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Cross sections of Oq+ (q = 1 − 4) electron loss in
collisions with He, Ne and Ar∗
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Electron-loss cross sections of Oq+ (q = 1−4) colliding with He, Ne and Ar atoms are measured in the intermediate

velocity regime. The ratios of the cross sections of two-electron loss to that of one-electron loss R21 are presented. It

is shown that single-channel analysis is not sufficient to explain the results, but that projectile electron loss, electron

capture by the projectile and target ionization must be considered together to interpret the experimental data. The

screening and antiscreening effects can account for the threshold velocity results, but cannot explain the dependence

of the ratio R21 on velocity quantitatively. In general, the effective charge of the target atom increases with velocity

increasing because the high-speed projectile ion can penetrate into the inner electronic shell of target atom. Ne and Ar

atoms have similar effective charges in this velocity regime, but He atoms have smaller ones at the same velocities due

to its smaller nuclear charge.
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1. Introduction

Multiple-ionization of atoms by ions is one of the
mose fundamental processes, the study of which is an
important topic in atomic physics with important ap-
plications in plasma physics, fusion, upper atmosphere
studies and many other technological areas. Due to
this broad range of applications and also its role in the
study of atomic collision dynamics, there have been
many experimental results and theoretical papers, but
few papers concerned with the multiple electron loss
of projectiles have been presented.

This work is a sequel to previous studies[1−4] on
electron ionization, excitation and capture in ion–
atom collisions in a intermediate velocity regime be-
tween low velocities, where the molecular model is
applicable,[5] and high velocities, where atomic per-
turbative models are useful.[6] The present work con-
cerns projectile electron loss in the presence of other
collision channels, which have a strong influence on
the electron-loss cross sections.

In the simplest cases, the target atom can be
treated as an effective charged particle. Therefore,
single-channel analysis is sufficient to interpret the
experimental results, such as the application of the
plane-wave Born approximation (PWBA) to projectile

one-electron loss.[7] In these cases, the loss process is
basically due to the Coulomb interaction between the
target nucleus and the active projectile electron. How-
ever, the role of the target electron cannot be ignored.
Target electrons can play a dual role: they can screen
the target nucleus, thereby decreasing the electron-
loss cross section (screening process) and can also lead
to electron–electron collision, thereby increasing the
electron-loss cross section (antiscreening process).[8]

However, it has been previously shown that in the
intermediate velocity regime, electron loss and cap-
ture may have to be considered simultaneously be-
cause they have the same order of cross sections.[8]

The capture channel will decrease the individual elec-
tron loss cross section. In this paper the intermediate
velocity regime is near the active-electron velocities of
the target atom or projectile ion. Namely, the veloc-
ity for the outside electron is at the lower limit and
the velocity for the related inner electron is at the up-
per limit. This requires a coupled-channel calculation,
but this procedure is far from being straightforward at
intermediate velocities. Simple approaches are useful
in this context. Multichannel effects are taken into
account through unitarity considerations within the
independent-particle model framework.

For projectile electron loss, both screening and
∗Project supported by the Special Foundation for Key Programs of Basic Research at its earlier stage, Ministry of Science and

Technology, China(Grant No. 2002CCA00900) and by the Foundation for the Doctors of University of South China (Grant

No. 5-2007-XQD-001).
†Corresponding author. E-mail: luyanxia−67@126.com

© 2011 Chinese Physical Society and IOP Publishing Ltd
http://www.iop.org/journals/cpb　http://cpb.iphy.ac.cn

033402-1



Chin. Phys. B Vol. 20, No. 3 (2011) 033402

antiscreening are effective.[8−10] For light targets,
there have been successful models, such as the plane-
wave Born approximation (PWBA).[9,11] For heavy
targets, however, PWBA’s calculated results conflicts
with experimental data, such as those of Sant’Anna et
al.[12] and Sigaud et al.[13] They found that the total
cross section of projectile electron loss tends to satura-
tion as the target atomic number increases. The same
conclusion was presented by excited highly charged
projectile ions colliding with neutral atoms.[14−18]

The first-order perturbative method has been un-
successful in calculating the loss cross sections of
screened projectile ions by heavy neutral screened tar-
get nucleus. The reason is that there are strong col-
lisions at small collision parameters. This suggests
that the projectile electrons are not perturbative.[19]

On the contrary, the perturbative method can be ap-
plied to antiscreening effects because the effects ex-
ist between several electrons.[20] The coupled channel
calculation can deal with the screening effects on to-
tal loss cross sections, as shown by Grande et al.[21]

and McGuire et al.[22] This method made greater
progress than the former, but only with partial suc-
cess. This model cannot thoroughly explain the re-
sults with heavy target atoms. This paper aims to
investigate the cross section ratios R21 of two-electron
loss to one-electron loss on a projectile in the interme-
diate velocity region to deepen our understanding on
the electron emission process in ion–atom collisions.

2. Experimental procedure

This work was done using the 2×1.7 MV tandem
accelerator at Lanzhou University. The scattering-
ion spectra were gained using the static-electric field
deflection technique. The recoil-ion spectra were ac-
quired using the time-of-flight technique. The dou-
ble differential spectra were obtained using the coin-
cidence technique.[1]

The signals were detected according to the pro-
cesses

Aq+ + B → Aq′+ + Bi+ + (q′ − q + i)e, (1)

where i is the number of electrons removed from the
target atom and q′ is the charge state of scattered
projectile ion.

We obtained the absolute cross sections based on
the following formula

σi
qq′ =

ni
q′/ηi

r[ ∑
q′

(Iq′/ηq′
p )

]
NLT

, (2)

where ni
q′ is the number of coincident events; ηi

r is the
detector efficiency for recoil ion Bi+; Iq′ is the num-
ber of scattered projectile ion Aq′ ; ηq′

p is the detector
efficiency for scattered projectile ion Aq′ ; N is the den-
sity of target atoms; L is the effective length of target
gas; and T is the efficiency of the transport process
for recoil ions. The detection efficiency for scattered
projectile is nearly 100% in our experimental velocity
region. The double differential cross sections were ob-
tained for the processes Oq+ (q = 1−4) colliding with
He, Ne and Ar atoms.

3. Experimental results and dis-

cussion

According to formula (2), we obtained the cross
section ratios of two-electron loss to one-electron loss
for projectile R21,

R21 =

∑
i

σi
q+2

∑
i

σi
q+1

=

∑
i

(ni
q+2/ηi

r)
∑
i

(ni
q+1/ηi

r)
. (3)

Figures 1–3 show the ratios R21 of oxygen ions
colliding with He, Ne and Ar atoms, where the veloc-
ity unit is Bohr velocity.

Fig. 1. Experimental ratios R21 for Oq+ →He collisions

(q = 1− 4).
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Fig. 2. Experimental ratios R21 for Oq+ →Ne collisions

(q = 2, 3).

Fig. 3. Experimental ratios R21 for Oq+ →Ar collisions

(q = 1− 4).

Figures 1–3 show that the ratios R21 depend in-
tensively on velocity. We can draw the following re-
sults:

a) For differently charged ions colliding with the
same target, the values of R21 are decreasing with
the ion’s charge state increasing at the same velocity.
Furthermore, the higher the charge state, the higher
the threshold of velocity at which the projectile losses
two electrons. This suggests that the inner electrons
on projectile ion are at the ground states during the
whole collision process. The inner electrons at a lower
energy level can not be excited to a higher energy level
in our experimental velocity region.

b) The magnitudes of R21 for O2+ colliding with
Ne and Ar atoms are similar. However, the magnitude
of the curve for He atom is apparently lower. The
screening and antiscreening theory can account for it.
The Ne and Ar atoms have similar effective charges
from smaller than one to several, but the He atom has
the smaller effective charges from smaller than one to

no more than two. As velocity increases, the collision
will occur at a small collision parameter. The projec-
tile ion can penetrate into the inner electronic shell of
the target atom. Therefore, the effective charges for
Ne and Ar atom will exceed that for He atom.

c) In the experimental velocity region, the max-
imum of R21 can be observed for the He target, but
not for the Ne or Ar target. This indicates that the
effective charge of He has reached the maximum value
2 at the velocity where the curves have the summits
in Fig. 1. It can be inferred that the effective charges
for Ne and Ar are still increasing as velocity increases.
The maximum R21 for Ne and Ar will appear at some
higher velocities. Exceeding the velocity, the magni-
tude of R21 will decrease down to a constant due to
the shake-off mechanism.[6]

d) There is a dip in the O2+ colliding with Ne in
Fig. 2, but no dip for He and Ar in Fig. 1 and Fig. 3,
neither for other cases. We can expect the figure for
O2+ colliding with Ne should present a saddle with
an increase of the velocity since the maximum abso-
lute cross sections of one-and two-electron loss for O2+

colliding with Ne appear at different velocities. The
ratio R21 did present a saddle with velocity increasing
as expected. In other cases, the velocity discrepan-
cies for the two summits may be small. Thereby the
saddle can not be observed unless the velocity step
is very small. Due to few many-electron-loss cross
section data, the multiple-ionization cross section of
target atom can provide us with a reference to under-
stand the figure in the intermediate velocity region.[23]

e) For a simple analysis, the ratios R21 can be
deduced as R21 ∝ r2

q+2/r2
q+1 = E2

q+1/E2
q+2, where

E is the sequent ionization energy assuming the elec-
trons on projectile ion are at the ground states. In
general, the loss probability of the inner electron is
smaller than that of outer electron. Thereby the max-
imum R21are calculated as 0.41, 0.50, 0.46 and 0.68
for O+1, O+2, O+3 and O+4 ions, respectively. The
experimental results are far from this analysis. The
screening and antiscreening theory reminds us of the
excited states of a projectile, especially for the outer-
most electron on projectile ion. Moreover, direct ion-
ization (screening effect), Auger process, antiscreening
effect and shake-off mechanism should be altogether
taken into account for the electron loss of a projectile.

The threshold velocities were investigated for one-
and two-electron loss of O+q (q = 1− 4). The results
are shown in Table 1.
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Table 1. Threshold velocities for electron loss of O+q (Unit: Bohr velocity).

O+1
loss1 O+1

loss2 O+2
loss1 O+2

loss2 O+3
loss1 O+3

loss2 O+4
loss1 O+4

loss2

He 0.8 1.1 1.1 1.6 1.6 2.4 3.6

Ne 1.6 2.4

Ar 0.9 1.2 1.2 1.6 1.6 2.2 2.2 3.0

From Table 1, the threshold velocities for different
targets are similar from the second to sixth columns.
But for O+3

loss2 and O+4
loss2, the threshold velocities for

He target are obviously higher that those for Ar tar-
get. This can be explained by the screening effect.
The high threshold velocities for the He atom are due
to the low effective charge compared with Ar atom.

Table 1 shows that the threshold velocity for one-
electron loss from O+(q+1) is the same as that for two-
electron loss from O+q. This indicates that the prob-
ability of losing the first electron from O+q is nearly
100% at the threshold velocity.

4. Conclusion

This paper presents the experimental results of
the ratios of one-electron loss R21 to two electron
loss cross sections in the processes of O+q colliding
with He, Ne and Ar atoms in the intermediate-velocity
regime. In general, the magnitudes of the ratios R21

increase as velocity increases. The peaks of the curves
for the He target can be observed. The threshold ve-
locities of emitting electrons from higher charged pro-

jectiles are higher than that of emitting electrons from
lower ones. For the same targets, the magnitude of
the ratio R21 is low for the highly charged projectile
ion. The effective charges of Ar and Ne atoms are
obviously bigger than that of the He atom accord-
ing to the screening effect. Coupled-channel calcula-
tions are required to interpret the experimental results
of total ionization cross sections, capture cross sec-
tions and electron loss cross sections in this velocity
region. Recently, many domestic researchers have be-
gun to investigate the cross sections of electron–atom
collision,[24,25] excitation cross sections[26] and trans-
fer cross sections.[27,28] All these studies can provide
us with a deeper understanding on ion–atom collision
processes.
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