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Abstract
Cusp-electron emission in He2+ on He collisions has been investigated in the
energy range 100–300 keV. By detecting the electrons in coincidence with the
charge-state-analysed outgoing He2+ and He+ ions, the processes of electron
capture to the continuum (ECC), and ECC accompanied by bound-state capture
(transfer ionization, TI) were identified, respectively. The ratios of yields for
the TI and ECC cusps are found to increase steeply with decreasing projectile
energy. At 100 keV the obtained TI/ECC ratio (1.42 ± 0.14) is almost two
times larger than the corresponding ratio measured in a previous experiment
for an Ar target at the same impact energy. The measured data are compared
with calculations carried out in the independent particle model with use of
the classical trajectory Monte Carlo method and the continuum-distorted-
wave theory. The disagreement observed between the theory and experiment
indicates the presence of electron correlation effects in TI.

1. Introduction

The simultaneous continuum-electron emission and electron transfer is one of the most
interesting two-electron (or multiple-electron) processes in the physics of ion–atom collisions.
In the last decade this process, called transfer ionization (TI), has received a great deal of
experimental and theoretical attention. The studies of TI are motivated by the possibility
of obtaining information about the role of the electron–electron interaction (correlation) in
atomic collisions. As an example, we mention the investigation of the electron correlation in
a special type of double-scattering mechanism of charge transfer proposed by Thomas (1927).
In this process a target electron is captured by the projectile after successive collisions with
the projectile and a second target electron. The second electron recoils with the speed of the
projectile ion vp, resulting in a pronounced peak at about 90◦ in the angular distribution of
the electrons emitted with the matching velocity ve = vp. The peak, which is an explicit
manifestation of a correlated TI process, was observed experimentally in 1 MeV proton on
He collisions (Pálinkás et al 1989). In a recent experiment (Mergel et al 2001) carried out on
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the same collision system, further evidence was found for the correlated motion of the emitted
and captured electrons in TI; for relatively high collision velocities (vp > 2.5 au) most of
the ejected electrons were observed in the backward direction. This surprising finding was
interpreted as a result of the strong electron–electron correlation in the initial He ground-state
momentum wavefunction.

The subject of this paper is the investigation of TI by observing the so-called cusp electrons.
Cusp electrons are emitted in the forward direction and travel with the velocity of the beam
of bombarding particles. The velocity (energy) spectrum of these electrons exhibits a cusp-
shaped peak centred at ve = vp (Crooks and Rudd 1970). The study of TI in this special
case of electron emission has the advantage that the enhanced electron yield in the cusp region
makes the differential measurement of the process feasible even if the integrated cross section
is small.

Since the cusp electrons move very slowly in the projectile-centred reference system, their
behaviour is mainly determined by the projectile continuum. Therefore, processes leading to
cusp are often called ‘electron transfer to the continuum states of the projectile’, viewed
as a continuation of the bound-state capture into high Rydberg states across the continuum
threshold. The cusp-electron emission associated with target ionization is referred to as electron
capture to the continuum (ECC). In TI the continuum-state capture is accompanied by bound-
state capture of an additional electron (or electrons) from the target to the projectile. It is
important to note that in this paper we use a restricted meaning of ECC—by definition we
mean ECC ‘pure’ ionization of the target, i.e. cusp-electron emission without bound-state
capture.

For completeness we should mention that ionization of the projectile (if it is not a fully-
stripped ion) may also lead to cusp—in this case the process is called electron loss to the
continuum (ELC).

This paper is part of a series of systematic investigations dealing with cusp-electron
production via TI. The first studies (Závodszky et al 1993, Zhu et al 1995) were carried
out with structured-ion projectiles (He+, O7+), while later fully-stripped ions (H+, He2+, O8+)
were used (Vı́kor et al 1995, 1997, Plano et al 1994, Závodszky et al 1995) in order to make
the theoretical understanding easier.

The previous experiments carried out in a broad range of collision velocity (from
4.4 keV amu−1 to 1.5 MeV amu−1) resulted in a large amount of measuring data. However,
until now, a theoretical interpretation of the results has been missing. From the experimental
data for TI one can obtain information about the role of the electron–electron interaction only by
comparing the measured quantities with theoretical calculations. Unfortunately, the description
of the simultaneous capture of two electrons to the bound and continuum states of the projectile
is a rather difficult task for the theory, even in the independent particle model (IPM). In
principle, the IPM cannot be applied to the problem of cusp-electron production via TI without
contradiction. The reason is as follows. It is known that the cusp peak is a result of a final-
state interaction between the ejected electron and the outgoing projectile (see, for example,
Barrachina (1997)), therefore its intensity and shape are determined mainly by the ionic charge
of the outgoing projectile. However, in TI the charge state of the projectile changes during
the collision due to the bound-state capture, i.e. the incoming charge differs from the outgoing
one. The IPM cannot account for this effect, because it treats the ionization and capture as
independent processes.

Even if the above problem in connection with the charge state of the outgoing projectile is
solved (for example, with the inclusion of the electron–electron interaction), a further difficulty
arises for the impact of singly charged ions (e.g. H+, He+). In this case the outgoing projectile
is a neutral atom, and the cusp is formed by a mechanism (Sarkadi et al 1989, 1997, Báder
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et al 1997) which is completely different from that of cusp production by a charged outgoing
projectile. While in the latter case (i.e. for the long-range Coulomb interaction) the cusp
formation is well understood theoretically, for the neutral-atom interaction the huge complexity
of the problem (Macri and Barrachina 1998, Sarkadi et al 2000) prevents a quantitative
description.

In most of the previous experiments carried out in our systematic study of TI, an Ar
atom was used as the target. From an experimental point of view this choice is justified by the
relatively large values of the doubly differential cross section (DDCS) for the electron ejection.
On the other hand, Ar is not an ideal atom for theory. The large number of electrons in the
outer M shell, as well as the contribution of the inner (K and L) shells to the collision processes
make the theoretical treatment difficult. The results of such calculations are rather uncertain
because of the applied approximations.

To avoid the above difficulties in the theoretical understanding, we decided to perform an
experiment on the simplest collision system for TI. This system is He2+ + He. We note that
although the collision system H+ + He is even simpler, in the latter case the outgoing projectile
is H0, i.e. one is faced with the problem of cusp formation by a neutral atom.

For the interpretation of the obtained data we carried out theoretical calculations. The
calculations were made in the framework of the IPM by using the classical trajectory
Monte Carlo (CTMC) method as well as the continuum-distorted-wave eikonal-initial-state
(CDW-EIS) model. To the best knowledge of the authors, the present theoretical work is the
first attempt to give a quantitative description of cusp-electron emission by TI.

2. Experimental procedure

The experiment was performed at the 1.5 MV Van de Graaff accelerator of the Institute of
Nuclear Research of the Hungarian Academy of Sciences (ATOMKI). The measurement
principle is that the cusp-electron production in the different reaction channels is identified
by detecting the electrons in coincidence with the outgoing charge-state selected projectiles.
For He2+ + He collisions the coincidences with the outgoing He2+ projectiles identify
ECC, i.e. cusp-electron emission without bound-state capture. The coincidences with He+

identify TI, i.e. cusp-electron emission accompanied by bound-state capture. We note that
the ECC channel also contains the (small) contribution of the double ionization of the
target.

The experimental set-up was similar to that used in our previous cusp measurements (see,
for example, Kövér et al (1989), Vı́kor et al (1995)) and will only be briefly described here.
The He2+ ions, produced by interaction of the He+ beam of the accelerator with the residual gas
of the beam channel, were selected from the original ion beam with a four-stage electrostatic
charge-state selector. The energy range of the ions covered a range from 100 to 300 keV. A
collimator with a length of 50 cm was used to define the final ion beam of 0.5 mm diameter.
To reduce the He+ contamination of the beam, we mounted an electrostatic beam cleaner (the
so-called ‘mini cleaner’ (Vı́kor et al 1995)) just in front of the gas jet target, following the
collimator. The He+ and He0 contents of the cleaned He2+ beam were less than 0.5 and 0.1%,
respectively (without operating the gas target).

The electrons ejected from the target were energy analysed by a double-stage parallel-plate
electron spectrometer (Sarkadi et al 1998) and counted by a channel electron multiplier (CEM).
The spectrometer was characterized by an energy resolution of 6% and an acceptance half-
angle of 2◦. The outgoing ions were charged-state analysed by means of an electrostatic
deflector and detected by a fast particle detector. Standard electronics were used to establish
coincidences between the electrons and particles.



4904 L Sarkadi et al

We measured the number of coincidence events in the ECC and TI reaction channels and
normalized these to the number of the incoming He2+ ions and the density of the target atoms.
The electron spectra were recorded in the electron velocity range from 0.84vp to 1.16vp. The
coincidence yield values were corrected for the contribution from the random coincidence
events. Furthermore, we checked the contribution due to the fraction of the He+ ions in the
incoming beam for which the final state for ECC is the same as that for TI resulting from He2+

impact. In a separate coincidence experiment carried out with a He+ beam we found the latter
contribution negligible.

The measured and corrected electron spectra were divided by the electron energy E to
account for the energy dependence of the energy window �E of the electron spectrometer.
The spectra were also divided by the energy-dependent electron detection efficiency function
ε(E). We determined a relative ε(E) function in a separate calibration experiment in which we
recorded the energy spectrum of electrons (in a range of 0–100 eV) ejected at 0◦ from collisions
of 300 keV protons with He. The obtained data were compared to the tabulated DDCS values
of Rudd et al (1976). Since the latter data were measured at non-zero emission angles, we had
to extrapolate these to 0◦. As a check of the extrapolated data, we calculated the corresponding
cross sections by using the CDW-EIS theory; good agreement was found. Since the scattering
of the theoretical cross sections was much smaller than that of the measured data, finally we
used the CDW-EIS results to establish ε(E).

Special care was taken to ensure the single-collision condition. This is a crucial
requirement of the TI experiments. If the target is not thin enough, subsequent double (or
multiple) collisions may lead to false coincidence yields. For example, let us consider the
TI channel in which the electrons are measured in coincidence with the outgoing He+ ions.
The following double collision may contribute to the measured coincidence yield. In the first
collision an ECC process takes place, resulting in the cusp electron. Then the outgoing He2+

ion captures an electron in the second collision with another target atom, resulting in the
outgoing He+ ion.

The probability of the double (multiple) scattering increases with the target pressure,
therefore one can check the single-collision condition repeating the measurement at different
values of the target pressure. Figure 1 shows the result of such an experiment carried out at
200 keV impact energy. In the figure are plotted the ratios of the number of coincidences to
that of the ‘singles’ events as a function of the target pressure (more precisely, the difference
p − p0, where p and p0 are pressures with and without the target gas, respectively). In this
test experiment, the voltage of the electron spectrometer was tuned to the cusp maximum.
As is seen from figures 1(a) and (b), the ECC and TI yields (coincidences with He2+ and
He+, respectively) are not affected by double collisions. At the same time, a strong pressure
dependence was found for the yield of coincidences with He0 (figure 1(c)). This latter finding
is understandable, because the capture of two electrons with simultaneous electron ejection
would be a three-electron process that cannot happen for a He target. Consequently, the
observed coincidences with He0 originated from double collisions.

3. Results and discussion

3.1. Experimental data

Figure 2 shows typical electron spectra obtained at 130 keV impact energy. A striking feature
of the figure is the surprisingly large contribution of TI to the total cusp; the amplitude of the
TI cusp roughly agrees with that of the ECC cusp. The TI cusp is almost symmetric whereas,
in contrast, the ECC cusp is strongly asymmetric. The latter peak is shifted by about 1 eV
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Figure 1. Coincidence to single yield ratio of the cusp electrons as a function of the pressure of the
target gas. The measurements were made at 200 keV impact energy. The electron spectrometer
was tuned to the cusp maximum. (a)–(c) correspond to coincidence detection of the electrons with
the outgoing He2+ (ECC), He+ (TI) and He0 particles, respectively.
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Figure 2. Cusp-electron energy spectra measured in 130 keV He2+ + He collisions: full circles,
coincidences with He2+ (ECC); open circles, coincidences with He+ (TI); triangles, sum of
the coincidence spectra; thick curve, ‘singles’ electron spectrum. The thin curves through the
coincidence data are drawn only to guide the eye.

to lower energy. We note that the shift can probably be explained (Tőkési et al 1997) by
the asymmetry of the peak taking into account the finite energy and angular resolution of the
measurement. Due to the different shapes of the ECC and TI cusps, the ‘singles’ electron
spectrum is structured. One can clearly see that it is composed of two peaks: a narrow peak is
superimposed on a broader peak. The bump seen at the low-energy side of the narrow peak at
about 16 eV is due to the shifted maximum of the ECC cusp.
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Figure 3. Cusp-electron production by TI relative to ECC as a function of the impact energy. The
notations of the experimental data are as follows: full circles, proton on Ar (Vı́kor et al 1995);
open circles, He+ on Ar (Závodszky et al 1993); full squares, He2+ on Ar (Vı́kor et al 1997); open
squares, He2+ on He (present work). The notations of the theoretical curves are as follows. The
solid curve represents the CTMC model for He2+ on Ar collisions. He2+ on He collisions: dashed
curve, CTMC; dashed-dotted curve, CDW-EIS hybrid model; dotted curve, Landau–Zener model.

As in our previous TI studies, our primary aim was to determine the ratios of the cusp-
electron production cross sections for the TI and ECC channels. The TI/ECC ratio is an
interesting quantity, because it is a measure of the strength of the two-electron over the single-
electron process. One may assume that this ratio is sensitive to electron correlation effects.

To establish the TI/ECC ratios from the measured data, we determined relative singly
differential cross sections (SDCS) integrating the coincidence spectra over the electron energy
range. The obtained ratios are plotted in figure 3 as a function of the impact energy. The
error of the data was estimated from the results of repeated measurements that reproduced the
TI/ECC ratios within 10%. The main source of this error was the uncertainty of the particle
detection efficiency.

The new He2+ +He data are presented along with the results obtained in previous works for
an Ar target with H+ (Vı́kor et al 1995), He+ (Závodszky et al 1993) and He2+ (Vı́kor et al 1997)
projectiles. Interestingly, the TI/ECC ratios for He2+ impact show only a small dependence
on the target, except for the data at the lowest energy, 25 keV amu−1. This is surprising,
because one would expect that the probability of the two-electron TI process (compared to
the single-electron ECC) would be considerably larger for the many-electron Ar than for He.
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It is even more surprising that at 25 keV amu−1 (100 keV total energy) a very large value,
1.42 ± 0.14, was obtained for the TI/ECC ratio in the present experiment. This value is larger
by almost a factor of two than that measured for the Ar target at the same impact energy. The
fact that, in 100 keV He2+ + He collisions, TI considerably exceeds ECC means that in the
majority of cusp-electron emissions the process is accompanied by a bound-state capture. This
is in contradiction with the general view that the one-electron process should be much stronger
than the two-electron process.

To confirm the above unexpected result, we checked our experimental procedure repeating
the old measurement on an Ar target at 100 keV. The re-measured value of the TI/ECC ratio,
0.712 ± 0.070, is slightly smaller than the old value, 0.799 ± 0.080, but the deviation is within
the errors. This check was important, because the experimental set-up was not completely
identical in the two measurements. In the old measurement a high-resolution double-stage
cylindrical mirror electron spectrometer was used, and the electrons were accelerated by an
electrostatic lens before analysis (Vı́kor et al 1996).

3.2. Theory

As was mentioned in the introduction, we used the IPM for the interpretation of the obtained
experimental data. The IPM reduces the description of the many-electron collision system to
that of a three-body system consisting of the projectile, an active electron and the target atom.
The role of the passive electrons of the target and/or projectile ion is taken into account by an
effective potential.

For the calculation of the cross section of a multi-electron process (such as TI) the most
straightforward approach is the impact-parameter formulation of the scattering problem. In
this method one determines impact-parameter-dependent one-electron probabilities, and the
products of these quantities are used to express the probabilities of the many-electron processes.
For a three-body collision system, the basic one-electron probabilities are those for capture,
ionization and excitation, denoted by pc, pi and pe, respectively. If by definition pc is the sum
of the capture probabilities to all bound states of the projectile, pi is an integrated ionization
probability over the energy and emission angle of the ejected electron, and pe is the excitation
probability to all bound states of the target (including the initial ground state), then the relation
pc + pi + pe = 1 holds. For the characterization of the continuum-electron emission we
introduce the doubly differential one-electron ionization probability d2pi/dE d� which is
related to pi at a fixed value of the impact parameter b by

∫
E

∫
�

d2pi

dEd�
dE d� = pi(b). (1)

By using the quantities defined above, one can derive expressions for the doubly differential
ionization probabilities (and cross sections) of the simultaneous ionization and capture of
electrons from a many-electron atom. The general expressions and results for the special cases
of ECC and TI are given in the appendix.

For the calculation of the one-electron ionization and capture probabilities, we used the
CTMC method (Abrines and Percival 1966, Olson and Salop 1977). The method is based
on the numerical solution of Newton’s classical equations of motion for a large number of
trajectories under randomly chosen initial conditions. The CTMC method has the advantage
that it treats the three-body (many-body) dynamics exactly. This is particularly important for
the description of the cusp-electron production where one has to take into account the long-
range Coulomb interaction in the final state between the scattered ion, the emitted electron and
the recoil ion on equal footing (see, for example, Garibotti and Miraglia (1980)).
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The calculations were made for a He2+ projectile and for both He and Ar targets. The
many-electron target atom was replaced by a one-electron atom, representing the ion core by
a model potential developed by Green et al (1969) based on Hartree–Fock calculations. The
potential has the following form for a neutral atom (in atomic units)

V (r) = −[(Z − 1)�(r) + 1]/r (2)

where Z is the nuclear charge and

�(r) = {(η/ξ)[exp(ξr)− 1] + 1}−1. (3)

The values of η and ξ were taken from Garvey et al (1975). For He η = 1.77 and ξ = 2.625;
for Ar η = 3.50 and ξ = 0.957.

Concerning the choice of the random initial parameters, we followed the procedure
proposed by Reinhold and Falcón (1986) for non-Coulombic interaction. These authors applied
a three-body CTMC model to describe the H+ + He collision. In one of the versions of their
model they represented the He+ core by the following model potential

Vmod(r) = −[Z − 1 + (1 + Zeffr) exp(−2Zeffr)]/r (4)

where Zeff = Z − 5
16 . We compared this potential with that given by equations (2) and (3)

for He. An excellent agreement was found. This means that our CTMC method is equivalent
to that of Reinhold and Falcón (1986). As a check of our CTMC computer code we repeated
the total cross-section calculations of these authors for the single ionization, free-electron
production, single capture and double ionization in collisions of protons with He atoms. The
test was made at 100 keV impact energy. Our results agreed well with those of Reinhold
and Falcón.

For the collision systems He2+ + He, He2+ + Ar we made the calculations in two steps.
In the first step, the equations of motion were integrated until the main reaction channels
(excitation, ionization, electron capture to bound states of the projectile) were well separated.
This condition was fulfilled at an internuclear distance of 25 au. In the second step, only
collision events leading to ionization were regarded. Since the cusp is a result of final-state
interaction between the ionized electron and the outgoing projectile, to achieve convergence the
equations of motion in the final ionization channel had to be integrated over a large internuclear
separation. In the present work the integration was stopped at 105 au. Details of the treatment
of the electron cusp by means of the CTMC method can be found in previous works (Tőkési
and Mukoyama 1994, Tőkési et al 1997, Sarkadi et al 2000).

From the trajectory calculations we obtained DDCSs for the ECC and TI cusps in the
following way. First let us consider the one-electron DDCS for ionization (i.e. DDCS for
electron ejection in the three-body collision system)

d2σi

dE d�
= 2π

∫ ∞

0
b

d2pi(b)

dE d�
db. (5)

This expression in CTMC is approximated by

2π
∫ ∞

0
b

d2pi(b)

dE d�
db ≈ bmax

∑
j b

(i)
j

N(cosϑmin − cosϑmax)�E
(6)

whereN is the total number of trajectories calculated in the impact parameter range (0, bmax),
b
(i)
j is the actual impact parameter when the criterion for ionization is fulfilled,�E is the energy

window, and 2π(cosϑmin − cosϑmax) is the solid angle window for the ejected electron.
For a many-electron target atom, the expression of DDCS for ECC and TI (denoted

by d2σc0/dE d� and d2σc1/dE d�, respectively) is given by equation (A.9). Using
equations (A.3) and (A.5) we can write equation (A.9) as follows

d2σc0,1

dE d�
= 2π

∫ ∞

0
b

d2pi(b)

dE d�
fc0,1(b) db (7)
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Figure 4. Measured and calculated cusp-electron spectra for He2+ + He collisions at 100, 200 and
300 keV impact energies: (a) and (c) ECC spectra; (b) and (d) TI spectra. Notations of the theories:
solid line, CTMC; dashed line, CDW-EIS hybrid model.

where

fc0 = 1

pi

[
(pi + pe)

N − pNe
]

(8a)

fc1 = 1

pi
Npc

[
(pi + pe)

N−1 − pN−1
e

]
. (8b)

Comparing equation (7) with equations (5) and (6), we may write the following modified
CTMC cross-section formula for ECC and TI

d2σc0,1

dE d�
≈ bmax

∑
j b

(i)
j fc0,1(b

(i)
j )

N(cosϑmin − cosϑmax)�E
. (9)

To achieve a satisfactory statistical accuracy of DDCSs in the cusp region, the integration
of (2−15)×106 trajectories was required, depending on the collision velocity and target atom.
The calculated electron spectra for the TI and ECC cusps are compared with the experimental
spectra in figure 4. The target is He. The presented spectra belong to 100, 200 and 300 keV
impact energies. We note that, although we did not determine absolute cross sections in the
experiment, the measured data in the figure show a correct relative energy dependence of the
cusp intensity as a function of the impact energy. The experimental energy dependence is not
reproduced by the CTMC theory. For ECC a maximum of the cusp intensity was found in the
experiment at about 200 keV. At the same time, CTMC predicts that the intensity of the ECC
cusp increases with the impact energy in the regarded region. Concerning the TI cusp, the
experimental data show a monotonic decrease of the peak with increasing energy, while the
CTMC results indicate a broad maximum around 200 keV. The observed cusp shapes are more
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or less reproduced by the theory, although the TI cusp obtained from the CTMC simulation is
not as sharp and symmetric as the measured one, particularly at low impact energy.

CTMC is a classical description, and the question of neglecting possible quantum effects
arises. This motivated us to also perform quantum mechanical calculations. For this purpose
we used the CDW-EIS model (Crothers and McCann 1983) which is known to be a very
efficient theory for the description of the continuous electron ejection in ion–atom collisions
(see, for example, Fainstein et al (1991)). The ejected electron is described by a two-centre
wavefunction, therefore the model gives an account of the cusp-electron emission. We made
the calculations again in the IPM. The applied CDW-EIS model (Fainstein et al 1996) assumes
a straight-line trajectory for the projectile path and uses Hartree–Fock wavefunctions for the
initial and final electronic states. Since CDW-EIS is a perturbation theory, it works only when
the probability of the regarded process is small. This holds for ionization. In contrast to this, in
low-energy He2+ + He collisions the probability of the electron capture may take values close
to 1 (see later), and CDW-EIS is unreliable. To avoid this problem, we combined CDW-EIS
with CTMC: the one-electron doubly differential ionization probabilities were obtained by the
CDW-EIS model, and CTMC was used to calculate the electron capture probabilities. In the
following, the combined theory will be referred to as the ‘CDW-EIS hybrid model’.

The electron spectra predicted by the hybrid model are plotted in figure 4. On average, the
intensities of the cusp peaks obtained by the classical simulation and the combined quantum–
classical mechanical description agree surprisingly well. Unlike CTMC, the hybrid model
predicts a maximum of the ECC cusp around 200 keV, in qualitative agreement with the
experiment. For the TI cusp, the hybrid model provides an even worse description than
CTMC, largely underestimating the intensity of the cusp at 100 keV impact energy.

The hybrid model predicts practically symmetric cusp shapes for both ECC and TI, in
contradiction with the experiment and CTMC. However, CTMC seems to predict too large an
asymmetry for the ECC cusp—this causes a larger energy shift of the peak than that observed
experimentally.

The reason for the asymmetry of the ECC cusp is well known. It can be explained by a
two-centre effect: the electron focused in the forward direction by the outgoing projectile is
slightly decelerated as a result of interaction also with the ionized target. By using CTMC, we
have tried to understand why the TI cusp is symmetric. In this analysis we started out from
the integral occurring in the expression (A.9) of DDCS. For a He target atom, the form of the
integral is as follows (apart from constant factors)∫ ∞

0
b

d2pi(b)

dE d�
pc(b) db. (10)

To simplify the analysis, instead of DDCS we regarded the integrated cross section for the TI
cusp, i.e. we analysed the integral

∫ ∞
0 bp

cusp
i (b)pc(b) db where pcusp

i (b) is the one-electron
cusp-production probability

p
cusp
i (b) =

∫ E2

E1

∫
��

d2pi(b)

dE d�
dE d�. (11)

Here �� is the solid angle in which the electrons are detected. E1 and E2 define the range
of the electron energy where the cusp peak is measured (see section 2). In figure 5 we plotted
the functions bpcusp

i (b) and pc(b) for 100 and 300 keV impact energies. As a comparison
we also plotted bpi(b), where pi(b) is the total ionization probability. A striking feature
of the figure is that the impact-parameter dependence of the cusp-production probability
strongly differs from that of the the total ionization probability. Besides the maximum
seen for both bpi(b) and bpcusp

i (b) at small impact parameters (�1 au), for the function
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Figure 5. The functions entering in the integral expression of the cross section for the cusp
production by TI at (a) 100 keV and (b) 300 keV impact energies. The displayed data are the
results of CTMC calculations: full circles, pc(b); open triangles, bpcusp

i (b). As a comparison the
function bpi(b) is also plotted (open circles). pc(b), p

cusp
i (b) and pi(b) are the probabilities of

electron capture, cusp production and total ionization, respectively. The curves through the data
are drawn only to guide the eye.

bp
cusp
i (b) one can observe an enhancement also at large impact parameters. The maximum

located at small impact parameters (which can be understood in terms of the so-called Massey
criterion) and the bump occurring at about 2.5 au indicate two different mechanisms of cusp
formation.

In figure 6 the cusp-electron spectra belonging to the two impact-parameter regions
discussed above are seen for a 300 keV impact energy. The two spectra were obtained
evaluating the one-electron DDCSs with the use of expression (6) separately for impact
parameters b(i)j < 1.5 au and b(i)j > 1.5 au. The cusp belonging to small impact parameters
is narrow and symmetric. For large impact parameters we obtained a peak which is strongly
asymmetric and shifted towards low energies. We call attention to the great similarity between
the shapes of these spectra and those of the experimental energy distributions seen in figure 2.

The dependence of the cusp shape on the impact parameter found in the CTMC simulation
explains why the observed TI cusp is narrow and symmetric. In the integral given by
equation (10) b d2pi(b)/dE d� is weighted by the capture probability pc(b). The latter
function is strongly peaked at small impact parameters. This means that in the integral the
contribution of the narrow and symmetric peak is enhanced.

Now the question remains: what is the physics of cusp production leading to different
peak shapes at small and large impact parameters? To answer this question one has to analyse
the individual electron trajectories for collision events contributing to the cusp in the different
regions of the impact parameter. Such an investigation is beyond the scope of this paper.

Concerning the TI/ECC cusp intensity ratios, the predictions of the CTMC model are
compared with the experimental data for both He and Ar targets in figure 3. The agreement
is only qualitative. CTMC cannot reproduce the steep increase of the experimental TI/ECC
ratio data for a He target with decreasing projectile energy. In the figure we have also plotted
the results obtained by the CDW-EIS hybrid model for a He target. This model predicts a
decline of the TI/ECC ratio at small impact energies, in complete disagreement with both the
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Figure 6. Cusp-electron spectra belonging to two different impact-parameter regions (open circles,
b
(i)
j < 1.5 au; full circles, b(i)j > 1.5 au). The data are one-electron DDCSs obtained from CTMC

calculations. The impact energy is 300 keV. The inset shows the selected regions of the impact
parameter repeating the curve bpcusp

i (b) of figure 5 for cusp production.

experiment and the CTMC simulation.
The poor performance of both the CTMC simulation and the CDW-EIS hybrid model

indicates the failure of the IPM in describing the cusp-electron production by TI. However,
the limited validity of these theories due to the applied approximations does not allow us
to conclude that electron correlation may be a reason for the disagreement. Therefore, we
carried out a further theoretical analysis. The large value of the TI/ECC ratio obtained in
our experiment for 100 keV He2+ + He collisions has motivated us to investigate the question:
what is the maximum value of the TI/ECC ratio that can be obtained in the IPM in the region
of small impact energies? For low-energy collisions pi 
 pe holds, therefore we can apply
the approximate doubly differential probabilities given by equations (A.6a) and (A.6b) to
determine the cusp-production cross sections for ECC and TI. Also using equations (A.9)
and (11) we obtain

σECC =
∫ E2

E1

∫
��

d2σc0

dE d�
dE d� ≈ 2π

∫ ∞

0
bNp

cusp
i (b) [1 − pc(b)]

N−1 db (12a)

σTI =
∫ E2

E1

∫
��

d2σc1

dE d�
dE d� ≈ 2π

∫ ∞

0
bN(N − 1)pcusp

i (b)pc(b) [1 − pc(b)]
N−2 db.

(12b)

The ratio of the cross sections
σTI

σECC
≈ (N − 1)

∫ ∞
0 bp

cusp
i (b)pc(b) db∫ ∞

0 bp
cusp
i (b)[1 − pc(b)] db

. (13)

Let us assume that pc(b) varies slowly in that region of the impact parameters where the
product bpcusp

i (b) takes appreciable values. From figure 5 one can see that this assumption
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is valid at low impact energies. This means that pc(b) in equation (13) can be replaced by a
constant. We can obtain an upper limit for the TI/ECC ratio, if we choose the constant as the
maximum of the pc(b) function, pmax

c(
σTI

σECC

)upper limit

= (N − 1)
pmax

c

1 − pmax
c

. (14)

For low-energy He2++ He collisions the value ofpmax
c can be estimated qualitatively. According

to the classical potential barrier model (for a review see, for exmaple, Cocke (1993)), the target
electron may freely transfer to the projectile at such a sufficiently small internuclear distance
where the potential barrier formed by the superposition of the Coulomb fields of the projectile
ion and the target core is less than the Stark-shifted ionization potential of the target. Due
to the symmetry of the He2+ + He collision, in the final state the electron will be found with
equal probability on either the projectile or the target, i.e. pmax

c = 0.5. (For a more accurate
estimation ofpmax

c one has to take into account that the He2+ +He system is slightly asymmetric
because of the partially screened Coulomb potential of the He+ core.)

With pmax
c = 0.5 equation (14) for a He target (N = 2) yields a value of 1 for the upper

limit of the TI/ECC ratio in the IPM. Since the measured value 1.42 ± 0.14 at 100 keV is
considerably larger than 1, we may conclude that the cusp production via TI in the low-energy
He2+ + He collisions is probably influenced by electron correlation effects.

As an attempt at a quantitative determination of pmax
c for the He2+ +He system we used the

Landau–Zener model in the framework of the molecular-orbital (MO) description of atomic
collisions. Details of these calculations will be published elsewhere; here we summarize
only the main points of the applied procedure. The H12 off-diagonal matrix element of the
potential coupling at the crossing point of the MO states was calculated by using the universal
formula given by Olson and Salop (1976). The crossing distance Rc was determined by using
MO energy terms that were derived applying second-order perturbation theory (Landau and
Lifshitz 1975). The trajectory of the projectile was approximated by a straight line.

At small collision velocities the Landau–Zener model resulted in pmax
c ≈ 0.5, in

accordance with the value obtained from our qualitative estimation. Replacing the calculated
pmax

c values in equation (14) we determined an upper limit of the TI/ECC ratio as a function
of the impact energy. The result of the Landau–Zener calculations is seen in figure 3. At very
low impact energy the curve reaches a maximum with σTI/σECC ≈ 1, i.e. we may conclude
again that in the IPM the TI/ECC ratio for He2+ +He collisions cannot take values significantly
larger than 1.

We note that, according to equation (14), the TI/ECC ratio becomes infinite when pmax
c

approaches 1. It is well known that in slow collisions of highly charged heavy ions with
neutral atoms the probability of charge transfer is close to 1. Consequently, in such collisions
the TI/ECC ratio can take very large values, even in the IPM. This is in accordance with
the results of previous experiments (Tanis et al 1990, Plano et al 1994) carried out with very
low-energy highly charged heavy ions (3.8 keV amu−1 O6+, 4.4 keV amu−1 O8+). The main
conclusion of these works was that low-energy continuum-electron emission at 0◦ is nearly
always accompanied with bound-state capture of one or more electrons.

4. Conclusions and outlook

We investigated the TI process by observing the cusp electrons in He2++He collisions at small
impact energies. We compared the two-electron TI with the single-electron ECC. We found
that the TI/ECC ratio steeply increases with decreasing collision energy, and at the lowest
energy point of the measurement it significantly exceeds 1. CTMC and CDW calculations
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carried out in the IPM failed to explain the large probability of TI. In an analysis within the
classical potential barrier model and the Landau–Zener theory we established an upper limit for
the TI/ECC ratio in the IPM at small impact energies. The conclusion of this analysis was that
TI in the low-energy He2+ +He collisions is probably influenced by electron correlation effects.

For a better understanding of the process, the inclusion of the electron–electron interaction
in the theoretical descriptions is required. Keeping in mind that the treatment of the electron
cusp even in the IPM is rather difficult due to the three-body character of this special kind
of electron emission (see, for example, Fiol et al (2001)), the exact solution of the four-body
quantum mechanical problem of TI cannot be expected in the near future. At present, four-body
CTMC calculations seem to be feasible. However, a serious difficulty arises in CTMC when
the electron–electron interaction is included. It is well known that the classical two-electron
(many-electron) system (e.g. the He atom) is unstable because, due to the energy exchange
between the electrons, it shortly ‘decays’ by an autoionization-like process. The autoionization
can be prevented by an appropriate simulation of the repulsing Heisenberg core that ensures
the stability of the quantum mechanical two-electron (many-electron) system. Although in
such an approach the question of neglecting possible quantum effects would still remain, by
inclusion of the electron–electron interaction one could take into account the change of the
projectile charge during the collision, as well as the difference between the ionization potentials
for the removal of one and two electrons from the He atoms. These two effects probably have
a deciding role in the cusp-electron production via TI.

To explore the cusp formation further, a possible step would be the experimental
verification of the structure found in our CTMC calculations for the impact-parameter
dependence of the cusp-production probability. Such measurements for the cusp have already
been made by using light- and heavy-ion projectiles (Jagutzki et al 1991, Skutlartz et al 1988),
but at higher impact energies (≈0.5 MeV amu−1) and in the range of smaller impact parameters
(b < 0.5 au). An experimental investigation of the impact-parameter dependence would help
to understand the difference between the shapes of the ECC and TI cusps observed in the
present work.
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Appendix. IPM expressions for the simultaneous ionization and electron capture

Let us consider the simultaneous ionization and capture of electrons from a many-electron
atom. For the sake of simplicity we assume that the process takes place from one atomic shell
(for example, the outer shell) having N identical electrons. Denoting the configuration of the
ionization of n electrons and capture of m electrons by incm, we can express the differential
ionization probability of the electron emission as follows

d2nPincm

dE1 d�1 dE2 d�2 . . . dEn d�n
=

(
N

n

)(
N − n
m

)
d2pi

dE d�

∣∣∣
E1�1

× d2pi

dE d�

∣∣∣
E2�2

× · · · × d2pi

dE d�

∣∣∣
En�n

× pmc pN−(n+m)
e . (A.1)
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This is a 2n times differential probability that can be used for a process where the energy and
emission angle of each ejected electron are measured. If only one of the ionized electrons is
detected (as in the present experiment), the doubly differential ionization probability is given by

d2Pincm

dE d�
=

(
N

n

)(
N − n
m

)
d2pi

dE d�
pn−1

i pmc p
N−(n+m)
e . (A.2)

We call attention to the fact that we use small ‘p’ and capital ‘P ’ to distinguish between the
one-electron probabilities obtained directly from the solution of the three-body scattering
problem and the probabilities characterizing the collision processes in the many-electron
system, respectively.

Now we derive expressions for ECC and TI. We introduce the notation Pcm for the inclusive
probability of ionization of any number of electrons together with the simultaneous capture of
m electrons. For ECC m = 0, therefore using equation (A.2) we can write

d2Pc0

dE d�
=

N∑
n=1

d2Pinc0

dE d�
= d2pi

dE d�

N∑
n=1

(
N

n

)(
N − n

0

)
pn−1

i pN−n
e

= d2pi

dE d�

1

pi

[
(pi + pe)

N − pNe
]
. (A.3)

Here we have used the binomial relationship

(a + b)n =
n∑
k=0

(
n

k

)
akbn−k.

In the TI process studied in this paper, the ionization is accompanied by the capture of one
target electron, i.e.m = 1. The maximum number of ionized electrons is N − 1, therefore we
can write

d2Pc1

dE d�
=
N−1∑
n=1

d2Pinc1

dE d�
= d2pi

dE d�

N−1∑
n=1

(
N

n

)(
N − n

1

)
pn−1

i pcp
N−(n+1)
e . (A.4)

After simple algebra we get the final result for TI

d2Pc1

dE d�
= d2pi

dE d�

1

pi
Npc

[
(pi + pe)

N−1 − pN−1
e

]
. (A.5)

If pi 
 pe, equations (A.3) and (A.5) lead to the following more transparent expressions

ECC :
d2Pc0

dE d�
= N d2pi

dE d�
(1 − pc)

N−1 (A.6a)

TI :
d2Pc1

dE d�
= N(N − 1)

d2pi

dE d�
pc(1 − pc)

N−2. (A.6b)

For a He target, equations (A.3) and (A.5) reduce to

ECC :
d2Pc0

dE d�
= d2pi

dE d�
(pi + 2pe) (A.7a)

TI :
d2Pc1

dE d�
= 2

d2pi

dE d�
pc. (A.7b)

Integrating the above expressions overE and�, we obtain the following total electron emission
probabilities



4916 L Sarkadi et al

Pc0 = 2pipe + p2
i = Psi + Pdi (A.8a)

Pc1 = 2pipc = Pci. (A.8b)

Here we have used the notations Psi, Pdi and Pci for the integrated probabilities of the single,
double and transfer ionization of He, respectively. These results are in accordance with those
derived by Reinhold and Falcón (1986).

DDCSs for ECC and TI are obtained integrating equations (A.3) and (A.5) over the impact
parameter

d2σc0,1

dE d�
= 2π

∫ ∞

0
b

d2Pc0,1(b)

dE d�
db. (A.9)
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