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Influence of core property on multi-electron process in the collisions of q = 6–9 and 11 isocharged sequence ions

with Ne is investigated in the keV/u region. The cross-section ratios of double-, triple-, quadruple- and total multi-

electron processes to the single electron capture process as well as the partial ratios of different reaction channels to the

relevant multi-electron process are measured by using position-sensitive and time-of-flight techniques. The experimental

data are compared with the theoretical predictions including the extended classical over-barrier model, the molecular

Columbic barrier model and the semi-empirical scaling law. Results show a core effect on multi-electron process of

isocharge ions colliding with Neon, which is consistent with the results of Helium we obtained previously.
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1. Introduction

Multi-electron charge transfer is the main process
in the collision of slow highly-charged ions (HCIs) with
neutral atoms. It is a many-body collision model with
multiple open reaction channels in the quantum me-
chanical approach. Owing to the advent of electron
cyclotron resonance ion source (ECRIS) and the elec-
tron beam ion source (EBIS) in the past few decades,
many efforts have been made to understand its com-
plex dynamics. It is also of fundamental interest for
fusion research and astrophysics.[1−9] An early review
article introduced the basic concepts and investiga-
tions of multiply charged ions with neutral atoms.[10]

The knowledge on the mechanisms of multiple cap-
tures by HCIs colliding with an atom was extensively
described and the multi-electron charge transfer has
been focused on since then.[11]

The efforts to perform the experimental research
on multi-electron process in the collision of HCIs with
neutral atoms were further made with the develop-
ment of new experimental techniques,[11−13] such as
event coincidence and energy–gain spectroscopy. Ab-
solute cross sections for multi-electron processes in
low energy (1.8q keV) Arq+ (q = 4–8)-Ar collisions
were measured and compared with the extended clas-
sical barrier model (ECBM) by Bárány et al.[14] The

multi-electron capture (∆q = 2 − 6) emission cross
sections of Kr18+–Kr, Ar collisions at 360-keV energy
were measured by Martin et al.[15] The observation of
the branching ratios of the multiply-excited product
ions suggested that more electrons could be emitted
by spontaneous ionisation from the product ions with
the occupied high n levels. It was consistent with the-
oretical investigations by Vaeck and Hansen[16] and
van der Hart and Hansen.[17] Multi-electron transfer
probabilities in 90-keV Ne9+–Ne collisions were ob-
tained with respect to the projectile scattering angle
in a range of 12–75 mrad by Herrmann et al.[4] The ab-
solute cross sections for i-electron capture (to projec-
tile) and j-electron removal (from target), total elec-
tron capture, j-electron removal, i-electron capture in
1.5q keV Iq+ (q = 10, 15)–Ne, Ar, Kr and Xe colli-
sions were reported in Ref. [18]. The absolute multi-
electron transfer cross sections and branching ratios
of product ions in 1.5q keV Iq+ (10 ≤ q ≤ 20)–Ar, Xe
collisions were experimentally determined by Sakaue
et al.[19] Their result showed multi-electron emission
was dominant after three- and four-electron transfers
and more electrons could be emitted through multiple
spontaneous ionisation from the product ions when
higher Rydberg states were occupied and the projec-
tile ion charge was large. Knoop et al.[20] investi-
gated double-electron processes. They observed the
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unexpected creation of Na3+ ions and explained them
into two-electron capture accompanied by ionisation.
Multi-electron transfer processes in low energy colli-
sions of bare Kr, Ar and Ne ions with neutral gas
target were believed to play a significant role in shap-
ing the K-shell x-ray spectrum.[21] The measurements
of charge-state correlations of scattered ions and re-
coil ions in close collisions of slow Neq+ (q = 1–9)
ions with Ar atoms were carried out by Hoshino et
al.[22] It was found that the mean charge of the ion
pairs and the number of captured electrons increased
almost linearly with the incident charge q, while the
number of ejected electrons from the collision system
was independent of q at both 5 and 14 keV.

In the meantime, a few theoretical models
were proposed and compared with the experimental
results.[3,5,10,11,23−30] Multi-electron transition pro-
cesses including electron capture, ionisation and
Auger were discussed by Janev and Presnyakov.[10]

A well-known classical over-barrier model was pro-
posed by Bohr and Lindhard,[31] and then developed
for the calculation of absolute cross sections for multi-
electron process in slow collisions of HCIs with atoms
by Bárány et al.[14] and by Niehaus.[3] A theory based
on the quantal two-channel molecular orbital close-
coupling expansion method well described the mea-
sured differential double charge transfer cross sections
in the collision of C4+ with He.[23] Kimura et al.[25]

then investigated the partial and total multi-electron
capture cross sections in slow collisions of HCIs with
atoms within the scaling law based on the extended
classical over-barrier model (ECBM). The experimen-
tal cross sections were reproduced satisfactorily. Sel-
berg et al.[27] presented the semi-empirical scaling laws
(SSLs) and compared this expression favourably with
the experimental results for slow Xeq+ (15 ≤ q ≤ 43)
ions colliding with He, Ar and Xe. Additionally, the
cross sections of two-electron transitions in slow ion–
atom collisions[32] were estimated by a method based
on the shake-off mechanism.

The further investigations on the charge transfer
of more than two electrons were limited both in the
experimental and theoretical approaches despite the
previous successes stated above, which is mainly due
to the difficulties in the quantum mechanical treat-
ment of many-body scattering with multiple reaction
channels.[6,7,11,18,19,22,33] The measurements of the
cross section ratios of double-, triple-, quadruple- and
the total multi-electron processes to the single elec-
tron capture process in 13C6+–Ne and Ar collisions in

the energy range of 4.15–11.08 keV were reported.[6,7]

On the other hand, the classical over-barrier models
cannot distinguish different ions in an isocharge se-
quence since the core properties of projectile are ne-
glected. Therefore, the projectile core dependence
of multi-electron process in slow collisions of HCIs
with atoms is far from being understood. The stud-
ies on the contributions of multi-electron processes to
inner-shell charge transfer and vacancy production in
collisions of bare nuclei with argon were conducted
by Becker et al.[34] They found that the dependence
of the charge transfer cross section on the projectile
charge Zp was weaker than Z5

p in the Oppenheimer–
Brinkman–Kramers (OBK) approximation. The in-
vestigations of absolute (n, l) subshell-selective elec-
tron capture and emission cross sections in slow colli-
sions of C6+, O6+ with He were carried out by Beijers
et al.[35] They found the influence of the projectile core
on the capture process. de Nijs et al.[36] observed a
charge-state distribution difference between light ions
C6+, N6+, Ne6+, and heavy ions Ar6+, Kr6+ in keV-
energy collisions of isocharge sequence of ions A6+

with Ar, which was caused by the interaction between
capture electrons and projectile inner-shell electrons.
Fléchard et al.[37] found that the symmetric 4l and
4l′ configurations took place principally in two steps
by independent-electron (IE) interactions through the
n = 4 single capture channel by means of the com-
bined experimental/theoretical study of the collisions
of Ne10+ with He in the 50 ≤ q ≤ 150 keV impact en-
ergy range. Bernard et al.[38] made an isocharge study
of multi-electronic capture and stabilization in slow
collisions of Ar16+, Xe16+, Kr16+ with C60 and found
that the projectile core effect could increase collision
processes with active electron number increasing.

In this work we report on the experiment stud-
ies of the same-velocity isocharge ions Aq+ (q = 6–
9 and 11) colliding with He, Ne and Ar and the
measurements of the cross-section ratios of double-,
triple-, quadruple- and total multi-electron processes
to the single electron capture process as well as
the partial ratios among different reaction channels,
by using position sensitive and time-of-flight tech-
niques. This experiment can conduce to the under-
standing of the influence of projectile core proper-
ties on the multi-electron charge transfer processes
in greater details.[1,39,40] The experimental results are
compared with those obtained from the classical over-
the-barrier models (the molecular Columbic barrier
model (MCBM) and ECBM) and the semi-empirical
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scaling law (SSL). These models have been described
in detail in Ref. [3], so we will not mention them here
anymore.

2. Experiment

The experiment was carried out on the 14.5 GHz
ECRIS described in Ref. [1]. HCI beam was extracted
from the ion source. Their energy and charge state
were selected by a dipole magnet and a 64◦ coaxial
electrostatic selector. The ion beam was collimated
to a size of about 0.3 mm×0.3 mm by two groups
of two-dimensional (2D) collimators, and then trans-
mitted through the target chamber. A high-purity
(99.999%) neon gas jet was introduced through a nee-
dle at a right angle to the beam direction and inter-
acted with the projectiles in the centre of the target
chamber. The target gas flow was controlled by a sys-
tem of an INFICON VDE016 valve, a TPR265 barom-
eter, and a VCC500 controller. The flowrate was con-
trolled under 3 × 105 Pa·L/s. The vacuum pressure
in the collision region was better than 10−3 Pa and
those in the other regions were higher than 10−5 Pa in
order to satisfy the single-collision condition for elec-
tron transfer, which was described in detail in Ref. [1].
The recoil ions extracted and accelerated by a time-
of-flight (TOF) spectrometer, were detected by a mi-
crochannel plate detector. The charge states of the
scatter ions were analysed by a parallel-plate electro-
static field and then determined by a position-sensitive
channel plate detector. The reaction events were dis-
criminated by coincidence, and the TOF spectra of the
scattered and recoil ions were measured by an MPA-3
multi-parameter acquisition system.

The charge state q of isocharged sequence ions
were 6 (C6+, N6+, O6+, F6+, Ne6+, Ar6+, and Ca6+),
7 (O7+, F7+, Ne7+, S7+, and Ar7+), 8 (F8+, Ne8+,
Ar8+, and Ca8+), 9 (F9+, Ne9+, Si9+, S9+, Ar9+, and
Ca9+) and 11 (Si11+, Ar11+, and Ca11+). Their ve-
locities are to be the same for each ion sequence in or-
der to show the core effect. However, ECRIS voltage
which can vary from 10 kV to 25 kV, limits the ve-
locity selection of isocharge sequence ion. In order to
test the effect of velocity, we have measured the TOF
spectra of q = 6 sequence of ions (C6+, N6+, and O6+

at 0.49υ0 and F6+, Ne6+ at 0.35υ0 and at both veloc-
ities) and q = 7 sequence of ions (F7+, Ne7+, and S7+

at 0.43υ0 and Ar7+, Ca7+ at 0.42υ0 and 0.40υ0).
The experimental uncertainties mainly come from

the statistical error of the multi-electron process, the

efficiency difference of the PSMCP detector, and the
uncertainty of the counting region in the 2D spectrum.
The statistical error is less than ±10%, and the dif-
ference detection efficiency is within ±10%, and the
counting uncertainty is less than ±10%.

3. Results and discussion

The multi-electron process of isocharge ion se-
quence Aq+–Ne can be described as

Aq+ + Ne → A(q−i)+ + Nej+ + (j − i)e + hν, (1)

where Aq+ ion first obtains j electrons from Ne atom,
then i electrons are stabilised on the projectile and
(j− i) electrons are ionised into the continuum. Here,
some terminologies such as the number of electrons
captured by projectile and the number of electrons
ionised into the continuum have been used. When
(j − i) = 0, reaction (1) is the pure electron-capture
process, i.e., single-electron capture (SC), double-
electron capture (DC), triple-electron capture (TC),
quadruple-electron capture (QC) etc. When (j − i) >

0, reaction (1) describes the transfer ionisation where
both capture and ionisation coexist. For example,
CiI(j − i) means that i electrons of Ne are captured
by the projectile and (j − i) electrons from the target
are ejected into the continuum. The multi-electron
process is defined by the number of active electrons
j, such as double-electron (2E) process, triple-electron
(3E) process, and quadruple-electron (4E) process and
quintuple-electron (5E) process. Total multi-electron
(ME) process is defined as being all process except SC.
More than 5 electron process, i.e., 5E process, will not
be discussed here due to the lack of experimental data.

The cross-section ratios σkE/σSC (k = 2–4) for
q = 6–9 and 11 isocharge sequence ions colliding with
Ne, are calculated by using MCBM, ECBM and SSL
models, and the results may be found in Table 1. Since
these models cannot predict the transfer ionisation
process, the relative partial cross sections of 2E, 3E
and 4E processes cannot be calculated using the the-
oretical models. And the experimental data in this
work are shown in Tables 2–6. ME process and the
partial reaction channels of different ME process will
be discussed in Subsections 3.1 and 3.2 respectively. It
should be noted that all three prediction values listed
in sequence are corresponding to the three models, i.e.,
MCBM, ECBM and SSL respectively.
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Table 3. Experimental cross-section ratios of σkE/σSC (k = 2–4) for q = 7 isocharged sequence ions colliding with

neon.

projectile O7+ F7+ Ne7+ S7+ Ar7+ Ca7+

configuration 1s1 1s2 1s22s1 1s22s22p5 [Ne]3s1 [Ne]3s2p1

energy/(keV/u) 4.67 4.67 4.67 4.67 4.38 3.99

velocity v0 0.43 0.43 0.43 0.43 0.42 0.40

σDC/σSC – 0.016±0.01 0.035±0.02 0.096±0.05 0.35±0.05 0.17±0.02

σC1I1/σSC 0.50±0.08 0.43±0.08 0.49±0.08 0.28±0.05 0.095±0.02 0.046±0.01

σ2E/σSC 0.50±0.08 0.45±0.08 0.53±0.08 0.38±0.07 0.45±0.05 0.22±0.02

σTC/σSC 0.004±0.003 0.005±0.003 0.003±0.002 0.01±0.005 0.007±0.005 0.005±0.003

σC2I1/σSC 0.01±0.005 0.027±0.02 0.053±0.02 0.21±0.02 0.029±0.01 0.053±0.01

σC1I2/σSC – – 0.015±0.005 0.033±0.01 0.002±0.002 –

σ3E/σSC 0.01±0.005 0.032±0.02 0.071±0.02 0.25±0.03 0.038±0.01 0.058±0.01

σQC/σSC – – – – – –

σC3I1/σSC – 0.026±2 – – 0.002±0.002 0.082±0.02

σC2I2/σSC 0.016±0.005 – 0.003±0.002 – – –

σC1I3/σSC – – – – – –

σ4E/σSC 0.016±0.005 0.026±0.02 0.003±0.002 – 0.002±0.002 0.082±0.02

Table 4. Experimental cross-sections ratios of σkE/σSC (k = 2–4) for q = 8 isocharged sequence ions

colliding with neon.

projectile F8+ Ne8+ Ar8+ Ca8+

configuration 1s1 1s2 [Ne] [Ne]3s2

energy/keV 4 4 4 4

velocity v0 0.4 0.4 0.4 0.4

σDC/σSC 0.027±0.02 0.021±1 0.061±0.02 0.075±0.03

σC1I1/σSC 0.32±0.04 0.29±0.05 0.17±0.02 0.12±0.02

σ2E/σSC 0.35±0.04 0.31±0.05 0.23±0.03 0.20±0.04

σTC/σSC 0.001±0.001 0.003±0.002 0.08±0.01 0.067±0.02

σC2I1/σSC 0.06±0.02 0.13±0.02 0.098±0.02 0.079±0.02

σC1I2/σSC 0.09±0.02 0.013±0.005 0.072±0.01 0.002±0.002

σ3E/σSC 0.15±0.03 0.15±0.02 0.25±0.03 0.15±0.03

σQC/σSC – – – 0.014±0.005

σC3I1/σSC – 0.009±0.005 0.039±0.01 0.022±0.01

σC2I2/σSC 0.009±0.005 0.002±0.002 –

σC1I3/σSC – – – –

σ4E/σSC – 0.018±0.007 0.041±0.01 0.036±0.01

Table 5. Experimental cross-section ratios of σkE/σSC (k = 2–4) for q = 9 isocharged sequence ions colliding

with neon.

Projectile Ne9+ Si9+ S9+ Ar9+ Ca9+

configuration 1s1 1s22s22p1 1s22s22p3 1s22s22p5 [Ne]1s1

energy/keV 4.5 4.5 4.5 4.5 4.5

velocity 0.42 0.42 0.42 0.42 0.42

σDC/σSC 0.029±0.01 0.019±0.01 0.027±0.01 0.058±0.02 0.023±0.005

σC1I1/σSC 0.28±0.02 0.26±0.02 0.34±0.03 0.45±0.03 0.27±0.03

σ2E/σSC 0.31±0.02 0.28±0.02 0.37±0.03 0.51±0.04 0.29±0.03
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Table 5. Contiuned

Projectile Ne9+ Si9+ S9+ Ar9+ Ca9+

configuration 1s1 1s22s22p1 1s22s22p3 1s22s22p5 [Ne]1s1

energy/keV 4.5 4.5 4.5 4.5 4.5

velocity 0.42 0.42 0.42 0.42 0.42

σTC/σSC 0.001±0.001 0.004±0.003 0.008±0.005 0.031±0.01 0.007±0.005

σC2I1/σSC 0.084±0.02 0.22±0.02 0.11±0.02 0.12±0.02 0.039±0.01

σC1I2/σSC 0.12±0.02 0.051±0.02 0.061±0.02 0.093±0.02 0.009±0.005

σ3E/σSC 0.21±0.03 0.28±0.03 0.18±0.03 0.24±0.03 0.055±0.01

σQC/σSC – – – 0.011±0.005 –

σC3I1/σSC 0.001±0.001 0.002±0.002 0.02±0.01 0.064±0.02 0.019±0.005

σC2I2/σSC 0.012±0.005 0.025±0.01 0.10±0.02 0.11±0.02 0.012±0.005

σC1I3/σSC 0.013±0.005 0.001±0.001 0.008±0.005 – –

σ4E/σSC 0.026±0.01 0.028±0.01 0.13±0.02 0.19±0.03 0.031±0.007

Table 6. Experimental cross-section ratios of σkE/σSC (k = 2–4) for q = 11 isocharged sequence ions colliding with

neon.

Projectile Si11+ Ar11+ Ca11+

configuration 1s22s1 1s22s22p3 1s22s22p5

energy/keV 5.5 5.5 5.5

velocity v0 0.47 0.47 0.47

σDC/σSC 0.034±0.01 0.033±0.01 0.01±0.005

σC1I1/σSC 0.35±0.04 0.32±0.04 0.20±0.03

σ2E/σSC 0.38±0.04 0.35±0.04 0.21±0.03

σTC/σSC 0.002±0.002 0.008±0.005 0.002±0.002

σC2I1/σSC 0.055±0.01 0.063±0.01 0.033±0.01

σC1I2/σSC 0.096±0.02 0.18±0.02 0.07±0.02

σ3E/σSC 0.15±0.02 0.25±0.02 0.11±0.02

σQC/σSC – – –

σC3I1/σSC 0.001±0.001 0.008±0.005 0.003±0.002

σC2I2/σSC 0.062±0.02 0.053±0.01 0.018±0.005

σC1I3/σSC 0.001±0.001 0.007±0.005 0.003±0.002

σ4E/σSC 0.064±0.02 0.068±0.01 0.024±0.01

3.1.Multiple electron process

Figures 1(a)–1(c) show the cross section ratios
of 2E, 3E and 4E to the SC process in the Aq+–Ne
(q = 6–9, 11) collisions. As mentioned above, in order
to identify the effect of ion velocity, the velocities are
selected to be 0.49υ0 and 0.35υ0 for q = 6 sequence of
ions, 0.43υ0, 0.42υ0 and 0.40υ0 for q = 7 sequence of
ions. The influence of velocity can be ignored in this
case.[1,11] In the case of the 2E process, in Fig. 1(a),
the value of σ2E/σSC varies from 0.17 to 0.57, in a
range of 0.4 as a function of the projectile number Z.
In Fig. 1(b), the value of σ3E/σSC varies from 0.014 to

0.25, while the value of σ4E/σSC is in a range of 0.0–
0.19 as displayed in Fig. 1(c). More peak-shape struc-
tures for Ar are located at Z = 18, which is caused by
the core effect of ions. The projectile core factor fades
away when the active electron number increases from
2 to 4.

The experimental and theoretical cross-section ra-
tios σkE/σSC (k = 2–4) of multiple electron process to
single capture for q = 6–9 and 11, are respectively dis-
played in Figs. 2(a)–2(e) as a function of projectile’s
atomic number Z. In the case of q = 6 isocharge se-
quence ions (C6+, N6+, O6+, F6+, Ne6+, Ar6+ and
Ca6+), the value of cross-section ratio σ2E/σSC is be-
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tween 0.17 and 0.57 and their average value is ∼0.36,
which is smaller than the predicted values which are
0.54, 0.50 and 0.55, as listed in Table 1. The val-
ues of cross-section ratio σ3E/σSC are 0.14 for C6+,
N6+ and O6+, and 0.06–0.10 for F6+, Ne6+, Ar6+ and
Ca6+. The average of these data is 0.10, which is
less than half of the expected values, which are 0.33,
0.35 and 0.35 respectively. Figure 2(a) also shows that
the cross-section ratio σ4E/σSC of q = 6 isocharge se-
quence ions colliding with Ne changes from 0.01 to
0.06 with an average of 0.03. However the theoretical
values of cross-section ratio σ4E/σSC are 0.16, 0.10 and
0.15, at least three times as large as the experimental
results. From Fig. 2(a), there is a tendency of increas-
ing for the cross-section of 2E process as the projectile
atomic number increases. On the other hand, tenden-
cies of decreasing for the values of cross-section ratio
σ3E/σSC and σ4E/σSC are shown in the same figure.
Similar behaviours are observed in the collisions of
C6+, N6+ and O6+ with Ne. For Ar6+ and Ca6+, 2E
process is a domain reaction in the ME process how-
ever 4E process is not observed. All these phenomena
are due to the influence of electron energy structure
of projectile ions.

For q = 7 isocharge sequence ions (Fig. 2(b)),
σ2E/σSC values of 0.50, 0.45, 0.53, 0.38, 0.45 and 0.22
are plotted for O7+, F7+, N7+, S7+, Ar7+ and Ca7+.
The average value of the experimental data is 0.42,

while the calculations are 0.55, 0.50 and 0.55. 2E pro-
cess has a downward tendency as the projectile atomic
number increases. The value of σ3E/σSC varies from
0.01 to 0.25, reaching a maximum of 0.25 at Z = 16
with an average value of 0.08. The theoretical val-
ues of σ3E/σSC are 0.19, 0.14 and 0.20. In C6+, N6+

and O6+ colliding with neon, the 2E cross sections are
three times as large as the 3E, but in O7+, F7+ and
Ne7+ colliding with neon, the 2E cross sections are 7–
50 times larger than 3E cross sections. As we know,
the second ionisation energy of neon is very close to
the n = 4 level-group of q = 7 ions (O7+, F7+ and
Ne7+). Hence it is resonant transfer, which enhances
2E process strongly in the collision of O7+, F7+ and
Ne7+. Similar phenomena can also be found in argon
target collisions. The relative cross-section value of
4E process changes from 0.002 to 0.082 with an av-
erage value of 0.022. It is smaller than the predicted
values which are 0.070, 0.097 and 0.146 respectively.
Similar indications of σkE/σSC (k = 2–4) have been
observed for O7+, F7+ and Ne7+, but not for S7+,
Ar7+ and Ca7+, which can be explained as being due
to the fact that the vacant level structures are similar
for O7+, F7+ and Ne7+ and are distinct for S7+, Ar7+

and Ca7+. From the discussion above, it is known that
theoretical prediction overestimates the multi-electron
process.

Fig. 1. Measured values of cross-section ratio σkE/σSC (k = 2–4) as a function of projectile atomic number Z

for the collision of isocharge sequence ions with Ne.
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Fig. 2. Experimental and theoretical values of cross-section ratio (MCBM, ECBM and SSL) σkE/σSC (k = 2–4) of ME

process to single capture for q = 6(a), 7(b), 8(c), 9(d) and 11(e), as a function of projectile atomic number Z, where k

is the number of active electrons.

Experimental data and calculations of σkE/σSC

(k = 2–4) for the case of q = 8 isocharge sequence
ions are displayed in Fig. 2(c). As shown in Fig. 2(c),
σ2E/σSC decreases from 0.35 to 0.20 as the projec-
tile atomic number increases. The model prediction is
around 0.50–0.55, about twice larger than the average
value of experimental data of ∼0.27. The experimen-
tal measurement determines the values of σ3E/σSC to
be 0.15 for F8+, Ne8+, and Ca8+, and 0.25 for Ar8+.
The average of experimental results is 0.18, which is
smaller than the theoretical values of 0.32, 0.36 and
0.35 given by three models. The 4E process is very
weak due to the competition between all charge trans-
fer channels, just ∼ 2.2% of σSC, and there is no
4E process for F8+ in our case. Theoretical models

still give higher predictions to the 4E process. For
the projectile charge state q = 8, the 2E process be-
comes weaker, while the 3E process turn stronger. The
weight of them in multi-electron process can be com-
pared with each other.

In Fig. 2(d), the measured values of σ2E/σSC are
0.31, 0.28 and 0.37 for Ne9+, Si9+, S9+ respectively,
they go up to a maximum of 0.51 for Ar9+, finally de-
clines down to 0.29 for Ca9+. However the theoretical
values are 0.56, 0.50 and 0.55. Figure 2(d) also shows
the fluctuation of σ3E/σSC to be between 0.055 and
0.28 with the constant values of 0.32, 0.36 and 0.35
predicted by the models. The value of σ4E/σSC varies
from 0.026 to 0.19 with an average of 0.081 and the
theoretical models predict the ratio values to be 0.18,
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0.13 and 0.20. Comparing σ4E/σSC with σ2E/σSC, it
is known that the cross sections of 4E process follow
the trend of cross sections of 2E process. For Si9+,
the cross section of 3E process is almost equal to the
one of 2E process. The total cross section of ME is
quite large for Ar9+, about 97% of SC. A peak-shape
structure is shown in the figure when the projectile is
Ar9+.

The projectiles of charge state q = 11, only are
selected to be three kinds of ions, i.e., Si11+, Ar11+

and Ca11+ due to the limit of ECRIS. The values
of σ2E/σSC are 0.38, 0.35 and 0.21 for Si11+, Ar11+

and Ca11+, with the predictions being 0.55, 0.50 and
0.55. The value of σ3E/σSC is between 0.11 and 0.25.
Three models predict the values of σ3E/σSC to be 0.33,
0.36 and 0.35 respectively for Si11+, Ar11+ and Ca11+

which are about twice as large as the experimental
mean value of 0.19. The experimental measurements
of σ4E/σSC which are 0.064, 0.068 and 0.024 for Si11+,
Ar11+ and Ca11+ respectively, each show a flat curve
as the projectile atomic number increases. The con-
stants of 0.17, 0.13 and 0.20 are given by the calcu-
lations for the projectile charge state q of 11. From
Fig. 2(e), the cross sections of 2E process for Si11+

and Ar11+ are remarkably larger than for Ca11+. For
3E process, the Ar11+ cross section is higher than for
the others.

The ME processes have been extensively studied
over past several decades. However, few cross section
measurements in collision of HCIs with Ne target have
been made.[18,41,42] The collision systems were Arq+–
Ne in Refs. [41] and [42] and Iq+–Ne in Ref. [18] at
keV energy. Additionally, for the collision system of
Arq+–Ne, the cross sections of a full set of reaction
processes are available just for two-election transfer,
not for more than two-electron transfer. For these
reasons, we compare our data of Arq+–Ne with re-
ported data for two-electron transfer process. Figure
3 shows the comparison between our results and the
data from Refs. [18], [41] and [42]. The cross section
ratio of σ2E/σSC for our experiment is in good agree-
ment with the results given in Refs. [41] and [42]. As
the projectile charge q increases, the σ2E/σSC ratio
increases rapidly, and reaches a maximum value at
q = 5, then decreases slowly. It implies that 2E pro-
cess will be strongest when q is ∼5–6.

Fig. 3. Comparison among present results (4q keV, ¥),

the results of Liljeby et al.[41] (1.8q keV, ◦), the results of

Justiniano et al.[42] (1 keV, ♦), and the results of Naka-

mura et al.[18] (1.5q keV, ∆) for Arq+–Ne cross section

ratio σ2E/σSC.

3.2.Partial reaction channels among

mutliple electron processes

The decay of multi-excited projectiles after col-
lision is important information about the collision of
HCIs with rare gas target. The branching ratios in-
volve the information about the decay of multiply-
excited ions. The values of σDC/σ2E, σC1I1/σ2E in
the measurement of isocharge sequence ions (q = 6–
9,11) colliding with Ne, as a function of the projectile
atomic number, are plotted in Fig. 4(a)–4(e). In our
case, the true double-electron ionisation is not deter-
mined so that the 2E process includes DC and the
C1I1 process, that means σ2E = σDC + σC1I1. With
the projectile charge state q = 6 and 7, for DC and
C1I1 processes, the values of σDC/σ2E and σDC/σ2E

keep small variations as the projectile atomic numbers
are between 6 and 10, and between 18 and 20 respec-
tively. σC1I1/σ2E which is about 0.90, is quite larger
than σDC/σ2E which is about 0.10, when the projec-
tile atomic number is between 6 and 10. However,
σC1I1/σ2E which is about 0.20, is remarkably smaller
than σDC/σ2E which is about 0.80, when the projec-
tile atomic number is between 18 and 20. A reverse
tendency can be seen as the projectile atomic number
changes from 10 to 18. Similar behaviours are shown
in Fig. 4(c) where the ion charge state is 8. When the
projectile atomic number is larger than 10, the value
of σC1I1/σ2E decreases from about 0.9 to about 0.6,
while the value of σDC/σ2E increases from about 0.10
to about 0.40. Comparing Fig. 4(c) with Figs. 4(a)
and 4(b), it can be found the curve of σDC/σ2E in
Fig. 4(c) does not cross with the one of σC1I1/σ2E,
which is different form the scenarios in Figs. 4(a) and
4(c). What is more, as illustrated in Figs. 4(d) and
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4(e), the values of σDC/σ2E and σC1I1/σ2E, indepen-
dent of ion charge state q, are about 0.90 and 0.10
respectively. One conclusion can be made that the re-
verse tendency is caused by the ion core effect which
fades away as ion charge state q increases. When the
projectile atomic number is between 6 and 10, C1I1
is absolutely the domain process among 2E process.
And for the Ar and Ca projectile ions, which chan-
nel is the domain channel depends on the projectile
charge state q, which is shown in Figs. 4(a)–4(e). It
is found that the decay of doubly-excited ions is de-
pendent on electronic vacancy of projectile. For the
projectiles with fill K-shell, C1I1 is dominant in 2E
process. However, for the projectiles with fill M-shell,
branching ratio of C2 has large value, compared with
that for C1I1. A similar phenomenon can be seen, and
the same conclusion can be made in the branching ra-
tios of 3E process from Fig. 5.

Figures 5(a)–5(e) show the measured values of
σTC/σ3E, σC2I1/σ3E and σC1I2/σ3E for the sequence
of isocharge ions (q = 6–9, 11) colliding with Ne. 3E
process has four possible reaction channels, i.e., TC,
C2I1, C1I2 and I3. However, the three-electron ion-
isation process is not observed in our experimental
measurement so that the total cross section of 3E is
the sum of the cross sections of TC, C2I1, C1I2, i.e.
σ3E = σTC + σC2I1 + σC1I2. For the A6+ ions, the
cross-section ratios of σTC/σ3E and σC2I1/σ3E fluc-
tuate between 0.014 and 0.27, between 0.54 and 0.73
respectively, as the projectile atomic number increases

from 6 to 10. But for Ar6+ and Ca6+, the ratios of
σTC/σ3E, are 0.58 and 0.65 respectively and ratios
of σC2I1/σ3E are both 0.18. A reverse trend between
σTC/σ3E and σC2I1/σ3E is also observed as the projec-
tile atomic number changes from 10 to 18. The result
is caused by the influence of projectile core proper-
ties. For σC2I1/σ3E, a downward tendency is shown
in Fig. 5(a). From Figs. 5(a)–5(e), we can see that
TC becomes stronger and stronger for q = 6, 8 and 9,
and fluctuates around a constant for q = 7 and 11, as
the projectile atomic number increases. The larger the
projectile charge state q is, the lower will the value of
σTC/σ3E be. The cross-section ratio σC2I1/σ3E fluctu-
ates around a constant with the increase of projectile
atomic number for q = 7–9 and 11. For q = 6–9,
σC2I1/σ3E shows a downward trend when the projec-
tile ion becomes heavy. The C1I2 process becomes
weak with the increase of projectile atomic number in
the case of q = 6–9, while it is independent of the vari-
ety of projectile ions when the projectile charge state
is 11. With the increase of projectile charge state q,
TC and C2I1 processes become weak, while C1I2 be-
comes strong. The cross sections of C2I1 are greater
than the ones of TC and C1I2 over the range of pro-
jectile charge state q from 6 to 9. However, when the
projectile charge state q is goes up to 11, C1I2 is the
strongest partial channel in 3E process. In the case of
3E process, there is an effect of projectile core which
can be observed when the projectile charge state q is
equal to 6.
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Fig. 4. Measured data of σDC/σ2E and σC1I1/σ2E as a function of projectile atomic number Z in the case of

projectile charge state q = 6–9, 11.

Fig. 5. Measured values of σTC/σ3E, σC2I1/σ3E and σC1I2/σ3E for the sequence of isocharge ions (q = 6–9, 11)

colliding with Ne.

In 2E process, two electrons are transferred from Ne target to high energy levels of projectile, and then
deexcited through either radiative decay or single Auger decay. The comparison of branching ratio of 2E between
present work and Refs. [18], [41] and [42] is shown in Figs. 6(a) and 6(b). As seen in Fig. 6, when the projectile
charge state q increases, the branching ratio of DC drops down to 0.1 quickly, while the one of C1I1 goes up to
0.9. These results coincide very well with the calculations and experimental data in Ref. [43]. It suggests that
both occupied levels and projectile core states must be considered.[16,17]
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Fig. 6. Comparison among the present results (4q keV, ¥), the results of Liljeby et al.[41] (1.8q keV, ©), the results

of Justiniano et al. [42] (1 keV, ♦), and the results of Nakamura et al.[18] (1.5q keV, ∆) for Arq+–Ne cross section

ratios of σDC/σ2E and σC1I1/σ2E.

4. Conclusions

In this work, the ME processes in the collisions of
q = 6–9 and 11 isocharged sequence ions with Ne are
investigated in the keV/u region. The cross-section
ratios of 2E, 3E and 4E to the single electron cap-
ture process, and the partial ratios of different reac-
tion channels to the relevant multi-electron process
have been measured using position sensitive and TOF
techniques. The cross-section ratios of 2E, 3E and 4E
to SC indicate the electron redistribution between the
projectile and target during the ion–atom interaction.
The partial ratios of different reaction channels to the
relevant multi-electron process exhibit the electron-
electron interaction during the projectile relaxation.

The present work shows that 2E process is a do-
main reaction channel among the multi-electron pro-
cesses, 3E channel is weaker than 2E, and 4E channel
is very small. This result is in good agreement with
the predictions by MCBM, ECBM and SSL. However,
by comparison with the experimental data, theoret-
ical models overestimate the multi-electron process.
The more the active electron number is, the more the
theoretical models overestimate. The reason is that
MCBM, ECBM and SSL characterise the projectile
ion with only its charge state q so that different ions in

an isocharged sequence cannot be distinguished from
each other. In the ME process, transfer ionisation is
dominant and the pure electron capture is negligible
while the direct ionisation is not observed. It indi-
cates that the active electrons are first captured to
multi-excited state of projectile and then go to the
ground state through radiation or to the continuum
state through emission after the interactions between
the electrons. The experimental data suggest that
the cross-section ratios of ME process to single cap-
ture and the partial ratios among the relevant multi-
electron process are strongly affected by the projectile
core properties. Multi-excited ion decay is strongly
dependent on electron vacancy of projectile. That
means that the vacant energy level structure of the
projectile ions has a strong influence on the electron
redistribution and the projectile relaxation. The re-
sult shows that the projectile core effect fades away
as the charge state of projectile ions increases, which
indicates a character that the projectile core effect be-
comes weak for those sufficiently charged ions, where
the electrons are captured to the high-level states and
the spontaneous ionisation becomes dominant in the
relaxation of projectile. The results of present work
are compared with previous experimental data and
they are in good agreement with each other.
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