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Abstract
Using the crossed-beams technique, we have measured absolute total cross
sections for electron capture from H+

2 molecular ions by He2+ and Ar2+ at relative
velocities vrel = 0.7–1.3 au. With He2+ a distinct maximum around vrel = 1 au
is observed, which can be attributed to the large Q-value for the dominant
channel of this reaction. Theoretical calculations using an atomic model for
ion–molecule collisions are in very good agreement with the experimental data.

Charge changing collisions between ions are of fundamental interest as an ideal testing ground
for theory [1–4] as well as for their application in plasma physics, accelerator and fusion
research [5]. In contrast to ion–atom collisions, however, the study of ion–ion collisions
is still in its infancy and, furthermore, most studies focused on collisions between atomic
ions. A few experiments (e.g. [6, 7]) have involved collisions of molecular ions with negative
atomic ions. On the other hand, in the last few years charge transfer between highly charged
ions and neutral molecules has attracted increasing interest as it gives detailed insight into
both the electronic processes involved during the collision and the dynamics of the molecular
fragmentation afterwards. H2 molecules especially, have received particular attention [8–10]
due to the relative simplicity of their electronic structure [11]. However, despite its simplicity
the neutral H2 molecule is still a two-electron system with all its inherent theoretical difficulties.

Using the well established technique of crossed ion–ion beams [12], we have measured,
for the first time, total cross sections for charge transfer between two positive ions, where
one collision partner is a molecular ion. In particular, we have studied the following collision
systems

H+
2 + He2+ → H+ + H+ + He+ (1)

H+
2 + Ar2+ → H+ + H+ + Ar+ (2)

at centre-of-mass energies Ecm ranging from 16.5 keV � Ecm � 57.6 keV and 39.3 keV
� Ecm � 82.9 keV respectively. The first collision system especially, is of general interest, as
it is a pure one-electron system, with the electron moving in the potential of three bare positive
charges. Such prepared systems can be studied experimentally only using ion–ion collisions.

0953-4075/01/100321+05$30.00 © 2001 IOP Publishing Ltd Printed in the UK L321

��F



L322 Letter to the Editor

He++

H2
+

H+ fragment detector

H2
+ cup

He++ cup

hemispherical analyser 
and He+ detector

He++ parent beam

15mm entrance aperture

beam cleaning analysers

1 m .

Figure 1. Experimental set-up and beam trajectories for the collision H+
2 +He2+ → H+ +H+ +He+.

The experiments have been performed using the ion–ion crossed-beams facility at the
University of Giessen [13]. The H+

2 beam from a 10 GHz ECR source with energies in the
range 50–130 keV (fast beam) is crossed with the beam of He2+ (Ar2+) ions from a 5 GHz
ECR source at 10 keV energy (slow beam) at an angle of β = 17.5◦ (figure 1). Both beams
are cleaned by electrostatic analysers just before entering the interaction region with a vacuum
of 10−10 mbar or below. Electrostatic analysers behind the interaction region separate the
reaction products from the parent beams. The H+ fragments are detected using a position
sensitive micro channel plate (MCP) detector with 40 mm active diameter and delay line
readout. The He+ (Ar+) product ions are further deflected by a hemispherical analyser out of
the reaction plane and detected in a channeltron-based single-particle detector. Using the time
coincidence technique for signal recovery the true reaction rate R is obtained. The absolute
cross section is then given by [12]

σ = R

ε1ε2

v1v2 sin β

vrel

q1q2

I1I2
F (3)

with the initial ion charge states q1 and q2, velocities v1 and v2 and the relative velocity vrel.
Here ε1 and ε2 denote the detector efficiencies, with the efficiency for the channeltron detector
being 86% [14]. The single particle detection efficiency of the MCP detector is 60% [15].
Thus the probability to detect at least one of the two fragments is 84%. The intensity I1 of the
H+

2 beam was continuously measured with a Faraday cup and was typically of the order of 50–
100 nA. The intensity I2 of the slow beam was typically 40–50 nA for He2+ and 190–200 nA
for Ar2+. As can be seen from figure 1, the Faraday cup was not suited to measure the parent
He2+ (Ar2+) beam current with the reaction products going to the channeltron detector. I2 was
therefore measured directly before and after a cross section measurement, with differences
between these two measurements being typically 5% or less. The form factor F describes
the vertical overlap of the two crossed ion beams. It is measured by vertically scanning both
beams with a horizontal slit of 0.16 mm height. The form factor is also measured once before
and once after the cross section measurement.

The resonant reactions He+ +He2+ → He2+ +He+ and Ar+ +Ar2+ → Ar2+ +Ar+ have been
used to set up the electrostatic analysers and verify the cross section measurement. The cross
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sections obtained from equation (3) however are smaller by a factor 1.74 ± 0.2 and 1.72 ± 0.2
respectively than those measured by Melchert et al [16] and Chen et al [3], which agree very
well with theory. We attribute this discrepancy to an efficiency loss due to the aperture of the
hemispherical analyser for the slow beam. Currently, the set-up is optimized to study charge
exchange by multiply charged ions with the slow beam losing an electron. In the present
experiment however, the slow beam is capturing the electron. In figure 1, the trajectories show
that the He+ product ions enter the hemispherical analyser at a non-negligible angle near the
edge. Shown in the figure as well is the path of the parent He2+ ion beam, which passes very
close to the edge when it exits the parallel plate analyser. Thus the analyser setting is critical to
ensure the collection of all the reaction products but maintaining a tolerable background rate
in the channeltron detector. The optimum analyser setting is obtained by measuring the cross
section as a function of analyser voltage and then choosing values such that the cross section
is maximized and independent of small variations of voltage. The energy and position of the
slow beam are not changed during the measurements and we thus scale our cross sections
obtained by equation (3) with 1.74 for H+

2 + He2+ and 1.72 for H+
2 + Ar2+. This problem does

not arise for the fast beam as its position is directly visible on the MCP detector. The resulting
cross sections are shown in figure 2.

We also calculated cross sections for electron capture in the systems H+
2 +He2+ and H+

2 +Ar2+

following a model for electron transfer in ion–molecule collisions proposed by Shingal and
Lin [17]. Within this model, the molecular target initial state wavefunction is obtained through
a linear combination of atomic orbitals (LCAO)

�i = 1√
2
{u1s(�rA) + u1s(�rB)} (4)

where u1s(�r) are hydrogenic wavefunctions on each centre. The electron capture amplitude,
af i, can then be decomposed into two coherent contributions from each target centre

af i = 1√
2

{
A(�bA) + A(�bB) exp

[
−ıρ cos(θ)

(
vrel

2
− εf − εi

vrel

)]}
(5)

where ρ is the internuclear separation, θ is the alignment angle of the molecular axis with
respect to the projectile beam direction, vrel is the relative velocity between target and projectile,
and εi,f are the initial and final state energies. A(�b) is the atomic scattering amplitude with
impact parameters �b. The impact parameters �bA and �bB are measured relative to the two atomic
centres in the molecular calculation. The LCAO wavefunction (equation (4)) with atomic
hydrogen wavefunctions does not reproduce the H+

2 ground-state potential very well for small
internuclear separations. In particular the united atom limit, He+, is not represented correctly.
As a remedy to that, one can use hydrogenic wavefunctions, allowing the effective charge to
vary with ρ [18]. The effective charge is then determined by applying the variational principle
to the ground-state energy at each ρ . At the equilibrium separation, ρ0 = 2 au, the resulting
effective charge is qeff = 1.25, which is what we used to model the H+

2 target. The electronic
ground-state energy is −1.1 au, which is the amount of energy needed to ionize H+

2 → H+ +
H+ + e− with the protons frozen at a separation of ρ = 2 au. The atomic scattering amplitudes
A(�b) were obtained through a close coupling calculation with atomic basis functions [19].
For both reactions (1) and (2), we used a hydrogenic atomic target with qeff = 1.25, in its 1s
ground state. In reaction (1), the He2+ projectile was described by a Coulomb potential with
charge Z = 2. States up to n = 3 were included. The calculation shows that the electron
is predominantly captured into He+ (n = 2). In reaction (2), a model potential was used to
describe the Ar2+ projectile [3] and only capture into Ar+(3p) was assumed. These atomic-
capture amplitudes were then added coherently, according to equation (5), for two scattering
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Figure 2. Absolute cross sections for the charge transfer reaction H+
2 + He2+ → H+ + H+ + He+

(full squares) and H+
2 + Ar2+ → H+ + H+ + Ar+ (full circles) versus relative collision velocity vrel.

The symbols show the experimental data with the error bars indicating the statistical error only.
The full curves give the result of the theoretical calculations.

centres at a distance of ρ = 2 au. To compare with the experimental data, the resulting cross
sections were averaged over all molecular orientations.

Figure 2 shows the measured and the theoretical cross sections for the collision system
H+

2 + He2+ as a function of the relative velocity. The error bars represent the statistical error
only. The systematic uncertainty includes the uncertainty in the scaling factor (12%), the
uncertainty in the kinematic factor v1v2 sin β/vrel (8%) and in the MCP efficiency of about
15%. The systematic uncertainties of the form factor and beam current measurements can be
neglected. The resulting overall uncertainty in absolute scale is 21%.

The cross section shows a distinct maximum around vrel = 1 au and drops significantly
towards higher and lower velocities. The velocity range accessible to the experiment is limited
at the lower end by the energy released in the Coulomb breakup of the molecule. For the
point with the lowest relative velocity shown, the fragments almost fill the complete detector
area. The dependence of the cross section on vrel as well as the absolute value is very well
reproduced by the theory.

Also shown in figure 2 are the measured and theoretical cross sections for the collision
system H+

2 + Ar2+. Again only the statistical errors are shown. In contrast to the H+
2 + He2+

system, no maximum can be seen in the experimental data. As for the collision with He2+

the theory agrees very well with the experiment. The difference in dependence on vrel can be
readily explained by the different Q values. In both cases, the H+

2 ionization potential Eion

is 29.9 eV (see above). In reaction (1), the main capture channel is He+ (n = 2) with an
ionization potential of 13.6 eV, resulting in a rather large Q value of −16.3 eV. In reaction
(2), with the Ar+(3p) ionization potential of 27.6 eV, the Q value is only −2.3 eV. The latter
system is thus closer to a resonant charge transfer. This results in a shift of the maximum of
the cross section towards smaller relative velocities.
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To conclude, we have presented absolute cross sections for charge transfer in collisions of
H+

2 molecules with He2+ and Ar2+ ions. The experimental data can be described very well
theoretically by using a coherent superposition of two single-electron-capture amplitudes in
ion–atom collisions. The theoretical calculations can also predict differential cross sections
with respect to the alignment of the molecular ion. Future measurements of such differential
cross sections will provide a much more stringent test for theory.
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