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Abstract. Continuum X-rays emitted from Be- and C-targets bombarded with 75–290 MeV/u C6+ ions
were observed with an HPGe detector placed at 90◦ to the beam direction. In all spectra two components
could be clearly distinguished: Radiative Electron Capture into Continuum (RECC) forming a character-
istic edge, and Secondary Electron Bremsstrahlung (SEB) which dominates at high photon energies. The
shape of the spectra was compared to a theoretical description. A special emphasis was given to the details
of the RECC edge. It has been found that at the highest projectile energy of 290 MeV/u, in opposite to
the lower beam energies, the detailed structure of this edge cannot be reproduced satisfactory within the
approach applied.

PACS. 34. Atomic and molecular collision processes and interactions – 34.70.+e Charge transfer

1 Introduction

In collisions of fast heavy ions with light target atoms the
projectile velocity is normally much larger than the or-
bital velocity of bound target electrons. Therefore, a tar-
get electron can be regarded as free and at rest in the
laboratory. For such free electrons, capture into a charged
projectile must be accompanied by the emission of a pho-
ton which carries away the energy and the momentum dif-
ference between the initial and final electron states. The
photon spectra produced in these collisions, apart from
characteristic target and projectile lines, consist of X-rays
originating from the direct transfer of target electrons into
the moving ion. The target electron may be captured into
a bound state (Radiative Electron Capture – REC) or into
a positive continuum state (Radiative Electron Capture
into Continuum – RECC) of the projectile with simulta-
neous emission of a photon (Fig. 1). REC spectra con-
sist of discrete lines while RECC forms continuous spec-
tra which extend, in the projectile frame, from zero up
to the edge energy corresponding to the kinetic energy
Tr (Tr = (me/mp)Tp, Tp: projectile kinetic energy; me,
mp: electron and projectile rest mass, respectively) of a
target electron with respect to the projectile.

The REC process has been observed for the first time
in the early 70’s [1] and in the recent years was a sub-
ject of an extensive study (see e.g. [2–9]). The REC pho-
tons strongly dominate the spectra in collisions of very
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Fig. 1. Schematic presentation of REC and RECC processes,
in the projectile frame. Ep, Et are the electron binding energies
in the projectile and target atoms, respectively.

heavy projectiles with light target atoms. In the case of
light projectiles (low atomic number Z) the X-rays are
emitted mostly due to RECC, the process also called
Primary Bremsstrahlung (PB) [10], Quasi-Free Electron
Bremsstrahlung (QFEB) [11], or Radiative Ionization
(RI) [12]. Unfortunately, in these collision systems, the
weak REC lines match the region of RECC edge.
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The first RECC spectra were observed by Kienle
et al. [13] and Schnopper et al. [14] followed by a study
of the process in collisions of protons with low-Z targets
[11,15,16] in the nonrelativistic velocity regime. Very re-
cently, new ion-accelerator facilities (like SIS in Darmstadt
or HIMAC in Chiba) opened an access to the relativistic
collision regime where REC and RECC can be studied in
detail [10,17–20].

Additionally, in solid targets secondary electrons,
produced in primary projectile collisions with target
atoms, generate a smooth continuum background due
to bremsstrahlung (Secondary Electron Bremsstrahlung
– SEB) [21,22]. The SEB spectrum is characterized by
the high-energy limit at four times the RECC-edge en-
ergy (4Tr). The SEB energy limit is due to the maximum
energy which can be transferred from the massive pro-
jectile to a free electron. In collisions of fast projectiles
with thin targets the intensity of SEB X-rays is strongly
reduced because of the escape of high-energy secondary
electrons from the target.

In this work we present and analyze the results of the
observation of RECC X-rays emitted in collisions of fast
C6+ ions with solid matter (Be- and C- targets). For pro-
jectile energies (75–290 MeV/u), used in the experiment,
the RECC spectrum extends up to 40–120 keV, respec-
tively. For analysis we applied a nonrelativistic theoretical
description of the process [11,23], based on the PWBA
in the formulation adopted from Heitler [24], with rel-
ativistic and Coulomb deflection corrections added [15].
Moreover, the momentum distribution of target electrons
and Doppler broadening of the spectra, arising from the
observation geometry, were considered. A special fitting
procedure [15] was applied to eliminate the background
produced by secondary electrons (SEB). The shape of the
remaining RECC spectra was analyzed in detail and em-
phasis was given mainly to the region close to the high
energy limit. Here, the REC distribution was added, as
well, in order to involve all possible processes contribut-
ing to the RECC edge in the case of low-Z projectiles.

2 Experiment

The measurements were performed at HIMAC (Heavy Ion
Medical Accelerator in Chiba) at NIRS (National Institute
of Radiological Sciences). HIMAC delivers low-Z ions up
to Ar with energies up to 650 MeV/u, mainly for tumor
therapy. However, a part of the beam time can be used
directly for physics experiments.

In the present experiment (insert in Fig. 2a) C6+ ions
were used which were preaccelerated by the linear accel-
erator, then stripped of their electrons and magnetically
selected. The ions having well-defined charge state were
directed to the main accelerator, which consists of two
independent similar synchrotrons. Here, the final ion en-
ergies of 75, 150 and 290 MeV/u were reached.

Well-collimated ion beam bombarded 0.1 mm thick Be-
and C-targets placed at 45◦ to the beam direction. The
pulsed ion beam, with the repetition time of 2 or 3.3 s,
was focused to a spot of 4 mm (75, 150 MeV/u) and 6 mm

(290 MeV/u) in diameter. The averaged ion intensities,
measured with a Faraday cup and an ionization chamber
with an accuracy of about 30%, varied between 4 × 104

and 4.2× 106 particles per second.
X-rays produced in collisions were detected in an ul-

trapure germanium detector (HPGe) (resolution of 650 eV
FWHM at 122 keV) located outside the vacuum chamber
170 mm far away from the target at 90◦ to the beam direc-
tion. The observation window of the target chamber was
made of a thin Mylar foil. The detector was equiped with a
19.3 mm thick Ge-crystal of 51.7 mm diameter separated
by a 0.5 mm thick Be-window. In addition, an annular
X-ray collimator with a diameter of 21 mm was inserted
at a distance of 91.7 mm from the ion-bombarded target
area. The collimator reduced the Doppler broadening of
the observed X-rays. Finally, the X-ray detector covered
the observation solid angle of ∆Ω/4π = 3.3 × 10−3. Sin-
gle X-ray spectra were stored by a standard acquisition
system. Energy calibration was performed using a 57Co
radioactive source.

In one of the runs, with 150 MeV/u ions bombard-
ing a Be-target, an Al–Cu absorber (Al – 0.2 mm, Cu –
0.25 mm) was placed in front of the detector in order to
enhance details of the RECC-edge structure.

Background spectra arising from ions passing through
an empty target holder were registered in separate runs.
The same ion energies and intensities, as in the runs with
targets, were used.

3 Results and discussion

The experimental spectra were energy calibrated and cor-
rected for detection efficiency (solid angle and absorption
in Be-window of the detector). Absorption in the Mylar
window of the target chamber was found to be negligible.
Thereafter, using the number of collected projectiles and
the absolute target thicknesses, the experimental double-
differential cross-section values in the laboratory frame
were obtained.

Figure 2 shows the spectra for all the three beam en-
ergies used. X-ray emission registered in collisions of C6+

ions with Be- and C-target is shown in Figures 2a and 2b,
respectively. For all the combinations of target and beam
energies two different spectra are displayed. The first one
(top) is a raw spectrum and the second one (bottom) was
obtained after subtraction of the normalized background
produced by the beam in the target chamber (without
target).

In all the spectra two continuous components are
seen. Low-energy X-rays, produced mainly due to RECC,
form a characteristic edge, enhanced in the background-
corrected spectra. The high-energy limit of RECC
X-rays (marked with arrows) was calculated for each pro-
jectile energy based on the energy conservation in kine-
matics. The position of RECC edge (38, 70, 121 keV) shifts
with the projectile energy (75, 150, 290 MeV/u), respec-
tively (see Fig. 2). The high-energy part of the spectra
corresponds mainly to bremsstrahlung of the secondary
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Fig. 2. Spectra observed in the ex-
periment for: (a) Be-target, (b) C-
target. For each energy-target combi-
nation two spectra are displayed. On
the top – raw spectrum and lower
– spectrum after background subtrac-
tion (for details see the text). For
presentation purposes spectra were
multiplied by factors; for Be-target:
1/20–75 MeV/u, 10–290 MeV/u; for C-
target: 1/8–75 MeV/u, 10–150 MeV/u,
50–290 MeV/u. Dashed line: SEB con-
tribution, solid line: RECC (relativistic
approximation) + K-REC + SEB (for
details see the text). Arrows show the
RECC-edge energy Tr transformed to
the laboratory frame. Insert in (a) rep-
resents the experimental setup.

electrons (SEB). In addition, in Figure 2, theoretical spec-
tra, obtained as discussed below, are displayed.

For the analysis of the spectral shapes three radiative
processes (RECC, K-REC and SEB) were taken into ac-
count. The experimental X-ray distribution in the labora-
tory, F (~ωL, k), was considered in the form:

F (~ωL, k) = k

(
d2σREC

dΩLd~ωL
+
d2σRECC

dΩLd~ωL

)
+

d2σSEB

dΩLd~ωL
,

(1)

where all the quantities have to be used in the
laboratory frame; ~ωL is photon energy, ΩL de-

notes observation solid angle and d2σREC/dΩLd~ωL,
d2σRECC/dΩLd~ωL, d2σSEB/dΩLd~ωL are theoretical
double-differential cross-sections for REC, RECC and
SEB, respectively, and k is a normalization coefficient de-
termined from least-squares fit to the experimental data
(background corrected).

First, using an approximate expression from [15],
double-differential cross-sections in the laboratory frame
for SEB (d2σSEB/dΩLd~ωL – dashed lines in Fig. 2) were
obtained from the fits to the experimental spectra in the
high X-ray energy region where RECC does not contribute
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Fig. 3. Shape of the RECC spec-
trum calculated in the nonrelativistic
approximation with relativistic correc-
tions added: (1) for 90◦ observation
angle; (2) averaged over the extended
observation angle (83.5◦–96.5◦); (3)
curve 2 corrected for the momentum
distribution of target electrons (Comp-
ton profile); (4) curve 3 including the
Elwert factor; (5) K-REC line averaged
over the extended observation angle; (6)
curve 4 with K-REC line added.

anymore:

~ωL
d2σSEB

dΩLd~ωL
(~ωL, θL) =

∑
m=0

am(θL)(ln ~ωL)m, (2)

where θL is the observation angle in the laboratory frame
and am denote fitting parameters. In accordance with [15]
the best fits were achieved for m = 2.

Second, for the RECC process predictions of the non-
relativistic approach [11] corrected for relativistic effects
according to [15] were applied for comparison with the ex-
perimental data. The expressions given for RECC cross-
sections in the projectile frame were transformed to the
laboratory and folded with the target-electron Compton
profiles in free atoms [25].

In order to study details of the RECC edge, the im-
pact of the observation geometry (insert in Fig. 2a) was
also considered. The detector placed at the distance of
170 mm from the target covered, by considering the in-
serted X-ray collimator, approximately an angle of 13◦

(83.5◦–96.5◦) in the laboratory frame. Such a large obser-
vation angle distorts the shapes of registered X-ray spectra
(Doppler broadening). Therefore, theoretical curves were
averaged over all the angles covered by the detector and
then compared to the experimental results.

Unfortunately, in our experiment, the charge state of
the projectile after the collision was not registered, so that
REC and RECC photons could not be separated. There-
fore, as mentioned in the introduction, the REC photons
contribute slightly to the RECC-edge region in the sys-
tems studied. In order to account for this small effect,
the K-REC photon distribution, which dominates all REC
transitions [8], was also added to the calculated spectra
as anticipated by equation (1). Here, the nonrelativistic

dipole approximation of Stobbe [26] in the form discussed
in [8] was applied. The differential cross-sections for K-
REC were folded with target-electron Compton profiles
according to [8,23].

One has to point out that for our particular projectile-
target combinations, at velocities investigated, the adi-
abaticity parameter η for REC process (comp. [8,17])
ranges approximately from about 70 up to 300. For these
very high η values no experimental data on REC exist.
So far, the exact relativistic treatment of REC [5,9] was
tested experimentally only up to η < 10 [8]. In that η
range the exact relativistic total cross-sections almost co-
incide with those of the nonrelativistic Stobbe formulation
[8,17]. This equivalence does not hold for differential cross-
sections. Here, however, strong discrepancies between non-
relativistic and relativistic formulation are found only at
forward and backward observation angles [5,7] which are
not relevant for our experiment.

Figure 3 shows, as an example, the influence of dif-
ferent correction factors on an ordinary RECC spectrum
(curve 1) observed strictly at 90◦ and calculated in the
nonrelativistic approximation including first order rela-
tivistic corrections (retardation effects) according to [15].
Curve 4, shown in Figure 3, involves all the corrections
related to the detection geometry (extended solid angle),
orbital motion of target electrons (Compton profiles), and
the Coulomb deflection factor (Elwert factor [27,28]). Fig-
ure 3 is completed by curve 6 which includes the weak
K-REC line, shown separately as curve 5.

All these corrections influence significantly the RECC-
edge region only. Study of this particular spectrum region
seems to provide a sensitive tool for testing RECC mod-
els and descriptions, provided other contributing factors
are well controlled. It should be added that in the case
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presented in Figure 3 the edge energy is shifted by as
much as about 10 keV due to all the effects discussed.

In order to compare predictions of the discussed ap-
proximation (Fig. 3) with experimental results, the part
of the spectra corresponding to SEB radiation (fitted ac-
cording to Eq. (2)) was subtracted from the experimen-
tal data of Figure 2. Figure 4 shows the remaining spec-
tra for 150 and 290 MeV/u ions and theoretical curves
(curve 6 in Fig. 3) fitted to experimental data accord-
ing to equation (1). The values of coefficient k obtained
from the fitting procedure vary between 2.2 and 2.7. Sim-
ilar results were obtained in [10,19]. A good agreement
between the theoretical description and the experimental
shape of the spectrum for 150 MeV/u ions is achieved. In
the case of 290 MeV/u ions this agreement is not satisfac-
tory. The experimental intensities of high-energy photons
(70–120 keV) exceed theoretical predictions significantly
(see Fig. 4).

The spectra described by the approximation applied,
together with the SEB fits, are compared (full expression
given by Eq. (1)), for completeness, with the background
corrected experimental data in Figure 2 (solid line). In
the case of 75 MeV/u ions the experimental statistics was
not good enough to account properly for SEB. After back-
ground subtraction, RECC curves were fitted to the ex-
perimental spectra. Finally, for 75 and 150 MeV/u ions the
shapes of X-ray spectra are very well reproduced by the
theoretical description (Figs. 2, 4). For 290 MeV/u ions, in
particular near RECC edge, the X-ray intensities are still
stronger enhanced than predicted by a smooth theoretical
curve. This discrepancy seems to be more pronounced for
a C-target than for a Be-target (see Fig. 4). It turns out
from the data presented in Figure 4 that, most probably,
this discrepancy cannot be related to the REC process.

A similar effect, of stronger than predicted high-energy
radiation, was also observed [19] at GSI – Darmstadt for
223 MeV/u U90+ ions and gaseous targets (N2, Ar, Kr,
Xe) at various observation angles. The size of those dis-
crepancies, close to the RECC-edge region, between the-
oretical and experimental cross-section values, seems to
depend on the observation angle and at 90◦ amounts to a
factor of about two, as in the present work.

During one of the experimental runs (150 MeV/u ions
bombarding Be-target) an additional Al–Cu absorber was
placed in front of the X-ray detector in order to expose
the RECC-edge region. This region turns out to be very
sensitive upon many experimental and theoretical factors,
as already discussed. Therefore, the absorber thickness
applied (see Sect. 2) was chosen to absorb strongly the
intense low-energy radiation (below 40 keV) which can
produce pile-up and distort the spectrum shape near the
RECC edge. On the other hand the X-ray absorption in
the RECC-edge region should be as low as possible in
order to ensure an optimal detection efficiency. Figure 5
shows the experimental results corrected for all the effi-
ciency factors, as for the other measurements. Theoretical
shapes of X-ray spectra, calculated in analogy to solid
lines presented in Figure 2, were multiplied by the cor-
responding absorption coefficients of Al–Cu absorber and
then fitted to the experimental data (solid line in Fig. 5).
An excellent agreement between experiment and theoret-
ical description is obtained. In order to reveal all the
details of the RECC-edge region, the SEB contribution
(short-dashed line) was subtracted from the experimental
data. The result of this procedure (dots in Fig. 5) repre-
sents solely the RECC-edge region and is compared, once
more, with theoretical predictions (long-dashed line). For
this particular collision system (C6+ →Be) at 150 MeV/u
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tracted). Dots: experimental data af-
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tion of the target electrons, for the
broadening due to the observation an-
gle and for the absorption in the Al–Cu
absorber.

the result obtained in Figure 5 is consistent with that of
Figure 2. It points to a negligible role of pile-up effect and
supports the conclusion that the discrepancy observed for
290 MeV/u is probably due to the failure of the theoretical
approximation applied.

4 Summary

For the analysis of experimental data presented, three ra-
diative processes (RECC, SEB and K-REC) were consid-
ered. RECC, the main process contributing to the spectra
in the investigated collision systems, was analyzed within
a nonrelativistic approximation improved by adding rel-
ativistic corrections and the Coulomb deflection factor.
In addition, corrections due to Compton profiles of target
electrons and due to broadening caused by the large obser-
vation angle (Doppler broadening) were involved. The ap-
proach applied is in good agreement with the experimental
data, especially for 75 and 150 MeV/u projectiles, where
details of the shape of the RECC spectra were reproduced
very nicely. However, distinct discrepancies between ex-
periment and theory were observed for 290 MeV/u ions in
the RECC-edge region. In all the cases the overall exper-
imental X-ray intensities are larger than the theoretical
predictions by a factor of about two which is consistent
with other observations reported in the literature. This
shows clearly that a more advanced theoretical descrip-
tion is required in order to account for all the discrepancies
observed.

We have shown that the RECC-edge region is very
sensitive to the details of the theoretical models applied.
In particular, the corrections mentioned above (Comp-
ton profiles, Doppler broadening) shift the RECC edge

to higher energies making it less steep. In addition, for
the investigated light collision systems, the weak K-REC
contribution is located on the RECC edge and cannot be
easily separated from transitions into continuum states.

One has to stress that in the RECC-edge energy do-
main the final kinetic energy of the captured electron is
very small as compared to the electron-nucleus interac-
tion. Therefore, in this particular region one can probe
the failure of the generally applied Born-approximation.
This makes the discussed spectrum region very attractive
for extended investigations where all the details should
be treated with an extreme care, both theoretically and
experimentally, in order to account for the discrepancies
reported.

Further experiments looking very precisely onto
RECC-edge region are planned in order to reveal the de-
tailed mechanisms responsible for radiative capture pro-
cesses in fast ion-atom collisions.
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of this work by G.B. and A.W. was supported by Polish
Committee for Scientific Research (KBN) within grant No.
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