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The x rays from radiative electron capture (REC) have been observed under single-
collision conditions for F8+ and F°* ions incident on a He-gas target in the collision energy
range 15 to 40 MeV. The peak energies of the REC x rays have been found to change
linearly with the projectile ion energies. From extrapolation to the zero projectile energy,
the binding energies of the ls-shell electrons have been estimated to be 0.97+0.02 keV for
F’* and 1.08+0.02 keV for F®* ions. These values are in agreement with theoretical pre-
dictions. It is found that the width of the REC x-ray peak for F°* ions is broader than
that for F®* ions in contrast with a model for REC. The production cross sections of the
REC x rays for F°* ions are in reasonable agreement with the Bethe-Salpeter calculation.
The total REC x-ray-production cross sections for F8+ and F°* are compared with the to-

tal electron-capture cross sections.

I. INTRODUCTION

In energetic heavy-ion—atom collisions, observa-
tions of various types of x rays, in addition to the
well-known atomic deexcitation x rays originating
from projectile ions or from target atoms’? have
been reported: (i) molecular orbital x rays produced
in transitions between molecular states of quasi-
molecules formed during ion-atom collisions,’ (ii) x
rays due to radiative electron capture (REC) ori-
ginating from the capture of a target electron into
some state of a highly ionized projectile ion,* and
(iii) bremsstrahlung due to electrons knocked out of
the target atom.> The distributions of these x-ray
energies are much broader than that of the charac-
teristic x rays and are continuous over a wide range
of energy. Molecular orbital x rays reported in
1972 have been intensively investigated and are par-
ticularly interesting in very heavy-ion—atom col-
lisions.? Broad bands of x rays due to the radiative
electron capture in heavy-ion collisions have been
observed in 1972. Since then, some investigations
of this process have been reported.®~'° In all but
one® of these works, either solid targets or gas cell
windows for passage of the projectile ions were
used. Therefore, it was impossible to know the
charge state of the projectile ions giving rise to the
REC x rays. Therefore, the observed data could
only provide information averaged over the charge
states of the ions.

In the present work, we report measurements and
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analyses of the x rays produced in the radiative
electron-capture process under single-collision con-
ditions in F°* and F?* ions incident on a He-gas
target.

II. THEORETICAL BACKGROUND

The radiative capture process (REC) of a free
electron into a discrete state of an ion has been
theoretically treated first by Bethe and Salpeter!!
the recombination process. They obtained the REC
cross section for bare ions plus a free electron [see
Eq. (2) below]. In the present case, the electrons to
be captured are not free but bound to a nucleus, and
therefore have a momentum distribution. Here we
fol}g)w the discussions given by Kleber and Jakubas-
sa.

If the velocity of the ion v, is greater than the or-
bital velocity of the target electron which is to be
captured, the cross section for the REC process for
a bare heavy ion (nuclear charge: Z,) and a bound
electron is given, based upon the impulse approxi-
mation, as follows:

d%o
dQdtho
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where do(REC)/d(Q is the recombination cross sec-
tion for the bare ion and a free electron as calculat-
ed by Bethe and Salpeter, |¢;(P)|? is the initial
electronic momentum distribution of the electron
before capture which peaks around a momentum
Do=mvy (m: electron mass) because the electron is
moving with this average momentum towards the
projectile, E; and E; are the total energies of the
electron in the initial and final states, respectively,
and 6 is the angle of the photon emission with
respect to the direction of motion of the projectile.
Then, the cross section for radiative electron cap-
ture into the K shell of a heavy ion is given, using
parameters relevant to the collision system, as
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since do(REC)/dQ) varies slowly. Here fiw is the
energy of the photon emitted in the REC process, €;
and €, are the binding energies of electrons in the
initial and final states, respectively, and p;, is the
momentum component of the electron in the initial
state, parallel to the direction of motion of the pro-
jectile ion.

Using the Compton profile, I;(p;), which is the
probability function of finding the electron with
momentum p;,, the REC cross section at the photon
energy fiw is given as

do(REC)
dQ

d’e 1

dQdfio v

Il(pxz) ’
P=py+P;;

(5)

where the photon energy is given by
ﬁw=ef—6,~+(p(2)/2m)+vop,, . (6)

The cross section integrated over the photon energy
is approximately equal to Eq. (2). As seen in Eq.

(5), the energy distribution of the emitted photon in
the REC is determined by the capture electron’s
Compton profile I;(p;,).

It is also seen from Eq. (6) that the photon energy
changes linearly with the projectile ion energy
[pé/2m=(m /M)E,, E,: laboratory energy of the
incident ion, M: mass of incident ion]. Further, the
Compton profile for a hydrogenlike atom is given
as

8k;
3mipl+k2)

where «; =Zme?/fin (Z ;ff: the effective nuclear

charge of the target, n: the principal quantum
number of the initial state of the electron).

Ii(p; )= (7

III. EXPERIMENTAL PROCEDURE

The present experiment was performed using
fluorine ion beams which were accelerated with the
Kansas State University EN tandem Van de Graaff
accelerator. F®*+ and F°* ion beams were obtained
after passing the primary beam through a post
stripping carbon foil of about 10 pg/cm? The
beam was then magnetically analyzed and focused
by a magnetic quadrupole lens into the target re-
gion. Beam intensities varied from about 10 nA at
15 MeV to some hundreds of nA at higher energies.

The ion beams were collimated by two sets of
2.5%2.5 mm? square slits, 15 cm apart from each
other, before arriving at a single nozzle gas jet tar-
get of He which was localized 10 cm behind the last
slit. The distance from the switching magnet to the
gas nozzle was approximately 15 m and the base
pressure in this region of the beam line varied from
2x 1077 Torr to 6Xx10~7 Torr depending on the
nozzle pressure. The gas jet target was used to ob-
tain a high gas target density in a narrow collision
region. The relative pressure of the target He gas
was monitored with a thermocouple gauge. The
thermocouple gauge located at the roughing end of
the diffusion pump directly below the jet nozzle
registered in the range from 0 to 80 mTorr. No at-
tempts were made to estimate or determine the
pressure in the nozzle region. A test for single-
collision conditions was performed by observing the
K x-ray and K REC intensities as a function of
pressure as shown in Fig. 1 for the case of 30 MeV
F°+ 4+ He. The yield was observed to be linear over
the entire range of pressures used in the experiment.
Data were obtained at several pressures for most
projectile energies and charge states.

X rays produced in the collision were observed
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FIG. 1. Observed pressure dependence of the F K x-
ray yields and the F K REC x-ray yields in the range of
20 to 80 mTorr are depicted. The solid lines are linear
fits to the data.

with_an ORTEC Si(Li) x-ray detector which had
200-A Au electrical contact layer and 1000-A Si
dead layer in addition to a 12.5-um Be window. An
energy calibration and linearity check of the Si(Li)
detector plus amplifier system were made using
standard Mn Ka and KB x rays from an >Fe source
and the characteristic x rays from Ca, Ar, Cl, Si,
Al, and Mg photoionized by Mn x rays. Typical
energy resolution of the Si(Li) detector system was
about 180 eV for MnKa x rays. To reduce back-
ground x rays, the ion beams were stopped in a
Faraday cup about 1 m behind the collision region.
Furthermore, to reduce background x rays originat-
ing from the walls of the collision chamber, the
Si(Li) detector was collimated with a lucite cap with
a hole of 6.25 mm in diameter which limited the
view of the Si(Li) detector to a small area of the op-
posite wall. The effective solid angle extended by
the Si(Li) detector was from the geometry estimated
to be about 10~ 2 sr.

IV. EXPERIMENTAL RESULTS AND
DISCUSSIONS

A. X-ray spectra and normalization procedures

Typical x-ray spectra observed with the Si(Li)
detector are shown in Fig. 2 for 15- and 30-MeV

F®* and F°* ions incident on a He-gas target.
There are two prominent peaks: one at lower ener-
gy which is the F K x-ray peak and one at higher
energy which is the REC x-ray peak. It is found
that the spectrum shape of F K x rays from F°* ion
impact does not change significantly with projectile
energy because F K x rays in this case are produced
only through the electron capture into excited states
(nl) over the whole impact energy.'* The strong
peak of F K x rays from F°* ion impact at around
channel 128 (1019 eV) is due to a superposition of
the 3p, 4p, 5p, ... — 1s H-like x-ray transitions and
the low-energy shoulder at around channel 103 (825
eV) is due to the 2p—1s H-like x-ray transition.
On the other hand, the F K x-ray spectra from F?+
ion impact are more complicated and change rather
significantly with the projectile energy. The peak at
around channel 110 (879 eV) at 15-MeV ion impact
[see Fig. 2(a)] is mainly due to a superposition of
the 1s3p, 1s4p, 1s5p, ... —1s? He-like x-ray tran-
sitions which are produced through electron capture
at this bombarding energy. The weak shoulder at
around channel 91 (732 eV) is due to the 1s2p—1s?
He-like x-ray transition which is also produced
through electron capture. At the higher bombard-
ing energy [see Fig. 2(b)], higher-energy transitions
due to electron excitation of the F®* ion became
more important'* and gave rise to 2p, 3p,
4p, 5p,...—1s H-like x-ray transitions and thus
the high-energy shoulder in the x-ray spectrum. Be-
cause of this behavior, the position of the strong F
K x-ray peak moves toward channel 105 (841 eV),
which is close to the position of the 2p— 1s H-like
x-ray transition, as the F8* ion energy is increased.
The F3* spectra thus get broader with increasing
projectile energy due to the presence of H-like and
He-like x-ray transitions with nearly equal probabil-
ity.

As mentioned above, the observed F K x-ray
spectrum is not a single component but consists of a
number of peaks originating from different transi-
tions.!* For example, F K x-ray spectra from F°*
ion impact could be decomposed into five transition
peaks, namely, 2p, 3p, 4p, Sp, and the average of 6p
to series limit — 1S transitions which all originate
in the electron-capture process. In order to get a
better fit, it was necessary to add a peak due to the
1s2p—1s? transition which is formed through
one-electron capture to F®* ions produced in a pre-
vious electron capture to the incident F°* ions. The
analyzed results show that contribution from the
1s2p— 1s? transition amounts to about 2% in the
observed total x-ray spectrum intensity. The actual
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FIG. 2. Typical x-ray spectra from F®* and F°* ions incident on a He-gas target at 15 and 30 MeV under single-
collision conditions observed with a Si(Li) detector with 12.5-um Be window. The peak at the left is due to F K x rays

and the one at the right is due to the REC x rays.

intensities of these decomposed peaks were obtained
after correcting for transmission through the Be
window and other dead layers in the Si(Li) x-ray
detector which were provided by the manufacturer,
using the absorption coefficients for x rays listed by
Henki and Elgin and by Storm and Israel.'> These
corrected intensities for the different transitions
compare favorably with those previously measured
using a high-resolution x-ray crystal spectrometer.'®

The relative cross sections for production of F K
x rays in F°* +He collisions as a function of the
projectile ion energy are in good agreement with
previous measurements.'® To set absolute values of
the cross sections, the measured F K x-ray yield in

the F°* 4+ He collision was normalized to the cross
section at 15 MeV obtained by Guffey et al.'® By
taking into account uncertainties in the thickness of
the Be window and others, uncertainties in the abso-
lute values of the cross sections in F K x-ray and
REC x-ray productions are estimated to be about
50%.

B. REC x-ray peak energy
As discussed above [Eq. (6)], the peak energy of

the REC x rays changes with projectile energy and
is given from the relevant parameters as
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#iw(REC)=€7—€;+(m /M)E . (8)

€y corresponds to the binding energy of the electron
in the 1s shell of the projectile ion and ¢; that of the
electron in the ls shell of the He atom (24.5 eV).
The observed results of the REC x-ray peak energy
in F¥+ and F°* ion impact on He gas are shown in
Fig. 3 as a function of the projectile energy.!” As
expected in Eq. (8), the peak energy of the REC x
rays decreases linearly with decreasing projectile en-
ergy for both F&* and F°* ions. Finally the curves
intercept the ordinate at the zero projectile energy.
This interception at E,=0 gives the difference be-
tween the binding energies of the electron in the ini-
tial and final states. From the intercepts for F3+
and F°* ion impact, the binding energies of the 1s-
shell electron are found to be e/=0.97i0.02 keV
for a F't ion and 1.08+0.02 keV for a F®* ion.
These values are in reasonable agreement with
theoretical values of 0.952 and 1.103 keV, respec-
tively.'® The He-like binding in F’* has been re-
ported by Tyren'® as 0.9536 keV and by Kauffman
et al.®® as 0.9545 keV from measurements of the
two-electron x-ray series limit. The H-like binding
in F+ has also been reported by Kauffman et al.2
as 1.103 keV from measurement of the one-electron
x-ray series limit. The independent determination
of the binding energies for H- and He-like ions
from REC measurements is possible only when a
gas target is used for measurement of the REC x
rays using the charge-selected projectile ions and
the single-collision condition is satisfied.

REC x-ray ENERGY (keV)

L L I s !
0 10 20 30 40
PROJECTILE ENERGY (MeV)

FIG. 3. Peak energy of the REC x rays from F®* and
F°* ions incident on a He-gas target as a function of the
projectile energy.

C. REC x-ray width

The broadening of the REC x-ray peaks comes
from the fact that the electron to be captured has
some momentum distribution in the initial state.
From the most simplified consideration, the full
width at half maximum (FWHM) of the REC x
rays is given as [see Eq. (6)]

A#io(FWHM) =2v p,, =2[4(m /M)Ey¢€;1'/? .
)

A factor of 2 comes from two directions of the ini-
tial momentum p; of the electron. In Fig. 4 are
shown the results of measurements of FWHM of
the REC x rays in F°* and F®* ion impact on a
He-gas target as a function of projectile energy.!’
The predicted FWHM based on Eq. (9) is also
shown in Fig. 4 and is systematically about 15%
larger than the measured values for F°* ions.
Theoretical values of FWHM, under the assump-
tion that the initial momentum distribution of the
electron has the Compton profile of H-like ions
(Zz$f=2Z,), are also shown in Fig. 4. These are
smaller than the experimental values for F** ions
by ~10%. According to the theory discussed
above [Eq. (9)], the REC width should be indepen-
dent of the binding energy of electrons in the pro-
jectile ions and therefore, no difference is expected
in the FWHM of the REC peaks for F°* and F®+
ions. However, the measured data indicate that the
FWHM of REC peaks for F®* jons is systematical-
ly 25% smaller than that for F°* jons. This differ-
ence may be due to the difference of the effective
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FIG. 4. FWHM of the REC x rays from F®t+ and F°+
ions incident on a He-gas target as a function of the pro-
jectile energy. Solid line: prediction based on Eq. (9).
Dashed line: prediction assuming the Compton profile
with Z§' =Z,.



nuclear charge of the projectiles. In fact, the ratio
of the effective charges is very close to the ratio of
the experimental values of the FWHM. It is also
noted that the ratios of the FWHM of the REC to
the REC peak energy are almost identical for both
F°* and F®* ions.

D. REC spectrum

The REC spectrum (energy distribution of REC
x rays) reflects the distribution of the electron
momentum in the target atom and, as discussed
above, the REC spectrum shape is governed by the
Compton profile function I;(p;,) [Eq. (5)]. In the
present target of He, the REC spectrum should be
simple because the electrons are in a single shell,
i.e,, the K shell. In Fig. 5 is shown the observed
REC x-ray spectrum at 30-MeV F°* ion impact on
He, together with the calculated (normalized) spec-
tra with the effective target nuclear charge
z¥=7,-03 and Z , and also the curve fitted to
the experimental data. The experimental REC
spectrum is similar to the calculated spectrum with
the unscreened nuclear charge ZZH=ZZ. The ex-
perimental spectrum is broader than the calculated

- 30 - Mev F°°

200 250
CHANNEL NUMBER

FIG. 5. Spectra of the REC x rays at 30-MeV F°*
ions on He-gas target. @®: experimental points. Solid
line: fitted curve to data. Dot-dashed line: prediction
assuming the Compton profile with Z§f=2Z,. Dashed
line: prediction assuming the Compton profile with
Zz§'=2,-03.
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spectrum with the screened nuclear charge
Z§*=7,-0.3. This may indicate that the REC
process into the K shell of the projectile from the K
shell of the simple target atom at relatively high im-
pact energy (1.6 MeV/amu) effectively occurs at
impact parameters smaller than the K-shell radius
of the target atom, as noted theoretically by Kleber
and Jakubassa,'? meaning that the screening of the
nucleus by the K-shell electrons is less effective. An
additional effect could be the distortion of the tar-
get atomic level by the highly charged projectile pri-
or to electron transfer. Therefore, a different effec-
tive charge for F°* and F®* can result in a dif-
ferent atomic distortion (thus different binding en-
ergy). This, in turn, may give a narrower REC
peak for F®+ than for F°* jons. It would be in-
teresting to investigate the impact-parameter depen-
dence of the REC process in heavy-ion collisions
for different projectiles.

E. REC cross section

Because there are two 1s-shell vacancies in F°+
ions, compared with one vacancy in F%* jions, it is
expected that the REC x-ray production cross sec-
tions for F°* ions are equal to twice those for F+
ions. The measured REC x-ray production cross
sections for F°* and F®* jons at 90° are shown in
Fig. 6. The measured REC cross sections for F*+
ions are slightly larger than twice those for F®+
ions, though data are rather scattered. In Fig. 6 is
also shown the Bethe-Salpeter prediction which is
based upon the free-electron model. The agreement
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FIG. 6. Cross section of the REC x rays from F?+ and

F°* ions on He at 90°. Solid line: prediction of the
Bethe-Salpeter calculation.
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between data and the Bethe-Salpeter calculation for
F°* ions is reasonably good. An additional overall
uncertainty of about 50% in the absolute values of
the measured cross sections in the present experi-
ment must be taken into account in the comparison.
The indicated errors are due to statistical and fitting
errors only. The energy dependence of the REC x-
ray cross sections is well reproduced with the
Bethe-Salpeter prediction.

F. Comparison of REC cross sections
with total electron capture

The process of electron capture into the ls state
of a bare ion impinging on a simple target atom like
H or He can proceed either by nonradiative electron
capture or by radiative electron capture. Then, the
total electron-capture cross section into the ls state
can be written as

oz(1s)=0%(NR)+05(REC) , (10)

where o5(NR) and o5 (REC) are the cross sections
for the nonradiative and radiative electron-capture
processes for the bare ion, respectively. The cross
section o’s (REC) can be measured for heavy ions, as
mentioned already. However, the cross sections
oz(1s) and o5(NR) cannot be determined directly.
On the other hand, the total one-electron-capture
cross section oz z _; ions can be measured.?!
Similar arguments can be made for the electron
capture by one-electron heavy ions as follows:

oz_i(1s)=0%_,(NR)+0% _(REC) . (11)

For the present collision systems, the existing mea-
sured quantities’! are shown in Fig. 7. It is found
that the REC cross sections oz(REC) and
oz _1(REC) measured in the present work are more
than three orders of magnitude smaller than the to-
tal capture cross sections 0zz_; and oz _1z_»,
respectively. As shown in Fig. 6, the ratios of REC
cross sections for F°* compared to F®* are slightly
larger than two. However, the ratios of total
electron-capture cross sections g 3/0g ;7 are, on the
average, 1.4+0.1 for He in the present energy range,
indicating that the total electron-capture cross sec-
tions scale as Z3, as previously discussed,?? and the
screening by one ls-shell electron is insignificant
(Z$T =38 for F®*+ ions).

V. CONCLUSION

In the present work we have measured the x rays
from the REC process, for the first time, under
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FIG. 7. Comparison of cross sections for various pro-
cesses involving F®+ and F°* ions in collision with He-
gas target. O: total electron-capture cross section. X:
total REC x-ray production cross section.

single-collision conditions in F3*, F°* +He col-
lisions in the energy range 15—40 MeV. The REC
x-ray peak energies have been found to change
linearly with the energy of projectile ions. From the
intercepts at the zero projectile energy, the binding
energies of the ls-shell electron have been deter-
mined to be 0.97+0.02 and 1.08+0.02 keV for F’+
and F®* ions, which are in reasonable agreement
with theoretical estimates. The FWHM of the REC
x-ray peaks is larger for F°* ions than for F®* jons.
The REC x-ray production cross sections at 90° for
F°* ions are favorably compared with the Bethe-
Salpeter calculation. The total REC cross sections
for F®+ and F°* ions have been found to be more
than three orders of magnitude smaller than the to-
tal electron-capture cross sections even at the
highest projectile energy. It is concluded from the
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present work that measurements of the peak energy
of the REC photons from highly ionized heavy ions
in collision with gas target as a function of the ion
energy could be a useful method for determining
the binding energy of few-electron ions. It is
worthwhile to point out that the calculations by
Briggs and Dettmann® and by Shakeshaft and
Spruch?* show that the cross sections for the REC
process become dominant over those for the nonra-
diative process at higher collision energies. It
would therefore be interesting to measure the x rays
from the REC process at energies much higher than
in the present study.

We propose that the observed difference in the
widths of the REC peaks for F°* and F®* ions is
due to the difference in the effective charge of the

projectile ions which in turn produces different
atomic distortions of the He electrons prior to elec-
tron transfer. The near agreement between the ex-
periment F°* REC peak width and the prediction
using the Compton profile may indicate that the
capture occurs at impact parameters near the He
K-shell radius. Finally, it is proposed that the
impact-parameter dependence of the REC x-ray
yields be investigated in order to understand the
REC process more thoroughly.
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