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Abstract
The charge states of the scattered and recoil ions were simultaneously measured at a large scattering angle
(HCM = 40°) in single collisions of Ne ions with Ar atoms at an energy of 5 keV (relative velocity v = 0.10 a.u.). The
incident charge (q) dependence of the charge state correlations between Ne and Ar ions are discussed for q = 1, 2
and 3. It was found that the mean charge state of Ne ions ð
qNe Þ and Ar ions ð
qAr Þ increased with q, while the number
of emitted electrons ðqNe þ qAr  qÞ was independent of q.
Ó 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Collision processes between slow highlycharged ions and atomic targets have been intensively investigated [1]. In slow collisions where
the relative velocity is much smaller than that of
the orbital electrons of the collision partners, colli*
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sion processes are described by electron transition
between the quasi-molecular orbitals as a function
of their internuclear distance. A simpliﬁed description of electron transfer in highly-charged ion –
atom collisions is given by the over-barrier model
[2]. This model has been successfully describing
single electron capture in peripheral collisions,
where most of the cross section can be found.
Single-electron capture processes in collision of
slow highly charged ions with atoms were investigated by many groups and now rather well understood [3].
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A very small amount of the diﬀerential crosssection is at large scattering angles. There, however, multi-electron capture processes can be
expected to become dominant. Not only the electron capture but also ionization processes could
occur even at very low collision velocities. Information on the multi-electron processes at largeangle scattering plays an important role for a
detailed understanding of neutralization in ionsurface interactions [4–6] and for the possible
formation of hollow atoms in ion–atom
collisions.
Early experimental studies of large-angle scattering were done with singly charged ions: Morgan and Everhart [7] measured the inelastic
energy loss in collisions of 3–100 keV Ar+ ions
with Ar atoms between 6° and 38°. Everhart
and Kessel [8] also measured the charge state
correlation in single collisions of Ar+ on Ar at
25–150 keV and 15°. Kessel et al. [9] reported
the inelastic energy loss in close, single collisions
of 6–400 keV Ne+ ions with Ne atoms and 8° to
40°. On the other hand, only a few measurements of charge state correlation have been
reported using slow highly-charged ions at relatively small scattering angle range: for example
Schmidt-Böcking et al. [10] measured the charge
state correlation for 90 keV Ne7+–Ne system and
at angles up to 1.2° and Herrmann et al. [11] for
Ne9+–Ne at 90 keV up to 4.3°. According to
these experiments, at large-angle scattering of
slow ions on atoms, the reaction channel is different between singly and highly charged ions;
the ionization channel is dominant in the former,
while multi-electron transfer in the latter. However, there is no experimental data of systematic
incident charge dependence of outgoing charge
states.
In order to study the multi-electron processes
in large-angle scattering, we have measured the
incident charge dependence of the scattered
and recoil ions in the collision of 5 keV
Neq+(q = 1, 2, 3) with Ar atoms at HCM = 40°.
The corresponding distance of closest approach
is about 0.6 a.u. [12], which is by one order
of magnitude smaller than the critical distance
of electron capture from the over-barrier model
[2].

2. Experiment
The experiment was carried out at the slow
highly-charged ion-beam facility in RIKEN [13].
The ion beam extracted from a caprice-type ECR
ion source was momentum-analyzed by a dipole
magnet, and focused by a magnetic quadrupole
triplet lens into a collision chamber.
A schematic view of our time-of-ﬂight apparatus is shown in Fig. 1. The ion beam collimated
by the entrance slit (2 mm width and 4 mm height)
was introduced in a diﬀerentially-pumped Ar gas
target. The scattered Ne ions and the recoil Ar ions
were detected with the detection telescopes in Fig.
1 at 27° and 70°, respectively. This angle combination is expected from kinematics of elastic scattering. Each ion detection telescope consists of a
time-of-ﬂight (TOF) drift tube, DT-S for scattered
and DT-R for recoil and a two-dimensional position-sensitive detector (2D-PSD) with a microchannel plate (MCP) and a wedge-and-strip anode
[14]. The telescope covered an angular range of
10°. The ion beam current, monitored by a Faraday cup, was typically 2.0 nA.
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Fig. 1. Schematic view of our time-of-ﬂight coincidence
apparatus: (a) top view and (b) side view.
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Since we have used the 2D-PSD for ion detection, we can obtain the positions and TOFs of
both the scattered and recoil ion as coincidence
events. For each coincidence event, the diﬀerence
between TOFs of the scattered and recoil ion
(DTOF) was recorded. In present work, the scattered and recoil ion were used to start and stop a
time-to-amplitude converter, respectively. With
the DT-S and DT-R on an electrostatic potential
V, one can vary the velocity of the scattered and
recoil ions depending on the charge state. TOF
of the scattered Ne (recoil Ar) ion is given by
TOFNeðArÞ ¼

!
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
M NeðArÞ
L1
L2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ þ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ ;
2
ENeðArÞ  qNeðArÞ V
ENeðArÞ

where L1 and L2 show the distance from collision
center to the entrance of TOF drift tube and the
length of the drift tube, respectively. MNe(Ar) and
ENe(Ar) are the mass of Ne(Ar) ion and the scattered (recoil)-ion energy. qNe(Ar) is the charge state
of Ne(Ar) product ions. One can determine the
charge state of Ne and Ar ions by DTOF obtained
from this relation.

3. Results
Fig. 2(a)–(c) shows the results for 5 keV Ne2+–
Ar collisions: Fig. 2(a) shows the two-dimensional
map of DTOF versus the projectile scattering angle
where the DT-S and DT-R were both biased at
1.8 kV. The events are distributed on bands.
The velocity change in the biased drift tubes separated the bands according to the charge-state combination of the scattered Ne ions (qNe) and the
recoil Ar ions (qAr). The gradient of the bands reﬂects the kinematical relation between the scattering angle and the scattered-ion energy. Since the
angular acceptance is relatively small, we assume
a linear dependence between DTOF and scattering
angle, and compensated DTOF for scatteringangle deviation from 27°, so that the bands are
parallel to the ordinate. A new abscissa thus obtained is named DTOF 0 . Fig. 2(b) shows the
DTOF 0 spectrum integrated over all scattering
angle. Peaks correspond to the charge-state combinations (qNe, qAr). The peak width was about 50 ns

Fig. 2. The DTOF spectrum of product ions in Ne2+–Ar
collisions at 5 keV: (a) the two-dimensional plot of DTOF vs the
projectile scattering angle with both DT-S and DT-R biased at
1.8 kV (not calibrated); (b) DTOF 0 spectrum integrated over
the projectile scattering angle and (c) DTOF 0 spectrum with
only DT-R biased at 1.8 kV.

in FWHM. If the width is due to the inelastic energy-loss distribution, the maximum width of the
distribution is estimated to be about 10 eV. In
order to identify qNe and qAr, the position of
qNe = 0 was determined by an additional experiment with the same condition but DT-S grounded.
Fig. 2(c) shows the obtained DTOF 0 spectrum,
where the four peaks have been identiﬁed as
qAr = 1 to 4 with qNe = 0. With DT-S biased, each
qAr shifts to the large DTOF 0 side and splits to different qNe as shown in Fig. 2(b).
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It was found that the most probable combinations were (qNe, qAr) = (1, 2) and (1, 3), which corresponded to single-electron capture with target
ionizations.
The charge-state distributions of the Ne and Ar
ions in Neq+–Ar collisions are shown in Fig. 3 for
q = 1, 2, 3. For q = 1, it was found that pure ionization (qNe, qAr) = (1, 2) was the maximum fraction.
In the case of q = 2, qAr showed a broader distribution and single-electron capture with target ionization (qNe, qAr) = (1, 2) and (1, 3) were the main
channels. In the case of q = 3, the charge states
distributed in 1 6 qAr 6 5 and 1 6 qNe 6 3 and
single-electron capture with target ionization
(qNe, qAr) = (2,3) was the major channel. Double-
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Fig. 4. The incident charge dependence of the mean charge
state of the scattered ðqNe Þ, recoil ðqAr Þ ions and the number of
emitted electron ðqe ¼ qNe þ qAr  qÞ for q = 1, 2, 3.

electron capture qNe = 1 and pure target ionization
channel qNe = 3 were also observed.
Fig. 4 shows the mean charge state of both the
scattered Ne ðqNe Þ and recoil Ar ðqAr Þ ions, and the
number of emitted electrons ðqe ¼ qNe þ qAr  qÞ
as a function of incident charge state q. It was
found that the mean charge states qNe and qAr
increased with q, while the number of emitted electrons qe appeared almost independent of q.
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4. Summary
We observed the charge state combination of
scattered and recoil ions for large-angle scattering
(HCM = 40°) between Neq+ (q = 1, 2 and 3) ions
and Ar atoms at 5 keV (velocity v = 0.10 a.u.). In
the case of Ne+ impact, pure target ionization
was dominant. For Ne2+ and Ne3+ impacts, singleelectron capture with target ionization was the
most important channel. It was found that the
mean charge states of both the scattered ions and
recoil ions increased with q. However, the number
of emitted electrons was approximately 1.7 and
almost independent of q.
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Fig. 3. The charge state distributions of Ne and Ar ions in Neq+
(q = 1, 2 and 3)–Ar collisions at 5 keV.
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