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CHAPTER

SIX

Two-electron capture in O6++Na(3s)
collisions

6.1 Introduction

Two-electron capture in keV energy highly charged ion-atom collisions has been
studied extensively. This process results in the creation of doubly excited nln′l′ pro-
jectile states, which decay either by photon emission or by Auger electron emission.
In most studies noble gasses, in particular He [114–120], or H2 [121, 122] have been
used as electron donors. This implies that one deals with the capture of two equiv-
alent electrons. As a general finding distinct capture processes, namely monoelec-
tronic and dielectronic, were found for the population of near symmetric (n′ ≈ n)
and asymmetric (n′ À n) configurations respectively. Monoelectronic means transi-
tions in which one electron is transferred at a time, at a crossing of the initial channel
and a single-capture curve or at a crossing between a single- and double-capture
curve. Two-electron capture via monoelectronic transitions is called uncorrelated
double capture. In dielectronic transitions two electrons are captured simultane-
ously, i.e. at a crossing of the entrance channel and a double-capture curve. This is
called correlated-double-capture (CDC) [123]. A related dielectronic process is cor-
related transfer and excitation (CTE) [124]. For two-electron capture from He it has
been shown that the population of asymmetric nln′l′ states cannot proceed via mo-
noelectronic transitions, but has to be explained in terms of either CDC or CTE, while
near symmetric configurations can be populated by uncorrelated double capture.

In contrast to transfer of two equivalent electrons, studies on two-electron cap-
ture of non-equivalent electrons are rather scarce. For instance for alkali targets the
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78 Two-electron capture in O6++Na(3s) collisions

main double capture process is the transfer of the valence electron and one inner-
shell electron. The question is whether here symmetric and asymmetric nln′l′ con-
figurations are also populated via different mechanisms. To investigate this we have
studied two-electron capture in O6++Na(3s) collisions at energies from 6.75 to 8.625
keV/amu. First MOTRIMS measurements on O6++Na(3s) have been performed by
Turkstra et al [46, 65] at lower impact energies, namely 1.5, 3 and 4.5 keV/amu. It
was shown that compared to the Na+ recoils, the momenta for the higher charge
state recoils Nar+ (r = 2, 3, 4) are much larger, both in longitudinal and transverse
directions. The population of O4+(1s23lnl′) states was found to be the main double
capture channel, but the different 3lnl′ states were not resolved due to the rather
poor resolution. In the present experiment, due to the improved resolution, different
two-electron capture channels are resolved.

6.2 Experimental results

The cooled sodium atoms in the MOT are crossed by a chopped beam of O6+ ions
at different velocities. A chopped beam is used due to the fact that the Na2+ pro-
duction is about 100 times smaller than that of Na+ and in order not to saturate the
detector with Na+ recoils we trigger the detector with the signal from the chopper
(see Fig. 3.16). Taking into account the time of flight of the Na2+ ions we are sure
that the detector is open only when the Na2+ recoils arrive.

Due to the larger recoils of the Na2+ the extraction field had to be increased signif-
icantly compared with the measurements done with He and Xe. For the voltages on
the extraction and focussing lenses the following values where used: V+ = +8.16 V,
V− = −19.68 V, V1 = −13.6 V, V2 = −10.8 V, and V3 = −2.08 V (cf. Fig. 3.13). For
the Na2+ recoils a momentum resolution of 0.4 a.u. was obtained, corresponding to
a Q-value resolution of 6 eV.

6.2.1 Data analysis

From the 2D image on the detector (see Fig. 6.1(a)) the recoil momentum vectors can
be reconstructed. Due to the very low count rate for the Na2+ recoils the background
(recoils) plays an important role in the data analysis. In order to properly analyze
the data we need to subtract the background. After cutting from the 2D image the
vertical bands due to Na2+ recoils (see Fig. 6.1(b)) and projecting the 2D spectrum
on the X axis, the distribution of the background recoils is obtained. The small hor-
izontal cut is done to eliminate some artifacts in the electronic signals which now
are observable due to the small ratio between signal and background. By fitting
the background distribution with a third order polynomial function (Fig. 6.2(a)) we
can then subtract the background signal. The longitudinal momentum spectrum of
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Figure 6.1: (a) XY-distribution of Na2+ recoils resulting from 7.5 keV/amu
O6++Na collisions. The projectile direction is along the X-axis. (b) XY-distribution of
the background recoils.
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Figure 6.2: (a) Polynomial fit of the background recoils resulting from
7.5 keV/amu O6++Na(3s) collisions. (b) The longitudinal momentum spectrum of the
Na2+ recoils after background subtraction.
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Figure 6.3: Q-value spectrum of Na2+ recoils resulting from 7.5 keV/amu
O6++Na(3s) collisions. Double capture states of O4+ are indicated as well as the onset
for transfer ionization.

Na2+ recoils from 7.5 keV/amu O6++Na(3s) collision after background subtraction
is shown in Fig. 6.2(b).

6.2.2 Results

The Q-value of the collision, i.e. the difference between the total binding energies
before and after the reaction, is related to the longitudinal component (plong) of the
Na2+ recoil momentum via the relation 4.1.
To calibrate the Na2+ recoil spectra we make use of well-resolved n-states in the Na+

recoil spectra [108].
The Q-value spectrum of Na2+ recoils resulting from 7.5 keV/amu O6++Na(3s)

collisions in which the positions of several doubly excited O4+(1s2 nln′l′) states are
indicated, is shown in Fig. 6.3. The binding energies of these states [125] are given in
Table 6.1. Two groups of two-electron capture channels are contributing to the spec-
trum. The dominant component appears between -20 and 0 eV, which corresponds
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to double capture into 3lnl′ (n ≥ 6). Capture into higher doubly excited O4+ states,
starting from 4lnl′ on, does not occur.

Na2+ recoils could also be created by transfer ionization (TI), whereby one elec-
tron is transferred to the projectile and one is emitted into the continuum.

O4+(1s2nln′l′) Q-value (eV)
2s2 -200

2ln′l′ n′ = 2 -189 → -164
n′ ≥ 3 -132 → -86

3s2 -54
3l3l′ l, l′ ≥ 1 -48 → -40
3ln′l′ n′ = 4 -31 → -22

n′ = 5 -21 → -15
n′ = 6 -17 → -11
n′ = 7 -14 → -9
n′ ≥ 8 -12 → -2

3s n′ = ∞ -6
4ln′l′ -6 → 22

Table 6.1: Q-values for the relevant nln′l′ shells in O6++Na(3s) → O4+(1s2nln′l′)+Na2+.

The corresponding longitudinal momenta are given by

plong >
I1 + I2 − EO5+

b
vp

− vp, (6.1)

where I1 = 5.14 eV and I2 = 47.3 eV are the first and second ionization potentials of
Na, respectively, and EO5+

b is the binding energy of the final O5+ state (positively
defined) [125]. When converting longitudinal momentum into Q-value using Eq. 4.1
TI appears at Q > I1 + I2 − EO5+

b . TI leading to O5+(1s23s) results in Q > -6eV. As we
can see from the spectrum the intensity drops rapidly at the Q-values corresponding
to transfer ionization. Therefore one can conclude that transfer ionization plays a
minor role at this impact energy and that the two-electron removal is fully due to
two-electron capture.

The second Q-value region at which recoils are found lies between -60 and -30
eV. These energies are associated with double capture into 3l3l′. Remarkably, double
capture into 3l4l′ is not observed and also 3l5l′ seems to be a weak channel. The
occurrence of either capture into the symmetric 3l3l′ or asymmetric 3ln′l′ (n′ ≥ 6)
configurations suggests two different population mechanisms. The ratio between the
partial cross section for capture into the asymmetric configurations (3ln′l′, n′ ≥ 6)
and the partial cross section for capture into the symmetric configurations (3l3l′) is
shown in Fig. 6.4. The ratio increases slightly with the collision energy.
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Figure 6.4: The ratio between partial cross section for capture into the asymmetric configura-
tions (3ln′l′, n′ ≥ 6) and the partial cross section for capture into the symmetric configurations
(3l3l′).

The transverse momentum distributions of recoil ions related to the 3l3l′ and 3lnl′
(n ≥ 6) configurations are shown in Fig. 6.5. Double capture into 3l3l′ results in a
rather broad distribution extending to large momenta (> 10 a.u.), while for capture
into 3lnl′ (n ≥ 6) a much narrower distribution at smaller momenta is observed. In
the transverse momentum distribution according to the CBM there is a maximum
internuclear distance (5.1 a.u.) at which two-electron capture can take place. There-
fore the CBM transverse momentum distribution corresponds to impact parameters
smaller than 5 a.u. Capture into 3l3l′ shows a momentum range similar to that of
CBM, suggesting that the 3l3l′ states are populated mainly at these small distances.
The momentum distribution of 3lnl′ (n ≥ 6) lies at smaller values, thus transfer in
these states takes place at distances larger than 5 a.u.. From this one can conclude
that the population of the symmetric configurations occurs at smaller internuclear
distances than that of the asymmetric configurations.

In order to interpret the Q-value and transverse momentum spectra, potential en-
ergy curve diagrams with the relevant two-electron and one-electron capture chan-
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Figure 6.5: Transverse momentum distributions for Na2+ recoils resulting
from 7.5 keV/amu O6++Na(3s) collisions: double capture into symmetric O4+(3l3l′)
(©) and asymmetric O4+(3ln′l′) ((¤) configurations. Also CBM calculation is shown (—). All
distributions are normalized to their peak value.

nels are shown in Fig. 6.6. The potential energy of the initial O6++Na channel is
approximated to be constant, while the final single and double-capture states are de-
scribed by pure Coulomb curves. For a given n-shell the curves for double-capture
into the 3lnl′ states are depicted as broad bands, which get narrower for higher n-
quantum numbers. Starting from 3l5l′ and 3l6l′ these bands start to overlap, result-
ing in a quasi-continuum of doubly excited states.

Population of the 3l3l′ states proceeds at the crossing between the entrance chan-
nel and the 3l3l′ outgoing channel, which occurs at internuclear distances of 4− 5.5
a.u. (Fig. 6.6). This is consistent with our transverse momentum distribution. The
absence of 3l4l′ population indicates that the two-electron transfer between the en-
trance channel and double-capture channels is not likely at large internuclear dis-
tances, R > 7a.u. meaning that for capture into higher doubly excited states other
population mechanisms have to be considered. Population may proceed in a two-
step manner via the single-electron capture states. At larger impact parameters (10-



6.2 Experimental results 85

5 10 15 20 25 30
-30

-20

-10

0

10

20

n=7

n=6

n=5

3l7l'

3l6l'

3l5l'
3l4l'

 

 
E 

(e
V

)

R (a.u.)

3l3l'

Figure 6.6: Potential energy curve diagram of the O6++Na collision system, showing differ-
ent single- and double-capture curves. The shaded areas are connected to double-capture
curves into certain nln′l′ states. The entrance channel is represented by the dotted line at
E=0.
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20 a.u.) the n=6 and n=7 single-electron capture states strongly overlap with 3l6l′
and 3l7l′ bands. Thus, the population of the 3l6l′ and 3l7l′ states can effectively
occur via these single-capture curves. Regarding the double capture into 3l5l′, cou-
pling with the n=6 single-capture curve becomes possible only for R < 12 a.u., impact
parameters at which the n=6 channel is not effectively populated anymore.

Thus, the population of the symmetric 3l3l′ states occurs at small impact parame-
ters (R < 5) in a one-step dielectronic process, i.e. by a direct coupling with the initial
state, while double capture into the asymmetric 3l6l′ and 3l7l′ configurations takes
place at larger distances (R > 10) via two monoelectronic transitions.

6.3 Conclusions
In this chapter two-electron capture in O6++Na(3s) collisions at impact energies from
6.75 to 8.65 keV/amu has been studied by measuring the Na2+ recoil momenta.

The Q-value spectra show two groups of two-electron capture channels, namely
3l3l′ and 3lnl′ (n ≥ 6), which have distinct transverse momentum distributions.
Capture into the asymmetric states 3lnl′ (n ≥ 6) seems to be more favorable with
increasing collision energy. The population of the 3lnl′ (n ≥ 6) states was explained
by two successive monoelectronic crossings at large internuclear distances (R > 10
a.u.) via an initial strong single-electron capture into n=6 or n=7 channels, while
transfer to the 3l3l′ states occurs at a single dielectronic crossing at small internuclear
distances (R ≤ 5 a.u.). The latter shows that correlated capture of two non-equivalent
electrons is not only possible, but is even of significant strength.




