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Chapter 9

General features of electron capture
processes

9.1 Introduction

In the previous chapters electron capture cross sections for H+, He2+ and O6+ projectile ions
colliding on Na(3s) and Na∗(3p) target atoms have been reported. Here those cross sections
are discussed jointly to investigate their dependencies on the projectile charge state and initial
target state. Emphasis is put to a comparison between the experimentally observed trends and
those predicted by the classical over-barrier model.

9.2 One-electron capture in H+, He2+ and O6+ collisions
on Na(3s) and Na∗(3p)

The one-electron capture cross sections for H+, He2+ and O6+ collisions on Na(3s) are shown
in figure 9.1. For H+ and He2+ impact the theoretical and experimental data are in very good
agreement. For O6+ impact no experimental absolute cross sections have been reported. For
H+ the theoretical result for capturing of the outer-shell electron is given. Contributions from
inner-shell capture become of significance forE > 20keV/amu where indeed the experimen-
tal cross sections are slightly higher than the theoretical ones.

The cross sections are almost constant at low impact energies and decrease rapidly at
high impact energies. Comparing H+ and He2+, the impact energy at which the cross sections
start to decrease shifts to higher energy for higher projectile charge states. For O6+ the impact
energies studied are too low to see the decreasing behavior. Both energy and projectile charge
state dependencies are in qualitative agreement with the Bohr-Lindhard model, but the cross
sections are clearly underestimated (see figure 2.4).

Partial cross sections orn-distributions reveal which channels are contributing to the total
one-electron capture cross section. The measured Q-value spectra allowed to distinguish cap-
ture into the differentn-shells of the projectile. The resultingn-distributions of the different
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144 General features of electron capture processes

Figure 9.1: Cross sections of one-electron capture from Na(3s) for impact of H+: experimental recom-
mended cross sections and TC-BGM calculations (chapter 5); He2+: experimental recommended cross
sections and CTMC calculations (chapter 6); O6+: TC-BGM calculations (chapter 7).

collision systems can now be compared to assess the dependencies on projectile charge state
and initial target state.

In figure 9.2 then-distributions for H+, He2+ and O6+ collisions with Na(3s) at 9 keV/amu
are shown. For increasing projectile charge state one observes a shift to highern-shells and
a broadening of the distribution. Both trends can be understood in terms of the classical
over-barrier model (CBM) (section 2.4). This model predicts that the mainn capture shell is
(assuming hydrogenic projectile states),

neff =
q√

1+ q−1
1+2

√
q

1√−2Eb
∝ q3/4, qÀ 1, (9.1)

in which q is the projectile charge state andEb is the binding energy of the target electron.
The neff ∝ q3/4 scaling has also been found in the more sophisticated CTMC calculations
for Aq++H collisions (q=1-20) [82]. Our experimentaln-distributions agree with this scaling
even for the relatively low charge states. This could already be observed from figure 2.8,
which showed that the reaction windows are more or less centered on the actual mainn
capture channel.

Note that although with increasingq capture takes place in highern-shells, the electron is
transferred to more strongly bound states. This is easily seen by insertingneff into the Bohr
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Figure 9.2: n-distributions of one-electron capture in collisions of H+, He2+ and O6+ on Na(3s) at 9
keV/amu.

formula of the binding energy,

Efinal
b =− q2

2n2
eff

= Eb(1+
q−1

1+2
√

q
) ∝ q1/2, qÀ 1. (9.2)

For the broadening of then-distribution with increasingq two effects have to be consid-
ered. First of all, the energy width of the reaction window according to CBM is practically
independent ofq. Secondly, the energy spacing between the differentn-levels in the projec-
tile is given by dn/dE = n3/q2. Around the predictedneff capture channel, the following
dependence on the projectile charge state can be derived,

[
dn
dE

]

n=neff

=
n3

eff

q2 ∝ q1/4, qÀ 1. (9.3)

Thus from these considerations one expects a broadening, however the dependence is rather
weak. A quantitative comparison is difficult because the width of the distribution is ill-defined
due to the limited number of accessiblen-states. The asymmetry of the distribution can be
partly ascribed to the non-equal energy spacing of the final states.

In figure 9.3 then-distributions for 3 keV/amu He2+ and O6+ ions colliding on Na(3s)
and Na∗(3p) are shown. For capture from Na∗(3p) one observes a shift to highern-states as

compared to Na(3s), in line with the CBM in whichneff ∝ E−1/2
b . Note that also here the

same scaling was found in CTMC calculations [82]. For the present target states the mainn
capture channel should be shifted according to,

n3p
eff

n3s
eff

=

√
E3s

b

E3p
b

= 1.30, (9.4)



146 General features of electron capture processes

Figure 9.3: n-distribution of one-electron capture in collisions of He2+ and O6+ on Na(3s) and Na∗(3p)
at 3 keV/amu.

which is in agreement with the experimentally observed shifts.
Also here a broadening is observed for capture from the more loosely bound target state,

as can be seen from the relative intensity of the main capture channel. Again one has to

take the effect of the level spacing in the projectile into account, which scales withE−3/2
b .

However, the CBM width of the reaction window scales linearly withEb, thus narrows for a

more loosely bound state (see figure 2.8). The two effects result in aE−1/2
b dependence of the

width of then-distribution and thus a broadening for more loosely bound states is predicted.

9.3 Multi-electron removal in H+, He2+ and O6+ collisions
on Na(3s)

Absolute cross sections for multiple electron removal in H+, He2+ collisions on Na(3s) are
shown in figure 9.4. With the inclusion of ionization, the one-electron removal cross sections
depend much less on energy compared to the pure one-electron capture cross section (see fig-
ure 9.1). This can be interpreted by the Bohr-Lindhard model (see section 2.3). Considering
electron removal instead of pure capture, the condition of kinetic energy balance for captur-
ing can be dropped. Therefore the cross section does practically not depend on the impact
energy, but only on the projectile charge state and the initial target state binding energy.

Two-electron removal for H+ impact is clearly much less likely than for He2+. The
difference is almost two orders of magnitude. It is tempting to explain this by the lack of
two-electron capture by protons. However, for He2+ the main channel for two-electron re-
moval is transfer ionization (TI), which is also the most important process to produce Na2+

in collisions with H+. The large difference between H+ and He2+ is explained by the fact
that for He2+ TI is a resonant channel, while for H+ this channel is far from being resonant
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Figure 9.4: Cross sectionsσr for removal ofr electrons in collisions between H+ (closed symbols) and
He2+ (open symbols) on Na(3s).

(Q > 38 eV). In fact, even the removal of three electrons by He2+ impact (Q=45-53 eV) is
more likely than two-electron removal by H+.

In figure 9.5 the recoil charge state distributions for He2+ and O6+ impact at 7.5 keV/amu
are compared. Both the relative intensities with respect to one-electron removal and the
absolute cross sections are shown. Note that the He2+ results are interpolated from our data at
6 and 8 keV/amu and for O6+ the absolute cross sections for one-electron capture calculated
by the TC-BGM method are used to scale our multi-electron removal data.

CBM predicts that the recoil charge state distribution is nearly independent of projectile
charge stateq. However, in comparing two-electron removal by He2+ and O6+ impact a large
difference is seen (cf. figure 9.5(a)). For the absolute cross sections the model gives a scaling
approximately linear withq. Two-electron removal seems not to follow this dependence.
Both observations might also be explained by the dominance of TI in case of He2+ impact,
while for O6+ pure two-electron capture dominates the Na2+ production. Because ionization
is not taken into account in the model, one cannot expect reasonable predictions for multi-
electron removal processes which are dominated by ionization processes. However, if we
consider only pure two-electron capture, the situation is less problematic. The Na2+ recoil
spectrum of 10 keV/amu He2+ reveals that 28% of the total two-electron removal is due two-
electron capture. Although this result might be energy dependent, applying it to the data of
7.5 keV/amu would bring theσ2/σ1 ratio close to that of O6+ and in accordance with the
model.
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Figure 9.5: Multi-electron removal of Na(3s) by He2+ and O6+ at 7.5 keV/amu impact energy. Ratio
of cross sections for removal ofr electrons and one-electron respectively (a) and absolute cross sections
for removal ofr electrons (b).

9.4 Conclusions

We have seen that some aspects of electron capture processes, for instance the scaling proper-
ties of then-distribution in one-electron capture and the multi-electron capture cross sections
(excluding ionization), are in reasonable or even good agreement with CBM, even for H+

and He2+. This might be surprising because CBM is generally thought to be best suited for
highly charged projectiles. We can speculate that for one-electron capture the low projectile
charge states in our case are compensated by the small binding energy of the target state. The
basic assumption of the model is a high density of possible final state in the projectile, which

depends onq1/4E−1/2
b as derived above. For loosely bound initial states electron capture

takes place into highn-states, even for low projectile charge states, fulfilling the condition of
a near-continuous density of final states.




