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Proposal for measuring line profiles and angular distributions of the radiative-electron-capture
transition in low-energy ion-atom collisions: Beyond the impulse approximation
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We propose to measure line profiles and angular distributions of the radiative-electron-capture transition
in collisions of sub-MeV/u Ar18+ with helium. We estimate the line profile and the angular distribution
using hydrogenlike and Hartree-Fock wave functions and show that the asymmetry of the line profile and the
deviation of the angular distribution from the sin2θt law are magnified in the sub-MeV/u region. Finite detector
resolution and ion-beam monochromaticity are considered, and the results show that by using a usual bent-crystal
spectrometer and a group of commercial silicon drift x-ray detectors one will be able to obtain sufficiently precise
line profile and angular distribution to distinguish different theoretical descriptions of target atoms. The enhanced
sensitivity to different theoretical approaches at low energies suggests that the proposed experiment will provide
insights into the electromagnetic transition of an electron between a pair of relatively moving nuclei.
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I. INTRODUCTION

Radiative electron capture (REC) [1–3] is one of the fun-
damental processes in ion-atom collisions, in which a bound
electron in a target atom is transferred to a projectile ion and
simultaneously a photon is emitted to carry excess energy
and to fulfill the law of momentum conservation. Raisbeck
and Yiou exhibited a hint of REC by measuring the capture
cross sections of high-energy protons [4]. Soon after that,
K-REC (i.e., the target electron is transferred directly to a
K-shell vacancy of the projectile ion) photons were observed
in the penetration of fast heavy ions through various foils
by Schnopper et al. [5] and also in collisions of fast highly
charged ions (HCIs) with noble gases by Kienle et al. [6].
Thereafter, REC has been extensively studied both experimen-
tally [7–17] and theoretically [18–38]. It has been shown that
the K-REC process dominates the L- and M-REC processes
[3].

Nevertheless, in all performed REС experiments, the pro-
jectiles were always acted by high-energy ions. On the one
hand, the use of low-energy light ions causes a poor signal-to-
noise ratio since the REC photon energy is low and usually
overlaps with backgrounds. On the other hand, it is very
difficult to obtain an intense low-energy bare or hydrogenlike
heavy-ion beam as the stripper-foil technique works effi-
ciently only for high-energy heavy ions, and the electron
beam ion sources provide very weak beams of this kind.
In those high-energy experiments, the projectile velocity is
much higher than the orbital velocity of the target electrons
and, thus, the REC process can be well described within the
impulse approximation [1–3,19]. This description is based
on the radiative recombination (RR) process, in which the
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capture process is treated as a transition of a quasifree electron
from a continuum state to a bound (e.g., the ground) state
in the projectile frame. The momentum of target electrons
contributes to the REC photon energy via its kinetic energy
relative to the projectile and, therefore, the energy-differential
REC cross sections dσ REC/dω are essentially convolutions
between the RR cross sections σ RR(εe ) and the distributions
ρ(εr ) of the relative kinetic energies of the target electrons.
Here, εe represents the kinetic energy of the incident electron
involved in the RR process, and εr is the kinetic energy of the
target electron with respect to the projectile ion. An obvious
inference is that the REC line profile characterizes the target
electron wave function, as discussed by Ichihara et al. [26].
In the high-energy region, the relative kinetic energy of the
electron originates mainly from the relative velocity of the
projectile ion and the target nucleus rather than the relative ve-
locity of the electron and the target nucleus, and the RR cross
sections decrease monotonically and slowly with the kinetic
energy of the electron. These make the energy distribution
of REC photons exhibit a wide, symmetric, and Lorentz-like
profile [12,13,26,39,40]. Moreover, for the collisions of low-
and medium-Z projectile ions with nonrelativistic velocities,
the dipole approximation of the electromagnetic transition is
valid, and therefore the angular distribution of the REC pho-
tons obeys the sin2θt law [10], where θt is the angle between
the directions of the REC photon and the projectile ion in the
target frame.

Due to recent progress on a low-energy HCI accelerator
with a new-generation superconducting electron cyclotron
resonance ion source (ECRIS), ion beams of 0.3–0.7 MeV/u
Ar18+ with intensity up to microamperes are expected to be
available in the near future [41]. Therefore, experimental stud-
ies on the corresponding REC process with a photon energy
range 4.3–5.1 keV will become possible using a usual bent-
crystal spectrometer [42–44] for its line profile and a group of
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commercial silicon drift x-ray detectors [45] for its angular
distribution. In low-energy collisions, since the velocity of
target electrons (e.g., about 1.34–2 a.u. for helium) is com-
parable to the projectile velocity (e.g., 3.5–5.3 a.u., which
corresponds to 0.3–0.7 MeV/u), the impulse approximation
will lose its appropriateness and significant improvements to
theoretical methods are needed in order to accurately describe
the REC process under such conditions. The significance of
the electron velocity will result in an asymmetry of the line
profile and a deviation of the angular distribution from the
sin2θt law. High-precision experiments will help us to judge
and improve future theories.

In low-energy ion-atom collisions, the nonradiative-
electron-capture (NRC) process [46] dominates the REC
mechanism. Although the NRC process itself does not emit
photons, if a transferred electron is populated into an excited
state, a photon will be emitted during the subsequent decay.
However, because the energy of these photons is lower than
that of the K-REC photons, the NRC channels do not contam-
inate REC measurements.

In the present work we propose an experimental study of
the REC process using low-energy projectile ions proceeding
from the following considerations.

First, the REC line profile may show an observable asym-
metry, although it has not been observed in high-energy
collisions yet [12,13,26,39,40]. A similar effect has been
observed in low-energy Compton scattering, in which the
scattered photons measured at a certain angle demonstrated
an asymmetric energy distribution, in spite of being hardly
measurable in high-energy photon scattering [47]. In both
channels, the momentum distribution of the target electron
plays a more important role when the projectile energy be-
comes lower.

Second, the peak energy of the REC photons may present
an extra shift to the low-energy end of the photon-energy
spectrum. There are two factors that cause the peak energy
of the REC photons to be lower than that of the RR process
with the same projectile ions: one is that the target electron
involved in REC is initially bounded by the target nucleus
and it has a negative energy with respect to a free electron.
Another reason is that the transition probability is higher when
the relative kinetic energy between the electron and projectile
is smaller. This effect will be more significant at low projec-
tile energies because the transition probability increases more
severely when the relative kinetic energy decreases.

Third, the polarization effect of the target atom may appear.
The wave functions of target atoms can be distorted by the
electric field of the highly charged projectile ion, and thus,
the relative electron momentum distribution and therefore the
REC line profile will be modified. This effect should be more
significant in slow collisions due to the longer duration of the
ion-atom interaction, and probably can be identified by com-
paring a precise experimental line profile with a sophisticated
theoretical calculation.

Fourth, the REC and the NRC mechanisms may hybridize.
In principle, REC is a four-body (i.e., the electron, the two nu-
clei, and the emitted photon) process. However, in the impulse
approximation, the target nucleus and the potential energy of
target electrons do not play a dynamic role. The target nucleus
acts only to bind the target electron with a certain momentum

distribution. In low-energy collisions, since the traveling time
of the projectile within the electron orbit becomes longer, the
coupling between the nuclei and electron movements plays
a more significant role. This can be determined from the
domination of NRC in low-energy collisions [1–3]. As an
interatomic transition, the REC process occurs during such
a strong coupling and, thus, it improves the significance of
a hybridization of both the REC and NRC mechanisms, in
which the nuclei have a chance to share part of the transition
energy. The hybridization will result in a low-energy tail in
the REC line profile. A similar process was considered by
Voitikov et al. in the radiative double-electron-capture pro-
cess, in which the photon energy is widely distributed because
of the coupling between the electron and nuclei movements
[48]. However, because of the poor statistics caused by the
very small RDEC cross sections, as well as the employment
of multishell atoms (e.g., C, N2, and Ne) as the target resulting
in complex x-ray spectra, the effect predicted by Voitikov et al.
has not been identified by experiments [49,50]. We expect
to observe the hybridization between the REC and the NRC
mechanisms in slow bare ions with helium collisions since
the REC cross section is about a thousand times larger than
that of RDEC and the helium atom has only a single shell
resulting in a simple x-ray spectrum. Besides, if positronium
was used as the target instead of atoms, the hybridization
would be expected to be more significant due to the much
stronger recoil effect of the positron.

Fifth, the REC line profile and the final target state may
entangle. Let us compare the following two K-REC processes:

Ar18+ + He → Ar17+(1s) + He+(1s) + γREC (1a)

and

Ar18+ + He → Ar17+(1s) + He+∗(2s) + γ ′
REC. (1b)

For these two processes, the corresponding REC line pro-
files, especially linewidths, should be different due to the
significantly different binding energies and thus effective mo-
mentum distributions of the transferred electrons. Namely,
the REC line profile entangles with the excited state of the
recoiled target. A coincidence measurement of both the REC
photon and the deexciting photon of the recoiled target will
provide a good opportunity to thoroughly investigate dynami-
cal electron-electron correlation in REC processes.

In addition, the angular distribution of REC photons may
violate the sin2θt law. In nonrelativistic fast ion-atom colli-
sions, the REC photons distribution obeys the sin2θt law [2,7].
In relativistic collisions, a violation of this distribution has
been employed to probe exotic mechanisms (e.g., the spin-flip
process [10–12] and the relativistic effect [26]) when the im-
pulse approximation strictly holds. In low-energy collisions,
the transverse velocity of target electrons is comparable to the
projectile velocity. In the target frame, it is equivalent to a
dispersion of the projectile direction. This will also lead to a
violation from the sin2θt law but the mechanism is different
from that in high-energy collisions.

As discussed above, both the line profile and angular dis-
tribution of REC photons carry important information on the
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dynamics of interatomic transitions. Even so, the REC process
is usually handled in the impulse approximation [1–3], which
may lose reliability in the case of low projectile energies. The
reformulated impulse approximation (RIA) [51,52] provides
a more sophisticated theoretical framework which may ex-
tend our understanding of the REC process to the low-energy
region. However, a detailed and feasible calculation method
for RIA is still lacking, especially when very highly charged
projectiles (e.g., the Ar18+ ion) and multielectron targets (e.g.,
the helium atom) are involved. New experiments are indis-
pensable to spawn REC theories in the low-energy regime.

II. ESTIMATIONS OF LINE PROFILE
AND ANGULAR DISTRIBUTION

In the impulse approximation, the electron-electron cor-
relation, the polarization of the target atom by the electric
field of the projectile ion, and possible dynamical couplings
between nuclei movement and electromagnetic transition are
disregarded, and thus we cannot judge which factor is the
most important under which particular conditions. It should
be noted that although the impulse approximation becomes
less reliable for low-energy collisions, at present it does offer
us information on the sensitivity to different theoretical ap-
proaches (e.g., different target wave functions), and help to
manage experiments.

In the present work we make estimates using the impulse
approximation. Briefly, an expression for the RR differential
cross sections reads [3,26]

dσ RR
ion

d�
= 1

2β

ω2

(2π )2

∑
s,λ,m

|M(p, k)|2. (2)

Because the mass ratio mion/me is treated as infinite, in the
ion-rest frame the energy of the RR photon ω = εi − ε f is
independent of its outgoing direction. Here, relativistic units
me = h̄ = c = 1 are used. The factor 1/2 comes from an
average over the spin of the incident electron, β is the relative
velocity between the ion and the electron, and M(p, k) denotes
the invariant amplitudes:

iM(p, k) = −ie
∫

ψ̄nκmγ μψεpsA
(k,λ)∗
μ d3r. (3)

Here, ψεps, ψnκm, and A(k,λ)
μ represent the initial continu-

ous, the final bound wave functions, and the radiation field,
respectively. The REC double-differential cross sections are
then evaluated by convoluting the RR cross sections with the
momentum distributions of the target electron in the projectile
frame, which are given by [2,3,19]

dσ REC
p

dωd�
=

∫
dσ RR

ion

d�
δ(εi − ε f − ω)|φ(p, β )|2d3 p. (4)

The REC photon energy is confined by the δ function. Fi-
nally, the double-differential cross sections in the target frame
can be obtained by the Lorentz transformation [2]:

d2σ REC
t

dωd�
= 1

γ (1 − β cos θt )

dσ REC
p

dω′d�′ , (5)

where γ = 1/
√

1 − β2 is the Lorentz factor.

FIG. 1. Line profile of the K-REC transition in collisions of
Ar18+ with helium at two projectile energies: (a) 0.3 and (b) 10
MeV/u, respectively. The target atom is modeled by hydrogenlike
(with Zeff = 1.34 and 1.7, which correspond to the first and the
average ionization energies of helium) and Hartree-Fock wave func-
tions, respectively. The line profile exhibits significant asymmetry at
sub-MeV/u projectile energies.

III. RESULTS AND DISCUSSION

In Fig. 1, we illustrate the line profiles of the K-REC
transition in collisions of Ar18+ ions with helium for projectile
energies of 0.3 and 10 MeV/u. The target atom is described
by hydrogenlike (with Zeff = 1.34 and 1.7, which correspond
to the first and the average ionization energies of helium)
and Hartree-Fock wave functions, respectively. Details of the
REC line profile indicate an energy changing of the target
electron when it transfers in the field of a pair of relatively
moving nuclei. A comparison between Figs. 1(a) and 1(b)
shows that the profile asymmetry at sub-MeV/u projectile
energies is much more significant than that at high energies
such as 10 MeV/u, which means that more information is kept
at sub-MeV/u projectile energies.

As discussed above, the transverse velocity of target elec-
trons can deform the angular distribution of the REC photons.
In Fig. 2(a), one can see that at sub-MeV/u projectile en-
ergies the angular distribution deviates from the sin2θt law,
especially at forward (e.g., θt < 30◦) and backward (e.g., θt >

150◦) observation angles. This deviation carries important
information on the transverse momentum distribution of target
electrons when the transition occurs. In contrast, such an ef-
fect is strongly suppressed at high energies such as 10 MeV/u,
as shown in Fig. 2(b).

In order to quantify the influences of finite detector reso-
lution and limited beam monochromaticity, we introduce an
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FIG. 2. Angular distribution of the K-REC photons in collisions
of Ar18+ with helium for two projectile energies: (a) 0.3 and (b)
10 MeV/u, respectively. Descriptions of target atoms are the same
as those in Fig. 1. At sub-MeV/u projectile energies the angular
distribution deviates from the sin2θt law, while at 10 MeV/u this
effect disappears.

asymmetry parameter to the REC line profile, which is illus-
trated schematically in Fig. 1(a) and also defined as follows
by means of the full width at half maximum (FWHM) and its
left (LWHM) and right (RWHM) half:

A1/2 = RWHM − LWHM

FWHM
. (6)

In Fig. 3, we plot the presently obtained asymmetry param-
eters A1/2 of the REC line profile as a function of projectile
energy. In an energy spectrum, the effect of a real x-ray de-
tector can be considered as a mapping from a δ function to
a finite-width Gaussian distribution, while the FWHM of the
Gaussian distribution is usually defined as detector resolution.
The detector resolution, denoted as FWHMD, is assumed to be
0 eV for an ideal detector or 10 eV for another, respectively.
As shown in the figure, if the resolution reaches 10 eV or
even better, the hydrogenlike and Hartree-Fock descriptions
to the wave function of target atoms can be distinguished in
the proposed energy region. This can be achieved by a usual
bent-crystal spectrometer.

The limited ion-beam monochromaticity is also consid-
ered. A practical ion beam is usually prepared by a pair
of collimation slits in front of and behind a dipole magnet,
and hence only the central part of the beam is allowed to
pass through. As a consequence, the energy of projectile ions
in the beam exhibits an approximately uniform distribution
around the central energy. The present calculation also shows
a similar result, as shown in Fig. 1, and suggests that a

FIG. 3. Influence of detector resolution on asymmetry of the
REC line profile in collisions of 0.3–0.7-MeV/u Ar18+ with helium.
The detector resolution FWHMD is assumed to be 0 eV for an ideal
detector or 10 eV for another, respectively. Descriptions of target
atoms are the same as those in Fig. 1. It is shown that a photon
detector with resolution better than 10 eV (e.g., a usual bent-crystal
spectrometer) is able to distinguish the different theoretical descrip-
tions of target atoms.

monochromaticity better than ±5% is enough to distinguish
the different descriptions of target wave function. For usual
ion accelerators, the typical value of monochromaticity is
about ±1%.

The REC photon angular distribution is related to the dis-
tribution of the transverse momentum of the target electron
in the projectile frame. Thus, the uncertainty of the trans-
verse momentum of the projectile ions itself, in the laboratory
frame, may diminish the sensitivity of the angular distribution
as a probe of the transition dynamics. In order to make com-
parison with experiments easily, let

D10◦ =
(

dσ

d�

)
10◦

/(
dσ

d�

)
90◦

− sin2(10◦) (7)

denote the deviation of the angle-differential cross sections
from the sin2θt law at the observation angle 10◦. For the
different descriptions, the obtained deviations are plotted in
Fig. 4 as functions of ion energy. In calculating these devi-
ations, the transverse momentum p⊥ is treated as a uniform
distribution in the region ±5% of p⊥/p, where p is the average
longitudinal ion momentum. The present results show that
an uncertainty ±5% of p⊥/p is sufficient to distinguish the
different theoretical descriptions. In practice, p⊥/p can be
readily controlled within ±2% by beam collimators.

Currently, a low-energy heavy-ion accelerator is under
construction, which is devoted to intense HCI beams in the
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FIG. 4. Influence of ion-beam transverse momentum uncertainty
on the angular distribution of the REC photons. The parameter D10◦

is defined by Eq. (7). It is shown that an uncertainty ±5% of p⊥/p is
acceptable to distinguish the different descriptions of target atoms.

energy region 0.3–0.7 MeV/u [41]. In the near future, it
will be equipped with a next-generation 45-GHz supercon-
ducting ECRIS. After magnetic analysis and collimations, a
bare Ar18+ ion beam with monochromaticity better than 0.5%
and intensity up to several microampere is expected [41].
Meanwhile, a cryogenic helium jet target with a thickness
of 1014−16 atoms/cm2 is already available [53,54]. For line
profile measurement, the acceptance of a typical bent-crystal
x-ray spectrometer with a resolution of a few eV and energy
range covering 4–5 keV is about 10−6 of the 4π solid angle
[42–44]. Commercial silicon-drifted x-ray detectors for angu-
lar distribution measurement usually have a sensitive area of
25-50 mm2 and consequently give rise to an acceptance of
about 10−5 of the 4π solid angle [45]. A precise line pro-

file measurement needs to accumulate 105-106 photons (e.g.,
200–500 channels with a channel width of 2–5 eV, each of
which accumulates an average of about 103 photons), which
requires a beam time of about 500 h. And, to obtain a good
angular distribution, the estimated beam time is about 100 h.

IV. CONCLUSION

In conclusion, it has been shown that the asymmetry of
the K-REC line profile and the deviation of the angular dis-
tribution from the sin2θt law are magnified in sub-MeV/u
collisions. Therefore, we propose to measure the line profile
and the angular distribution in collisions of 0.3–0.7-MeV/u
Ar18+ with helium by using a new-generation intense-beam
low-energy heavy-ion accelerator. We note that the present
theoretical estimation is not an accurate prediction for ex-
periments but just a proof for the advantage of low-energy
REC experiments. New treatment of the REC process in the
low-energy region (e.g., the RIA [51,52] approach) is eagerly
expected. Accurate measurement of the REC line profile and
angular distribution at low energies can serve as a sensitive
probe to test future REC theories, especially when the impulse
approximation does not hold well.

Key requirements for the proposed experiment, such as
the energy resolution of the photon detectors and the energy
monochromaticity of ion beams, have been estimated. With
the use of a usual bent-crystal spectrometer and a group of
commercial silicon-drift x-ray detectors, one will be able to
obtain a sufficiently precise line profile and angular distri-
bution, which can be employed to distinguish different REC
theories beyond the impulse approximation that has so far
been employed. Moreover, accurate REC experiments in the
sub-MeV/u energy region may provide insights into inter-
atomic electromagnetic transitions.
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