
However, these electrons should have definite energies in the
projectile frame. We transformed the data measured in the
laboratory frame to the projectile frame. The energy data
are presented in a two-dimensional plot in Fig. 6, where
the horizontal axis is the recoil ion longitudinal momentum
PR,‖ and the vertical axis is the electron kinetic energy in the
projectile frame (Eep). Obviously, there is a broad resonance
at around 34 eV which extends mainly from 32 to 40 eV. This
indicates that the Auger transitions from the He doubly excited

2l2l′ states to the ground state contribute dominantly (see the
short horizontal solid lines in the upper left part of Fig. 6).
The Auger transition energies of the 2s2(1S0), 2s2p (3P2,1,0),
2s2p (1P1), 2p2(3P2,1,0), 2p2(1D2), and 2p2(1S0) states are
33.3, 33.8, 35.3, 35.1, 35.3, and 37.5 eV, respectively. They
cannot be resolved experimentally. (The transition lines are
also shown in the energy spectrum in Fig. 7.)

For the double-electron capture process, the recoil ion
longitudinal momentum can be calculated for different inter-
mediate states,

PR,‖ = − Q

vP

− vp, (4)

where Q is the change of the binding energies of active
electrons and vP is the projectile velocity. The yellow
vertical solid lines in the upper part of Fig. 6 represent
the corresponding longitudinal momenta for two electrons
captured into 2s2(1S0), 2s2p (3P2,1,0), 2s2p (1P1), 2p2(3P2,1,0),
2p2(1D2), and 2p2(1S0) states (2l2l′), respectively. The lines
can be divided into three groups from left to right as shown
in Fig. 6. The first group (PR,‖ ≈ –0.3 a.u.) corresponds to
the two-electron capture into the 2l2l′ states while the argon
recoils are in the ground state. The second group (PR,‖ ≈
0.3 a.u.) and the third group (PR,‖ ≈ 0.8 a.u.) correspond to
the two-electron capture into the 2l2l′ states while the argon
recoils are in singly excited 3s23p33d and 3s23p3nl (n � 4)
states, respectively. The values of longitudinal momentum
PR,‖ for DECA with various electronic configurations are
summarized in Table II (DECA columns). It is clear from
the distribution that the two electrons are dominantly captured
into the states with principal quantum number n = 2. These
channels correspond to endothermic reactions; that is, more
energies are required if the two electrons are captured into even
higher doubly excited states (e.g., n > 2), and the possibility

TABLE II. Recoil ion longitudinal momenta PR,‖. DECA is double-electron capture into the autoionizing states (2s2s, 2s2p) with the target
Ar2+ ion in the ground state and in various excited states. TDI is single-electron capture into projectile states of n = 1 and 2 with the target Ar2+

ions in the ground state and in various excited states. The first column lists recoil ion configurations. The energy-level data used for calculating
Q values are taken from the NIST atomic spectra database [32].

PR,‖ (a.u.)

DECA DTI

Ar2+ Config. 2s2s 2s2p n = 1 n = 2

3s23p4 3P2 –0.36 –0.34 –1.47 –0.11
3s23p4 3P1,0 –0.35 –0.33 –1.46 –0.10
3s23p4 1D2 –0.30 –0.28 –1.41 –0.05
3s23p4 1S0 –0.22 –0.20 –1.33 0.03
3s3p5 3P o

2,1,0 0.12 0.13 –1.00 0.36
3s3p5 1P o

1 0.24 0.26 –0.87 0.49
3s23p3(4S◦)3d 0.25 to 0.30 0.26 to 0.31 –0.87 to –0.82 0.49 to 0.54
3s23p3(2D◦)3d 0.32 to 0.49 0.33 to 0.51 –0.80 to –0.62 0.50 to 0.74
3s23p3(2P◦)3d 0.37 to 0.52 0.38 to 0.54 –0.72 to –0.59 0.62 to 0.77
3s23p3(2D◦)4l (l � 1) 0.46 to 0.77 0.48 to 0.79 –0.65 to –0.34 0.71 to 1.02
3s23p3(4So)4l (l � 1) 0.49 to 0.69 0.51 to 0.71 –0.62 to –0.42 0.74 to 0.94
3s23p3(2P◦)4l (l � 1) 0.50 to 0.82 0.52 to 0.84 –0.61 to –0.29 0.75 to 1.07
3s23p35s 0.69 to 0.83 0.71 to 0.85 –0.42 to –0.28 0.94 to 1.08
Limit 1.01 1.02 –0.11 1.25
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FIG. 7. Electron-energy spectra in the projectile frame at different transverse momenta with the continuum background subtracted. The
short solid vertical lines are the Auger electron transitions from the 2l2l′ states. (a) The total projectile Auger electron spectrum. (b)–(f)
Individual spectra for transverse momentum intervals of PR,⊥ = 0–2, 2–4, 4–6, 6–8, and 8–10 a.u., respectively.

will become smaller. From the comparisons it can be concluded
that the double-electron capture into the 2l2l′ autoionizing
states preferentially results in the recoil Ar2+ ions in the ground
state and lowly excited states (see Table II).

For the direct transfer ionization process, the equation for
the recoil ion longitudinal momentum can be written as [31]

PR,‖ = − Q

vP

− (m + 1)
vP

2
+ Eep

vP

, (5)

where m is the number of captured electrons and Eep is the
kinetic energy of the continuum electrons in the projectile
frame. Accordingly, the recoil longitudinal momentum PR,‖ in
the two-dimensional plot has a linear relation to the Eep [31].
The PR,‖ value for Eep at near zero directly reflects the
electronic state of the captured electron. The two solid vertical
longer black lines at PR,‖ = −1.47 a.u. andPR,‖ = −0.11 a.u.
in the lower part of Fig. 6 correspond to the longitudinal
momenta of the single-electron capture into the ground state
and n = 2 states, respectively. In the DTI process, the recoil

ions can be left in various excited states, which will result in
different PR,‖. The short red line group (PR,‖, ranging from
–1.47 to –0.28 a.u.) and the short blue line group (PR,‖, ranging
from –0.11 to 1.25 a.u.) correspond to ground-state capture and
n = 2 states capture with recoil ions in singly excited states, re-
spectively. The corresponding PR,‖ values are listed in Table II
under the DTI column for various electronic configurations.
In the present experiment, due to the large mass of Ar atoms,
the momentum resolution of recoil ions is not high. Thus, the
different lines cannot be resolved. From the analysis of the
distribution and the lines in the two-dimensional plot, it can
be seen that most of the events are scattered between the two
longer vertical black lines. Thus, we can conclude that, for
DTI processes, the electron is preferentially captured into the
ground state of the projectile, leaving the Ar2+ ions in various
excited states.

By projecting the data in Fig. 6 to the electron-energy axis,
the electron-energy spectrum in the projectile frame can be
produced. Most of the intensity occurs at electron energies
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FIG. 8. The dependence of the target Auger transitions on the recoil ion transverse momenta PR,⊥.

close to zero. A part of them corresponds to the process
with one electron transferred into the bound state and one
electron captured into the projectile continuum (ECC). The
characteristics of the ECC electrons in TI process will be
discussed in a forthcoming paper. Subtracting the continuum
background, we obtain the energy distribution from the decay
of the doubly excited states, which is shown in Fig. 7(a).
The short vertical lines indicate the predicted positions of
the decays for different 2l2l′ states. In order to understand
how the double-electron capture occurs, we investigate the
dependence of the capture cross sections on the transverse
momentum of the recoil ions, which reflects the collision
distances between the projectile and the target nucleus in
the interaction. The doubly differential cross sections d2σ

dPR,⊥dEe

are shown in Figs. 7(b)–7(f) for recoil transverse momenta
of PR,⊥ = 0–2, 2–4, 4–6, 6–8, and 8–10 a.u., respectively.
The production cross sections of the doubly excited states are
significant for the transverse momenta less than 4 a.u. This
indicates that, first, the doubly excited states through two-
electron capture mainly occur at relatively small transverse
momentum exchange. Second, as stated earlier, the target ions
are left most probably in the ground states or in the lowly
excited states. One possible reason for this is that the doubly
excited states may not survive from violent interaction, which
will result in more electron emissions and thus lead to other
TI channels.

By subtracting the continuum background from the total
electron-energy spectrum in the laboratory frame, we present
the structure of the electron-energy spectrum at different
transverse momenta in Figs. 8(a)–8(d). It can be seen that with
the increase of the transverse momentum, the cross sections
first go higher at PR,⊥ = 2–4 a.u. and then become smaller,
but the peak structure does not show any significant changes.

The results indicate that with one electron captured into the
projectile, the population of target autoionizing states (here
only one Auger decay will be activated) is similar within
a broad range of collision distances. The excitation of the
target ions in SECA is more effective at PR,⊥ = 2–4 a.u.
As mentioned earlier, the capture leads to the intermediate
autoionizing states of Ar+([Ne]3s3p5nl). By comparing the
results of Figs. 7 and 8, it is clear that double-electron capture
to the autoionizing states has relatively larger cross sections
over the SECA process. One possible reason is that the DEC
process involves the outer-orbital two 3p electrons while the
SEC involves the 3s electron, and also the binding energies
and orbital radii of 3s and 3p are obviously different.

FIG. 9. (Color online) The dependence of the electron production
on the recoil ion transverse momentum. The selected intervals of the
recoil transverse momentum are indicated in the legend.
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The total electron production from DTI at different trans-
verse momentum intervals have been studied as well. The
doubly differential cross sections of the electron emission are
drawn in Fig. 9 for recoil transverse momenta ofPR,⊥ = 0–2,
2–4, 4–6, 6–8, 8–10, and 10–12 a.u. For each selected trans-
verse momentum range, the curves show similar dependence
with the increasing electron energy. Obviously, the electron
production is the highest for the small transverse momenta
(0–4 a.u.), which means that most of the continuum electrons
are produced at large collision distances. In the transverse
momentum ranges of 0–2 and 2–4 a.u., the production cross
section (PCS) is almost the same for the electron energies
less than 2 eV. However, when the electron energy is larger
than 2 eV, the PCS (open circles) for PR,⊥ = 2–4 a.u. becomes
significantly larger than that for PR,⊥ = 0–2 a.u. (solid circles).
This indicates that in the DTI process, the production of the
low energy electrons (Ee < 1 eV) is relatively higher at small
transverse momentum. The similarity of the curves at different
transverse recoil ion momenta shows that the DTI mechanism
plays the dominant role in the continuum electron production.

IV. SUMMARY

A kinematically complete experiment was performed using
reaction microscope to investigate the electron emission from
the single-electron capture with simultaneous single ionization
of target atom in 30 keV/u He2+ on argon. The electron
momentum distribution shows a pattern different than the

one of the symmetric collisions system (He2+ on He). An
intensive peak for the electrons with near-zero kinetic energies
has been observed. It is demonstrated that the mechanisms
of direct transfer ionization, double-electron capture with
autoionization, and single-electron capture with autoionization
of target contribute to the electron emission. Comparison
of resonance energies shows that the resonant structures in
the electron energy spectrum can be attributed to the Auger
decays of the autoionizing states of the recoil ions Ar+∗∗ and
scattered He∗∗. The SECA proceeds via transferring one 3s
electron and exciting one 3p electron into the 3d or 4l orbitals,
which yields autoionization states Ar+ ([Ne]3s3p5nl, nl =
3d,4s,4p,4d). The double-electron capture into the projectile
mainly populates the 2l2l′ states, and most DEC electrons
are produced at small transverse momentum of recoil ions.
In the presently studied transfer ionization channel, the DTI
process dominates the electron emission, and the DTI electron
emission contributes greatly at small transverse momentum.
There is no evidence that the saddle point electron mechanism
plays any role. Extensive theoretical investigations are needed
to describe the observed phenomenon.
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