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Limit of the vibrational sudden approximation for H ¿¿H2 collisions
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Vibronic close-coupling calculations of charge transfer and H2 vibrational excitation total cross sections in
H11H2(1Sg

1 ,n50) collisions are presented and compared with experimental data in the energy range
50 eV,E,2 keV. It is shown that the sudden approximation for vibration is inappropriate for this system at
low velocities, where the dominant mechanism involves transitions between quasidegenerate vibronic levels.
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Ion-diatom collisions have been studied using two diff
ent approaches depending on the energy range of interes
sufficiently high velocities, one can use a similar treatmen
that of ion-atom collisions@1#, which employs rectilinear tra
jectories for the ion-molecule relative motion and some k
of sudden approximation for target rotation and vibrati
~see Refs.@2,3#!. The basis of the former approximation
explained in detail, e.g., in Ref.@4#, and its accuracy ha
been checked for ion-atom collisions@5#: by comparing with
quantal transition probabilities, it was shown that trajecto
effects are in general unimportant for impact velocitiesv
.0.03 a.u. (E.225 eV/amu), and that straight lines ca
be employed at lower velocities when only total cross s
tions are required~see also Ref.@6#!. In addition, highv
calculations are often based on the Franck-Condon~FC! ap-
proximation, whose accuracy has been analyzed in deta
Refs. @7# by comparison with the more general vibration
sudden approach~SEIKON! @8#. In this SEIKON method,
one uses rectilinear trajectories and the rovibrational com
nent of the collision wave function is taken to be identical
the initial one; the electronic part is expanded in terms o
set of wave functions of the triatomic system, leading to
electronic transition amplitudes, which are then employed
evaluate vibrationally resolved orientation averaged tra
tion probabilities and cross sections.

On the other hand, at lowv a different approach is often
employed, based on the so-called infinite order sudden
proximation ~IOSA!; this method~see @9# and references
therein! employs a quantal treatment with both energy a
centrifugal sudden approximations, so that the rotational m
tion of the diatom is frozen and the rotational couplings
eliminated. A semiclassical treatment with the ion-diatom
motion treated classically, and the sudden approximation
the diatomic rotation has been compared with IOSA in Re
@10–12# for H11O2 collisions. The trajectory surface hop
ping method~TSH! @13#, has also been used at lowv, where
the nuclei follow classical trajectories, defined by the pot
tial energy surfaces, and nonadiabatic transitions take p
when a trajectory reaches an avoided intersection region
tween the energy surfaces, with a probability defined by
Landau-Zener@14# model.

*Also at Instituto de Estructura de la Materia CSIC, Serrano
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The present article focuses on the benchmark system
H11H2 collisions to determine the lowv limit of SEIKON
and FC approaches, by carrying out a vibronic clo
coupling calculation based onab initio molecular data. In
doing so, we shall show a change of mechanism asv de-
creases, which explains the success of different approxi
tions in describing these reactions.

Previous work on H11H2 collisions include TSH calcu-
lations of charge transfer cross sections at low veloci
(E<30 eV) @15,16#. Baer et al. @17# have employed the
IOSA method, with diatomic in molecules~DIM ! wave func-
tions @18#, to study charge transfer and H2 vibrational exci-
tation, and have compared their results with experimen
differential cross sections@15#. The electron-nuclear dynam
ics approach has been employed in@19# for E530 eV.
These calculations@15,17,19# and experiments@15# yielded
partial cross sections for population of H2

1 vibrational states
with a remarkable deviation with respect to the FC distrib
tion. Besides, it was suggested@15# that the charge transfe
process takes place through a resonant mechanism. At hi
energies, Kimura@20# carried out an approximate vibroni
close-coupling calculation of total charge transfer cross s
tion; this work employed DIM electronic wave function
and used the FC approximation to evaluate the coupling
trix elements in the vibronic basis. Shingal and Lin@21#
evaluated charge-transfer transition probabilities from
unitarized coherent sum of transition amplitudes for two
dependent H1-H processes, obtained using a two-cen
atomic basis. Elizagaet al. @22# carried out a FC treatment o
charge transfer with a model potential description of the H2
electronic structure, and the independent particle mode
calculate two-electron transition probabilities; this work r
ported results of molecular and one-center atomic~including
pseudostates! calculations. Similar model potential and F
approximations have been employed in classical calculat
@23# of charge transfer and ionization total cross section

A more refined calculation@25# referred to the state-to
state reaction

H11H2~1Sg
1 ,n50!→H~1s!1H2

1~2Sg
1 ,n8! ~1!

and the isotopically modified species D2, DT, T2. This work
used the SEIKON treatment in the energy range 50 eV<E

3

©2001 The American Physical Society01-1



ve

e
l
ot

er
e
n

-

n
l.
fo

-

ex

te
lli
ap
s

th
-

-

r

c

s
th
th
ti

nu

tion
the

nes
ed
t
n

en-
the

ied
pect,
ion
in
u-

tes
s
e
ted

at
lace

N

t
-
er

RAPID COMMUNICATIONS
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<6.25 keV, andab initio techniques@26# to evaluate the
molecular data. The vibronic part of the collisional wa
function was of the form:

C5c~r1 ,r2 ,r,t !x10~r!, ~2!

wherer1 ,r2 are the electronic coordinates,r the H-H inter-
nuclear vector, andx10(r) is the wave function of the H2
vibrational ground state. We found that, at the highest en
gies in this interval (E>2 keV), total and partial vibrationa
cross sections agree with the FC ones. The SEIKON t
charge-transfer cross section agrees with experiment@24#
down to E.200 eV and, at lower energies (50 eV,E
,200 eV), there are significant deviations between exp
ment and theory. To analyze the reason for this disagreem
the first question is which of the two basic approximatio
employed in the SEIKON treatment~the use of linear trajec
tories or of the sudden approach! is too poor. We checked in
Ref. @25# that the former is unlikely by comparing betwee
quantal and semiclassical cross sections at the FC leve
Ref. @25# we also showed that the total cross section
charge transfer from H2 in its first excited vibrational state
(n51) is, at low energies (.50 eV), one order of magni
tude larger than that from the ground state (n50), which led
to a tentative explanation of the disagreement with the
periment in terms of a previous formation of H2 (n51) dur-
ing the collision. Another result of Ref.@25# is the large total
cross section for the H2 vibrational excitation reaction:

H11H2~1Sg
1 ,n50!→H11H2~1Sg

1 ,nÞ0!, ~3!

for which there is no experimental counterpart. As poin
out in @27#, this result suggests the inadequacy of the co
sional wave function employed in the vibrational sudden
proximation @see Eq.~2!#, whose vibrational component i
identical tox10.

In the present work, we have employed, instead of
wave function of Eq.~2!, a close-coupling vibronic expan
sion of the form

C5D~r1 ,r2 ,t !S f1(
n

a1n~ t !x1n expF E
0

t

H1ndt8G
1f2(

n8
a2n8~ t !x2n8 expF E

0

t

H2n8dt8G D , ~4!

whereD(r,t) is a common translation factor@28# of the form
proposed in Ref.@29#; f1,2, the lowest two adiabatic elec
tronic states of H3

1 , andx1n , x2n8 are, respectively, H2 and
H2

1 vibrational functions;Hin are the expectation values fo
the vibronic functionsf ix in , of the Hamiltonian excluding
the kinetic energy term for the ion-diatomic internuclear ve
tor. In practice, we have obtainedf1,2 by employing a full
configuration-interaction procedure with a Gaussian ba
set, whose accuracy was checked by comparing
asymptotic energies with the experimental values, and
ground-state electronic energy with the accurate poten
surface of Ref.@30# ~differences are smaller than 1023 a.u.).
The dynamical coupling matrix elements were calculated
merically as ex-
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plained in Ref.@26#. We have included in expansion~4! 14
vibrational states for each electronic state.

Our total cross sections for charge transfer and excita
are plotted in Fig. 1 and show a good agreement with
experimental values for charge transfer of Ref.@24#, and a
corresponding discrepancy with respect to the SEIKON o
for E,200 eV. A smaller difference between calculat
cross sections is obtained for reaction~3!. These results poin
out to a limitation of the sudden vibrational approximatio
for this system and confirms the accuracy of the experim
tal measurements, without invoking a contamination of
primary beam with H2(n51).

To further analyze the results of Fig. 1, we have stud
the mechanism of the charge transfer process. In this res
in the semiclassical treatment one can follow the populat
of the vibronic states during the trajectory, as illustrated
Fig. 2, where we have plotted the time evolution of the pop
lationsua1,2nu2 ~the ‘‘history’’ of the collision! for a represen-
tative trajectory with impact parameterb52.0 a.u. at two
velocities:v50.05 a.u. (E562.5 eV) andv50.2 a.u. (E
51 keV). The mechanism at lowv @Fig. 2~a!# involves ex-
citation to channelsf1x1n , followed by transitions in the
outgoing part of the collision from these excited sta
~mainly from x14! to f2x20. The populations of state
f2x2n8 (n8.0) are very small and are not included in th
figure. In fact, this mechanism is essentially that sugges
by Niedneret al. @15# to explain the experimental results
E530 eV, where the charge transfer process takes p
through a~quasi!resonant process involving statesf1x14 and
f2x20, which are quasidegenerate forR>6.0 a.u.~see Fig.
3!. It is important to note that the failure of the SEIKO

FIG. 1. Cross sections for H11H2 collisions. Lines, presen
results~VCC, vibronic close-coupling; SEIKON: vibrational sud
den; FC, Franck-Condon!. Solid lines and symbols: charge transf
@Eq. ~1!#; dashed lines: vibrational excitation@Eq. ~3!#. 3, @20#
multiplied by 2 following the author’s suggestion. Experiments:d,
@24#; L, @31#; s, @32#; !, @33#.
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treatment at lowv is a consequence of its inability to de
scribe the above-mentioned resonant mechanism for ch
transfer. More explicitly, in the SEIKON approach the pop
lations of the vibrational levels are obtained by projecting
sudden wave functionc(r1 ,r2 ,r,t)x10(r) of Eq. ~2! onto the
exit channelsf2(r1 ,r2 ,r)x2n , and the relative energies o
the vibronic levels do not play any role in this procedu
Moreover, a modification of the sudden approximation of E
~2!, wherex0 is substituted by a linear combination of H2
vibrational functionsx1n , improves the description of H2
vibrational excitation, but is not able to describe the reson
mechanism of the charge transfer.

A completely different mechanism takes place at high
ergies, as illustrated in Fig. 2~b! for E51 keV, where we
have plotted the sum of populations of the exit channels
reactions~1! and ~3! to simplify the figure. The main differ-
ence with respect to the low-v case is that charge-transfe
states are now populated directly from the entrance chan
with transitions atZ.5.0 a.u. This means that transition

FIG. 2. ~a! Time evolution of the populations of the vibroni
states for a trajectory withb52.0 a.u andv50.05 a.u. (E
562.5 eV).~b! Time evolution of the populations of the vibroni
states for a trajectory withb52.0 a.u andv50.20 a.u. (E
51 keV).
ys

.

01070
ge
-
e

.
.

nt

-

f

el,

occur when the system is well described by the initial st
vibrational wave function, which explains the good agre
ment, at this energy range, between the SEIKON calcula
and experiment.

To sum up, this contribution to the understanding of t
low-v limit of the vibrational sudden approximation has f
cused on the benchmark case of H11H2 collisions, usingab
initio molecular data. For this case, we have found that,
v.0.1 a.u, the sudden vibrational approximation holds; a
for v.0.3 a.u., the FC treatment gives reasonable resu
Furthermore, we have shown that these conclusions
closely related to the collisional mechanism: at lowv, a reso-
nant process is at work through transitions at a crossing
tween a vibronic state of the entrance electronic channel
a transfer state, whereas at higherv, the vibrational distribu-
tion of the capture channels can be obtained through a
den treatment after the capture process. As far as we kn
this is the first explicit study of the low-v limit of the sudden
vibrational approach, which is far simpler than clos
coupling treatments. Accordingly, similar analysis for oth
systems would be useful.

This work has been partially supported by DGICY
projects BFM2000-0025 and FTN2000-0911. I.R. acknow
edges financial support by the Spanish MCyT. We thank
Prosmiti for providing us with the numerical values of th
H3

1 ground potential energy surface.

FIG. 3. Hamiltonian expectation valuesHnn @see Eq.~4!#. Full
lines,H1n ; dashed lines,H2n .
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