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This paper reports that the ratios of double to single electron loss cross-section (R) of O2+ in collision with Ar

and He at the velocity of 1–4ν0 (ν0 is the Bohr velocity) have been obtained by the coincidence technique. The trend

of R− V in the experiment indicates that the effective charge varies with injected velocity. The effective charge can be

obtained by the n-body classical trajectory Monte Carlo method, which is interpreted by the molecular Coulomb over

barrier model.
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1. Introduction

Many studies involved in ion–atom collision have
been motivated by the challenge to understand multi-
body interactions. It is evident that the remark-
able progress has been made for understanding elec-
tron production mechanisms in the ion–atom colli-
sion. Various fundamental mechanisms have been
identified and successfully modelled, such as the Bohr–
Lindhardt model,[1] the over barrier model[2] and the
molecular Coulomb over barrier model (MCBM).[3]

All of them are based on the independent electron
model. In the process, it is beneficial to consider
the concept of collision centres when heavy particles
strongly interact with electrons. The concept takes
into account the specific features of ion–atom collision
systems consisting of two heavy particles and one or
more electrons. According to the concept of collision
centres, electron emission in soft and close collisions
can be easily understood as antipodal mechanisms in-
volving a single centre associated with the target and
the projectile, respectively. The n-body classical tra-
jectory Monte Carlo method (nCTMC)[4] has gained
considerable success in the past years, but its defi-
ciency is found when dressed projectiles are used. So
far, there is no theory or model that can be used
to understand the electron-loss process of projectile-
ion. Therefore the investigation of effective charge for

dressed ions and atom is of great importance when the
interaction force needs to be calculated.

The electron-loss process of projectile-ion is
mainly due to the Coulomb interaction between the
target nucleus and active electron of projectile-ion.
However, the target electrons play the dual role.
When they stay in the ground state during the col-
lision, they screen the target nucleus, the electron-
loss cross section of projectile-ion decreases, and this
is the so called screening effect. On the other hand,
when they are excited or ionized, they can produce
additional electron-loss, the electron-loss cross section
increases, and this is the so called antiscreening effect.
These effects have been studied experimentally[5,6]

and theoretically[7−10] in the past years. This work
mainly studies the electron-loss of O2+ in the collisions
with argon and helium in the presence of other un-
avoidable collision channels, for example the electron-
capture channel of O2+.

2. Experimental technique

This work was performed on the 2× 1.7MV tan-
dem accelerator at Lanzhou University. The tech-
niques was described previously.[11−13] A schematic
diagram of the experimental setup is shown in Fig.1.
After passing through two sets of slits, the O2+ pro-
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jectiles were directed into the collision chamber where
they collided with the helium or argon target atoms.
The pressure in the collision chamber was measured
with a capacitance manometer. Outgoing charge-
changed projectiles were separated by a transverse
electrostatic field, and detected by a position-sensitive
detector. The recoil ions were accelerated by a trans-
verse electric field into a detector with a microchannel
plate. The time that the recoil ion needs to reach
the detector depends on the charge state of the recoil-
ion. Therefore coincidence events can distinguish the
charge states of every ion. The two-dimensional spec-
tra with different charge states of recoil ions and out-
going projectiles were recorded by a Multiparameter
Multichannel Analyser System (MPA) data acquisi-
tion system.

Fig.1. Schematic plot of experimental arrangement.

Special concern was taken to ensure that single-
collision condition was satisfied and recoil ion did not
change its charge state during the period of flight.
Therefore, the average pressure in the chamber with
gas was controlled at 3.8×10−3 Pa and the pressures at
the entrance and at the exit of the chamber both were
less than 2.7×10−4 Pa, however the background pres-
sures without gas were less than 6×10−5 Pa. The gas
was bled into the chamber through a needle valves,
and its flux was monitored by a flowmeter. Af-
ter collimated with two two-dimensional apertures of
0.2mm× 0.2mm (two metres between them) to en-
sure that the divergence of the beam was smaller
than 0.01◦, the ion-beams passed through the colli-
sion chamber vertically crossing with argon or helium
atoms.

The cross section for any channel {Zq
P+ZT →

Zq′

P +Zi
T+(i + q′− q)e} can be derived by

σi
qq′ =

ni
qq′/ηi

r(
I/ηq′

p

)
NlT

. (1)

Where ni
qq′ is the intensity of coincidence event, ηi

r is
the recoil-ion detection efficiency, ηq′

p is the outgoing
projectile detection efficiency, I is the integrated beam

intensity, N is the target-gas density, l is the effective
interaction length, and T is the optical transmission
of recoil-ion detection system due to the grids used, i
is the charge state of recoil-ion, q is the charge state
of injected projectile-ion, q′ is the charge state of out-
going projectile.

In our experiment, the electron-loss process of
projectile-ion is described by the reaction channels:

O2+ + A → O3+ + Ai+ + (1 + i)e, (2)

O2+ + A → O4+ + Ai+ + (2 + i)e, (3)

where A stands for the target He or Ar, i stands for
the electron-loss number of target atom after the col-
lision, the reaction (2) channel is the process of pro-
jectile single electron-loss, the reaction (3) channel is
the process of projectile double electron-loss.

According to Ref.[14], when the energy per nu-
cleus (E/amu) is larger than 1keV/amu, the detec-
tion efficiency is up to 100%. The value of E/amu for
the outgoing projectile (O3+ or O4+) is larger than
60keV/amu in this work, so the detection efficiency of
the outgoing projectile almost equals to 100%. The
ratios of double-to-single electron-loss cross-section of
O2+ are described by the following expression:

Re,t =
σ24

σ23
=

n24

n23
. (4)

3. Results and discussion

The two-dimensional spectra as a function of the
charge states of out-going projectiles and recoil-ions
were analysed in our experiment. We obtained the
ratios of double-to-single electron-loss cross-section
(Re,t) of O2+ colliding with Ar or He atoms regardless
of the charge states of recoil-ions at the projectile-ion
velocity of 1− 4ν0.

When the effective charge of target atom is taken
as S+, the process of nCTMC method is expressed as

As+ + O2+ → As+ + O(2+k)+ + ke, (5)

where k is the number of electron-loss for O2+, A is
He or Ar, and the value of S is 0.4, 1 and 2 in this
work.

For the sake of performing the calculation of
nCTMC, O2+ is regarded as the target instead of the
projectile, while He or Ar is considered as the pro-
jectile with the charge state of S+ in this work. As
a result, the electrons of He or Ar are not consid-
ered during the collision, for the electronic structure
effect of projectile cannot be calculated in nCTMC.
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Then the ratios of double-to-single electron-loss cross-
section (Rc,s) of O2+ colliding with Ar or He are ob-
tained through the calculation of nCTMC, when the
effective charge of target-atom is regarded as S+.

The experimental results and calculation results
are shown in Figs.2 and 3.

Fig.2. Ratios (Re,t) of double-to-single loss cross-sections

for O2+ in collision with He as a function of the projec-

tile velocity v (a.u. is the atomic unit) and effective charge

of target atom. Symbols for data: –F–, this work; –¥–,

nCTMC results for S = 0.4; –•–, nCTMC results for S = 1;

–N–, nCTMC results for S = 2.

Fig.3. Ratios (Re,t) of double-to-single loss cross-sections

for O2+ in collision with Ar as functions of the projectile

velocity v (a.u. is the atomic unit) and effective charge

of target-atom. Symbols for data: –F–, this work; –¥–,

nCTMC results for S = 0.4; –•–, nCTMC results for S = 1;

–N–, nCTMC results for S = 2.

From Fig.2, the experimental Re,t increases with
increase of the projectile-ion velocity. For projectile
velocity V = 2.4− 2.8v0, the effective charge of He to
O2+ is at the range of 1.0 − 1.5; for V = 1.6 − 2.4v0,
it is at the range of 1.0− 0.4, and for V < 1.6v0, it is
smaller than 0.4; for V > 3.0v0, the effective charge
begins to descend from 1.5, and its highest value is
1.5 which is smaller than He nuclear charge 2. From

Fig.3, the effective charge of Ar also increases with in-
creasing the projectile velocity, and it is not up to its
highest value at the velocity range (V = 1−4v0). It is
not difficult to come to the conclusion that, the effec-
tive charge of target atom is a function of the projec-
tile velocity rather than a constant, and the effective
charge of target atom to O2+ increases with increas-
ing the injected velocity. In a word, as the collision
parameter decreases with increasing the projectile ve-
locity, the effective charge of target-atom which the
projectile suffers increases at the velocity of 1–4 v0.

Experimental data show that there is a threshold
of injected velocity for the electron-loss of projectile-
ion in ion–atom collisions, and the threshold for He
or Ar approximately equals to 1.4v0. This can be
interpreted by the MCBM model. From the view-
point of the MCBM model, larger the velocity of
projectile-ion is, smaller the minimum distance be-
tween the particle-ion and target-atom is, thus the
potential barrier between the two nuclear centres will
become lower, so that it is easier to form a quasi-
molecule. Consequently it is more probable to lose
electrons. Notice that the capture distribution is
excluded because the investigation only aims at the
electron-loss of projectile-ion and target-atom. On the
other hand, if the injected velocity is less than the
threshold, projectile-ion and target-atom cannot form
a quasi-molecule. As a result, no electron will be lost.
The velocity threshold varies with the charge state
of projectile-ion and the binding energy of each elec-
tron. Therefore the velocity thresholds of the inner-
shell electrons are higher. These will explain that Re,t

increases with increasing the projectile-ion velocities
until the single ionization tends to its maximum.

In summary, comparing with the experimental
data and nCTMC results, we obtain the target ef-
fective charge during ion–atom collisions at a certain
velocity and projectile charge state. At the same time,
it is found that the effective charge of target-atom de-
pends on the relative velocity between the target and
projectile, and there is a velocity threshold of electron-
loss during ion–atom collision at the energy region.
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