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5.5 MeV/u and 30.9 MeV/u
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The electron capture process was studied for Xe54+ colliding with H2 molecules at the internal
gas target of the ESR storage ring at GSI, Darmstadt. Cross section values for electron capture into
excited projectile states were deduced from the observed emission cross section of Lyman radiation,
being emitted by the hydrogen-like ions subsequent to the capture of a target electron. The ion
beam energy range was varied between 5.5 MeV/u and 30.9 MeV/u by applying the deceleration
mode of the ESR. Thus, electron capture data was recorded at the intermediate and in particular
the low collision energy regime, well below the beam energy necessary to produce bare xenon ions.
The obtained data is found to be in reasonable qualitative agreement with theoretical approaches,
while a commonly applied empirical formula significantly overestimates the experimental findings.

I. INTRODUCTION

Charge-changing processes, i.e. loss or capture of elec-
trons, occurring in ion-atom and ion-ion collisions belong
to the most basic interactions for ion beams. Besides ba-
sic research, i.e. in atomic and plasma physics as well
as astrophysics, the investigation of these processes is
motivated by their paramount importance for many ap-
plications, such as ion stripping as well as transport and
storage of ion beams in accelerator facilities [1–3]. In dis-
persive ion optical elements the trajectories of ions being
up- or down-charged deviate from the one of the refer-
ence charge state, resulting in successive defocusing and
eventual partial loss of the ion beam. Therefore, exact
knowledge of the charge-changing cross sections in colli-

∗Electronic address: felix.kroeger@uni-jena.de

sions with residual gas constituents or dedicated targets
is of crucial importance for the planning of experiments
at existing accelerators and storage rings as well as for
the design of new facilities or upgrade programs.

This is particularly evident for the new Facility for An-
tiproton and Ion Research (FAIR) [4], currently under
construction on the campus of the GSI Helmholtzzen-
trum für Schwerionenforschung in Darmstadt, Germany.
At FAIR, future studies with heavy, highly charged ions
will cover a previously unexplored range of experimen-
tal parameters with respect to collision energies, beam
intensities and ion species. With the low-energy storage
ring CRYRING@ESR (while being operated at Manne
Siegbahn Laboratory of Stockholm University until 2009
this ring was referred to as CRYRING) the first experi-
mental facility at FAIR was recently commissioned [5].
This storage ring allows the storage of heavy, highly
charged ions at beam energies between a few 100 keV/u
and roughly 10 MeV/u. An important part of the re-
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search program of the Stored Particles Atomic Physics
Research Collaboration (SPARC) [6] within the FAIR
project concerns studies of highly charged ion beams that
are decelerated in the CRYRING@ESR to energies signif-
icantly lower than previously accessible [7] at the existing
Experimental Storage Ring (ESR). These ions will have
charge states much higher than their respective equilib-
rium charge state, and as a consequence electron capture
from the residual gas constituents in CRYRING@ESR
will be the dominant beam-loss process. Modeling these
beam losses is of key importance for the efficient plan-
ning of experiments at CRYRING@ESR. However, ex-
perimental electron-capture cross-section data for highly-
charged ions colliding with atoms/molecules at kinetic
energies well below the respective projectile’s ionization
threshold is scarce. Therefore, additional experimental
data covering a significant range of collision energies as
well as ion species and target atoms is needed to bench-
mark theoretical approaches and scaling laws available
for such collision systems.

In this work, cross section measurements are presented
for electron capture into excited states of initially bare
xenon (Xe54+) projectiles, occurring in collisions with hy-
drogen molecules (H2). This study was conducted us-
ing decelerated ion beams in the ESR, thus covering
ion beam energies that are relevant for the operation
of the CRYRING@ESR. The obtained electron-capture
cross-section data is compared to combined predictions
of the radiative electron capture (REC) and of the non-
radiative electron capture (NRC) theories as well as to
the widely used empirical Schlachter formula [8].

II. MEASUREMENT TECHNIQUE AND DATA
ANALYSIS

During a beam time at the GSI accelerator facility,
xenon ions produced in an ion source at low charge states
were pre-accelerated in the Universal Linear Accelerator
(UNILAC) and subsequently injected into the heavy ion
synchrotron SIS18. After being accelerated to a respec-
tive beam energy of 100 MeV/u, the ions were ejected
into the transfer line from SIS18 to the Experimental
Storage Ring (ESR) [9] where all their electrons were
removed during the passage through an 11 mg/cm2 car-
bon stripper foil. After injection into the ESR, the ion
beam was rebunched and decelerated, to the chosen final
energies of 5.5, 6, 6.7, 7, 8, 15, and 30.9 MeV/u. This en-
ergy range corresponds to relativistic β values from 0.11
to 0.25. Typical beam intensities of several 107 parti-
cles were stored and electron cooled in order to achieve a
good beam quality, resulting in a typical beam diameter
in the order of 2 mm as well as a momentum spread in
the order of ∆p/p ≈ 10−4 [10] after a cooling time of a
few seconds. As a next step the internal gas target of the
ESR [11, 12] was turned on leading to the formation of a
H2 gas jet with a diameter of about 6 mm [13]. The over-
lap between the ion beam and the target was optimized

based on a scan of the ion beam position through the per-
pendicular gas jet while monitoring the beam-loss rate.
The target area density of 1014 particles/cm2 was cho-
sen such that charge-changing processes occuring at the
intersection point of the gas jet and the ion beam were
clearly the dominant beam-loss contribution compared
to interactions with the residual gas along the beam line
and recombination in the electron cooler. In the energy
range of interest, the most relevant charge exchange pro-
cesses occurring in ion-atom collisions at the gas target
are REC and NRC of a target electron. While for low en-
ergies NRC dominates the total capture cross section, it is
overtaken by REC with increasing collision energies. By
passing through a bending magnet downstream to the gas
target, down-charged projectile ions were separated from
the reference charge state and subsequently stopped by
a multi-wire proportional counter (MWPC) [14]. Projec-
tiles decelerated to energies below roughly 10 MeV/u are
no longer able to penetrate through the 25 µm stainless
steel foil separating the ESR vacuum from the MWPC
detector housing. Therefore, the measurement of the
electron-capture cross-section had to rely on an indirect
technique using an array of three high-purity germanium
(HPGe) X-ray detectors that were positioned around the
interaction zone of the ion beam and the gas target. Each
of these detectors covered a solid angle of about 10−2 sr
and they were placed with respect to the ion beam axis
at 35◦, 60◦ and at 90◦, see figure 1 for details.

35o 

 

X-ray detectors 

60o 

 

90o 

Xe53+ 

Xe54+ 

Xe54+ 

Dipole magnet 

H2 

Interaction chamber 

FIG. 1: Schematic drawing of the experimental setup. An
array of HPGe X-ray detectors is positioned around the in-
teraction zone of the ion beam and the gas jet target.

As an example of the results, in figure 2, two X-ray
spectra taken at collision energies of 30.9 MeV/u (top)
and 5.5 MeV/u (bottom) at an observation angle of 60◦

are shown. All relevant features in these spectra can be
attributed to either the REC process (i.e. K-REC de-
notes the radiation emitted by REC into the projectile
K shell, L-REC refers to capture into the L shell and so
on) or characteristic K transitions into the ground state
(Kα, Kβ, etc.). The difference in the intensity ratios
of the REC and the K radiation for both collision ener-
gies results from NRC dominating the population of ex-
cited projectile states at low collision energies, whereas
at the higher energy the REC process prevails. Also vis-
ible is an escape peak resulting from the germanium K
radiation leaving the detector crystal. All spectra were
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FIG. 2: X-ray spectra resulting from the collision of bare
xenon ions with a H2 gas target, recorded by HPGe X-ray
detectors. The spectra were obtained at an observation angle
of 60◦ at the highest and the lowest ion beam energies used
in this study. Note that in the laboratory system the peak
positions are Doppler shifted with respect to the transition
energies in the emitter system.

corrected according to the energy-dependent detection
efficiency ε of the respective HPGe detector. The effi-
ciency correction was obtained by modeling the detector
response based on the EGS5 Monte Carlo code for photon
and electron transport in matter [15]. This code is able
to reproduce all relevant features of the detector response
as previously demonstrated in [16].

For a hydrogen-like high-Z system multi-photon transi-
tion rates are relatively small compared to single-photon
transitions, the most important being the two-photon
2E1 transition from the 2s1/2 to the 1s1/2 state, which
has for xenon a rate of about 1.9 × 1011 s−1, while the
single-photon M1 transition rate between the same states
is about 6.3×1011 s−1 [17]. Furthermore, in a one-electron
system Auger decay of excited states is not possible. As
a consequence, for almost all electrons that are captured
into excited projectile states the transition to the ground
state is accompanied by emission of single-photon K ra-
diation. Therefore, the Kα,β,γ,... emission cross section
integrated over the complete solid angle is a measure of
the electron-capture cross-section summed over all princi-

pal quantum numbers n, with n > 1. A peculiarity of the
two spectra in figure 2 lies in the increase of the K radia-
tion intensity relative to the REC peaks as the ion beam
energy is decreasing. This illustrates the fact that at low
beam energies the NRC process is the dominating cap-
ture process. Note that in the REC process electrons are
most likely captured directly into low-n states, in partic-
ular into the K shell [18]. In contrast, in the NRC process
electrons are captured mainly into those projectile states
whose momentum distribution has a high overlap with
the initial momentum distribution, that is given by the
target electrons’ intrinsic momentum distribution convo-
luted and shifted by the relative momentum in the colli-
sion [19]. For the present collision parameters this leads
predominantly to capture into high-n states, which can
be seen in Fig. 2, which subsequently undergo cascades
of decays towards the ground state, resulting in intense
emission of K radiation.

By normalizing the intensity IK of the peaks formed
by the K radiation to the intensity of the K-REC radi-
ation IREC the K emission cross section σK is expressed
in terms of the angular differential cross section dσREC/dΩ
of the REC process as follows:

dσK

dΩ
=

IK
IREC

εREC

εK

dσREC

dΩ
, (1)

with εK and εREC being the detector efficiency at the
energy of the K radiation and K-REC radiation, respec-
tively.

A similar normalization procedure to obtain emission
cross sections of spectral features relative to the REC
peaks has already been used for example in [20, 21]. It re-
sults in a cancellation of sizeable sources of uncertainty of
the experimental setup such as the solid angle covered by
each detector. The necessary K-REC cross section data,
differential in emission angle and photon energy, was pro-
duced using the RECAL program [21, 22]. This algorithm
performs interpolations between precalculated radiative
recombination (RR) differential cross section values, pro-
duced by a code provided by A. Surzhykov et al. [23], and
convolutes the resulting data with the tabulated Comp-
ton profile of the target atom [24]. The reduction of the
REC process to the RR process, which in turn can con-
veniently be described as the time-inverse process of pho-
toionization, is justified as long as the target electrons’
initial binding energy and momentum distribution is neg-
ligible compared to the energy and momentum transfer
during the capture process, i.e. the initial electron can be
treated as quasi-free. This requirement is fulfilled in the
present case of a strongly asymmetric collision system,
thus enabling the approximation of the REC process as
the time-inverse of the well-understood photoionization
process, see [18] for details. In the aforementioned code
the photoionization cross section is obtained within the
framework of the Dirac theory for bound and free states,
while assuming a point-like nucleus, and by making use
of the partial-wave expansion of the continuum electron
wave-function. The coupling to the electromagnetic ra-
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diation is treated within the framework of the first-order
perturbation theory. In order to compute all the angu-
lar differential properties, moreover, the density matrix
theory is applied. Based on this approach the K-REC
differential cross section is expected to be predicted with
an accuracy of a few percent [25]. On the other hand, ba-
sically all measurements of the absolute REC cross sec-
tion reported in the literature exhibit uncertainties in the
range of 20 % to 50 % [18, 26], thus limiting the exper-
imental verification of any theoretical treatment to this
level. In general, an accurate experimental determination
of absolute cross section values is challenging since tar-
get densities, absolute beam intensities and beam-target
overlap have to be determined precisely and also a de-
tailed knowledge of the outgoing particle detection effi-
ciency is required.

In the emitter system the angular differential cross sec-
tion of an electric dipole transition is linked to the total
transition cross section from the initial to the final state
σi→f
E1 by [27]:

dσE1

dΩ
=
σi→f
E1

4π

(
1 + βeffA

(
1 − 3/2 sin2 θ

) )
, (2)

where βeff is the so-called effective anisotropy param-
eter that is non-zero for transitions from initial states
with angular quantum numbers j > 1/2 and A is the align-
ment parameter that takes a non-zero value if the initial
state exhibits a non-statistical population of the mag-
netic substates. Note that a non-statistical population
is a common feature of excited states of highly charged
ions produced in collision processes, such as REC [28] and
NRC [29]. We adjusted equation (2) to the experimen-
tal dσK/dΩ data points by treating the total cross section
and the product βeff A as free parameters, while taking
into account the relativistic transformation of the obser-
vation angle and the solid state element from the lab-
oratory to the emission system. As mentioned above,
the overwhelming majority of electrons captured to ex-
cited states of the projectile will decay to the ground
state with the emission of K radiation. Thus, the ob-
tained K emission cross section is in good approximation
equal to the total electron-capture cross-section for all
projectile states with n > 1. However, for some energies
only spectral data from the detectors at 60◦ and 90◦ was
available. These observation angles are too close to each
other to extract the underlying angular distribution in
a meaningful way. Nevertheless the angular distribution
where all three detector positions are available exhibits
only a small degree of anisotropy. In fact, all obtained
anisotropy parameters are within 1σ compatible with
zero. This is also expected from first principles as the
anisotropic 2p3/2 → 1s1/2 transition is superimposed by
the isotropic 2p1/2, 2s1/2 → 1s1/2 transitions and also the
alignment of the 2p3/2 state by direct population is sub-
sequently diluted by cascade feeding. Thus, where the
experimental data was limited to two observation angles
we approximated the total cross section by averaging the

angular-dependent emission cross sections measured by
both detectors, implicitly assuming an isotropic emission
pattern. A conservative estimate of the overall uncer-
tainty including systematics (the detector efficiency) of
the obtained total emission cross-section for all collision
energies amounts to ±10 %.

III. THEORETICAL APPROACHES FOR
ELECTRON CAPTURE

In the following, various theoretical methods avail-
able for cross section calculations for the processes of
radiative and non-radiative electron capture from low-Z
targets by heavy projectiles are briefly described. In ad-
dition the Schlachter formula, which yields an empirical
estimate of the total cross section for electron capture
based on a set of experimental data that was available in
the early 1980s, is presented. All these approaches are
then compared to the experimental results. It should be
noted that a variety of other methods for the treatment
of the non-radiative electron capture process exists, e.g.
n-particle Classical Trajectory Monte Carlo (nCTMC)
simulations, Continuum Distorted Wave (CDW) theory,
coupled channel method, just to name a few. However,
in this work we take into account only those treatments
that are readily available and frequently used within
the community for prompt and pragmatic estimates of
charge-exchange rates and ion beam lifetimes.

Radiative electron capture The cross section for
electron capture, due to the REC process integrated
over all photon emission angles, was obtained by two
separate methods. To obtain the cross sections for
capture into projectile shells with principle quantum
numbers n = 2, 3, an interpolation was performed on an
extensive tabulation of cross section values published
by Ichihara and Eichler [30]. These values are based
on fully relativistic calculations which also include the
effects of the finite nuclear size and all multipole orders
of the photon field for RR into the K, L and M shell of
bare ions. The only difference between this approach
and the one on which the RECAL code is based, is the
consideration of the finite nuclear size in the former.
Therefore, the cross sections from Ichihara and Eichler
[30] can be considered to be more complete in principle.
However, for the present level of accuracy the difference
is not significant. Moreover, for the shells n > 3 a
non-relativistic approach was used which is generally
applicable when both the collision energy and the
binding energy of the captured electron are considerably
smaller than the electron rest mass. This treatment
of the RR process is based on recurrence relations as
described in [18].

Non-radiative electron capture according to the eikonal
approximation The Eikonal approximation is known to
describe total electron-capture cross-sections for asym-
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metric collision systems at high energies within a factor
two to three. Within the Eikonal approximation, one
center is treated in first order Zα whereas the other cen-
ter is described non-perturbatively. A closed formula for
the relativistic eikonal approximation of electron capture
from the 1s state of a hydrogen-like target into the 1s
shell of an initially bare projectile was derived by Eichler
[31]. It has the form

σeik
1s,1s = a02π

28 (ZPZT)5

5v2
(
ZT

2 + p−2
)5 1 + γ

2γ2
πηZ ′T

sinh
(
πηZ ′T

)
× e−2ηZ

′
T tan−1(−p−/ZT) (Seik + Smagn + Sorb

)
,

(3)

where ZP and ZT denote the atomic numbers of the
projectile, respectively target, v is the collision velocity
and γ is the associated relativistic Lorentz factor, while
a0 denotes the Bohr radius. For a detailed explanation
of the other parameters in equation (3) the reader is
referred to the original publication [31]. The parameter
Z ′T, which in the present work was chosen as Z ′T = ZT,
represents the potential of the target system in a
final-state interaction with the captured electron now
being bound to the projectile. For the present case,
where the projectile potential is the stronger one, the
‘post’ version of the eikonal approximation was adopted
by exchanging ZP ↔ ZT and substituting Z ′T with Z ′P.
It was shown by Meyerhof et al. [32] that the eikonal
cross section averaged over a complete principal shell
scales with Z/n for initial and final states, thus enabling
the extension of equation (3) to capture from and into
shells having arbitrary quantum numbers n by making
the substitution ZT → ZT/nT, respectively ZP → ZP/nP.
For practical purposes a cut-off value is necessary for
the highest projectile shells to be considered, which in
this work was set to ncut = 50. It should be noted that
the underlying approximations for the closed formula
presented by Eichler are only valid for collision velocities
higher than the orbital velocities of the initial and the
final state of the electron, which is for most collision
energies under investigation clearly not the case with
respect to the projectile K and L shell. However, as the
total NRC cross section is dominated by capture into
those shells that have the largest overlap with the initial
electron momentum distribution (taking into account
the collision velocity), the contribution by capture into
the K and L shell is rather small at the relatively low
collision energies which are of interest in this work.

Non-radiative electron capture according to the
CAPTURE code This code is based on the normalized
Brinkman-Kramers (NBK) approximation in the impact
parameter representation [33, 34]. Like the eikonal ap-
proximation it utilizes hydrogen-like radial wave func-
tions to describe the initial and the final state of the cap-
tured electron. The total NRC cross section is given as a
sum of partial cross sections σnf,ni for capture from all oc-
cupied target electron shells with the principle quantum
number ni into all possible final projectile states having
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FIG. 3: Theoretical electron-capture cross-sections against
the projectile principle quantum number n for the collision
of Xe54+ with a H2 target at kinetic beam energies of 5.5
and 30.9 MeV/u. The cross sections are given per target
molecule constituent, i.e. per atom. The RR cross section
data was produced with a non-relativistic treatment based
on recurrence relations, while the NRC cross section values
were calculated using the eikonal approximation as well as
the CAPTURE code. It is found that both NRC treatments yield
very similar results, with the CAPTURE code predicting slightly
larger cross section values than the eikonal approximation.

the principal quantum number nf as follows:

σCAPTURE =

nf
cut∑

nf=1

ni
max∑
ni=1

σnf,ni ,

σnf,ni = 2π

∫ bmax

0

Pnorm
nf,ni (b) b db ,

Pnorm
nf,ni (b) =

Pnf,ni (b)
1 +

∑
n′,nf Pn′,ni (b) ,

(4)

where Pnf,ni (b) is the probability according to the
Brinkman-Kramers (BK) treatment for capture of an
electron from the (initial) target shell ni into the (final)
projectile shell nf, depending on the impact parameter b.
The main feature of this approach is that the normal-
ized capture probability Pnorm is always less than unity,
making it possible to use the NBK approximation even
at lower energies which are not accessible with the pure
BK approximation.

In figure 3 electron-capture cross-sections are pre-
sented which result from the aforementioned treatments
for the collision of bare xenon projectiles with hydrogen
at the lowest and at the highest collision energy under
investigation in this work. As can be seen both NRC
treatments predict very similar cross sections, with the
CAPTURE code predicting slightly larger values than
the eikonal approximation. In fact, it is known that
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setting Z ′ = 0 in the eikonal approximation results
in a capture cross section identical to the NBK value
[31]. While the RR/REC process is dominated by the
capture into low-n states of the projectile, the NRC
process exhibits the largest cross section for capture into
those shells having the largest overlap with the initial
electron momentum distribution. Since hydrogen has a
very narrow intrinsic momentum distribution, the initial
electron momentum is effectively defined by the collision
velocity. As a consequence, the NRC cross section peaks
at principal quantum numbers of the projectile that
roughly correspond to orbital velocities around half the
collision velocity. Thus, for probing the predictive power
of NRC treatments in the context of the present work,
it is reasonable to focus on capture into excited states
and to neglect the contribution of the K shell. The
theoretical data integrated over electron capture into all
projectile principle quantum numbers n ≥ 2 is presented
in the upper picture of figure 4, as described in section IV.

Total electron capture according to the Schlachter for-
mula An empirical cross section formula for single elec-
tron capture was obtained by Schlachter et al. [8] based
on a large data set covering collision energies between
0.3 MeV/u and 8.5 MeV/u and initial projectile charge
states up to 59+. This so-called Schlachter formula has
the following form:

σSchlachter =
q0.5

Z1.8
T

1.1 × 10−8

Ẽ4.8

(
1 − e−0.037Ẽ

2.2
)

×
(
1 − e−2.44×10

−5Ẽ2.6
)
[cm2/atom] ,

(5)

where q denotes the projectile charge and the reduced
energy Ẽ = E/

(
Z1.25
T q0.7

)
is derived from the kinetic pro-

jectile energy E expressed in units of keV/u. The range
of validity is stated as q ≥ 3 and 10 ≤ Ẽ < 1000. The
underlying data does not contain highly charged, heavy
projectiles with open K and L shells at collision veloci-
ties, where the REC process significantly contributes to
the total capture cross section. This is the reason why,
even though the conditions for q and Ẽ are fulfilled (with
the exception of the 30.9 MeV/u data point which corre-
sponds to Ẽ = 1900) the applicability of the Schlachter
formula is questionable for the collision system addressed
in this work. However, as the Schlachter formula is widely
used for pragmatic estimations of the capture cross sec-
tion in ion-atom collisions, it is important to test its pre-
dictive power in a variety of scenarios including also edge
cases like the mentioned ones, see the lower picture of fig-
ure 4.

IV. RESULTS AND DISCUSSION

The experimental cross section values obtained in this
work for electron capture into excited projectile states
are presented in the upper picture of figure 4. For the

5 10 15 20 25 30 35

1E-23

1E-22

1E-21

1E-20

1E-19

5 10 15 20 25 30 35
1E-23

1E-22

1E-21

1E-20

1E-19

collision energy ( MeV/u )

  Xe54+ experiment
  NRC, eikonal approx.
  REC
  REC+NRC, eikonal approx.

cr
os

s s
ec

tio
n 

of
 e

le
ct

ro
n

ca
pt

ur
e 

in
to

 n
>1

 ( 
cm

2 /a
to

m
 )

collision energy ( MeV/u )

6 7 8
0

1E-20

2E-20

 

 

  Xe54+ experiment + K-REC
  REC+NRC, eikonal approx. 
  Schlachter formula

to
ta

l e
le

ct
ro

n
ca

pt
ur

e 
cr

os
s s

ec
tio

n 
( c

m
2 /a

to
m

 )

FIG. 4: Upper picture: cross section of electron capture from
hydrogen into excited states of xenon projectiles as a func-
tion of the collision energy. The experimental data is shown
together with theoretical cross sections for the REC and the
NRC process. The inset plot has a linear scaling and shows
the systematic overestimation at lower beam energies where
the NRC process dominates in more detail. Lower picture: to-
tal electron capture cross section, produced by amending both
the experimental and theoretical data for capture into excited
projectile states with the theoretical K-REC cross section. As
can be seen, the Schlachter formula is unable to reproduce the
experimental data both at low and at high collision energies.

15 MeV/u and 30.9 MeV/u data points, where the REC
contribution to the total capture cross section is dom-
inant, a correction for the unobserved capture events
due to two-photon decay from the 2s1/2 state was ap-
plied. Taking into account the direct population by the
REC process as well as cascade feeding from all other
states with n = 2 and 3 results in an enhancement of
the electron-capture cross-section by 3.4 % and 5.5 %, re-
spectively. For the lower beam energies, a correction is
not necessary as the NRC process, in contrast to REC,
is only sparsely populating the 2s1/2 state. Also shown
in the upper picture of figure 4 are theoretical cross sec-
tions for the REC and the NRC process. For the latter
only the eikonal approximation is shown as the CAPTURE
code yields cross section values that are very similar, as
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TABLE I: Experimental electron-capture cross-section data
obtained in this work in comparison with the sum of predic-
tions for the NRC and the REC process, as presented in the
upper picture of figure 4. The stated uncertainties reflect the
experimental contribution only and do not account for poten-
tial theoretical uncertainties in the prediction of the K-REC
cross section that was used for normalization, see text for
details.

Collision system
Collision energy

(MeV/u)

Electron capture
into n > 1

(103 barn/atom)
Experiment NRC+REC

Xe54+ → H2

5.5 14.9 ± 1.49 22.3
6 10.6 ± 1.06 15.1
6.7 7.2 ± 0.72 9.4
7 6.1 ± 0.61 7.9
8 3.7 ± 0.37 4.6

15 0.73 ± 0.07 0.74
30.9 0.17 ± 0.02 0.19

can be seen figure 3, so that both data sets would be
hardly distinguishable. The depicted cross section val-
ues are also listed in table I. For the energy region that
is not completely dominated by the REC process, it is
found that both NRC treatments lead to a systematic
overestimation of the experimental data while reproduc-
ing the overall shape of the cross section fairly well. As
the eikonal approximation yields slightly smaller values it
is in marginally better agreement with the experimental
results. Nevertheless, a deviation from the experimental
findings by 25% to 50% is observed, with an increasing
trend at lower beam energies. This feature is shown in
more detail in the inset plot of the upper picture of fig-
ure 4.

As far as the operation of storage rings like
CRYRING@ESR is concerned, the most relevant infor-
mation on electron capture is the total cross section inte-
grated over capture into all projectile states. It allows the
estimation of important beam parameters, such as beam
losses caused by charge-exchange processes, making it a
crucial input for the planning of future experiments and
the design of experimental setups. In the lower picture
of figure 4 total electron-capture cross-sections are pre-
sented. These were obtained by adding the theoretical
K-REC cross section (interpolated from the tabulated
values by Ichihara and Eichler [30]) to the experimental
data and also to the theoretical capture cross sections
into projectile states with n > 1. It should be noted that
for all collision energies considered in this study NRC
into the K-shell is negligible, whereas REC into the K
shell is the dominant REC contribution, as can be seen
in figure 3.

From a practical point of view the comparison shown
in the lower picture of figure 4 is the most relevant to
assess the predictive power of the various treatments
for electron capture. As can be seen, in the lower en-
ergy region where NRC is the dominating capture pro-

cess, once again the REC+NRC capture cross section is
systematically larger by up to 50% when compared to
the experimental values. Nevertheless, when taking into
account the experimental uncertainties, there is a rea-
sonable qualitative agreement overall. In contrast, the
Schlachter formula fails to reproduce the REC contri-
bution which results in a severe underestimation of the
total capture cross section on the high energy part of the
data set, while it significantly overestimates the capture
cross section at lower energies, where NRC dominates.
More specifically, the Schlachter formula exhibits a sim-
ilar energy-dependence as predicted by the eikonal ap-
proximation and the CAPTURE code, but yields absolute
values that are roughly by a factor of 3 larger, which is
clearly in disagreement with the experimental data. At
first glance, the apparent inapplicability of the empirical
formula in this study is not surprising since the underly-
ing data set does not contain heavy, highly charged ions
with open K and L shells such as bare xenon. This ex-
plains why the REC contribution is not reproduced well
by the Schlachter formula. However, in contrast to the
REC process, these open inner shells of the projectile do
not contribute significantly to the total NRC cross sec-
tion in the energy range under investigation. Thus, it is
notable that a large deviation is also found in the NRC-
dominated energy region.

In this context it is also worth noting that in a previous
electron capture study using decelerated highly charged
ions, namely hydrogen-like germanium in collision with
a neon target, good agreement with the Schlachter for-
mula was found [35]. In that study the experimental data
was also well reproduced by an n-particle classical tra-
jectory Monte Carlo calculation. In contrast, the eikonal
approach resulted in an overestimation of the capture
cross section by about a factor of 2. However, one has
to keep in mind that germanium ions colliding with neon
atoms is a significantly more symmetric collision system
than xenon colliding with hydrogen which was studied in
the present case. Summarizing, given the range of rele-
vant collision parameters, further experimental studies of
cross section data for electron capture by highly charged,
medium to high-Z ions at low collision energies are nec-
essary to draw definite conclusions on the reliability and
range of applicability of the various theoretical and em-
pirical predictions.

V. SUMMARY AND OUTLOOK

The cross section for electron capture into excited pro-
jectile states was measured in collisions of Xe54+ with a
H2 target in a low-energy regime not accessible up to now.
At such low velocities highly-charged heavy ions have
charge states much higher than their respective equilib-
rium charge-state, and as a consequence electron cap-
ture from the residual gas constituents is the dominant
beam-loss process. Thus, precise knowledge of electron-
capture cross-sections is crucial for the correct estima-
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tion of charge-exchange rates and ion beam lifetimes in
accelerators and storage rings. The obtained cross sec-
tion values were compared to theoretical treatments of
the non-radiative capture and the radiative electron cap-
ture, as well as an empirical formula for total electron
capture. It is found that non-radiative electron-capture
cross-section values predicted by the eikonal approxima-
tion and the CAPTURE code are in reasonable qualitative
agreement with the experimental findings, even though
with decreasing beam energy the electron capture is over-
estimated by up to 50%. This still reasonable agreement
is quite remarkable considering that both theories ap-
plied are high-energy approximations. For the current
beam energy regime and even lower energies, it is evi-
dent that more adequate low-energy models need to be
investigated and applied. Moreover, the commonly used
empirical Schlachter formula significantly overestimates
the total capture cross section at low collision energies,
where non-radiative capture dominates.

Acknowledgments

This project has received funding from the European
Research Council (ERC) under the European Union’s

Horizon 2020 research and innovation programme (grant
agreement No 682841 “ASTRUm”). Moreover, this work
was supported by the Helmholtz International Center
for FAIR (HIC for FAIR), by the Bundesministerium
für Bildung und Forschung (BMBF) (05P15RFFAA,
05P15RGFAA), by the Science and Technology Facilities
Council (STFC) UK (ST/L005824/1, ST/M001652/1,
ST/M006085), by the Helmholtz-CAS Joint Research
Group (HCJRG-108), and by the Helmholtz-OCPC Post-
doctoral Program 2017 (GSI08).

FMK acknowledges support by the BMBF Verbund-
projekt 05P2018 (ErUM-FSP T05). CLW acknowl-
edges support by the European Research Council (grant
agreement ERC-2015-StG Nr. 677497 “DoRES”). SD
gratefully acknowledges the support provided by the
Alexander von Humboldt Foundation and the Jorda-
nian Scientific Research Support Fund under grant
#Bas/2/4/2014. SYuT acknowledges the support by
the DAAD through Mendeleev grant, SPbU (28999675).
YuAL acknowledges the support by the DAAD through
Programm des projektbezogen Personenaustausch (PPP)
with China [Project ID 57389367]. TSz acknowledges
support from Helmholtz Association (ERC-RA-0016).
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