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Radiative double-electron capture, in which two-electron capture is accompanied by simultaneous
emission of a single photon, was investigated for fully-stripped and one-electron projectiles colliding
with gaseous and thin-foil targets. RDEC can be considered the inverse of double photoionization
by a single photon. For the gaseous targets, measurements were done for 2.11 MeV/u F9+ and F8+

ions interacting with N2 and Ne, while for the thin-foil target the measurements were done for 2.11
MeV/u F9+ and F8+ and 2.19 MeV/u O8+ and O7+ ions striking thin C targets. Reports on this
work were already published separately in shorter accounts by La Mantia et al., Phys. Rev. Lett.
124, 133401 (2020) for the gas targets and La Mantia et al., PRA(R) 102, 060801 (2020) for the
thin-foil targets. The gas targets were studied under single-collision conditions, while the foil targets
suffered unavoidable multiple-collisions. The measurements were carried out by detecting x-ray
emission from the target at 90o to the beam direction in coincidence with outgoing ions undergoing
double-, single- and, in the case of the foil targets, no charge change inside the target. Striking
differences between the gaseous and foil targets were found from these measurements, with RDEC
for the gaseous targets occurring only in coincidence with q-2 outgoing projectiles as expected,
while RDEC for the foil targets was seen in each of the outgoing q-2, q-1, and no charge change
states. The no charge change result was totally unexpected. The cross sections for RDEC for
the fully-stripped ions on gas targets were found to be about six times larger than those for the
one-electron projectiles. For the foil targets, the RDEC cross sections for the fully-stripped and
one-electron projectiles differ somewhat from one another but not to the the extent they did for the
gas targets. In the present work the cross sections for all of the projectiles for the foil targets were
adjusted due to the target contaminant background from potassium and calcium atoms that existed
in the spectra. Also, the cross sections for the incident one-electron projectiles were modified due
to a correction for the fraction of these ions that becomes fully-stripped in passage through the foil.
These differences are attributed to the effects of the multiple collisions that occur for the foil targets.
The differential cross sections at 90o determined for each of the projectiles interacting with each of
the targets are compared with each other and with the previous measurements. To the extent that
the cross sections follow a sin2 θ dependence, the total cross sections are compared with theoretical
calculations [Mistonova and Andreev, Phys. Rev. A 87, 034702 (2013)], for which the agreement is
poor, with the measured cross section exceeding the predicted ones by about an order of magnitude.
Possible reasons for this discrepancy will be discussed.

I. INTRODUCTION

Recently, in two manuscripts, we published our find-
ings for radiative double-electron capture (RDEC) by
fully-stripped and one-electron ions moving through gas
[1] and thin-foil targets [2]. The collisions were investi-
gated with the experimental results for gas and foil tar-
gets compared with each other and with available theo-
retical calculations. The measurements, which were diffi-
cult and time consuming, provided the first unambiguous
evidence for the existence of RDEC, a process that can
be considered the inverse of double photoionization.

Electron capture by highly-charged ions moving in
matter consisting of gases, solids, and plasmas is of fun-
damental and applied interest, including astronomical as-
pects. This interest is continually studied in all three
matter states, both experimentally and theoretically. Of
the several processes that are possible, electron capture
simultaneous with the emission of a single photon is of
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particular challenging interest. In the case of interest
here, this capture occurs as a single or double event. In
the former case, the process is called radiative electron
capture (REC) [3–5] if the capture comes from a bound
atomic or molecular electron and is referred to as radia-
tive recombination for a free electron. Either of these
processes (free or bound electrons) can be considered the
inverse of single photoionization. For the case of two elec-
trons captured with emission of a single photon, the pro-
cess is called radiative double-electron capture (RDEC)
[6] when the electrons are both initially bound. Here, the
process is considered as the inverse of double photoioniza-
tion by a single photon. Hence, radiative double-electron
capture is intimately connected with its inverse process
and should provide insight into it. Incidentally, double
ionization between a single photon and a two-electron
ion is not currently measureable for an atomic system
other than atomic helium due to the technical difficulties
of obtaining beams of photons and ions with sufficient
intensity to carry out these investigations.

So far, studies of RDEC occurring in ion-
atom/molecule collisions have been quite sparse
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due to the complicated experimental setups and the
rather long times required to obtain sufficient and
accurate data (measurements to date have taken about
three weeks of round-the-clock data acquisition for
a single projectile-target gas system). Despite these
difficulties, RDEC has been investigated experimentally
in six trials over the past two and a half decades. The
first measurement was reported in 1995 for 11.4 MeV/u
Ar18+ on C [7], followed by measurements reported
in 2003 for 297 MeV/u U92+ on Ar [8]. Neither of
these studies, conducted at the GSI facility in Germany,
showed evidence of RDEC. In 2010, from measurements
done at Western Michigan University with the tandem
Van de Graaff accelerator, following the suggestion of
Nefiodov et al. [9] that lower-energy, mid-Z ions may
lead to larger RDEC probabilities, some evidence for
RDEC from measurements for 2.4 MeV O8+ on C
[10] was seen, followed by measurements in the same
laboratory for positive RDEC results for 2.2 MeV/u
F9+ striking C [11]. These studies were followed by
additional work done at GSI reported for 30 MeV/u
Cr24+ ions on He and N2 targets [12] that again showed
no evidence of RDEC. This body of work represents the
extent of experimental RDEC investigations that were
completed until the work reported here.

In the present manuscript, we report results of studies
of RDEC for fully-stripped and one-electron F9,8+ ions
on gas targets of N2 and Ne, and the same for O8,7+ and
F9,8+ ions incident on thin-foil C targets. For the thin-
foil targets there is the expectation that charge changing
of the incident ion occurs after it undergoes capture (and
the RDEC process) and continues its passage through the
foil. Our recent successful works on RDEC are combined
in the present manuscript, bringing together the similar-
ities and differences between RDEC in gas and thin-foil
targets. For gas targets done under single-collision condi-
tions, the RDEC results show the expected behavior with
the events occurring only for ions that have captured two
electrons, while for the thin-foil targets it is found that
RDEC occurs for all three outgoing charge states of q-2,
q-1, and q. These outcomes due to RDEC in foils are a
result of the unavoidable multiple charge-changing colli-
sions as the ions pass through the foil. Also, the proba-
bilities for RDEC in fully-stripped projectiles incident on
the gas targets were found to be about six times larger
than those for incident one-electron projectiles. For the
foil targets, a difference of a factor of six was not seen,
with the fully-stripped and one-electron projectiles show-
ing much more comparable probabilities. Significant dif-
ferences are found in the experimental cross sections of
the outgoing charge states between oxygen and fluorine
ions, despite their differing by only one atomic number.
The cross sections for RDEC will be compared with each
other and the results for gas targets will be compared
with those obtained for the thin-foil targets. Finally, the
cross sections will be compared with available theoretical
cross sections to the extent possible. These, as well as
other RDEC features, will be discussed in detail in this

FIG. 1. Energy diagram showing the (a) REC and (b) RDEC
processes. In REC, one electron is captured from a target
bound state to the projectile with simultaneous emission of
a single photon. In RDEC, two electrons are captured from
target bound states to the projectile with the simultaneous
emission of a single photon. Generally, the electrons can be
captured from any target bound states to any bound states
of the projectile.

manuscript.

II. KINEMATIC CONSIDERATIONS

As the starting point of our consideration of RDEC,
Figure 1 shows the schematics of single-electron capture
REC and double-electron capture RDEC of interest here.
In these processes, one (REC) or two (RDEC) electrons
from bound states of the target atom are transferred to
the projectile accompanied by the simultaneous emission
of a single photon. For REC there are two possible tran-
sitions while there are six for RDEC, in which an elec-
tron(s) from the target fills at least one vacancy in the
K shell of the projectile. It is only these K-populating
states that can be observed in the present work. To get
the REC or RDEC energy of the emitted photon, the ki-
netic energy Kt of the captured electron, as seen from the
rest frame of the projectile, must be added to this energy.
To this must be added or subtracted the binding energies
in the projectile Bp and the target Bt, and a term rep-
resenting the Compton profile [13] of the captured elec-
trons along the beam direction, resulting in a broadening
of the transition peak. From the energy schematics for
REC and RDEC shown in Fig. 1, the energies of the REC
and RDEC photons emitted can be written as

EREC = Kt + Bp − Bt + ~vp · ~pit (1)
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ERDEC = 2Kt + B1
p+B2

p−B1
t−B2

t + ~vp · ~pit
1+ ~vp · ~pit

2 (2)

In these equations the binding energies (the B values)
are taken as positive, and the quantities vp and pit repre-
sent, respectively, the velocity of the projectile ion in the
lab frame and intrinsic momentum of the captured elec-
tron due to its orbital motion in the target atom. The
Compton profile is recognized as having rather large in-
fluences on the peak widths due to RDEC in the x-ray
spectrum. Generally, it has been assumed the Comp-
ton profile broadens the peaks by about a factor of two,
although this broadening has not been verified because
the statistics obtained so far for any of the RDEC x-ray
peaks are insufficient to show this. However, the effect of
this broadening has definitely been shown for REC peaks
that were observed [see, for example, Ref. [4], Fig. 9]. In
general, the target electrons can be captured to the same
or different bound states of the projectile, with each pos-
sible transition emitting a photon corresponding its dis-
tinct energy.

Another point to consider in determining the total
RDEC cross sections is the relationship between the usu-
ally observed differential cross sections (at 90o) and the
total cross sections. For REC this relationship has a
sin2 θ dependence [14, 15] resulting in the following con-
nection between the measured cross section at 90o and
the total cross section

σtotal
REC =

8π

3

dσREC

dΩ
(θ = 90o) (3)

In this equation, Ω represents the solid angle seen by
the x-ray detector from the point of view of the target.
If this same dependence is assumed for RDEC, then the
total cross section can be determined from the same equa-
tion. It is recognized that a detailed study of the RDEC
polarization would be useful, but such an examination of
the angular dependence would be quite difficult due to
the small cross sections and the time involved in making
the measurements. Hence, the expression given by this
equation will be used in the present manuscript.

A final point that needs to be considered is the prob-
ability for emission of two REC photons detected simul-
taneously with each event causing the capture of one ad-
ditional electron. During this simultaneous emission the
energy of the two photons will be added in the x-ray de-
tector, appearing as a single photon with about twice the
energy equal to the RDEC photon energies (see Eqs. 1
and 2). However, the cross section for this double REC
process scales as (σREC/a0)2 with σREC � a0 [16], mak-
ing its probability of observation about 2 orders of mag-
nitude smaller than that for RDEC.

III. EXPERIMENTAL PROCEDURES

The measurements for this work were carried out with
the 6-MV tandem Van de Graaff accelerator facility at

Western Michigan University. Figure 2 shows a schematic
of the experimental setup for both the target gas mea-
surements and those done for the thin-foil carbon targets.
The projectile ions, accelerated to ∼2 MeV/u, collided
with the gas target (cell length ∼4 cm, pressure ∼ 10
mTorr→ 1.3 x 1015 atoms/cm2) contained inside a differ-
entially pumped cell, or with the carbon target mounted
on a holder tilted at 45o to the beam direction. Due to its
uncomplicated design, switching between the target gas
cell and the target ladder was a simple matter and could
be accomplished in about an hour. A Si(Li) x-ray detec-
tor was placed at 90o to the beam as shown (asymmetries
in the cross sections could not be measured because it was
not possible to change the angle of the detector). After
passing through the target, the outgoing ions were sep-
arated according to charge state using a dipole magnet,
and the q-2, q-1, and q charge states were counted with
separate surface-barrier detectors. For the measurements
with the gas targets, coincidences with the main beam
could not be detected due to its high intensity (about
95% of the beam exited the collision region in this charge
state), so a Faraday cup was used instead to measure the
main beam. Taking data for the gas targets (N2 and
Ne) was a long process, requiring round-the-clock collec-
tion times of about three weeks for each projectile charge
state and each target. For the carbon target, the Faraday
cup was replaced with a solid-state Si particle detector,
so all of the outgoing beam fractions were observed, ex-
cept for O8+ and F9+ when the initial beams were one-
electron ions, and coincidences with the observed frac-
tions recorded. Data were gathered much more quickly
for the carbon target due to it being significantly thicker,
with each projectile and charge state requiring just two
to three days of measuring time. The disadvantage of
not counting O8+ and F9+ for initial beams of O7+ and
F8+ is that the actual fraction of charge-stripped ions is
not measured and, hence, the fraction must be calculated
from reported values of the cross sections and the number
of RDEC photons estimated.

The x-ray detector, with an effective observation area
of ∼60 mm2, was positioned at a distance of 1.7 ± 0.1
cm from the target for the gases, while this distance was
2.8 ± 0.1 cm for the C-foil targets, corresponding to de-
tection solid angles of 0.208 and 0.0765 steradians, re-
spectively, for the two target cases. The detection effi-
ciency of x rays with energies in the calculated RDEC
energy range is greater than ∼98%. For each of the mea-
surements with different projectiles (F9+, F8+, O8+, and
O7+), short runs with no gas or an empty foil holder
(without the C target) were performed in order to show
that no background events contributed to the measure-
ments.

Data acquisition was done using event-mode collection
with the coincidences between x rays and particles ob-
served in the q-2, q-1 and q charge states recorded sepa-
rately (except for the gas targets for which the beam was
too intense to measure the no charge state separately).
This allowed the collected data to be analyzed by: (1) a
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FIG. 2. Schematic diagram of the experimental setup. For
the gas targets the setup is that shown in the main part of the
figure with gas cell placed in the beam line. To measure the
thin-foil targets, the gas cell is removed and the setup shown
as the insert in the lower left of the figure is installed in the
beam line.

gate condition applied to the particle spectra to generate
x rays associated with them (referred to as particle-gated
x-ray spectra), or (2) a gate condition applied to the x-
ray spectrum to generate the particle spectra associated
with the individual charge states (referred to as x-ray
gated particle spectra). These two methods should be
consistent with each other and give similar numbers of
events observed for RDEC.

IV. RESULTS

In the present work, studies were undertaken for eight
different projectile-target systems, specifically, fully-
stripped and one-electron F9,8+ ions incident on gas tar-
gets of N2 and Ne, and for O8,7+ and F9,8+ ions incident
on thin-foil C targets. For the gas targets, helium was
also tried but the counting rate was too low (three RDEC
counts were obtained in 10 days of round-the-clock run-
ning) to make this target possible in the allocated beam
time. Calculated RDEC energies of the six transitions
involving transfer of one or two electrons to the K shell
for the eight target-projectile systems are listed in Ta-
ble I. For the one-electron projectiles, O7+ and F8+, two
electrons from the target atom cannot be captured to
the projectile K shell due to the existing electron in that
shell. However, transitions with the final state being KL
(corresponding to the transfer of one electron to the K
shell and the other to the L shell) are possible.

Figures 3 and 4 show the raw spectra (without apply-
ing any gates) obtained for the F9++ N2 gas and the
F9++ C thin-foil systems. Due to the large difference in
counting rates between the x rays (much lower) and the
particles, the trigger for the coincidence events was set
on the x rays. Therefore, the time scale is somewhat ar-
bitrary because the particle signals had to be delayed to
come after the x-ray signals. The same is true for all of
the time spectra shown in Figs. 3-10. At first glance these

FIG. 3. Typical raw spectra obtained for the gas targets.
Shown are the sums of collected (a) x-ray singles events, (b) x-
ray/doubly charge-changed, q-2, and (c) x-ray/singly charged,
q-1, coincidence events. The data are for 2.11 MeV/u (40
MeV) F9++ N2. The RDEC range in eV is shown in the
insert to panel (a).

two sets of recorded spectra look similar, and the spectra
are typical of those observed for the other projectiles and
charge states investigated in this work. Differences be-
tween the spectra and the other projectile-target systems
measured are seen when gates are set on either the x-ray
or particle spectra, thereby revealing coincidences with
the individual outgoing charge states. For the C target
spectra, it is noted that x-ray coincidences with the main
beam are also measured, something that cannot be done
with the gas targets.

In Fig. 3 are shown the sums of the collected x-ray sin-
gles events (panel a), the x-ray/doubly charge-changed,
q-2, (panel b), and the x-ray/singly charge-changed, q-1,
(panel c) coincidence events for 2.11 MeV/u F9++ N2.
Similar spectra (not shown) were obtained for F8++ N2

and for F9+, F8+ striking the Ne target. All of the spec-
tra taken for F9+ and F8+ on N2 and Ne were collected
for ∼1.0 x 1012 (taking about 3 weeks) incident particles,
with measurements for each projectile charge state and
target requiring about 500 h of collection time. The low
number of incident particles (∼ 1012) collected in 500
hours for F9+ and F8+ is because the particle detectors
can count efficiently only up to about 50,000 counts per
second. The detector collecting the one-electron ions al-
ways had the highest count rate, so the beam was held
to keep the rate on this detector to about this number.
Figure 4 gives similar information as Fig. 3 (panels a,
b, c), and in addition shows the x-ray/particle coinci-
dences for outgoing particles with the same charge as the
main beam, q, (panel d) for 2.11 MeV/u F9++ C. Simi-
lar spectra (not shown) were obtained for F8++ C, and
for O8+ and O7++ C targets. For the thin-foil C data,
spectra were collected for 7.13 x 109, 2.48 x 109, 3.74 x
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TABLE I. Calculated RDEC energies (eV) for electron transitions involving at least one electron going to the projectile K shell
for 2.11 MeV/u (40 MeV) F9,8+ ions incident on gas targets of N2 and Ne and for 2.19 MeV/u (35 MeV) O8,7+ and 2.11 MeV/u
(40 MeV) F9,8+ ions incident on thin-foil carbon targets. For the one-electron projectiles, transitions with both electrons going
to the K shell are not possible due to there being already an electron in that shell. In the list of electron transitions the
designation V refers to valence (quasi-free) electrons.

Projectile-Target System

RDEC Electron 40 MeV 40 MeV 40 MeV 40 MeV 35 MeV 35 MeV 40 MeV 40 MeV
Transition F9++ N2 F8++ N2 F9++ Ne F8++ Ne O8++ C O7++ C F9++ C F8++ C

VV→KK 4350 - 4350 - 4333 - 3993 -
VK→KK 3940 - 3480 - 4056 - 3716 -
KK→KK 3530 - 2610 - 3779 - 3439 -
VV→KL 3610 3466 3610 3466 3615 3414 3420 3244
VK→KL 3200 3056 2740 2596 3338 3137 3143 2967
KK→KL 2790 2646 1870 1726 3061 2859 2866 2690

109, and 2.11 x 109 incident particles, respectively, for
the F9+, F8+, O8+, and O7+ ions, with the measure-
ments for each projectile charge-state and target system
requiring 2-3 days of collection time. Thus, the thin-foil
C targets took about 2 weeks to collect all of the data
for the projectile-target systems investigated.

The spectra of Figs. 3 and 4, and the spectra like them
for the other projectile charge states and targets studied,
can then be used to generate x-ray-gated particle spectra
and particle-gated x-ray spectra, which should give sim-
ilar results for the numbers of events for each projectile-
target system. Figures 5 and 6 show these results for
the F9+ and F8+ projectiles on N2 and Ne targets, re-
spectively, for the data obtained, while Figures 7 and 8
show the same information for F9,8+ incident on thin-foil
C and Figures 9 and 10 show the same for O8,7+ inci-

FIG. 4. Typical raw spectra obtained for the thin-foil C
targets. Shown are the sums of collected (a) x-ray singles
events, (b) x-ray/doubly charge-changed, q-2, (c) x-ray/singly
charged, q-1, and (d) x-ray/no charge changed, q, coincidence
events. The data are for 2.11 MeV/u (40 MeV) F9++ C. The
RDEC range in eV is shown in the insert to part (a).

dent on C, respectively. For the gas targets, only the q-2
spectra are shown because, as mentioned above, it is only
these spectra that can have a change of two in producing
RDEC events. Double capture events can occur in the
x-ray range due to two REC events (see Fig. 3 above)
in the q-2 spectra and can be seen from the x-ray gated
particle spectra, as shown in Ref. [1], Figs. 3 and 4.

In comparing the spectra observed for the gas targets
and the C foil, an obvious question is what role multi-
ple collisions play in the foil data. For the gas target
data these collisions do not occur because the measure-
ments were done under single-collision conditions with a
maximum of 5% of the incident beam changing charge in
interactions with the target. On the other hand, for the
foil targets (nearly) all of the incident particles have vary-
ing degrees of probability of undergoing charge-changing
interactions due to the large stripping cross sections oc-
curring in the relatively thick C-foil targets compared to
the gas. These charge-stripping cross sections have the
effect of changing the charge state formed in the RDEC
process as the beam continues to move through the rest
of the foil. This effect will be looked at in detail in the
Discussion Section below.

In Figs. 5 and 6, significant differences are seen in the
numbers of events for F9+ and F8+, a result attributed
to the difference in K-shell vacancies in the projectile
(two versus one), and, consequently, the allowed RDEC
transitions. The number of counts (less background) in
Figs. 5a,c and in 5b,d agree with each other, respectively,
as do the counts in Figs. 6a,c and 6b,d, but the events
in Figs. 5a,b and 6a,b show these numbers most clearly.
Moreover, Figs. 5c and 6c give some insight into which
RDEC transitions (see Table I) occur. The numbers of
events in Figs. 5b and 6b are so few that, while peaks can
be seen in these x-ray-gated particle spectra, peaks can-
not be seen in the particle-gated x-ray spectra of Figs. 5d
and 6d due to the three expected transitions (see Table I
for F8+ on the N2 and Ne targets) in these latter figures.
Also, the particle events in Figs. 5a,b and 6a,b result in
sharper peaks at higher channel numbers than the parti-
cle events shown in Fig. 3b. Both the sharper peak and
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FIG. 5. Spectra obtained for 2.11 MeV/u (40 MeV) F9+

and F8++ N2: Panels (a) and (b) are the x-ray-gated particle
spectra for the doubly-charge changed projectiles sorted using
the region labeled RDEC in Fig. 3a, while panels (c) and (d)
are the particle-gated x-ray spectra corresponding to panels
(a) and (b), respectively, i.e., the doubly-charge changed, q-
2, outgoing state. The numbers shown on each graph are
the totals for each spectrum after background subtraction,
showing that the left and right panels agree with each other.
The total number of incident particles was ∼1.0 x 1012.

higher channel numbers are due to the excellent time res-
olution of the x-ray detector used in these measurements,
resulting in electronic signals with sharper rise times due
to differences in the pulse height.

Figure 7 shows essentially the same information as
Figs. 5 and 6 for the particle and x-ray spectra for F9+

ions incident on C, the difference being that x-ray spectra
are shown for each accompanying outgoing charge state
to its immediate left. Figure 8 shows this information for
F8+ on C, while Figures 9 and 10 display the information
for O8+ and O7+ on C. In comparing these C-foil spectra,
large differences are seen depending which of the four in-
cident projectiles are involved and which outgoing charge
state of the projectile is considered. This dependence on
outgoing charge state is very different from what is found
for gas targets as shown in Figs. 5 and 6 above.

Figure 11 shows the sums of the x-ray spectra in
Figs. 7-10. These spectra represent the sums of the
particle-gated x-ray spectra for q-2, q-1, and q outgoing
charge states of F9+, F8+, O8+, and O7+ on C, respec-
tively, shown in Figs. 7d,e,f, Figs. 8d,e,f, Figs. 9d,e,f, and
Figs. 10d,e,f. The differences between the spectra for the
C-foil target and those for the gas targets imply large
charge stripping cross sections resulting in multiple col-
lisions in the foil targets that do not exist for the gas
targets that were done under single-collision conditions.
This will be discussed in the following Section.

In reviewing these figures for RDEC and the charge

FIG. 6. Spectra obtained for 2.11 MeV/u (40 MeV) F9+ and
F8++ Ne. See Fig. 5 for the rest of the caption. Please
note these spectra were obtained for an RDEC region similar
to that indicated in Fig. 5, which was taken from the Ne
spectrum corresponding to Fig. 3a.

changing associated with them, large differences are seen
in the results for gas targets and C-foil targets, as well
as in the results for the two different ion species and the
respective charge states considered. For the gas targets,
RDEC only appears in the doubly charge-changed, q-
2, outgoing channel, while for the C-foil RDEC events
appear in all three outgoing charge state channels q-2,
q-1, and q. Also, the differences in RDEC findings be-
tween the fully-stripped and one-electron projectiles are
nearly a factor of six for the gas targets, while for C-
foil targets normalized to the incident beam current, this
difference is much smaller, coming to about the same
value. Moreover, examination of the outgoing charge-
state C-foil spectra individually for fully-stripped and
one-electron fluorine and oxygen projectiles shows that
the two projectiles give very different results for RDEC,
with the spectra for oxygen shifting to significantly higher
outgoing charge states than the fluorine ions. These dif-
ferent findings in the results between oxygen and fluorine
ions occur despite the fact that the ionic species are just
one atomic number apart. The causes, including the ef-
fects of the multiple collisions that inevitably occur in
the C-foil target measurements, will be explored more in
the Discussion Section immediately following.

V. DISCUSSION

In this Section we will first discuss the effects of mul-
tiple collisions on RDEC and what they cause in deter-
mining the cross sections. While the gas and foil targets
are expected to give values for the RDEC cross sections
that are at least similar, these targets also yield quite
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FIG. 7. Spectra obtained for 2.11 MeV/u (40 MeV) F9++ C:
Panels (a), (b), and (c) are the x-ray-gated particle spectra
for the doubly-, singly-, and no charge changed projectiles
sorted using the region labeled RDEC in Fig. 4a. Panels (d),
(e), and (f) are the particle-gated x-ray spectra corresponding
to panels (a), (b), and (c), respectively, i.e., doubly-, singly-
, and no charge-changed outgoing states. The numbers on
each graph are the totals for each spectrum after background
subtraction, showing that the left and right panels agree with
each other. The total number of incident particles was ∼7.13
x 109.

different findings for the outgoing charge states in which
the RDEC events result in the multiple collisions for the
case of the thin-foil targets. The discussion will begin
with the effects of single- and multiple-collisions by the
ions as they transverse the target following the formation
of an RDEC event. This will be followed by comments on
the equilibrium of the charge distribution of the ion beam
as it moves through the foil. Then the determination of
the measured differential cross sections at 90o and the
calculation and assumptions that go into obtaining to-
tal cross sections from the differential cross sections will
be presented. This discussion will also include compar-
ison with the available theoretical cross sections for the
systems studied. The Section will conclude with com-
ments on the large difference between the cross sections
of fully-stripped and one-electron projectiles striking the
gas targets, and reasons for less of a difference in the case
of the foil targets.

FIG. 8. Spectra obtained for 2.11 MeV/u (40 MeV) F8++ C:
Panels (a), (b), and (c) are the x-ray-gated particle spectra
for the doubly-, singly-, and no charge changed projectiles
sorted using a region similar to that labeled RDEC in Fig. 4a.
Panels (d), (e), and (f) are the particle-gated x-ray spectra
corresponding to panels (a), (b), and (c), respectively, i.e.,
doubly-, singly-, and no charge-changed outgoing states. The
numbers shown on each graph are the totals for each spectrum
after background subtraction, showing that the left and right
panels agree with each other. The total number of incident
particles was ∼2.48 x 109.

A. Single- and Multiple Collisions in RDEC

Here, the differences between the gas targets and the
C-foil are discussed. For gas targets the measurements
are easily carried out under single-collision conditions by
adjusting the gas pressure in the target cell, while for
the C-foil targets this cannot be done. All of the gas
target measurements were carried out with target densi-
ties (∼ 10 mTorr ∼ 3.3 x 1014 atoms/cm3) such that less
than 5% of the incident beam changed charge in passing
through the target. For the C-foil targets, the densities
(about 15 µg/cm2 = 7.53 x 1017 atoms/cm2) were such
that single-collision conditions are not possible. This dif-
ference between the single- and multiple-collision condi-
tions can be expected to lead to very different results
in the outgoing charge-state channels in which RDEC
events occur. In the latter case, the multiple collisions
lead to a change in the charge of the incident ion as it
continues passage through the foil following the RDEC
process. This occurs by assuming RDEC occurs on aver-
age halfway through the foil following which half of the
foil can still be used for charge changing. This charge
change is most likely caused by subsequent stripping of
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FIG. 9. Spectra obtained for 2.19 MeV/u (35 MeV) O8++ C:
Panels (a), (b), and (c) are the x-ray-gated particle spectra
for the doubly-, singly-, and no charge changed projectiles
sorted using a region similar to that labeled RDEC in Fig. 4a.
Panels (d), (e), and (f) are the particle-gated x-ray spectra
corresponding to panels (a), (b), and (c), respectively, i.e.,
doubly-, singly-, and no charge-changed outgoing states. The
numbers shown on each graph are the totals for each spectrum
after background subtraction, showing that the left and right
panels agree with each other. The total number of incident
particles was ∼3.74 x 109.

the ion that underwent RDEC.
Table II shows the estimated charge stripping cross sec-

tions for fully-stripped and one-electron O8,7+ and F9,8+

projectiles [17–19] that have undergone RDEC. Multi-
plying these cross sections by half the foil thickness (∼4
x 1017 atoms/cm2), the average distance the passing ion
still has to travel, the probabilities of the relative distri-
butions of the charge states obtained in Figs. 7-10 are
predicted. It should be recalled that a probability of
more than unity implies that the process of charge strip-
ping almost certainly takes place, while a value less than
unity means that approximately the calculated fraction
changes charge in passage through the foil. With these
facts in mind, the probabilities are 7.5, 1.4, and 0.16 for
oxygen projectiles undergoing stripping for the charge
states 5+ → 6+, 6+ → 7+, and 7+ → 8+ are obtained,
respectively; hence, the charge states 5+ and 6+ formed
following the RDEC process for one-electron and fully-
stripped ions (Figs. 10 and 9, respectively) are most likely
to change their charge, while those that reach 7+ have a
smaller probability to change.

For fluorine projectiles these probabilities work out to
1.6, 0.4, and 0.08 for the stripping processes 6+ → 7+,

FIG. 10. Spectra obtained for 2.19 MeV/u (35 MeV) O7++ C:
Panels (a), (b), and (c) are the x-ray-gated particle spectra
for the doubly-, singly-, and no charge changed projectiles
sorted using a region similar to that labeled RDEC in Fig. 4a.
Panels (d), (e), and (f) are the particle-gated x-ray spectra
corresponding to panels (a), (b), and (c), respectively, i.e.,
doubly-, singly-, and no charge-changed outgoing states. The
numbers shown on each graph are the totals for each spectrum
after background subtraction, showing that the left and right
panels agree with each other. The total number of incident
particles was ∼2.11 x 109.

FIG. 11. Particle-gated x-ray spectra for the sum of q-2, q-
1, and q outgoing charge states of incident 2.11 MeV/u (40
MeV) F9,8+ and 2.19 MeV/u (35 MeV) O8,7+ projectiles on
C: Panels (a) and (b) are for F9+ and F8+, respectively, and
panels (c) and (d) for O8+ and O7+, respectively. The total
number of incident particles is given by the numbers in Figs. 7-
10.
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TABLE II. Estimated charge-stripping cross sections for ∼2 MeV/u highly-stripped oxygen and fluorine on carbon. The Oq+

and Fq+ cross sections were scaled from Refs. [17, 18] and Ref. [19], respectively. By applying the cross sections to the relevant
charge states of Figs. 7-10, the relative distributions of the q-2, q-1, and q spectra are readily seen.

Oq++ C Cross Section (Mb) Fq++ C Cross Section (Mb)

5+ → 6+ 19.0 6+ → 7+ 4.0
6+ → 7+ 3.6 7+ → 8+ 1.0
7+ → 8+ 0.4 8+ → 9+ 0.2

7+→ 8+, and 8+→ 9+, respectively; hence, for fluorine
only the 6+ charge state formed in the RDEC process
likely changes charge with certainty (Fig. 8), while those
formed as 7+ (Fig. 7) have about an even chance of strip-
ping further and those that go to the 8+ state have little
chance of changing charge.

So, these probabilities show quite clearly the differ-
ences between the relative charge-state distributions of
oxygen and fluorine ions, as well as the effect of the dif-
ferences between their initial charge states. These prob-
abilities can be compared with the charge distributions
displayed in Figs. 7-10, panels (a), (b), and (c).

It is also noted that charge stripping can occur prior to
an RDEC event. For O7+ ion stripping occurs to charge
state 8+ and for F8+ it occurs to 9+. From Table II this
happens about 32% of the time for O7+ and 16% of the
time for F8+. In this case, a fraction of the O7+ and F8+

beams are lost for RDEC, becoming O8+ and F9+ ions
instead. Hence, the numbers of photons associated with
these incident ions should not be included, but rather
the photons from O8+ and F9+ RDEC should be sub-
tracted from the total RDEC intensity observed for O7+

and F8+. These corrections have been made to the cross
sections listed for O7+ and F8+ (see Table IV), including
the uncertainty associated with each ion, which is taken
to be ±40% for O8+ and ±30% for F9+. The disadvan-
tage of not counting charge-changed O8+ and F9+ for
initial beams of O7+ and F8+ is that the actual fraction
of charge-stripped ions is not measured (see Fig. 2) and,
hence, the fraction must be estimated from the table of
reported stripping cross sections.

B. Equilibrium Charge-state Distributions

For the gas targets the outgoing charge distribution of
the ion beam has no effect on the RDEC process because
the pressure was set for single-collision conditions. In this
case the pressure was always such that less than 5% of
the incident beam changed charge in passage through the
target. Hence, the doubly charge-changed (q-2) channel
formed in the RDEC process is the only one that needs
to be considered, as shown in Figs. 5 and 6. The singly
charge-changed (q-1) channel was also observed and no
RDEC events were seen. Such is not the case for the foil
targets, however.

For the thin-foil C targets the probability that the
charge distribution is not in equilibrium has been ob-

served for REC events [20]. The foil thickness in the
present work for RDEC is near the beginning of the
fraction vs. thickness curve (T ∼ 0), where the REC
cross section obtained is equal to the desired value and
the charge has not changed appreciably (see Fig. 3 of
Ref. [20]). If the same assumption holds for RDEC, then
the values obtained for the cross sections should also be
close to the zero thickness value. If this is so, then the
effects of non-equilibrium of the charge distribution do
not need to be considered, and the small divergence from
equilibrium can be taken into account in the overall un-
certainties assigned to the cross sections.

C. Calculation of the RDEC Cross Sections

Determination of the differential cross sections at 90o

for F9+ and F8+ incident on the gas targets N2 and Ne
is straightforward and can be calculated from the RDEC
counts observed in the q-2 outgoing charge state channel,
the total number of incident particles, the gas pressure
used, the solid angle subtended by the x-ray detector,
and the efficiency of the x-ray detector. Only the differ-
ential cross sections are obtained from the measurements
and the total RDEC cross sections are then calculated
assuming polarization of the RDEC events is the same
as REC events [14, 15].

In determining values for the cross sections for the foil
targets measured, two rather strong contamination lines
are seen in the x-ray spectra of Figs. 7-10 near 3.4 and
3.8 keV for each of the outgoing charge states associated
with the four projectile charge states and also in the to-
tal x-ray spectra of Fig. 11 for the summed spectra of
Figs. 7-10. These lines are attributed to contamination
by potassium and calcium. The origin of these lines is
not known, but they have been observed before in our
measurements for fluorine ions on thin C [11], and might
have come from improper handling of the foils prior to
their installation in the target chamber; however, every
step was taken to avoid this mishandling. The intensities
of these contamination lines must be taken into account
and corrected for in order to get reasonable values for
the differential RDEC cross sections. These differential
cross sections can then be converted to total RDEC cross
sections assuming the polarizability [14, 15] of the x rays
is the same as that for the REC lines.

Corrections for the contaminant lines was done by
generating additional particle-gated x-ray spectra (not
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shown) corresponding to a region encompassing these two
peaks from about 3.3 to 4.0 keV (see Fig. 11). However,
the full contribution of the contaminant lines cannot be
subtracted from the RDEC region without underestimat-
ing the values of the cross sections. So, the number of
counts to be subtracted for each incident ion were de-
termined by normalizing the contaminant counts to the
’background’ RDEC intensity. In this way the extent of
the reduction in the contaminant peak required could be
found, and these factors were 0.35, 0.33, 0.25, and 0.25
for F9+, F8+, O8+ and O7+, respectively. The uncertain-
ties in making these corrections were taken to be 20% for
the fluorine projectiles and 25% for the oxygen projec-
tiles and these values were included in determining the
error bars for the calculated cross sections.

As mentioned before, only differential cross sections at
90o were measured in this work. From the information
determined, these differential cross sections can be cal-
culated from the relation

dσRDEC

dΩ
(θ = 90o) =

NRDEC

Io

1

T∆Ωε
(4)

where NRDEC is the number of RDEC events measured,
Io is the total number of incident ions, T is the target
thickness (in atoms/cm2), ∆Ω is the solid angle (in stera-
dians) subtended by the x-ray detector, and ε (∼ 1) is
the detection efficiency of the x rays. If the angular de-
pendence between the RDEC differential cross sections
and the corresponding REC cross sections goes as sin2 θ
[14, 15], then the total cross sections can be determined
by multiplying this equation by 8π/3 as shown by Eq. 3
above in Section II.

Table III shows the differential cross sections for RDEC
calculated from Eq. 4 and the total cross sections for
RDEC determined from Eq. 3 for the gas targets, while
Table IV lists the differential and total RDEC cross sec-
tions for the C thin-foil targets used. The cross sections
of Tables III and IV are plotted in Figure 12. The dif-
ferential cross sections are shown in the upper parts of
the plot and the total cross sections (assuming a sin2 θ
dependence with the differential) are shown in the lower
parts. The gas target results are shown in the leftmost
panels and the thin-foil cross sections are in the rightmost
panels. The cross sections for the gas targets are smaller
in general than those for the C-foil target, with the cross
sections for the fully stripped ions differing by a factor of
nearly 6 from the cross sections for the one-electron ions.

The most recent, and believed to be the best so far,
theoretical total cross sections [21] are shown by the open
squares and circles, and these exist only for the thin-foil
targets. Calculations were not performed for the gas tar-
gets used in this work. These theoretical cross sections
were calculated using the line-profile approach by two
methods, labeled as the A model and the K model by
the authors of the reference. In the A model a homoge-
neous electron density was assumed for the entire target
atom and all electrons were included in the calculations.
In the K model only the target K electrons were included

TABLE III. RDEC differential and total (differential multi-
plied by 8π/3) cross sections (in barns/steradian/atom and
barns/atom, respectively) for the four systems of 2.11 MeV/u
(40 MeV) fluorine ions incident on gas targets of N2 and Ne.
The numbers in parentheses following each cross section rep-
resent the uncertainty in the value obtained.

F9++ N2 F8++ N2 F9++ Ne F8++ Ne
dσ
dΩ

(θ = 90o) 0.30(0.17) 0.05(0.03) 0.25(0.14) 0.039(0.024)
σtotal 2.5(1.4) 0.42(0.25) 2.1(1.2) 0.33(0.20)

TABLE IV. RDEC differential and total (differential multi-
plied by 8π/3) cross sections (in barns/steradian/atom and
barns/atom, respectively) for the four systems of 2.19 MeV/u
(35 MeV) oxygen and 2.11 MeV/u (40 MeV) fluorine ions in-
cident on thin-foil targets of carbon. The numbers in paren-
theses following each cross section represent the uncertainty
in the value obtained.

O8++ C O7++ C F9++ C F8++ C
dσ
dΩ

(θ = 90o) 0.24(0.06) 0.24(0.10) 1.0(0.2) 0.66(0.20)
σtotal 2.0(0.5) 2.0(0.8) 8.4(1.7) 6.6(1.5)

and a homogeneous electron density was assumed for the
K shell. The theoretical values, calculated for the total
cross sections, are seen to disagree substantially with the
measured values, with the results of the A model being
the closest. A possible error in this model could be the
assumption of a homogeneous electron density for the en-
tire atom. In this way, the effect of all of the electrons
might be underestimated, therefore giving rise to theo-
retical cross sections that are too small.

Other theoretical calculations [22–24] show poorer
agreement with the measurements and are not included
in the comparison, except for the theory points from
Mikhailov et al. [24] for O8+ and F9++ C, shown by
the open diamonds in the lower part of the C-foil results.
These points are seen to dramatically underestimate the
measured cross sections.

The cross sections for fully-stripped oxygen and flu-
orine ions determined from the present measurements
agree fairly well with the previous values, but in all cases
are smaller. For O8+ the previous value found for the
differential cross section was 0.71(0.5) and for F9+ it was
1.1(0.6) barns. In the present work, cross sections for the
C-foil target are reported for one-electron projectile ions.
These cross sections do not differ greatly from those for
the bare ions, contrary to the results previously found
for F9+ and F8+ ions on gas targets under single colli-
sion conditions where the difference is about a factor of
6. This large contrast is attributed to the effect of mul-
tiple collisions for the projectile ions incident on thin-
carbon foils. Additional theoretical cross section calcula-
tions should help to shed more light on the RDEC process
and provide insight into the differences between single-
and multiple-collision conditions.
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D. Inconsistencies between Gas and Thin-foil
RDEC Cross Sections

Examination of the RDEC cross sections for the gas
targets shown in Figs. 5 and 6 (for N2 and Ne, respec-
tively) and listed in Table III shows the fully-stripped
ions with about six times larger values than the cross
sections for one-electron ions. On the other hand, the
data for the thin-foil targets show something quite dif-
ferent, with fluorine having cross sections for the fully-
stripped ion about 20% larger than the one-electron ion
cross sections (see Table IV). The results for oxygen ions
show the fully-stripped and one-electron projectile val-
ues to have about the same value (see Table IV). This
situation appears difficult to understand. It is probably
easier to explain the large differences between the two
charge states used for the gas targets than the relatively
small separation found for the foil targets. Thus, the gas
targets will be considered first.

As noted above, the difference in the RDEC gas tar-
get cross sections for both N2 and Ne was about a factor
of six with the cross sections for the fully-stripped pro-
jectiles being larger (see Table III). For the one-electron
projectiles an electron is already present in the K shell, so
it can be said that the probability for RDEC transitions
is reduced by at least a factor of two. But this cannot
be the entire story because two electrons are involved in
every RDEC transition, so the spin of the two incoming

FIG. 12. Present results for F9+ and F8+ projectiles incident
on gas targets (N2 and Ne), and for these same projectiles in
addition to O8+ and O7+ incident on thin-foil C targets. The
present gas results are in the left-most panels and the thin-foil
results in the right-most panels. Theoretical calculations of
Ref. [21] and Ref. [24] are also shown, which were only done
for the foil targets.

electrons must be considered. Since there is already one
electron in the K shell, an electron filling the other va-
cancy must have a spin opposite to the one that is there.
The incoming electrons are captured as a pair and these
likely both have spins in the S state, which can be either
a singlet (1S) or a triplet (3S). The singlet state has an
aligned and unaligned electron with the existing K-shell
electron, and hence likely reduces the one-electron ion
cross section by another factor of two compared to the
fully-stripped ions. For the triplet state, two of the elec-
trons have aligned configurations, and are thus forbidden
from making the transition, while the other two are un-
aligned and can transfer to the K shell. This would likely
reduce the cross section even more, thereby permitting a
reduction to possibly a factor of six. Unfortunately, the
resolution and statistics of the lines in the RDEC x-ray
spectra obtained for the present data (Figs. 5 and 6) are
insufficient for determination which of these possibilities
is more likely to occur. Hence, a detailed analysis of the
transitions that are possible cannot be presented but only
point in the general direction, as done here, in which the
transitions go. For the fully-stripped projectiles this sit-
uation does not come up and the transition of electrons
from the target via the singlet or triplet states is entirely
possible.

For the thin-foil targets, the charge state of ions with
one or two initial K-shell vacancies is easily changed by
stripping a newly formed RDEC event in passage through
the remainder (on average half the thickness) of the foil.
This can be seen from the particle spectra of Figs. 7-10
and from Table II which lists the charge-stripping cross
sections of the charge states formed in the RDEC pro-
cess. These charge-stripping cross sections are of such a
size that most collisions have have large probabilities of
changing the charge state of the ion that just underwent
RDEC. It is likely that these charge-stripping events re-
sult in the ions losing their sensitivity to the spin states
of the incoming two electrons, and so the spins make lit-
tle difference in whether an electron is stripped or not.
Thus, the explanation seems to be in the thickness of
the target that unavoidably leads to multiple collisions.
The gas targets do not suffer multiple collisions and thus
maintain their charge state following RDEC in passage
through the remainder of the gas target. For the foil tar-
gets studied, the projectiles studied only rarely maintain
the charge formed during RDEC (see Figs. 7-10), and
thus appear in an elevated charge state as seen from the
small probabilities of the unchanged charge states.

These explanations leave something further to examine
but they are an attempt to understand the reason for the
seemingly fixed factor of nearly six for the fully-stripped
RDEC cross sections compared to the one-electron ions
in gas targets, while no such factor seems to exist for the
foil target results. Better data with more statistics and
improved resolution could help to answer these questions,
likely a long and arduous task.
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VI. CONCLUSION

Radiative double-electron capture was investigated for
fully-stripped and one-electron ions of fluorine in colli-
sions with gas targets of N2 and Ne, while thin-foil targets
of carbon were investigated for fully-stripped and one-
electron ions of oxygen and fluorine. The thin-foil targets
were a follow up to our earlier studies for oxygen and flu-
orine that showed some evidence for RDEC but were not
definitive. The gas targets were undertaken to verify the
existence of RDEC and to measure the cross sections for
the process without the complications of multiple colli-
sions. These measurements were followed by more com-
plete investigations of RDEC for thin-foil carbon, and
in these studies RDEC was seen in the doubly-charge
changed channel (expected), the singly-charge changed
channel, and the no change in charge channel. In the
earlier measurements [10], the no charge channel was not
measured as it was believed that no RDEC events would
appear in this channel. Also, the one-electron incident
ions were not studied [11] since previous measurements
seemed not to show RDEC events for this ion. This last
case turned out not to be true, and, furthermore, sig-
nificant numbers of events were seen in the no charge
channel for both ions in both charge states. For the gas
targets, RDEC events were only observed in the doubly
charge-changed channel as expected.

Cross sections were determined for both the fully-
stripped and one-electron fluorine ions incident on the
gas targets, and for the thin-foil targets the same fluo-
rine ions, in addition to fully-stripped and one-electron
oxygen ions, were investigated. In all cases, the cross
sections for all of the projectiles studied were not too dif-
ferent from one another, with the cross sections for fully-
stripped fluorine striking the gas targets being about 4
times smaller than those found for the thin-foil carbon.
For the foil targets with the fluorine and oxygen projec-
tiles the cross sections determined are about an order
of magnitude larger than the most recent and seemingly
best theoretical cross sections. The experimental cross
sections were assumed to have a sin2 θ dependence be-
tween the measured differential cross sections at 90o and
the predicted total cross sections, so this observation is
based on the extent to which this assumption is valid.

A major difference between the gas targets and the
thin-foil targets is the fact multiple collisions occur for
foil targets. These collisions are mainly due to charge-
stripping resulting in the outgoing charge being elevated,
so the majority of the RDEC events can be found in the
singly charge-changed or the no charge-changed channels.
For the gas targets, no such charge changing occurs. Fur-
thermore, in the case of the gas targets the difference be-
tween the fully-stripped and one-electron ions is about a
factor of six with the fully-stripped ions having the larger
cross sections. For the foil targets, the cross sections for
the fully-stripped and one-electron ions are quite com-
parable. Also, the one-electron ions have to be corrected
for stripping to fully-stripped ions in passage through the

foil. The estimated contribution of photons to the inci-
dent one-electron ion cross sections for O7+ → O8+ and
F8+ → F9+ is then subtracted from the events found for
the total section, thereby giving larger uncertainties in
these one-electron cross sections.

To explain the differences between the gas and foil-
target cross sections, the spin statistics for the gas tar-
gets of the incoming electrons and the compatibility of
them with a one-electron ion must be taken into account,
and, while the statistics and resolution of the two cap-
tured electrons cannot be observed in the x-ray spectra
obtained, a factor of about six can be accounted for. For
the thin-foil target, the compatibility of the incoming
electrons does not seem to play a role and is it reason-
able to assume these conditions are broken.

In summary, the present work represents a fairly com-
plete study of RDEC for fully-stripped and one-electron
projectiles incident on gas and thin-foil targets. There
is also some comparison with theoretical calculations but
this consideration is not complete because there are no
results for the projectile-gas targets done in this study.
Future work could focus on the angular dependence of
RDEC to see if a sin2 θ relationship holds between the
differential cross sections at 90o and the total cross sec-
tions. Also, the study of a helium target would be worth-
while as this target has just two electrons, which means
only two transitions are possible, namely, KK→ KK and
KK → KL (only the KK → KL would be possible for
F8+ projectiles). However, the emission polarization and
the helium target studies would require much beam time
and great effort, so a real commitment would be needed
to undertake either one of these studies. In fact, obser-
vation of RDEC in helium was attempted, giving only
three RDEC counts in about ten days of round-the-clock
beam time. Hence, this target was abandoned in favor of
running the more count-productive N2 and Ne targets.
Finally, more theoretical work should be done to deter-
mine why the present calculations are off by about an
order of magnitude and also calculations are needed to
compare the theory with the present gas target measure-
ments. Such studies could provide much needed insight
into the process of RDEC.
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