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Charge transfer of slow highly charged xenon ions in collisions with magnesium atoms
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1GSI Helmholtzzentrum für Schwerionenforschung, 64291 Darmstadt, Germany
2Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, 730000, Gansu, China
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We report an experimental study of the charge-transfer process in collisions of Xeq+ ions (16 � q � 20) with
magnesium atoms at an energy of 5.5q keV. With charge-selective and time-coincidence techniques, we separated
the pure capture and capture accompanied by transfer-ionization processes. The experimental data indicate that
the magnesium target is around two times more likely to lose two electrons than one in the collision. This finding
is very different compared to the calculation based on the extended classic over-the-barrier model. The Xeq+-Mg
collision also behaves very differently from “traditional” collisions between highly charged ions and noble gases.
We suggest a one-step dielectronic mechanism for the capture process. The data also show that autoionization
dominates the relaxation process after the capture, and fluctuation of the autoionization fraction versus the pro-
jectile charge state indicates that for the relaxation processes, the projectile core structure plays a more important
role than the detailed characteristics of the projectile states where the target electrons are initially captured.
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I. INTRODUCTION

Charge transfer is a fundamental atomic process which has
been studied in various contexts for a long time, not only
because it gives lot of information about atomic structure
[1–5], but also because it plays an important role in astro-
physics, fusion plasmas, and accelerator physics. For example,
it is an important source of cometary and interstellar x
rays [6,7]. Charge transfer also contributes as a powerful
diagnostic tool in confined fusion plasmas [8]. In accelerator
physics, charge transfer between highly charged ions (HCIs)
and residual gas determines the lifetime of ion beams [9–11].

One of the well-known models used to describe capture
processes for low-energy collisions is the extended classic
over-the-barrier model (ECOB) [12]. In this model, the active
electrons experience a Coulomb force from both the projectile
and target nucleus. When the projectile approaches the target
at a distance where the barrier is low enough for an electron
to go from the target to the projectile, the electron is captured.
The sequence of electron removal is determined by the target
ionization potential. The ECOB model was later modified
by Niehaus [2] and is currently known as the molecular
Coulombic barrier model (MCBM). This model takes into
consideration the probability of electrons staying in the target
or being transferred to projectile ions during the quasimolec-
ular state. ECOB and MCBM were verified and compared
with many experimental results [13–15]. For collisions at
medium and high energies where impact ionization occurs
[16,17], different models were developed to describe the
mechanism, such as the classic trajectory Monte Carlo model
(CTMC) [18]. Apart from classic models, models based on
the time-dependent two-center Dirac equation have recently
been developed by Tupitsyn et al. [19,20] and provide good
agreement with the experimental data [21].
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Most of the experiments carried out in the past focus on
charge transfer between ions and gaseous targets. Measure-
ments of total charge exchange [22–25], recoil production [13–
15,26–28], Auger electrons [29–32], photon emission [33–35],
and their coincidence have been reported. Groh et al.’s mea-
surement [36] shows that at sufficiently low energy, transfer
ionization [see Eq. (1)] exceeds the electron-capture process in
He2+-Ar collisions. Another result from [26] indicates that the
charge-state fractions do not depend explicitly on the projectile
ion species and initial charge state, but rather upon the energy
defect (change of system energy before and after the collision)
of the system. DuBois measured [37] protons and He+ in
collision with different targets as a function of projectile energy
and pointed out the importance of transfer ionization in the
low-energy collisions and of direct ionization channels for
high-energy collisions. Cederquist et al. [38] reported direct
ionization in low-energy Xeq+-Xe collision with the variation
of projectile charge q. The result exhibits an onset of ionization
around q = 13 and follows approximate q2 behavior at higher
q, but the ionization process is still two orders of magnitude
smaller than the capture process. The absolute cross sections
of Xeq+-(He, Ar, Xe) collisions were measured by Selberg
et al. [14]. Based on a large data set, they proposed a set
of semiempirical scaling laws [39], which also give a good
agreement with other HCI-gas measurements [15,40].

Among HCI-gas collisions, the HCI-He system is of great
interest because the electron-electron interaction plays an
important role in the state-population dynamics during the
capture process [22,28,41–43]. Based on a set of historical
data, Frémont et al. [42] found that at low collision velocities,
dielectronic processes favor the production of nonequivalent
electron configurations because of the electron-electron inter-
action. To further investigate the electron-electron interaction
in this process, it is interesting to use alkaline-earth metals
because they have two loosely bound s2 electrons outside a
closed shell, making them He-like targets. This may induce
different behaviors that help improve the understanding of the

052703-11050-2947/2013/88(5)/052703(7) ©2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevA.88.052703


W. CHEN et al. PHYSICAL REVIEW A 88, 052703 (2013)

Mg vapor

Coincidence

PSD

Ions from EBIT

MeshDrift area PSD
h

MCP

+70V

_

Bias electrode

70V
Lacc

Ldrift

Magnet

FIG. 1. (Color online) Schematic view of the experimental setup.

charge-transfer process. Martin et al. [34] studied the double-
electron capture in slow collisions of bare ions from C6+ to
Al13+ with gases from He to Xe and metallic vapor (strontium,
barium, zinc) targets. They found that the population of
asymmetrical configurations (n,n′ � n) is responsible for the
high radiative stabilization ratios.

In this work, we study the charge-transfer process between
slow, highly charged xenon ions and magnesium atoms. The
general process can be described as

Xeq+ + Mg → Xe(q−p)+ + Mgr+ + (r − p)e−. (1)

The corresponding cross section is indicated as σ
q,q−p
r . A

condition r − p = 0 indicates a pure capture process, while
r − p > 0 indicates a transfer-ionization (TI) process. In a
more detailed description, the charge-transfer process has
two steps: first, the projectile ion and target atom form a
quasimolecule at the same time the projectile captures one
or more electrons from the target to the projectile’s ground
or excited levels; second, the excited ions release energy by
radiative decay or Auger processes. For Xeq+-Mg collisions
the double-electron transfer can be formulated as

Xeq+ + Mg → Xe(q−2)+∗∗(nl,n′l′) + Mg2+,

radiative decay → Xe(q−2)+ + Mg2+ + γ, (2)

autoionization → Xe(q−1)+ + Mg2+ + e−,

in which nl indicates the inner electron and n′l′ indicates the
outer electron, i.e., n′ � n.

II. EXPERIMENT

The schematic view of the experimental setup is shown in
Fig. 1. The highly charged xenon ions (132Xeq+) were extracted
from the electron-beam ion trap at GSI (SPARC-EBIT [44])
with an energy of 5.5q keV. The EBIT was running in a
so-called leaky mode; that is, the ions were extracted contin-
uously. After passing through by a charge-selective bending
magnet, the ion beam collided with a collimated magnesium
vapor jet produced by an oven. At saturated pressure the vapor
is composed of only monomers, having a fraction of dimers
(Mg2) of only 0.004% [45]. At room temperature, the vapor
pressure of magnesium is less than 10−10 Torr [46]. Therefore,

the differential pump system usually used with gas targets is
not necessary here. Finally, the projectiles were dispersed by
another bending magnet to separate the primary beam and
charge-exchanged ions, both of which were recorded by a
position-sensitive detector in coincidence with a recoil ion.
The recoils (Mgr+) were first accelerated in the electric field
produced by a biased electrode and a mesh and then passed
through a field-free drift region before being detected. The
charge states of the recoils were separated by time-of-flight
(TOF) measurements. For better TOF resolution, this was
arranged in a configuration such that the acceleration distance
Lacc was one half the drift distance Ldrift. A typical position
spectrum from the projectile detector and a coincident TOF
spectrum from the recoil detector are shown in Figs. 2 and 3.

Both the projectile and recoil detectors were microchannel
plates (MCP) from RoentDek. They were covered with nearly
transparent grids, which had negative voltage relative to the
MCP front surfaces to maximize the detection efficiency
[47,48]. The MCP for the projectile detection had a delay
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FIG. 2. TOF spectrum of the recoils with a projectile as the trigger
start. Mg+ and Mg2+ were produced in the charge-transfer processes.
Production of Mg3+ recoils could not be observed. H+
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collisions with a background gas, mainly hydrogen from the reaction
of H2O that attached on the chamber surface and Mg atom.
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FIG. 3. Charge-state distribution of the projectile ions after
collisions with the magnesium target. The primary beam Xeq+ is
attenuated by a dense mesh (around 1.3% transparency) in front of
the position-sensitive detector. Although Xe(q−2)+ ions are more than
one order of magnitude less than Xe(q−1)+, they can be distinguished
by applying a coincidence technique.

line anode to generate a position signal. A dense mesh
with around 1.3% transparency covered part of the projectile
detector. It attenuated the primary beam to less than 0.1% of
the saturation limit of MCP. The particle energy dependence
of the MCP quantum efficiency has been studied in many
works [48–52]. They concluded that the quantum efficiency
of MCP saturates and converges to a constant value when the
particle energy exceeds a certain threshold. From our test, this
value is around 3.3 keV for Mg+ (see Fig. 4). For the highly
charged xenon projectiles (q � 8), an energy of 5.5q keV is
above the saturation threshold, and the energy loss during the
collision is negligible. Therefore, the detection efficiencies for
the projectiles and charge-exchanged ions are equal, and the
detection efficiencies for different recoils are also equal.

We carried out the measurements for xenon ions with charge
states 16 � q � 20, where Xe18+ has a Kr-like shell. It is

FIG. 4. The Mg+/Mg2+ ratios vs acceleration voltage in the
collisions of Xe20+ ions and magnesium vapor. This ratio converges
to a constant when the acceleration voltage is higher than 3.3 kV,
corresponding to the saturation threshold of the MCP.

interesting to study the charge-transfer processes for this and
the neighboring charge states because of the drastic change of
the electron configurations of the projectile core.

III. RESULTS AND DISCUSSION

After appropriate background subtraction, the peak areas
are proportional to the corresponding cross sections. Since
the reaction investigated is exoergic and the impact velocity
is low (∼0.2 a.u.), the cross section of the reaction is
almost independent of the projectile energy within the range
we studied [26]. Because of difficulties in determining the
target density, it was not possible to obtain precise absolute
cross sections in this study. Correspondingly, we were able
to perform relative cross-section measurements, and they
give quite different results from those obtained in collisions
between HCIs and different gaseous targets.

A. Ratios of electron-removal cross sections

The cross-section ratio of two-electron removal to one-
electron removal from the target σ2/σ1 vs the projectile charge
state is shown in Fig. 5. One can see that the target has a higher
probability to lose two electrons than one, i.e., σ2/σ1 > 1. The
ratio increases with the charge state of the projectile to a value
of around 2.0 at q = 20. These results deviate significantly
from predictions based on the ECOB model [12] as well as the
calculation using the semiempirical formula given in Ref. [39].
Both calculations give values of less than 1, independently of
the projectile charge state. Collisions of slow Xeq+ (15 �
q � 43) with He, Ar, and Xe targets at velocities around
0.2 a.u. were investigated by Selberg et al. [14]. Their results
showed that σ2/σ1 is always less than 1. This rule was verified
in other HCI-gas collision measurements [13,15] and also in
HCI-metallic-vapor collision [34], with a value of 0.7 in Ne10+-
Sr collision at a velocity around 0.2 a.u. Yet in our Xeq+-Mg
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FIG. 5. The cross-section ratios of two- to one-electron removal
vs the charge state of the projectile. The solid squares depict
our measurement of Xeq+-Mg collisions. The open circles are the
calculations based on ECOB, and the open triangles show the
calculations based on Selberg et al.’s semiempirical formula [39].
The solid triangles are the results from Selberg et al.’s Xeq+-Xe
collision measurements [14].
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measurement the result is totally different from most of the
other low-energy collisions, except for a few measurements
with low charged projectiles, such as for C4+-He [22,43] and
He2+-Ar [36] collisions. In those collisions the electrons are
not captured to high Rydberg states because of the low-charge
state of the projectiles, and crossings of the potential energy
curves for the initial and final states play an important role.

One possible explanation of the different behavior is
the dominance of the so-called correlated double-electron
capture [31,41,42]. Chesnel et al. [31] considered two kinds
of double-capture mechanisms denoted as monoelectronic and
dielectronic processes. In monoelectronic process, the two
active electrons are captured independently. The interaction
between the two active electrons within the target (3s2 for Mg)
plays an important role. Once the first electron overcomes the
Coulomb barrier and is captured by the projectile, the electron-
electron interaction of the two 3s2 electrons will disappear,
and thus, the ionization energy for the second electron will
increase, corresponding to a higher barrier which reduces the
probability of the second electron being captured. The state
population of the two captured electrons mainly depends on
the match between their ionization energies and the energy
levels of the projectile, usually resulting in (near-)equivalent
configurations. In the dielectronic process, the two electrons
are captured simultaneously in one step but tend to create
configurations of nonequivalent electrons (i.e., |n − n′| is
large), which indicates that the two electrons are correlated
during the capture process [31,34,41]. The monoelectronic
process is adopted in the over-the-barrier model. In this model,
σ2/σ1 is always less than 1 because the barrier to remove the
second electron is about two times higher than the barrier to
remove the first one. Therefore, we believe in our experiment
that the two 3s2 electrons of the magnesium atom are captured
mainly via the dielectronic pathway. As the charge of the
projectile increases, the electron-HCI interaction overwhelms
the electron-electron interaction of the two 3s2 electrons,
resulting in a higher possibility of the dielectronic process.

Frémont et al. [42] summarized HCI-He collisions with
velocities in the range 0.1−0.5 a.u. and concluded that at low
collision energies the dielectronic process dominates, whereas
monoelectronic processes are enhanced as the projectile
velocity increases. This conclusion was proven in different
measurements [22,31] and calculations [53]. For Selberg
et al.’s Xeq+-(He, Ar, Xe) collisions [14] and Martin’s HCI-
(gas, metal vapor) collisions [34], the projectiles had almost
the same velocity as in our Xeq+-Mg collisions (∼0.2 a.u.),
and there the monoelectronic process dominates the capture
process, while in C4+-He collisions [22] the dielectronic
process starts to dominate when the velocity decreases down to
around 0.3 a.u. We presume that whether the monoelectronic
or dielectronic process dominates depends not only on the
projectile velocity but also on the charge state of the projectile
and the target species. The target dependence of σ2/σ1 for
the same projectile and velocity is shown in Fig. 6, with
the average ionization energy of the first electron and second
electron as the x coordinate. The σ2/σ1 value decreases with
increasing average ionization energy.

Furthermore, the TOF spectrum of recoil ions (see
Fig. 2) shows no three-electron removal events. This could
be explained by the rapid change of the ionization energy for
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FIG. 6. Target dependence of σ2/σ1 in Xe20+-(He, Ar, Xe, Mg)
collisions with a velocity of ∼0.2 a.u. The Xe20+-Mg data are from
this work, and Xeq+-(He, Ar, Xe) data are from Selberg et al.’s
work [14], in which the Xe20+-Ar value is extrapolated from a figure
in their paper.

the target atom while opening a closed shell. The ECOB model
gives σ3/σ2 with a value around 2%, which is the statistical
uncertainty range of our experiment. But the semiempirical
scaling law by Selberg et al. [39] predicts a σ3/σ2 value
around 5.6%, which should be observable in our TOF spectra.
Therefore, this scaling law indeed seems to work only for
removal of outer-shell electrons in HCI-gas collisions, as the
paper defined.

B. The ratio of two-electron capture to transfer-ionization
cross sections

The cross-section ratio of two-electron capture to transfer
ionization σ

q,q−2
2 /σ

q,q−1
2 reflects the branching ratio between

the two competitive relaxation channels after the two-electron-
transfer process: radiative decay and autoionization. For
radiative decay, the intershell electric dipole transition rate
scales as q4, while the Coulombic autoionization varies very
slowly with q [27,54]. Consequently, σq,q−2

2 /σ
q,q−1
2 increases

with q in general. This tendency is also illustrated in Xeq+-gas
collision experiments [14,27].

The σ
q,q−2
2 /σ

q,q−1
2 results for our experiment are shown

in Fig. 7 together with other HCI-gas collision data. We can
see that in all of the measurements the autoionization process
dominates the relaxation process, but for Xe20+-Mg collision,
the σ

q,q−2
2 /σ

q,q−1
2 value seems to be slightly higher on average.

As discussed in Sec. III A, the two 3s2 electrons of magnesium
are captured, presumably in a one-step dielectronic process,
and tend to populate nonequivalent configurations with large
|n − n′|. These asymmetric states (n � n′) were proved to
enhance the probability of the radiative relaxation [33,34,56].
For the collisions that produce high Rydberg states with n � 6
(Xe20+, I19+ in Fig. 7), the σ

q,q−2
2 /σ

q,q−1
2 value increases

with decreasing binding energy. Similar phenomena were also
found by other groups [13,27,34]. For example, in HCI-Sr
collisions [34], the target has a similar configuration to mag-
nesium and has even smaller ionization energy. Consequently,
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FIG. 7. (Color online) The cross-section ratios of the two-
electron-capture to transfer-ionization process vs the number of core
electrons of the projectile. Black squares are results for the Xeq+-Mg
collisions, the red solid circles show the results from Selberg et al.’s
Xeq+-Xe measurements [14], the green triangles indicate Xeq+-He
collisions from Andersson et al. [24], and blue diamonds indicate
Iq+-CO collisions from Krok et al. [55].

it has a higher radiative decay percentage than the HCI-gas
collisions with about the same projectile charge state.

Apart from the detailed characteristics of the initial-state
population after the capture, the projectile core structure also
plays an important role in the relaxation processes for high
Rydberg states [27,55,57]. This leads to a nonmonotonous
dependence of σ

q,q−2
2 /σ

q,q−1
2 on q, although it is proved

to increase with increasing q in general [27]. Based on a
series of Q-value measurements and estimations of (n,n′) in
collisions of Xeq+-He [14,58], Iq+-CO [55], Xeq+-Xe [14,59],
Xeq+-Na [60], and HCI-metal [34], we summarize that the
n value increases with decreasing binding energy of the
target. The collisions of Xeq+-Mg are estimated to produce
populations of 8 � n � n′, where the two Rydberg electrons
are almost unaffected by the projectile core charge. The two
electrons are presumed to stabilize through a yrast chain
cascade (E1 transitions with �n � 1). The core configuration
of the projectile plays a critical role in the last step of the
cascade chain [27,57]. For example, a closed subshell has a
less statistic weight than a partially filled subshell (e.g., 2J + 1
in the L-S coupling scheme); consequently, it results in a
lower possibility for radiative decay. This is one of the possible
reasons why Xe18+-Mg (4p6 core) has a lower σ

q,q−2
2 /σ

q,q−1
2

value than the neighboring charge states (see Fig. 7). A similar
nonmonotonous dependence of σ

q,q−2
2 /σ

q,q−1
2 on q was also

investigated in Iq+-CO collisions [55], where low points were
found at 3d10 and 4s2 configurations (possibly also for 4p6,
but the data for 4p5 were not given).

C. Derivative ratios

Since direct ionization of the magnesium target is not likely
for the velocity range we studied here and also almost no
Mg3+ ions could be observed in our experiment, the ratio of
double- to single-electron capture σq,q−2/σ q,q−1 is strongly
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FIG. 8. Derivative ratios from σ2/σ1 and σ
q,q−2
2 /σ

q,q−1
2 . (top)

Double- to single-electron capture; (bottom) one-electron capture
from transfer ionization vs from pure capture, where solid squares
indicate our Xeq+-Mg collisions, solid triangles are Xeq+-Xe colli-
sions [14], and open circles show the Xeq+-He collisions [24].

related to σ2/σ1 and σ
q,q−1
2 /σ

q,q−2
2 . Figure 8 shows the result

of σq,q−2/σ q,q−1 as a function of projectile charge. The
double-electron-capture cross section is more than one order
of magnitude smaller than that for one-electron capture, even
though magnesium is more likely to lose two electrons. The
nonmonotonous relationship indicates that not only charge but
also the electron configuration of the projectile contributes
to σq,q−2/σ q,q−1. Another derivative ratio shown in Fig. 8
is σ

q,q−1
2 /σ

q,q−1
1 , which indicates that as the charge of the

projectile increases, transfer ionization starts to contribute as
a main source of the one-electron-capture process. On the
contrary, in Xeq+-He and Xeq+-Xe collision, the single capture
is mainly from a single charge transfer.

IV. CONCLUSION

We studied the charge-transfer process in Xeq+-Mg colli-
sions (16 � q � 20). With the position and the TOF informa-
tion from the projectile and the target detectors, respectively,
we obtained the cross-section ratios of two- to one-electron
removal σ2/σ1 and the branching ratios of the radiative decay
to autoionization σ

q,q−2
2 /σ

q,q−1
2 in the projectile relaxation

processes. The values of σ2/σ1 deviate significantly from the
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calculation based on the ECOB model, in which the target
electrons are captured independently in sequence. No three-
electron removal events have been observed in the experiment,
and correspondingly, no three-electron-capture processes take
place. We compared our results with measurements from other
groups, showing that Xeq+-Mg collisions have quite different
features from “traditional” HCI-gas collisions. So we speculate
that a one-step dielectronic process [31,42] is responsible for
the charge transfer. σ2/σ1 shows a strong dependence on the
projectile charge, target species, and velocity [42]. The doubly
excited Rydberg state mainly decays through autoionization,
indicated by σ

q,q−2
2 /σ

q,q−1
2 ratios. As the charge of the

projectile increases, the σ
q,q−2
2 /σ

q,q−1
2 value has an increasing

tendency in general, but the electron configuration of the core
gives a large contribution, which causes a fluctuation. The
derivative ratios show that two-electron-capture probability

is one order of magnitude smaller than that for one-electron
capture, and the latter process mainly results from the two-
electron-transfer process accompanied by autoionization.

To further study the dominance of the one-step dielectric
process, we are going to increase the charge state of pro-
jectiles and carry out Q-value measurements to investigate
the populated projectile states in detail. The device will
also be improved for the precise absolute cross-section
measurements.
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Rev. A 82, 042701 (2010).

[20] I. I. Tupitsyn, Y. S. Kozhedub, V. M. Shabaev, A. I. Bondarev,
G. B. Deyneka, I. A. Maltsev, S. Hagmann, G. Plunien, and
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