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Using a merged-beams technique, absolute total electron-capture cross sections have been measured in the
thermal energy regime for collisions of Si41 ions with neutral D atoms. State-of-the-art molecular-orbital
coupled-channel calculations for the Si411H~D! systems are compared to the measurements on an absolute
scale. Both the existence of a surprisingly large kinematic isotope effect and an observed sharp low-energy
increase of the cross section are attributed to trajectory effects due to an attractive ion-induced dipole.
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Current studies of electron-capture processes are moti-
vated by the fact that they constitute reaction channels of
fundamental importance in plasma environments, such as in
fusion devices and stellar plasmas. Until recently, most ex-
perimental investigations of electron-capture processes by
ions have been made at collision energies above 0.1 eV/amu
~see, for example,@1–3#!. At very low ~thermal or near-
thermal! energies there have been measurements of charge-
transfer rate constants on a variety of systems~e.g.,@4#!, but,
to our knowledge, there have been no direct measurements
of electron-capture cross sections involving H or D, and
hence, no direct tests of our understanding. Physical intuition
for these processes tends to come from relatively simple
models@5–7#, which include predictions of a kinematic iso-
tope effect where the cross section depends on the mass of
the isotope used and a sharp increase of the cross section as
the collision energy is decreased. However, the predicted
scaling of these effects on the cross section is inconsistent
between models. More involved fully quantal calculations
predict that at thermal energies shape resonances may con-
tribute to an enhancement of the cross section@8#.

All of the phenomena just mentioned are related to the
fact that, during the collision, the ion induces an attractive
dipole in the neutral atom. The ion-induced dipole potential
is given by

V~R!52
aq2

2R4 ~a.u.!, ~1!

whereR is the internuclear distance,a is the polarizability of
the neutral atom (a54.5 a.u. for both H and D!, andq is the
charge of the ion. At low collision energies, the force due to
potential ~1!, and the resulting acceleration of the particles
towards each other, will significantly modify their trajecto-
ries. This results in the incident trajectories accessing smaller
internuclear distances than the initial impact parameter.

When the collision energy is low enough, trajectory ef-
fects dominate the electron-capture process. This is the basis
of the Langevin model@5#. According to this simple model,
there exists a critical impact parameterbc , such that for
b,bc the trajectories follow collapsing orbits during which

electron capture can occur. The Langevin model predicts that
the cross section scales ass}q/vAa/m @5#, wherev is the
collision velocity andm is the reduced mass. At low ener-
gies, then, the cross section is predicted to depend inversely
on the collision velocity. In addition, the model shows that
trajectory effects are stronger for collision systems with
smaller reduced masses. This kinematic isotope effect leads
to a larger electron-capture cross section when a lighter iso-
tope is involved. The ratio of the cross sections for collision
systems with different isotopes is predicted by the Langevin
model to be inversely proportional to the square root of the
ratio of the reduced masses.

This simple Langevin model is not expected to be appro-
priate since it does not fully address the collision physics at
low energies@9#. Indeed, for symmetric collision systems
where there are no crossings between initial and final states
@like H11H~D!#, the Langevin model predicts a strong iso-
tope effect, although no such effect exists@7,10,11#. While
the Langevin model does treat trajectory effects~which leads
to the 1/v dependence in the cross section!, it assumes that
capture will occur with a probability of unity sometime dur-
ing the collapsing orbit. However, consider for example a
two-state asymmetric system with one entrance and exit
channel, where the capture process takes place at a specific
crossing radius,Rx . The quantum-mechanical probability for
capture then depends on, among other parameters, the radial
velocity. At low enough energies and forRx,bc /A2 ~col-
lapsing orbit condition@5#!, this radial velocity is determined
by the ion-induced dipole attraction. For that reason the mass
dependence of the isotope effect is more complicated than
that given by the Langevin model.

A model that takes into account the couplings at potential-
energy curve crossings that can result in transitions is the
Landau-Zener-Stueckelberg model. While not providing ac-
curate absolute cross sections, it can account for the classical
trajectories of the heavy particles as modified by the ion-
induced dipole potential@12,13#. Recently, this model was
used to estimate the magnitude of the kinematic isotope ef-
fect in low-energy electron capture with a variety of multi-
charged ions@7#. These results indicate that at 0.1 eV/amu
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the estimated cross section enhancement for collisions per-
formed with H instead of D varies widely. Although the
validity of this formalism at lower energies is not discussed
@7#, the results suggest an isotope effect that scales as one
over the ratio of reduced masses, differing from the Langevin
prediction.

Fully quantal calculations are considered most accurate,
and allow a detailed comparison with experiment on an ab-
solute scale. Very recently, quantal calculations have been
reported and compared to available experimental data for the
N411H~D! @7,14# and the C311H~D! @2,15# systems, but,
even at the lowest measured collision energies for these two
systems, the isotope effect was still too small~compared to
the error bars! to be conclusively identified. We give here
experimental support for the actual existence of strong tra-
jectory and kinematic isotope effects in electron-capture pro-
cesses at near-thermal collision energies.

Measurements of the electron-capture cross section of the
Si411D system were performed using the Oak Ridge Na-
tional Laboratory~ORNL! ion-atom merged-beams appara-
tus, which has been comprehensively described previously
@12#. This apparatus is depicted schematically in Fig. 1. By
merging two fast beams of neutral atoms and multiply
charged ions, a large dynamic range of collision energies
becomes available, allowing access to low collision energies
where methods using static targets cannot be used. In the
present investigation a variable-energy Si41 beam was
merged with a 7-keV D beam, and total electron-capture
cross sections were measured in the energy range of 0.02–
500 eV/amu. The center-of-mass collision energy follows
from

Ec.m.5FE1

m1
1
E2

m2
G22AE1E2

m1m2
cos~u!, ~2!

whereE1 andm1 refer to the energy~eV! and the mass~a.u.!
of the neutral beam, andE2 andm2 to those of the ion beam.
Included inE1 and E2 are the estimated plasma potential
shifts of the duoplasmatron source~10 V! and the electron
cyclotron resonance source~20 V per charge!. In practice,
the merge angleu is very small, but it is of importance at
thermal collision energies, where it limits the lowest center-
of-mass energy that can be achieved.

The Si41 beam is produced by the ORNL 2vc CAPRICE
electron cyclotron resonance~ECR! ion source. It has an
intensity of 1–3mA, a diameter of 2–4 mm~full width at
half maximum!, and a divergence less than 0.25o, which is a
significant improvement compared to previous experiments
@2,12,14#. A fast neutral D atom beam is obtained by photo-
detachment of a 7-keV D2 beam extracted from a duoplas-
matron source using a 1.06-mm cw neodymium-doped yt-
trium aluminum garnet~Nd:YAG! laser. The D beam is
nearly parallel~the divergence is less than 0.15o), has a di-
ameter of about 2 mm, and an intensity of 10–20 nA.

The Si41 beam is merged electrostatically with the neu-
tral D beam. Both beams interact along a field-free region of
47 cm ~see Fig. 1!, after which the primary beams and the
product D1 ions are separated magnetically. The neutral
beam is monitored by measuring secondary emission from a
stainless steel plate, and the intensity of the Si41 beam is
measured using a Faraday cup. The product signal D1 ions
are detected by a channel electron multiplier. The absolute
electron capture cross section is obtained from directly mea-
surable parameters@12#:

s5
Sqe2gvDvSi41

IDISi41«^F&Lv
, ~3!

whereS is the signal count rate,e is the electronic charge,
g is the secondary electron emission coefficient of the neu-
tral beam detector,vD and vSi41 are the velocities of the
beams,ID and ISi41 are the electrical beam intensities,« is
the efficiency for detecting D1, ^F& is the average beam
overlap integral,L is the length of the merge path, andv is
the relative velocity. The numerical value forg was deter-
minedin situ to be 1.06460.023. The horizontal and vertical
measurements of the beam overlaps~see Ref.@12# for de-
tails! were used to obtain the merge angles. Merge angles as
small as 0.1o were achieved.

Both the neutral and the ion beam contain unwanted con-
stituents that contribute to the above signal. Specifically, this
concerns D atoms in Rydberg states, resulting from stripping
of D2 ions with background gas, a N21 contamination of
the Si41 beam, and Si41 metastables. As shown in Fig. 1, an
electric-field ionizer~30 kV/cm! was used to quench excited
D atoms whose electrons are in high-n shells ~typically
n.12), thereby reducing the correction@14# to the cross
section to less than 10%. The percentage of N21 ions in the
Si41 beam was determined by measuring the intensities of
the N21 isotopes and was found to be 4–7 %. Using pub-
lished electron-capture cross sections for the N211H system
@16#, the estimated correction to the experimental cross sec-
tions was only 2–4 %. No correction could be made for the
Si41 metastables. However, the metastable fraction was re-
ported to be as low as 5%@17#.

In Fig. 2 the measured electron-capture cross section of
the Si411D system is shown as a function of collision en-
ergy. The error bars on the experimental data indicate the
statistical error at a 90% confidence level. At 2.9 eV/amu the
total uncertainty is shown, which is a quadrature sum of the
statistical error and the systematic error~12%, see Ref.@2#!.
For several low-collision-energy data points the uncertainty
in the collision energy is also indicated. This uncertainty is
estimated using Eq.~2! and the finite divergence of the

FIG. 1. A simplified schematic drawing of the ion-atom merged-
beams setup.
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beams, the energy spread of the multicharged Si41 beam due
to the plasma of the ECR source~6.5 eV per charge as men-
tioned in Ref.@18#!, the rms fluctuation of the ECR source
high-voltage supply~6.5 V!, and the energy spread of the
neutral D beam due to the duoplasmatron~6 eV according to
Ref. @19#!.

Also shown in Fig. 2 are the results of theoretical calcu-
lations of the electron-capture cross sections of the
Si411D and Si411H systems. Full details of the theoretical
methods and the results for the Si411H system for collision
energies above 1 eV/amu were previously published@20#.
Only the essential features of the method will be recalled
here. A model potential is used to represent the Si41 core,
and the effective one-electron two-center Hamiltonian of the
SiH41 molecular ion is diagonalized in a basis set of Slater-
type orbitals to generate electronic adiabatic energies, wave
functions, and non-adiabatic matrix elements of the system.
The Si41 ion core model potential is defined by a set of
parameters optimized to reproduce the Si31 energy levels
with a precision better than 0.01%. Translation effects are
taken account of by the introduction of appropriate reaction
coordinates@21,22#. The coupled equations for the nuclear
motion are then solved in a fully quantal formulation. Prior
to integration, the adiabatic states are transformed to a diaba-
tic representation@23#.

When the experimental results for Si411D are compared
with electron-capture cross-section calculations for the same
system, excellent agreement is found, as Fig. 2 demonstrates.
Up to now, measurements of electron-capture cross sections
reported in the literature have not been able to observe iso-
tope effects for collision systems involving H and D atoms at
the lowest collision energies that were experimentally
achievable~0.1 eV/amu! @2,12,13#. However, as can be seen
from Fig. 2, after extending the calculations for Si411H to
energies far below 1 eV/amu, a dramatic difference of almost
a factor of 2 is found. It should be pointed out that measure-
ments below 1 eV/amu with H rather than D atoms could not
be performed because of the limited dynamic range of the
ECR source. Still, we want to emphasize that the comparison

between absolute experimental cross sections and absolute
calculated cross sections, as shown in Fig. 2, provides good
evidence for the existence of a kinematic isotope effect in the
electron-capture process of slowly colliding multicharged
ions and neutral atoms.

Note from Fig. 2 that at low collision energies capture
into the Si31(4s) state ~via radial coupling, and with an
exoergicity ofQ57.3 eV @20#! is the only open channel,
while at the higher energies the main channel is capture into
the Si31(3d) state ~via rotational coupling, and with
Q511.9 eV @20#!. The isotope effect applies therefore to
electron capture into one particular state@namely
Si31(4s)#.

Although the agreement between theory and experiment
is very good, it might seem from Fig. 2 that between 0.1 and
1 eV/amu some data points are slightly lower compared to
theory. In this energy region the angular acceptance of the
apparatus for the product D1 ions should be sufficient, even
though significant angular scattering of the D1 ions might
occur in the center-of-mass frame@24#. For the estimated
angular acceptance of 2.3o in the laboratory frame, calcula-
tions for O511D indicate that all signals will be collected
for collision energies below 1 eV/amu, even if maximum~90
o) scattering would occur in the center-of-mass frame@6#.
Measurements at low energies with the current apparatus for
this system, which does exhibit relatively large angular scat-
tering @25#, have shown good agreement with theory@6#.
Most likely, any small differences between theory and ex-
periment can be attributed to the Si41 metastable fraction.
Still, since theory and experiment are completely consistent
with each other within their uncertainties, it is concluded that
the effect of these metastables on the present results is ac-
ceptably small.

In order to analyze the behavior of the electron-capture
cross section at low collision energies in more detail, in Fig.
3 the cross section times the collision velocity is plotted. A
1/v velocity dependence~the Langevin limit! is reached once
this quantity becomes constant. Indeed, one observes that
below a collision energy of 0.1 eV/amu the experimental
results show a flat region, and that, within error bars, this

FIG. 2. A comparison of the dependence on the collision energy
of the experimental and the theoretical total electron-capture cross
sections of the Si411D system. Also included are theoretical cal-
culations for Si411H. See text for details.

FIG. 3. The same data as in Fig. 2, but now showing the total
electron-capture cross section times the collision velocity as a func-
tion of collision energy.
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behavior is fully consistent with our theoretical calculations
for Si411D. Calculations for Si411H are also shown. The
cross section for H compared to D is shown to be a factor of
1.9 larger, in contradiction to the Langevin model, which
predicts a factor of only 1.4. This failure of the Langevin
model to predict the magnitude of the isotope effect is due to
the fact that it does not take into account the quantum-
mechanical transition probability for capture, and that this
probability is different for collisions involving H and D.

The Langevin model, though, does correctly predict the
1/v velocity dependence, even though it fails to include the
transition probability. Physical intuition provided by the
Langevin model tells us that a 1/v increase in the cross sec-
tion occurs when the ion-induced dipole attraction dominates
the incident trajectories. At these energies the transition
probability is independent of the incident velocity, which
means that the radial velocity at the time of transition is
determined by the attractive force of the dipole. This radial
velocity is dependent on the mass, which leads, as discussed
above, to the failure of the Langevin model to predict the
correct isotope effect.

In conclusion, electron-capture cross sections of a multi-
ply charged ion interacting with a deuterium atom have been

measured down to thermal collision energies, using a state-
of-the-art merged-beams technique. These measured cross
sections have been compared with the results of our theoreti-
cal calculations on an absolute scale. Below a collision en-
ergy of 1 eV/amu this comparison provides evidence for a
strong kinematic isotope effect, and for a 1/v behavior of the
electron-capture cross section at very low collision energies.
Both of these effects are due to trajectory effects caused by
the ion-induced dipole interaction. The calculated low-
energy limit for the reaction rates for the different isotopes
was not as predicted by the simple Langevin model. The
isotope effect is more complicated due to the fact that
quantum-mechanical couplings exist between initial and final
states.
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