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Chapter 6

Electron dynamics in He2++Na(3s)
collisions

6.1 Introduction

Next to protons fully stripped ions colliding with alkali atoms are the most studied pseudo
one-electron systems. The increase of projectile charge has two important consequences. The
cross section for one-electron capture increases and more than one electron can be transferred
to the projectile.

Multi-electron capture is interesting for several reasons. It presents a much richer palette
of mechanisms as compared to one-electron capture. For example, in multiple electron cap-
ture one can ask whether the electrons are transferred simultaneously or in a sequence of one-
electron processes in which previous steps may influence consecutive steps. These processes
are much less understood and much more difficult to calculate than one-electron capture.
Multi-electron capture leads in general to multiply excited projectiles in a large variety of
electronic states. Therefore multi-electron capture is also studied for spectroscopic reasons.
The target atom acts as a donor of electrons and the ion-atom interaction as a process to create
highly excited states (see e.g. [211]).

He2++Na collisions represent a system in which a limited number of multi-electron pro-
cesses are likely to occur. One-electron removal remains the most probable process in the
keV energy range. The Na+ recoil production is almost two orders of magnitude larger than
multi-electron removal, as already shown in figure 4.24. Two-electron capture and transfer
ionization lead to Na2+ recoils. Also Na3+ recoils are found, which have to be attributed to a
combination of capture and ionization processes.

In this chapter (multi-)electron processes in keV He2++Na(3s) collision are presented.
Firstly, one-electron processes are presented and compared with CTMC calculations and pre-
vious theoretical and experimental data. Secondly, the recoil spectra of Na2+ and Na3+ are
discussed. Also absolute cross sections for these multi-electron processes are given and –
where possible – compared with previous experimental work.
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90 Electron dynamics in He2++Na(3s) collisions

Figure 6.1: Overview of the Q-value spectra for different projectile energies. The Q-values of capture
into n = 2, n = 3 andn = 4 as well as the onset of ionization are indicated.

6.2 One-electron removal

One-electron removal in He2++Na(3s) collisions, either resulting from one-electron capture
or single ionization, has been investigated at impact energies of 2–13 keV/amu. As the classi-
cal orbiting velocity of the Na(3s) electron corresponds to 9 keV/amu the energy range covers
the regime where the interactions change from being strongly dominated by near-resonant
capture to ones leading to capture into many (non-resonant) channels including ionization.

One-electron capture in He2++Na(3s) has been studied by a whole arsenal of exper-
imental methods: charge-changing measurements, both non-coincident [183] and coinci-
dent [13], translational energy spectroscopy (TES) [52, 176], and photon emission spec-
troscopy (PES) [15, 89]. A similar variety of theoretical methods has been used, including
close coupling [14, 17, 52, 212] and classical trajectory Monte Carlo (CTMC) methods [89].
Single ionization at low energies has experimentally not been studied and theoretically only
by means of close coupling calculations [17].

The experimental results on one-electron capture and ionization are presented in con-
junction with recent three-body CTMC calculations. The general features of this theoretical
method are discussed in section 2.6. For the present application the Na(3s) electron is as-
sumed to move in a model potential obtained from Hartree-Fock calculations [213]. Since
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Figure 6.2: Absolute cross sections for one-electron capture in He2+ + Na. Experimental data:σ21

DuBois and Toburen [183] (¤) and Schweinzer and Winter [52] (4), σ21
1 DuBois [13] (¥). Theories

on σ21
1 : CTMC (—), AO13 [52] (-·-), AO45 [14] (· · · ) , SAO74 [17] (– –). The inset shows the

“recommended” curve (-·-) used to put our MOTRIMS data on an absolute scale (see text).

the active electron is in the3s-orbital, the microcanonical distribution was restricted to only
allow angular momentum values betweenl andl+1, i.e. l ≤ 1. For each collision energy, the
coupled equations of motion are solved for105−106 individual trajectories in order to obtain
adequate statistics for the determination of then-state selective cross sections.

6.2.1 One-electron capture

A typical longitudinal momentum spectrum of Na+ recoils is shown in figure 4.21. The main
capture channels, i.e., capture inton = 3 or n = 4 shell, can be separated well. The very
weak n = 2 capture channel can be extracted with reasonable statistics. The longitudinal
momentum spectra are converted into Q-value spectra using equation 3.10.

A series of measured Q-value spectra is compiled in figure 6.1. With increasing projectile
energy one clearly observes the increase of the capture inton = 4 and higher shells (n≥ 5)
and of the ionization contribution to the spectrum. The cross sections for capture into the
n= 2, n= 3 andn= 4 shells are obtained by fitting Gaussian shaped peaks to the spectra. By
subtracting these contributions and the ionization component from the total yield one obtains
the cross section for capture inton≥ 5.

To put our MOTRIMS data on an absolute scale, a normalization procedure is needed.
Existing absolute, experimental data for one-electron capture [13, 52, 183] are shown in fig-
ure 6.2 together with results of the CTMC calculations and of close coupling methods: 13-
state atomic orbital expansion (AO13) [52], 45-state atomic orbital expansion (AO45) [14]
and 74-state coupled-Sturmian-pseudostate expansion (SAO74) [17]. The total cross section
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Figure 6.3: Partial cross sections for capture into He+(n) for a) n = 2, b) n = 3, c) n = 4, d) n≥ 5.
Theory: CTMC (—), AO45 [14] (· · · ), SAO74 [17] (– –).

shows an almost constant behavior at low energies and a rapid decrease above 10 keV/amu.
In general there is good agreement between theories and experimental data, except that at
energies above 10 keV/amu the SAO74 predicts smaller cross sections.

From the comparison between the non-coincident [183] and coincident data [13], it is
clear that at least at lower energies there is no significant contribution from transfer ionization
to the single electron capture cross sections. Therefore, in assessing the “recommended”
curve for total one-electron capture it was decided to follow the experimental data [13,52,183]
and use a shape similar to the CTMC results. This implies that the normalization yields cross
sections about 15% larger than the CTMC values.

In figure 6.3, the partial cross sections are shown and compared with the CTMC calcu-
lations and the AO45 and SAO74 close coupling results. Capture into then = 3 state is the
prime channel at low energy. Good agreement between experiment and AO45, and SAO74
is observed. The CTMC data forn = 3 are about 20% too low. This difference is of simi-
lar magnitude as the difference between CTMC and the curve used for normalization of the
experimental data (cf. figure 6.2).

For capture inton = 4 all theories and experiment exhibit a broad maximum around
7 keV/amu. The experimental maximum seems to be at a slightly higher energy than pre-
dicted by theory and, on average, the experimental data are somewhat lower at energies below
the maximum and a bit higher at higher energies.
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Figure 6.4: The Q-value spectrum of Na+ recoil for 13 keV/amu He2++Na(3s) collisions. Both the
Q-value positions of the outer- (italic) and inner-shell (bold) capture are indicated.

For capture into highern-shells only the sum of all channels withn≥ 5 could be deter-
mined. The associated cross section peaks at approximately 10 keV/amu. Thus, as to be
expected, it has a maximum at a somewhat higher energy than then = 4 channel. The cross
section for capture inton≥ 5 is in good agreement with the CTMC results, while AO45 and
SAO74 underestimate this channel by almost one order of magnitude and do not reproduce
the shape of it. It should be noted that these channels were not explicitly included in the
AO45 and SAO74 approaches; their basis sets extended only up to the He+(4 f ) level. The
cross section forn≥ 5 was obtained by subtracting the contributions of the lowern channels
from the total capture cross section. Inclusion of highern-shells in the basis expansion could
improve the theoretical results, but requires more computational power. This problem does
not occur in the CTMC approach.

The small cross section for capture into the subdominantn= 2 state is in good agreement
with the AO45 and SAO74 calculations, but is overestimated by a factor of 3 by CTMC. This
channel has very little energy dependence.

In general good agreement is found between theory and experiment, although for high
n-shells CTMC is in better agreement than AO45 and SAO74 while for the low levels the sit-
uation is reversed. The overestimation of then = 2 shell by the CTMC calculations probably
resides in the fact that multiple electron removal was not considered. These channels remove
flux from single capture at small impact parameters at which then= 2 shell is populated [95].
The CTMC method is expected to excel at predicting the highn-level capture cross sections
since it is not restricted by basis set size.

Inner shell capture (ISC) processes leading to Na+ recoils would appear outside the Q-
value range shown in figure 6.1. Therefore a spectrum covering a broader Q-value range is
shown in figure 6.4. Because the relative intensity of ISC as compared to OSC increases
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Figure 6.5: Absolute cross sections for one-electron capture in He2++Na. Experimental data:σ21
1

DuBois [13] (¥), “recommended” data (¤). Theories on outer-shell capture: CTMC (—), AO45 [14]
(– –).

rapidly with impact energy (cf. H++Na(3s)), the Q-value spectrum of the highest energy
measured is shown. The positions of inner-shell capture from the2p-shell into He+(n=1) and
He+(n = 2) are indicated.

From the Q-spectrum there is no indication of ISC at this impact energy. This can be
compared to the Na+ Q-value spectrum of H++Na(3s) at 14 keV/amu, shown in figure 5.1,
consisting of about the same number of total events. The first conclusion to be drawn is that
at this impact energy the relative cross section of ISC of He2+ is smaller than that of H+.
However, because the total one-electron removal cross section for He2+ is larger than that of
H+ one cannot directly conclude that also theabsoluteISC cross section is smaller. ISC in
H++Na(3s) collisions at 14 keV/amu amounts to 1.3% of the total Na+ spectrum. The total
one-electron removal cross section for He2++Na(3s) collisions at 13 keV/amu is8.6×10−15

cm2. From this we estimate ISC to be smaller than5× 10−17 cm2, which may still be on
the same order as that of H++Na(3s), for which a ISC cross section of3.3×10−17 cm2 is
measured. Note that the cross section for outer-shell capture into He+(n = 2), which can be
found atQ =−8.46eV in the Q-value spectrum, is about1×10−16 cm2.

Another estimation of ISC contributions can be obtained by comparing experimental one-
electron capture cross sections with theoretical studies, in which only the outer-shell electron
is considered, i.e. treating Na as a quasi one-electron atom. The difference between experi-
ment and theory might be due to ISC. Such an argumentation was also used for H++Na(3s)
by showing that the experimental cross section decreases much more slowly with increasing
impact energy than the theoretical ones, suggesting the dominance of ISC at these energies
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Figure 6.6: Cross sections for single ionization: present data (¥), CTMC (—), SAO74 [17] (– –),
DuBois [13] (¤).

(see figure 5.2).
In figure 6.5 a compilation of the one-electron capture cross sections (σ21

1 ) is shown. For
E > 50 keV/amu the experimental and theoretical cross sections start to deviate from each
other. From the difference between them we estimate an ISC cross section between5×10−17

and1×10−16 cm2 at∼ 70 keV/amu. Note that for H++Na(3s) the ISC cross section at this
energy is around5×10−17 cm2. Thus from this estimation one may also conclude that the
relative importance of ISC in He2++Na(3s) collisions is weaker than in H++Na(3s), however
the absolute cross section is of the same magnitude.

6.2.2 Single ionization

The ionization cross sections are shown in figure 6.6. Ionization is seen to increase very
strongly, i.e., by a factor of∼100 when the collision energy is increased from 2 to 13
keV/amu. The CTMC calculations are in good agreement with the experimental data, and
nicely bridge the gap to the data of DuBois [13] at higher energies. The SAO74 calculations
show agreement above 6 keV/amu, but do not reproduce the continuing decrease at lower
energies.

Compared with the capture cross section, which is almost constant at collision velocities
below the classical orbital velocity of the active target electron (vorb), and which decreases at
higher velocity, the ionization cross section increases rapidly around this orbital velocity and
peaks between 20 and 30 keV/amu, which corresponds to∼1.5vorb.
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Figure 6.7: Normalized transverse momentum distribution of different channels for 3 and 10 keV/amu
He2+ energy. All distributions are normalized to their peak values.

6.2.3 Transverse momentum distributions

Transverse momentum distributions or differential cross sections (DCS) are extracted from
the recoil spectra for capture into then = 2, 3 and 4 shells, and for ionization. Although
DCS for H++Na(3s,3p) (see section 5.2.3) and Li++Na(3s,3p) (see e.g. [146] and reference
herein) have been studied intensively, for the present collision system no experimental DCS
have been reported before.

In figure 6.7 the transverse momentum distributions for capture inton = 3 and 4 at 3
keV/amu and then= 2,3,4 and ionization at 10 keV/amu are shown. At 3 keV/amun= 2 and
ionization contributions were too small to extract transverse distributions. Comparing both
spectra, one observes that the transverse momentum distribution for capture inton= 3 hardly
changes, while that forn = 4 shows a pronounced energy dependence. At 10 keV/amu the
different processes show similar distributions. The maxima of then-selective and ionization
cross sections peak at very small scattering angles. A momentum of 0.25 a.u. corresponds to
an angle of 0.1 and 0.05 mrad for 3 and 10 keV/amu, respectively.

In figure 6.8 the experimental data for capture inton = 3 andn = 4 are compared with
CTMC calculations. Here the transverse momenta are scaled with the square root of the pro-
jectile energy. Assuming pure Rutherford scattering this removes the effect of the collision
time on the spectral width. Therefore, in this representation, the abscissa is approximately
inversely proportional to the impact parameter. As a first remark one notes that at all energies,
both for capture inton = 3 andn = 4, the calculations show a broader distribution extending
towards larger transverse momenta as compared to the experimental distributions. At low
energies the CTMC results exhibit a broader distribution for then = 4 than then = 3 shell,
while at 10 keV/amu then = 3 andn = 4 distributions are similar. With increasing projec-
tile energy, the distribution of then = 3 channel broadens towards larger scaled momenta
while for then = 4 channel the distributions remain almost unchanged. Both trends are also
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Figure 6.8: Normalized experimental and CTMC scaled transverse momentum distributions for capture
into the n = 3 and n = 4 shells at 2, 3, 5 and 10 keV/amu projectile energy. All distributions are
normalized to their peak values.
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Figure 6.9: Relative cross sections for two- and three-electron removal in He2++Na(3s) collisions as a
function of impact energy.

observed in the experiments.
This implies that the effective impact parameters change to smaller values for then = 3

channel, but stay the same for then = 4 channel. This seems to indicate that flux at larger
impact parameters is drawn into then = 4 channel at the expense of then = 3 channel. As
the n = 4 distribution does not change this implies that the coupling to then = 4 channel
becomes more efficient at higher collision energies. From figure 6.3 it is seen that indeed
the cross section forn = 3 decreases while the one forn = 4 increases for energies up to 10
keV/amu.

6.3 Multi-electron removal

Multi-electron capture processes are studied by measuring the spectra of the Na2+ and Na3+

recoils at 10 keV/amu. Time-of-flight measurements (see section 4.3.8) have been performed
in the 6-12.5 keV/amu energy range to obtain the relative cross sections for Na+, Na2+, Na3+

production. Figure 6.9 shows the relative intensities of two- and three-electron removal with
respect to one-electron removal. Both processes increase with increasing impact energy. This
dependence is strongest for three-electron removal. At 12.5 keV/amu impact energy, multi-
electron removal contributes to only 5%.

As absolute cross sections for Na+ are known, they are used to put the Na2+ and Na3+

cross sections on an absolute scale, too. In figure 6.10 the cross sections for two- and three-
electron removal are presented and compared with other experimental data [13]. An overall
good agreement is seen, although at our highest energies our cross sections are somewhat
smaller. At low energies two-electron removal is larger than three-electron removal by one
order of magnitude , but the difference decreases towards higher energies. Both cross sec-
tions show a broad maximum, which is at slightly higher energy for three-electron removal.
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Figure 6.10: Absolute cross sections for two- and three-electron removal in He2++Na(3s) collisions as
a function of impact energy: present data (¥ and•); DuBois [13] (¤ and◦). There is a systematic
uncertainty of 15–20% in our data due to the normalization procedure.

Note that there is a systematic uncertainty of 15–20% in our data due to the normalization
procedure.

6.3.1 Na2+ recoils: two-electron capture and transfer ionization

The Na2+ recoils can be produced by different processes, namely double capture (DC), trans-
fer ionization (TI) and double ionization (DI), all leading to different charge states of the
projectile. The distinction between DC and TI has to be precisely defined, as different def-
initions appear in literature. Key point is whether one looks to the primary process or to
the final charge states. DC usually produces excited projectile states, which can deexcite by
autoionization (autoionizing double capture, ADC) or via photon emission (true double cap-
ture, TDC). Although the primary process is the same for ADC and TDC, the final projectile
charge state is different. Because ADC yields the same final charge states of the projectile
and the target as TI, they cannot be distinguished in coincidence measurements. Loosely
speaking, in such experiments one cannot distinguish whether the ionization occurred on the
target in the primary process or on the multiply excited projectile. Therefore in such studies
ADC is accounted as a TI process. Because a recoil spectrum reflects the primary process
ADC and TI can be distinguished on basis of their different Q-values.

A Q-value spectrum of the Na2+ recoil ions resulting from 10 keV/amu He2++Na(3s)
collisions is shown in figure 6.11. In this case the same extraction settings as applied to the
Na+ recoils are sufficient to extract most of the Na2+ recoil ions. Compared to the Na+ case
the resolution is therefore lower by a factor of

√
2, because of the shorter time-of-flight. The

relevant Q-values for processes leading to Na2+ recoils are given in table 6.1.
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Figure 6.11: Q-value spectrum of Na2+ recoils created in 10 keV/amu He2++Na(3s) collisions. The
relevant He states are indicated, as well as the boundaries to transfer ionization (-2.0 eV) and double
ionization (52.4 eV). The resolution is 3 eV. The arrows show the Q-value ranges in which transfer
ionization or double ionization can be expected (see appendix C).

The different processes can be distinguished in the Q-value spectrum. The largest contri-
bution is found aroundQ = 0 eV and originates from DC into He(1snl, n≥ 2) and TI into
the He+(1s) state. At larger Q-values DC into doubly excited He states appears. Capture into
He(2lnl ′) and higher excited states can be distinguished. From the spectrum it is seen that
capture into the symmetric He(2l2l ′) states is more probable than in He(2lnl ′, n≥ 3). The
spectrum decreases sharply at the boundary of double ionization, suggesting that this process
is highly unlikely to occur at this impact energy. Note that no contribution from capture into
the helium ground state, He(1s2), is found.

Similar to separating one-electron capture and single ionization in the Na+ recoil spectra,
DC and TI can be separated in the Na2+ spectrum. The absolute cross sections for two-
electron removal, TI and DC are summarized in table 6.2. Note that we assume that at
Q > 31.3 eV no TI is present, i.e. TI processes leading to capture into He+(n = 2) or higher
shells are neglected. For the total TI cross section this is a valid approximation. However,
our cross section for DC into He(nln′l ′, n≥ 2) may be affected, because TI with capture into
He+(n = 2) would appear betweenQ = 38.8 and 42 eV. This range falls in between DC into
He(2lnl ′) and He(3lnl ′) where a minimum in the spectrum is found. From this observation
it seems plausible that also with respect to DC (Q > 31.3 eV) TI associated with capture
into He+(n = 2) or higher shells can be neglected. TI exceeds DC by more than a factor of
2. The dominant TI process can be viewed as follows. The binding energy of the2p-shell
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final state Q-value (eV)
He(1s2) -26.6

He(1sn′l ,n′ > 1) -6.8→ -2.0
He+(1s)+e− ≥-2.0

He(2l2l ′) 31.3→ 35.5
He(2ln′l ′,n′ > 2) 36.4→ 38.8
He+(n = 2)+e− ≥38.8

He(3ln′l ′) 43.4→ 46.4
He(4ln′l ′) 47.2→ 48.8
He2++2e− ≥52.4

Table 6.1: Q-values for the relevantnln′l ′ configurations in He2++Na(3s) → He(nln′l ′)+Na2+. Also
the Q-values for the onset of TI connected to capture into He+(1s) and He+(n = 2) and of the onset for
DI are given.

cross section (10−16 cm2) present data previous experiments
σ2 5.2± 0.2 10.5± 3.6 [13]
TI 3.7± 0.3

DC (=ADC+TDC) 1.5± 0.3
DC He(1snl, n≥ 2) 0.9± 0.2
DC He(nln′l ′, n≥ 2) 0.61± 0.04

σ20
2 0.9± 0.2≤ σ20

2 ≤ 1.5± 0.3 7.0± 3.5 [13]
σ21

2 3.7± 0.3≤ σ21
2 ≤ 4.3± 0.3 3.5± 0.7 [13]

σ20 = σ20
2 +σ20

3 + · · · 1.3± 0.2≤ σ20≤ 1.9± 0.3 3.1± 0.4 [183]

Table 6.2: Absolute cross sections for the different two-electron removal processes resulting from
He2++Na(3s) collisions at 10 keV/amu, comparing present data with previous experiments. There is a
systematic uncertainty of 15–20% in our data due to the normalization procedure.

target electron is 47.3 eV, slightly lower than the 54.4 eV of the He+(1s) state. If this electron
is captured into the He+ ground state, sufficient energy is available to excite the target3s
electron to the continuum.

Our cross sections can be compared with measurements of DuBois [13, 183]. DuBois
noticed that an apparent inconsistency in some of his data, e.g.σ20 < σ20

2 [13], see table 6.2.
The present data may resolve this issue. However, one cannot directly compare DC withσ20

2
and TI withσ21

2 , because our DC can also contain ADC processes which will in a coincidence
measurements be accounted asσ21

2 . Explicitly, one can write down the following relations,

σDC ≡ σTDC+σADC, (6.1)

σ20
2 = σTDC, (6.2)

σ21
2 = σADC+σTI . (6.3)

In principle by measuring recoil momenta in coincidence with the charge-changed pro-
jectile, one can separate TDC and ADC (see e.g. [118–121]). Because here the final charge



102 Electron dynamics in He2++Na(3s) collisions

state of the projectile is not measured, only in special cases a distinction between ADC and
TDC can be made. By examining the Na2+ recoil spectrum one observes that part of the DC
contribution comes from capture into the singly excited He(1snl, n≥ 2), which cannot decay
via autoionization. Therefore this part of DC can only be TDC.

DC into the doubly excited states (Q > 31.3 eV) can both contribute to ADC as well
as to TDC. Autoionization decay rates for He(2l2l ′) states are in the order of 1013–1014

s−1 [214, 215]. Because radiative decay rates are typical in the order of 109 s−1, these states
are expected to decay via autoionization and therefore contribute to ADC. As an exception,
the2p2 3P state is nonautoionizing due to symmetry reasons and if populated this state will
contribute to TDC. For the higher excited He(2ln′l ′, n′ ≥ 3) states most of the autoionization
rates are calculated to be higher than those of radiative decay [215]. For some states the
fluorescent decay is found to be dominant [216]. For the He(3ln′l ′), He(4ln′l ′) and higher
excited states only the autoionization rates for He(3l3l ′) states have been calculated. These
rates are predicted to be in the order of 1012–1013 s−1, which is high compared to radiative
decay rates. In general one can state that symmetric states (n′ ≈ n) predominantly decay
via autoionization because of the strong electron-electron interaction. For asymmetric states
(n′À n) radiative decay becomes important.

Extracting values for the contributions of TDC and ADC to DC into the doubly excited
states on basis of the discussion above is difficult. Only for the resolved He(2l2l ′) part a
dominance of ADC is expected. For the He(3ln′l ′) and higher excited states symmetric and
asymmetric states are not resolved. Therefore only boundary values are deduced from the
spectrum. DC into the doubly excited He states is taken as an upper limit for ADC. DC into
He(1snl, n≥ 2) alone presents a lower limit for TDC.

This analysis has been applied in table 6.2. The lower limit ofσ21
2 is given by our TI data.

Our σ20 cross section is the sum ofσ20
2 and the total Na3+ recoil production,σ3, which is

purelyσ20
3 (see section 6.3.2). Note that higher charge state recoils, Na4+,···, have not been

observed in the time-of-flight spectra.
Our two-electron removal cross section is smaller than the one of Dubois [13] by a factor

of two. The large uncertainty in the Dubois data is mainly due to the uncertainty inσ20
2 . The

cross section itself exceeds our findings by a factor 5-8. Forσ21
2 agreement is found. For

σ20 one observes a better agreement than forσ20
2 , although our data are still a factor of 2

smaller. Our data suggest that the inconsistency between the previously measuredσ20 [183]
andσ20

2 [13], is due to an overestimation ofσ20
2 .

An important result of our MOTRIMS work is the dominance of TI over DC. It has been
shown that the precise topology of the potential-curve diagram determines the importance of
TI, e.g. it depends strongly on the electronic structure of both collisions partners [217, 218].
Most TI studies have concentrated on collisions on rare gas atoms (see e.g. [219,220]). Only
a few experiments have been reported on alkali atoms. For He2++Li collisions at higher
impact energies (> 30 keV/amu)σ21

2 [221] is larger thanσ20 [222]. However, the cross
sections for two-electron processes in collisions with Li are smaller by an order of magnitude
than for Na. Also cross sections for DC and TI in He2++K have been determined [223]. At
the lowest impact energy studied, 30 keV/amu,σ21

2 = (2.34±0.18)×10−16 cm2 andσ20 =
(1.58±0.18)×10−16 cm2 are comparable to the cross sections found here. Note however
that for He2++K the largest contribution toσ20 stems fromσ20

3 , (0.99±0.14)×10−16 cm2,
which is not the case for He2++Na.
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Figure 6.12: Normalized transverse momentum distributions for DC into He(1snl, n ≥ 2) (—), TI
leading to He+(1s) (– –) and DC into He(2lnl ′, n≥ 2) (· · · ) resulting from He2++Na collisions at 10
keV/amu impact energy.

Finally transverse momentum distributions of the Na2+ recoils are shown in figure 6.12.
Separate momentum distributions for DC into He(1snl, n≥ 2), TI leading to He+(1s) and DC
into He(2lnl ′, n≥ 2) could be extracted. For the first two processes one has to be careful in
selecting the right Q-value range. Because of the finite resolution part of TI can be present at
Q <−2 eV. Therefore the DC transverse momenta are determined fromQ <−3. For TI the
partQ>−1 was projected onto the transverse momentum axis. For DC into He(2lnl ′, n≥ 2)
the statistics is rather poor and one should only consider the general shape of it.

The three different processes exhibit different momentum distributions. DC into He(1snl,
n≥ 2) shows the lowest momenta, which means that the population of this channel occurs at
larger impact parameters than the other two processes. The low momenta part of TI is similar
to that of DC into He(1snl, n≥ 2). This part of TI can be seen as a continuation of DC into
the continuum. But the momentum distribution of TI extends to much higher momenta than
DC into He(1snl, n≥ 2), which implies that also smaller impact parameters are contributing
to TI, which do not contribute to DC into He(1snl, n≥ 2). DC into He(2lnl ′, n≥ 2) shows
a distribution extending to even larger momenta, which is expected because these states are
strongly endothermic.

The transverse momentum distributions for Na2+ recoils can be compared with those for
Na+ recoils at the same impact energy (see figure 6.7). While one-electron removal leads to
momenta well below 1 a.u., most of the two-electron removal leads to momenta larger than 1
a.u., showing that it occurs at much smaller impact parameters.
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Figure 6.13: A longitudinal momentum spectrum of Na3+ recoils resulting from 10 keV/amu
He2++Na(3s) collisions. The momentum resolution is 0.3 a.u.. The assignment of the different tar-
get and projectile final states is explained in the text.

6.3.2 Na3+ recoils

A longitudinal momentum spectrum of Na3+ recoils resulting from 10 keV/amu He2++
Na(3s) collisions is shown in figure 6.13. In contrast to Na+ and Na2+, the Na3+ recoils
are found fully in the forward direction, indicating energy loss. The momenta are too small
for double or triple ionization. The Na3+ recoil spectrum can be fully assigned toσ20

3 , i.e.,
two electrons are captured and one electron is ejected into the continuum. A similar situation
was found for He2++Ar collisions [224,225].

The following process is proposed to create Na3+. Three electrons of the Na target partic-
ipate. Two inner shell (2p) electrons are captured at small distance (b< 3 a.u.) while the outer
(3s) electron is ionized. This process is a combination of double capture and single ionization
(DCSI). The closest lying state in the He2+ projectile suitable for capturing strongly bound2p
electrons is the He ground state, leading to a large positive Q-value of∼ 45 eV. Note that pop-
ulation of any other He state would lead to even higher Q-values. DCSI involves ionization
and due to this one cannot deduce the Q-value from the longitudinal momentum unambigu-
ously. But similarly as for single ionization and transfer ionization, boundaries within the
Q-value spectrum can be identified for DCSI (see appendix C). The lower boundary is given
by electron capture into the continuum (ECC), i.e., the electron travels along with the projec-
tile, i.e. having zero kinetic energy and momentum in the projectile frame. Assuming small
transverse momenta of the emitted electron and excluding the possibility of either backward
emission or the situation that the electron is faster than the projectile, electron excitation into
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Figure 6.14: A schematic representation of the electron spin of the initial and final states in Na3+

production in He2++Na(3s) collisions.

the continuum (EEC) can be taken as an upper boundary of the longitudinal momentum.
A priori no clear preference for one of the two scenarios can be given. One might ar-

gue that ECC is likely. On the way-in the outer3selectron is captured to an excited state. At
small internuclear distances the screening of the nuclear charge by this captured3selectron is
negligible and two inner electrons are captured into the ground state. This causes autodetach-
ment of the initially captured3selectron. Formally this picture is equivalent to three-electron
capture, where one electron is captured into the projectile continuum.

On first sight EEC seems unlikely, because of the strong attraction between the three-fold
charged nucleus and the slow electron. On the other hand the removal of the two inner elec-
trons changes the target states drastically, which may lead to shake off of the outer electron.
For double capture accompanied by single ionization in He2++Ar, ECC was observed in the
electron emission spectra [225]. However one has to realize that for Ar a strongly bound2p
electron needs to be ionized while for Na the loosely bound3selectron is ionized. Therefore
conclusions drawn from He2++Ar collisions might not be directly applicable to the He2++Na
system.

Besides the uncertainty associated with the unknown momenta of the emitted electron
also the final electronic state of the Na3+ recoil is a priori not known. The Na3+ ground term
is a3P, while the first two excited terms are of singlet character, i.e.1D2 and1S0. They are
only excited by 3.82 and 8.24 eV, respectively. The energy spacings between the possible He
states are much larger than those between the Na3+ final states.

The relevant combinations of projectile and target states are indicated in figure 6.13. The
range of the final states, He(1s2)+Na3+(2p4), is determined by the limit values set by ECC
and EEC. Also the range of He(1snl,n > 1) is depicted, without specifying the final Na3+

states.
From the spectra it is clear that the main channel is capture into He(1s2), although a small

contribution from capture into He(1snl, n≥ 2) cannot not be excluded completely. The final
target states appear to be of singlet character. The energetically most favorable situation of
population of the3P ground term seems very unlikely. This may be explained by a spin
conservation argument (see figure 6.14). Initially the He2++Na system forms a doublet. As
the He ground state and the emitted electron form a doublet, spin conservation dictates that
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Figure 6.15: Normalized transverse momentum distribution of Na3+ recoils resulting from He2++Na
collisions at 10 keV/amu. For comparison specific distributions for Na+ and Na2+ are shown too,
namely one-electron capture into He+(n = 3) (· · · ) and transfer ionization (– –), respectively.

the final Na3+ state is of singlet or triplet character. Furthermore, if the He ground state is
populated with two2p inner electrons the Na3+ core is left as a singlet. Only spin exchange
with the Rydberg-like outer electron could lead to the triplet Na3+ ground state, but because
of the large energetic separation of the2p6 and3s electrons such an interaction is unlikely.

Finally the normalized transverse momentum distribution is shown in figure 6.15. For
comparison also the distributions of the main channels leading to Na+ and Na2+ are plot-
ted. Clearly, the transverse momentum distribution for Na3+ is much broader than for Na2+.
Therefore as to be expected even smaller impact parameters contribute, i.e., for the participa-
tion of two 2p electrons the projectile has to pass closer to the target than in cases that only
one2p is active.

Question is whether the outer-shell electron could also stay at the target after the capture
of the two inner-electrons, which could be coined inner-shell double capture (ISDC). Because
this process would lead to Na2+ recoils, one has to take a closer look at the Na2+ Q-value
spectrum (cf. 6.11). For ISDC into He(1s2) (like for Na3+) and leaving the target in a
Na2+(2p43s) state the Q-value would be 19-20 eV. This is located between the end of the
TI tail and two-electron capture (of one inner-shell and outer-shell electron) into He(2l2l ′).
No clear signal is visible. Also the case that the outer-shell is left in the next excited state,
Na2+(2p43p) (Q= 24−25eV) is not observed. As the cross section for two-electron capture
into He(nln′l ′, n≥ 2) is (6.1±0.4)×10−17 cm2, ISDC is probably much smaller than1×
10−17 cm2. This can be compared with the cross section of Na3+ production, which is(3.6±
1.0)×10−17 cm2 at this energy. Thus one can conclude that after capture of two inner-shell
electrons the probability that the outer-shell electron is excited to the continuum is larger than
that it stays at the target.
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6.4 Conclusions

In this chapter (multi-)electron dynamics in keV He2++Na(3s) collisions has been investi-
gated by measuring the momenta of the Na+, Na2+ and Na3+ recoil ions. One-electron
processes, i.e. one-electron capture and single ionization at energies around the matching
velocity have been discussed. Partial and differential cross sections were compared with the-
ory. It was found that the cross sections for capture into highn-shells (n = 4, n≥ 5) are in
best agreement with CTMC results, while for capture into the subdominantn = 2 shell close
coupling calculations show better agreement. The ionization cross sections show good agree-
ment with CTMC. The differential cross sections for capture inton = 3 andn = 4 depend
differently on energy. The behavior is in line with the CTMC calculations.

Two-electron removal originates from a variety of processes, namely double capture,
transfer ionization, and double ionization. The measurements show that transfer ionization is
the dominant process at keV/amu energy. Double capture populates mostly He(1snl) states.
These singly excited states stabilize radiatively. A smaller fraction of double capture leads
to doubly excited He(nn′) (n,n′ ≥2) which decays by autoionization. At keV/amu energy
double ionization turns out to be very unlikely.

The creation of Na3+ is identified as aσ20
3 process, in which the helium ground state is

populated. The Na3+ recoils are not left in their ground state, but in one of the low-lying
excited singlet state. This can be understood by spin conservation arguments and a weak
interaction between the inner- and the outer-shell electrons.






