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We have studied the multielectron processes in close collisions between slow Neq+ ions �q=1–9, energies of
5 and 14 keV� and Ar atoms through measurements of the charge-state correlations between 27° scattered and
70° recoiling ions. At the selected scattering angle, the internuclear distance of the closest approach at 35 keV
is comparable to the L-shell radius of Ar atoms. A drastic difference between low-charged �q=1–3� and highly
charged �q=7–9� Ne ions was found. For example, the most probable channel for the Ne7+ projectile is
three-electron capture accompanied with two-electron loss whereas for the Ne+ projectile pure double ioniza-
tion was found most probable. As a general trend, the mean charges of the both ions and the mean number of
captured electrons increase almost linearly with incident charge q, while the mean number of ejected electrons
from the system is independent of q at both 5 and 14 keV. We also measured the charge state distributions of
the Ar recoil ions as function of the Neq+ �q=3, 5, and 7� energies between 5 and 63 keV, which corresponds
to distances of closest approach between 0.6 a.u. and 0.17 a.u. We found that the charge of the Ar ions
increases at internuclear distances less than 0.32 a.u.
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I. INTRODUCTION

The physics of highly charged ions �HCI’s� has become
an extremely active field of research since the 1980s. In col-
lisions of slow HCI’s with atoms, one of the most important
processes is electron capture or charge exchange �1�. Under-
standing the charge exchange processes plays an important
role for basic research as well as a tool in a large number of
fields—e.g., astrophysics, fusion plasma diagnostics, and in-
teractions of ions with solids. In the interaction of slow
HCI’s with metal surfaces it is known that the approaching
ions capture electrons from the surface into highly excited
states and form hollow atoms at rather large distances from
the surface, especially in grazing collisions �2�. Hollow at-
oms outside of the surface have also been studied with beam-
capillary spectroscopy where x rays and visible photons were
observed from HCI’s which passed through a microcapillary
target �3–5�. On the other hand, collision processes in large-
angle scattering of slow HCI’s from surfaces are different
from the grazing collisions. In the former, the ions are scat-
tered by a binary hard collisions with an atom on the surface
whereas in the latter the ion experiences successive soft col-
lisions. Recently, studies �6–13� have been reported on the
neutralization processes in large-angle scattering of slow,
highly charged Ar ions on Au surfaces. The neutralization
processes have been explained by model calculations, which
included the processes of electron capture, recapture, and
Auger transitions assuming single binary ion-atom collisions.
These models neglect, however, completely ionization and
electron emission during scattering. It has been questioned

whether this assumption is justified. For a clarification it is
important to study these processes under well-defined condi-
tions. We have thus investigated close and single collisions
of slow HCI’s with single atoms, as an elementary processes
of the ion-surface interactions.

Several studies on inner-shell excitations in close colli-
sions of low-charged ions with atoms were done in the 1950s
and 1960s �14�. Angular differential cross sections were
measured for scattered-ion charge states at 25–100 keV
�15,16�, and the results were used to determine the potential
energy functions for several collision systems �17�. All these
experiments were done for singly charged ions, where the
ionization channels dominate. Also, charge-state correlations
between scattered and recoil ions were measured with a co-
incidence technique in large-angle scattering of Ar+ on Ar
�18,19� and for Ne, Ne+, and Ne2+ on Ne �20,21� in a few
hundred keV region. They have led to a model of electron
promotion on quasimolecular orbitals �22,23�. All experi-
ments were done for low-charged ions at relatively high im-
pact energies, where the ionization dominates over the elec-
tron capture channels. This can be different from highly
charged incoming ions. In that case, it is unclear how many
electrons will be transferred to the highly charged projectile,
whether the charge is equilibrated in a close collision, and
how strong the ionization channel still is.

Concerning collisions of HCI’s with atoms, only a few
measurements of the charge-state correlation between scat-
tered and recoil ions have been reported at relatively small
scattering angles. The charge-state correlation in collisions of
90-keV Ne7+ ions with Ne at angles up to 1.2° and of 90-keV
Ne9+ ions with Ne up to 4.3° was measured by Schmidt-
Böcking et al. �24� and Herrmann et al. �25�, respectively. In
these measurements with HCI’s, the multielectron transfer is
found to be the dominant channel, in contrast to the early
measurements with singly charged ions, where the direct ion-
ization channels were found to be important �18,19�. There

*Electronic address: masami-h@sophia.ac.jp
†Present address: Accelerator Applications Research Group,

RIKEN Nishina Center.

PHYSICAL REVIEW A 75, 032722 �2007�

1050-2947/2007/75�3�/032722�7� ©2007 The American Physical Society032722-1

http://dx.doi.org/10.1103/PhysRevA.75.032722


has not been any systematic measurements of projectile
charge-state dependence for close and single collisions be-
tween slow highly charged ions and atomic targets.

In this paper, we present systematic studies of electronic
processes in close encounters of slow highly charged Ne ions
with Ar atoms, at various charge states �q� and energies �E�
of the projectile. Two kinds of measurements are reported:
first, the charge-state correlations of scattered and recoil ions
in close collisions between slow Neq+ �q=1–9, E=5 and
14 keV, velocities v=0.10 and 0.17 a.u.� ions and Ar atoms.
This corresponds to the measurement of the incident charge
state dependence at fixed distance of closest approach. We
have reported a part of these measurements at lower incident
charge states �q=1, 2, and 3� at 5 keV in Ref. �26�. Second,
we did measurements of recoil-ion charge-state distributions
for Neq+ �q=3, 5, and 7� impacts as a function of the impact
energy between 5 and 63 keV, which corresponds to v
=0.10–0.35 a.u. This measurement should reveal the dis-
tance of closest approach dependence at fixed incident
charge state. The scattering angle was in all cases fixed at
�c.m.=40° in the center-of-mass system. The corresponding
distance of closest approach is estimated to be between
0.60 a.u. at 5 keV and 0.17 a.u. at 63 keV. Since the
2p-orbit radius of Ar is about 0.29 a.u. and that of Ne is
about 0.6 a.u. �27�, the atomic L shells of the collision part-
ners interpenetrate each other in the present conditions. The
distances are by an order of magnitude smaller than for the
first electron transfer from the classical overbarrier �COB�
model, which were calculated to be about 6.6 a.u. for Ne+-Ar
and 27.5 a.u. for Ne7+-Ar �28�.

II. EXPERIMENTS

The experiments were carried out at the Slow Highly
Charged Ion Beam Facility in RIKEN �29�. A Ne-ion beam
extracted from a Caprice-type ECR ion source was analyzed
by a dipole magnet to a desired energy and charge state
between 1+ and 9+. Then the beam was focused by a mag-
netic quadrupole triplet lens and guided to a vacuum cham-
ber with a diameter of 50 cm.

Figure 1 shows a schematic view of the detection system
inside the chamber. The beam was collimated by a rectangu-
lar aperture with 2 mm in width and 4 mm in height and
transmitted through a differentially pumped collision region
with a diameter of 22 mm at the center of the vacuum cham-
ber. The target Ar gas was introduced through a needle at
right angle to the beam direction. The pressure in the vacuum
chamber was about 1.3�10−4 Pa. The single-collision con-
ditions for electron transfer were confirmed at this target-gas
pressure by measurements of recoil-ion yield as a function of
the pressure. The base pressure without the target gas was
about 1.3�10−5 Pa. The scattered Ne ions and recoil Ar ions
from the collision region were detected by ion-detection tele-
scopes with an acceptance angle of ±5° at angles of �Ne
=27° and �Ar=70° in the laboratory system, respectively.
This angle combination fulfills the kinematics relation of
elastic scattering for the Ne-Ar collision system. Each detec-
tion telescope consisted of a time-of-flight �TOF� drift tube
and a two-dimensional position-sensitive detector �2D-PSD�,

which had microchannel plates �MCP� with a diameter of
40 mm and a wedge-and-strip anode �30�. The drift tubes are
named DT-S and DT-R for the scattered and recoil ions re-
spectively as shown in Fig. 1. The DT-S and DT-R can inde-
pendently be biased electrostatically. The voltage of the
DT-S is expressed hereafter as VDT-S and that of DT-R as
VDT-R. The biased drift tube modulates the velocity, and thus
the TOF, of the outgoing ions according to their charge
states. The TOF difference between the scattered Ne and
recoil Ar ions ��T� was measured with a time-to-amplitude
converter �TAC� started by a fast signal from the scattered-
ion detector and stopped by one from the recoil-ion detector.
The kinematical condition eliminates almost completely co-
incident scattering events from residual gas and from the tip
of the gas-injection needle.

According to the kinematics of elastic scattering, the TOF
of the scattered and recoil ions depend considerably on the
detection angles within the acceptance angle of the detection
telescope and the measurement of the �T only is not suffi-
cient to identify the charge states of the ions. Therefore, for
each coincidence event, we recorded in a list mode not only
the �T but also the positions of both ions on the 2D-PSD.
The combination of the charge states of the scattered and
recoil ions �qNe, qAr� was determined from the ion positions
and �T, as described in the following paragraphs. The rela-
tion between the energy and TOF of scattered and recoil ions
at 5, 14, and 50 keV and �Ne=27° is shown in Table I, where
E0, ENe, TNe, EAr, and TAr show the incident energy, kinetic
energy and flight time of scattered Ne ions, kinetic energy,
and flight time of recoil Ar ions, respectively.

The position on the detector was calibrated by using an �
source and a mask with holes. Since we observed a distortion
near the edge of the MCP, we analyzed only the events in
which ions hit a certain area on the detector where the posi-
tion linearity was confirmed within 0.25°. This area covers
an acceptance angle of ±4°.

In order to identify qNe and qAr from the ion positions and
�T, the measurements were performed in three steps. This
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FIG. 1. A schematic view of the detection system in a collision
chamber. 2D-PSD means two-dimensional position-sensitive detec-
tor, and DT-S and DT-R are time-of-flight drift tubes for scattered
and recoil ions. HVS is the high-voltage power supply to bias the
drift tubes, and FC is the Faraday cup.
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procedure is demonstrated in Fig. 2 for the case of 5-keV
Ne+ impact. In the first step, we grounded the DT-S and
DT-R �VDT-R=VDT-S=0� and measured the two-dimensional
distribution of �T versus �Ne. In this case, since the ion
velocity is independent of the charge state, the coincidence
events are scattered along one line determined by the elastic-
scattering kinematics, shown as a ridge in Fig. 2�a�. This
relation between �T and �Ne gives the reference position to
identify qAr in the next step, where only VDT-R was set to
−1.8 kV for modulating the recoil-ion velocity. Conse-
quently, the ridge in Fig. 2�a� separates into several ridges
according to qAr as shown in Fig. 2�b�. Finally, we set both
VDT-S and VDT-R to −1.8 kV. Then each of the ridges of a qAr
separates into multiple ridges corresponding to different qNe,
as shown in Fig. 2�c�. The separation between the recoil-ion
ridges is larger than that for the scattered ions, because the
velocity of recoil ions is much lower than that of the scat-
tered ions.

Since the ridges in Fig. 2�c� are almost parallel to each
other, a linear transformation of �T and scattering angle �Ne,
�T*

=�T+a�Ne, was employed with a coefficient a adjusted

so that the ridges on the �T*
-�Ne plane were perpendicular to

the �T*
axis. Then, the two-dimensional plot was projected

onto the �T*
axis. The results were corrected for the effi-

ciency of the MCP given by Krems et al. �31� which was
about 0.42 at lowest for the recoil Ar+ ions from 5-keV Ne
projectile, and increased for higher energy and charge states
up to an asymptotic value of 0.58.

III. RESULTS

A. Charge-state correlations

Figure 3 shows the �T*
spectra measured with 5-keV

Neq+: �a� for q=1 and �b� for q=7. The upper spectra in Fig.
3 were taken with the VDT-R=−1.8 kV and VDT-S=0, while
VDT-R=VDT-S=−1.8 kV was set for the lower spectra. In the
upper spectrum in Fig. 3�a�, there are three peaks which are
separated according to the charge states of the Ar recoil ions,
qAr. In the lower spectrum, each of the peaks shifts to larger
�T*

values and splits into multiple peaks according to the
charge states of the scattered ions, qNe. The charge states qAr
and qNe shown in the spectra were assigned from a calcula-
tion of the TOF in the drift tubes. Before, we reported in
detail the charge-state distribution of the scattered and recoil
ions for Neq+ �q=1, 2, and 3� on Ar at 5 keV �26�.

In the lower spectrum of Fig. 3�b�, the expected �T*
peak

positions are shown for different values of qNe. It is seen that
the combination of charge states �qNe, qAr� distributes in 2
�qNe�6 and 2�qAr�8 for the Ne7+ projectile. The aver-
age charge state of the scattered ion �qNe� was estimated to
be 4.3 and of the recoil ion �qAr� was 5.0; i.e., three-electron
capture accompanied by two-electron ionization is the most
probable channel. With a similar analysis for the 5-keV Ne4+

ion case, the �qNe� and �qAr� were estimated to be 2.4 and
3.5, respectively, and the corresponding most probable chan-
nels are found to be two-electron capture accompanied by
two-electron ionization. As we reported previously �26�, the
most probable channel for 5-keV Ne+ ion was found to be
qNe=1 and qAr=2 which corresponds to pure two-electron
ionization which is very different from the highly charged Ne
cases.

From the experimental results of the charge-state correla-
tion of recoil and scattered ions, we obtained the average
charges of scattered ions, �qNe�, and recoil ions, �qAr�, for
Neq+ �q=1–9� on Ar atoms. We also deduced the number of
electrons ejected from the collision systems, �ne�= �qNe�
+ �qAr�−q, and the number of electrons captured by the pro-
jectile, �nc�=q− �qNe�. Figures 4�a�–4�c� show the results for
�qNe�, �qAr�, �ne�, and �nc� as functions of the incident charge
state q, respectively. The variation of �qAr� by the MCP effi-
ciency correction is about 3% at 5 keV and 1.5% at 14 keV,
which is within the indicated error bars. The values of �qNe�
and �qAr� increase almost linearly with q and the rate of
increase per incident charge is similar between the impact
energies of 5 and 14 keV. As a result, �nc� also increases
almost linearly from zero at q=1 to 3 at q=9, while �ne�
stays between 2 and 3 and is nearly independent of q at both
impact energies. Therefore, under the present collision con-

TABLE I. The relation between energy and TOF of scattered
and recoil ions at 5, 14, and 50 keV and �Ne=27°.

E0

�keV�
ENe

�keV�
TNe

��sec�
EAr

�keV�
TAr

��sec�
�T

��sec�

5 4.477 1.062 0.523 4.396 3.334

14 12.536 0.635 1.464 2.627 1.992

50 44.771 0.336 5.229 1.390 0.718
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FIG. 2. Two-dimensional plots of coincidence events for �T and
scattering angle in collisions of 5-keV Ne+ ions with Ar atom.
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ditions, the most probable channel is pure two-electron ion-
ization from Ar for q=1 and single- to multiple-electron cap-
ture accompanying a two-electron ionization for higher q.
This holds for both the impact energies of 5 and 14 keV.

In addition to the general trend mentioned above, Fig.
4�b� shows a slight increase of �qAr� with incident energy at
small incident charge states q	3. A similar increase of �ne�

is observed in Fig. 4�c�; however, �qNe� in Fig. 4�a� does not
show such behavior. The increase of �ne� is due to the en-
hancement of the target ionization revealed by the shifts of
qAr distributions in Fig. 5.

B. Recoil-ion charge-state distributions

From the �T*
spectra with DT-R biased only, we obtained

the qAr distributions for incident charge states q=1, 2, 3, 5,
and 7. Figures 5�a� and 5�b� show the results at 14 keV and
5 keV, respectively. The distribution shifts to higher qAr with
increasing q for both incident energies of 5 and 14 keV. The
qAr distributions for Ne5+ and Ne7+ impact were almost the
same for 5 and 14 keV. However, for the lower incident
charge states, q=1–3, the distribution shifts slightly to
higher qAr at the higher projectile energy.

To study the general behavior of the target ionization in a
wider incident-energy range, the recoil-ion charge state qAr
distributions have been measured for Neq+ �q=3, 5, and 7�
impact, with the same setup and VDT-R=−1.8 kV at E
=5–63 keV. This corresponds to a measurement of the dis-
tance of closest-approach dependence of the recoil charge
states at fixed incident charge state. This is expected to give
more insights in the relative importance of target ionization
and electron capture.

Figure 6 shows the �qAr� for the impact of Ne3+, Ne5+, and
Ne7+ as a function of the internuclear distance of closest
approach �RN� which has been estimated from the deflection
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FIG. 3. �Color online� The spectra of �T*
between scattered Ne
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function of classical trajectory in a screened Coulomb poten-
tial �32�,

V�r� = �Z1Z2e2/r�exp�− r/a� ,

where Z1=10 and Z2=18 is the projectile and target atomic
number, respectively, and a common value of the screening
parameter a=a0 / �Z1

2/3+Z2
2/3�1/2 with Bohr radius a0 is

adopted for all incident charges.
As shown by Fig. 6, the behavior of �qAr� changes at a

certain RN with decreasing RN or increasing the impact en-
ergy. For q=5 and 7, �qAr� steeply increases below RN

=0.3 a.u., while it is almost constant at larger RN. For q=3,
�qAr� increases continuously with decreasing RN but the
slope becomes steeper at RN=0.3 a.u. The critical RN is in-
dependent of q and corresponds to the 2p-orbit radius of Ar
atom which is estimated as 0.29 a.u. Opening the 2s shell for
q=7 does not seem to have a strong influence on �qAr�.

C. Discussion

The incident-charge �q� dependence of the charge-state
correlation presented in Sec. III A shows a relatively simple
feature both at 5 and 14 keV. The number of captured elec-
trons, nc, linearly increases with q while that of the ejected
electron, ne, stays almost constant between 2 and 3, with a
possible exception for q=9 where ne seems to increase.

These findings are compared with experiments at distant
collisions where final states were analyzed by recoil-ion mo-
mentum spectroscopy �RIMS� �33�. Zhang et al. �34� studied
final-state distributions in single- and multiple-electron cap-

ture processes in 105-keV N7+ on Ar. They found that the
most probable channel was single-electron capture. Multiple-
electron capture populates multiply excited states of the scat-
tered ions which most likely autoionize. For example, two-
electron autoionization was found �34� most probable in
quadruple-electron capture while no electrons were ejected
in single-electron capture. Thus the number of ejected elec-
trons increased with that of captured electrons. This is differ-
ent in our findings. The electron emission in our case is not
dominantly from autoionization after electron capture, but
rather target ionization during the collision.

In order to discuss the ionization process, we apply the
molecular-orbital �MO� model to the Neq+-Ar system. Figure
7 shows the energies of the adiabatic MO’s for a neutral
Ne-Ar system calculated with the DV-X� method explained
in Ref. �35� as functions of the internuclear distance. This is
consistent with the correlation diagram given by Larkins
�36�. Due to a diabatic crossing at about 0.2–0.3 a.u., radial
coupling can cause transitions among the 4
, 5
, and 6

channels since these MO’s cross in a diabatic correlation
diagram, as stated in Refs. �36,37�. At smaller internuclear
distances, an incoming Ne L-shell vacancy can be transferred
to the L shell of Ar. The subsequent Auger process ionizes
the recoil Ar ion; i.e., electrons in the L shell of Ar are
captured in close collisions by highly charged Ne ions and
two vacancies in Ar are created by this process. In Fig. 6 an
increase of �qAr� by almost two charges is seen. Therefore,
we attribute the increase of the recoil-ion charge to this Au-
ger ionization after electron capture by the highly charged
Ne ions.

At an internuclear distance larger than 0.3 a.u., the corre-
lation diagram has no crossings which can promote the Ar L
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electrons to higher shells. Therefore, the Auger effect, fol-
lowing electron promotion, seems not to be important for
ionization. From these data we conclude that even in these
slow ion collisions electrons are ejected during the collision,
i.e., at the closest approach, rather than by Auger processes
after the collision. In the correlation diagram, the 8
 MO is
promoted at an internuclear distance of 0.6 a.u. which may
cause the ionization of Ar 3p electrons. It may explain the
observed target ionization at 5 and 14 keV.

As presented in Sec. III B and seen in Fig. 6, the charge of
the recoil ions from Ne3+ impact increases slowly at decreas-
ing internuclear distance. This is also shown in Fig. 5 where
the recoil-ion charge distribution shifts to higher values for
the impact of Neq+ �q=1–3� when the projectile energy in-
creases from 5 to 14 keV, while the mean charge of the scat-
tered Ne ions stays unchanged with the projectile energy as
shown in Fig. 4. Thus, at lower-charge states �q	3� the
direct target ionization, which is there the dominant channel
to produce the recoil ions, increases with the projectile en-
ergy. At higher-charge-state impacts �q=5 and 7�, on the
other hand, the recoil charge state is almost constant above

an internuclear distance of 0.3 a.u. Thus the capture channels
are indeed very important at higher projectile charge states
and their contribution has a weak dependence on the inter-
nuclear distances studied here.

IV. CONCLUSION

The charge-state correlations of scattered ions and recoil
ions in close collisions of slow Neq+ �q=1–9� ions with Ar
atoms have been measured. We found that the mean charge
of the ion pairs and number of captured electrons increases
almost linearly with the incident charge q, while the number
of ejected electrons from the collision system is independent
of q at both 5 and 14 keV.

Thus direct ionization seems to be independent of the
charge, and for high-charge states electron capture becomes
important, but autoionization of the captured excited states
does not seem to contribute much. This is partly in contra-
diction to results at small scattering angles by other groups.

By varying the collision energy, the distance of closest
approach for Ne3+, Ne5+, and Ne7+ impact could be changed
between 0.17 and 0.60 a.u. In that range �at about 0.3 a.u.,
corresponding to the L-shell radius of Ar� a steplike increase
of the mean charges of the recoil ions was found. Partly,
these results are qualitatively explained by electron promo-
tion from Ar 2p using a calculated molecular orbital dia-
gram. We thus observe a clear shell effect at the L-shell
radius of Ar, which is almost the same effect as assumed in
simulations of ion-surface interactions. Otherwise, we notice
a clear difference between slow collisions with isolated at-
oms and solid surfaces as a target: Even in close ion-atom
collisions, we do not find an indication of hollow atom for-
mation and also neutralization is not observed like in colli-
sions with solid surfaces. We confirm, however, that direct
ionization is an important channel for electron emission.
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