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Inelastic processes from vibrationally excited states in slow H¿¿H2 and H¿H2
¿ collisions:

Excitations and charge transfer

Predrag S. Krstic´
Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6372

~Received 5 April 2002; revised manuscript received 18 July 2002; published 24 October 2002!

A comprehensive study is presented of the scattering of protons on H2(n i) and of hydrogen atoms on
H2

1(n i), where n i is any vibrationally excited state of the relevant molecules. Cross sections for charge
transfer and excitation have been calculated in the range of center-of-mass energies 0.6–9.5 eV using a fully
quantal, coupled-channel approach. An extensive vibrational basis set, defined in a large configuration space of
the reactants, is used, including a large number of discretized vibrational continua. A detailed picture is
produced of all inelastic processes that involve two lowest, nonadiabatically coupled electronic surfaces of the
H3

1 molecule. The rotational dynamics of H2 and H2
1 are treated within the sudden approximation. The cross

sections obtained are compared with the sparse data available from literature.
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I. INTRODUCTION

The proton-hydrogen molecule and hydrogen-hydrog
molecular-ion systems~which is referred to simplify as the
H3

1 collision system! are the most fundamental ion-ato
and ion-molecule two-electron collision systems. A typic
collision event evolves through dynamically coupled ele
tronic, vibrational and rotational degrees of freedom. Th
systems have been studied thoroughly only for the proce
from the ground states~electronic, vibrational, rotational! as
motivated by applications, as well as limited by experimen
and theoretical capabilities of the time. The majority of t
theoretical treatments in eV and ten-eV ranges of collis
energies have been carried out for H11H2 within the infinite
order sudden approximation~IOSA! for rotations, implying
that the collision center-of-mass~c.m.! energy, Ec.m. , is well
above the value of a typical quantum of rotational excitat
of the H2 target. Also, these calculations were done within
manifold of bound vibrational states, thus neglecting the p
sible importance of inelastic processes through ‘‘closed’’ d
sociative channels, as well as the dynamic change of
dissociative continuum edge with the position of the proj
tile. Therefore, there is, even with IOSA, a fundamental
terest in obtaining the cross sections for transitions betw
bound vibrational states~charge transfer, excitation! from
both ground and excited vibrational states of the target m
ecule (H2 or H2

1). This interest has been recently elevat
by need for the charge transfer~CT! data from excited state
of H2 to a proton projectile in a relatively cold
(;1 –10 eV) divertor plasma of a fusion tokamak@1–5#.
The cold divertor plasma regions are characterized by h
neutral particle densities, with the presence of both H2 and
H2

1 molecules. The CT process of hydrogen ions with
brationally excited hydrogen molecules plays the domin
role in a chain of reactions that probably give the main c
tribution to the so called molecule assisted recombina
~MAR!. This process results in enhanced volumetric plas
recombination and promotion of the detached plasma
gime. These regimes are necessary for the reduction of
loads on divertor plates, one of the most serious problem
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today’s fusion energy research. An accurate knowledge
the cross sections~and/or of rate coefficients! for charge
transfer for the entire spectrum of vibrationally excited m
ecules is of critical importance for evaluation of the role
MAR effects in a divertor plasma. An interest in CT betwe
H2

1(n) and H has also recently arisen in astrophysics,
studies of evolution of the early universe, as one of the ba
reactions in formation of the first neutral molecules. In t
absence of dust grains, H2 could only be formed through the
gas-phase sequence of radiative processes followed by
CT reaction of H2

1 and H @6#.
The H11H2(n i) charge transfer reaction forn i<3, al-

though endoergic, has a low threshold energy~1.83 eV for
n i50), and is strongly coupled to the mechanism of vib
tional excitation to states that are high enough (n>4) to
overcome the barrier. Thus, this reaction is a second-o
process forn i,4, with an integral cross section that is mo
than ten times lower than the cross section for excitation
the first excited state of H2 for collision energies less tha
200 eV @7#. On the other hand, charge transfer proces
from higher excited states of H2 are exoergic, often reflecting
resonant features, with a significant role of nuclear parti
exchange at eV energies, and may dominate inelastic tra
tions. Thus, the previously studied CT processes from lo
n i constitute a separate group of processes~evolving through
different physical mechanisms! from those forn i>4. Con-
cerning the differential cross sections, in order for the el
tron to make a transition to the excited surface (H1H2

1) the
H2 bond must stretch while the projectile is still clos
enough to the H2 molecule. This indicates that CT process
inherently lead to large angle scattering. Similarly, collisio
that involve nuclear rearrangements will almost always re
in scattering to large angles. On the other hand the cha
transfer process from H to H2

1 is exoergic, i.e., there is no
low-energy threshold, even from the groundn i50 state of
the target molecule.

The purpose of the present article is to calculate on
‘‘same footing,’’ the cross sections for all inelastic process
in scattering of protons on H2(n i>0 –14), as well as of scat
tering of hydrogen atoms on H2

1(n i>0 –18). Specifically,
©2002 The American Physical Society17-1
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PREDRAG S. KRSTIC´ PHYSICAL REVIEW A 66, 042717 ~2002!
studied collisions are of the type

H11H2~n i !→H1H2
1~n f !, ~1!

H1H2
1~n i !→H11H2~n f !, ~2!

H11H2~n i !→H11H2~n f !, ~3!

H1H2
1~n i !→H1H2

1~n f !. ~4!

The text is organized in the following manner. Previo
approaches to the problems~1!–~4! are reviewed in Sec. II
while details of the theory used are presented in Sec.
Numerical procedures utilized are illustrated in Sec.
while results for charge transfer and excitation proces
Eqs.~1!–~4!, are presented in Sec. V. In particular, the in
gral cross sections are shown and compared for the in
and final state resolved transitions in reacting H11H2 and
H1H2

1 systems. Conclusions are given in Sec. VI.
Atomic units are used throughout the text, unless oth

wise explicitly stated.

II. PREVIOUS WORK

The comprehensive set of data for charge transfer for
collision system H11H2(n) @8# in the energy range from
threshold to several tens eV’s, was recently calculated u
the trajectory surface hopping~TSH! @9# method. The dy-
namics of the collision system~rotation, vibration, and mo-
tion of the projectile! were treated classically, while quantu
transitions in isolated nonadiabatic regions are included
the two-state Landau-Zener model. Although the method
corporates rotational degrees of freedom into collision
namics, thus going beyond the IOSA with respect to
atomic rotations, it has significant drawbacks: Besides
possible problems of a classical model for collision energ
in the eV range and for treatment of lower vibrational a
rotational states, the two-state nature of the transitions in
TSH may be oversimplifying the nature of electronic tran
tions in the system. A number of quantal cross-section
culations are also available for the H11H2 collision system,
but only for processes from the ground vibrational state@10–
18#. A detailed quantal study of elastic scattering of proto
on H2 in lower excited vibrational states, as well as vibr
tional excitation processes among these states, negle
CT, have been reported recently@19–21#. Although the cal-
culation of Top and Baer@22–24# for H11H2 in a collinear
configuration was undertaken to include all inelastic vib
tional processes in a narrow range of collision energ
above the threshold for charge transfer, no results for c
sections could be reported. In fact, none of the studies m
tioned have treated the H3

1 collision system in a comprehen
sive and consistent manner, including all relevant inela
processes with initially excited target molecules.

Approximations that can make a computation tracta
depend on the properties of the collisional system, as we
on the process being considered and on the collision en
range. For example, in the range above a few hundred eV
projectile is so fast that both the internuclear diatomic co
dinate and its direction in space may be considered as fro
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during the collision. This significantly simplifies treatment
the collision dynamics of the electronic transitions, resulti
in methods similar to those employed to treat ion-atom
atom-atom collisions. In contrast, consideration of the co
sion energies below 100 eV, down to about 1 eV, requi
simultaneous coupling of the electronic and vibrational m
tions. In particular, the excitation energy of the first vibr
tional state of H2 is ;0.5 eV corresponding to a characte
istic vibration time exceeding 50 a.u., which is compara
to the collision time~of the order of@m/2E#1/2) for energies
<100 eV. The collision time is still short compared to th
time scale of molecular rotations~excitation energy
,0.01 eV, i.e., the characteristic times.1000 a.u.), thus
enabling one to consider the direction of the diatomic int
nuclear axis as fixed. The consequence is that the angleg,

defined as the angle betweenRW ~defined from the center o
mass of the molecule to the projectile nucleus! and diatomic

internuclear axisrW , stays constant during a collision, i.e
enters the theory as a parameter. In effect, the equation
motion are completely decupled as far as the angular v
ables are concerned. Conditions necessary for applicatio
IOSA and interpretations of its parameters are widely d
cussed in the literature@25–34#, within so-called energy sud
den and centrifugal sudden approximations. It is gener
accepted that IOSA is valid when the collision times a
short on the scale of rotational periods of the molecule, s
that ion-molecule orientation stays nearly fixed during t
interaction time of the collision. It works the best for sma
values of the projectile orbital momentum and if the mo
ecule is in low rotational state@15,26#.

In addition, the high degree of symmetry in the H3
1 sys-

tem, studied here, results in potential surfaces that are to
high degree isotropic~independent ofg) @11#. Since, in the
limit of an isotropic potential both orbital and molecule a
gular momenta become decupled, the IOSA is expecte
work well from a fraction of an eV collision energy an
above. Still, to include the effects of anisotropy of the ele
tronic potential with respect tog, especially at small inter-
nuclear distances, one needs to calculate the observable
different values ofg and then average over them. It is co
sistent with IOSA to neglect electronic-nuclear rotation
coupling @34#.

Due to the simplicity of the hydrogen atom the proces
listed, Eqs.~1!–~4!, are among the simplest of all ion- o
atom-molecule collisions. The reduction of the problem
the coupling of only electronic and vibrational states simp
fies the three-atomic collision problem enormously. Still,
comprehensiveab initio numerical treatment of the problem
even within IOSA, is a formidable, difficult computationa
task, especially when accounting for the presence of re
tions with interchange of nuclear particles. In principle, th
requires simultaneous treatment of several configura
spaces with different nuclear arrangements, which caus
multiple increase in the dimensionality of the problem. Va
ous approximations have been proposed to overcome
problem, the most often used is reactive IOSA~RIOSA!
@31–33,35–37#, where coupling between various nuclear a
7-2
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INELASTIC PROCESSES FROM VIBRATIONALLY . . . PHYSICAL REVIEW A66, 042717 ~2002!
rangements is done after performing calculations in e
configuration space independently. The boundary conditi
for the problem are propagated into different arrangeme
by matching the wave functions along the assumed bor
between nuclear configurations. Due to the complicated
ometry of matching in the (R,r) coordinates, the calcula
tions in RIOSA are often carried out in planar hyperspheri
~PHS! coordinates (q,u), R5q cosu, r5q sinu, as well as
with simplifying assumptions on the position of matchin
line, and on relations between theg ’s and angular momenta
, in the two spaces@31,38#. To check the quality of RIOSA
within a large basis and two-electronic surface system,
extensive series of quantum-mechanical calculations h
been recently performed for charge transfer processe
slow collisions of protons with vibrationally excited hydro
gen molecules@39#. To include the nuclear rearrangeme
contribution to the charge transfer process calculations w
performed in the PHS coordinates, expanding over large
sis sets of vibrational states of both H2 and H2

1 , including
discretized dissociative continua. This expansion is not u
form in the diatomic vibrational coordinater due to its rela-
tion with the hyperradial coordinateq and hyperangleu, r
5q sinu. This produces nonuniform dissociative continu
which are essential in treating the nuclear rearrangement
cess. In addition, the Hamiltonian of the problem was mo
fied, following the RIOSA prescription, to include bindin
potentials of the two nuclear configurations for differe
ranges ofu, as well as using simplifying assumptions forg
and, relations across the borders@38#. The modified Hamil-
tonian may have over amplified the promotion dynamics
gÞ0, associated with the saddle in the potential between
two configurations, and thus artificially increased the exc
tion and dissociation cross sections, suppressing the ch
transfer. Finally, the physical boundary conditions for t
projectile must be defined along the reactive coordinatR
even when using the hyperspherical coordinates. In the l
R→` ~i.e.,q→`), the range ofu, which corresponds to the
bound vibrational states is small, and thus the asymptotic
q andR lead to the same results uniformly. In practical c
culations (q`527 a.u. in Ref.@39#!, the curvature of sinu
may significantly influence the results for highly excited in
tial and/or final vibrational states. Thus, the simplifyin
RIOSA prescriptions are not fruitful in a large scale calcu
tions.

Some of the previous calculations for H11H2 collisions
used the ‘‘time dependent’’ or ‘‘impact parameter’’ forma
ism that assumes a classical, often straight line, motion of
projectile @16#. While the straight-line trajectory metho
could be an acceptable approximation for small scatte
angles, it poorly describes the scattering at larger ang
Since the scattering angles following vibrational excitatio
charge transfer, and nuclear particle exchange for proton
pact are shifted significantly toward larger values, a fu
quantal approach was chosen here for both the projectile
diatomic vibrational motion in the presence of charge tra
fer. As in previous work@19,39#, the approach of Baer an
co-workers@10,11,23,31# is followed with respect to inter-
pretation of IOSA equations and details of transformat
from adiabatic to diabatic electronic basis.
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III. PRESENT THEORETICAL APPROACH

The problems, originating from RIOSA assumptions
well as from nonuniformity of boundary conditions in PH
coordinates could be partially overcome, at least for a sys
with a high degree of nuclear symmetry~like H3

1), by per-
forming the calculation in as large as numerically feasi
configuration space of single-nuclear arrangement. Nam
it can be shown that if calculation is done in one nucle
arrangement space exactly it yields the exact transition p
abilities, including nuclear arrangements@40#. This is the ap-
proach adopted in the present work. Solving for the Sch¨-
dinger equation in the large (Rmax540 a.u.,rmax540 a.u.)
configuration space of initial reactants using very large
pansion bases, the transition amplitudes were obtained
charge transfer and excitation, that included also relev
~though inseparable! contributions of nuclear or atomic par
ticle exchange. The drawback of such an approach, ins
rability of the nuclear exchange and direct channels, is
essential in applications that involve three equivalent nuc
particles, as is the case here.

In this work the IOSA has been used over the whole
ergy range considered~0.6–9.5 eV!. In principle, caution is
needed for a light ion-molecule system since the sudden
proximation is expected to be valid for such a system ab
a collision energy of about 3 eV@15#, while for lower ener-
gies its validity remains undetermined due to the lack
more elaborate calculations or measurements with which
compare and test it. Nevertheless, since typical rotational
ergies for H2 are of the order of 0.01 eV or less, the classic
argument of freezing molecular rotations for the duration
the collision forE.0.1 eV indicates that acceptable resu
may be obtained as long as vibrationally resolved cross
tions are calculated. As discussed in Sec. II, the approxim
isotropy of the H3

1 potential surfaces supports this concl
sion.

Thus, when the rotational motion of the moleculeBC is
adiabatic with respect to the relative translational motion
the BC and a colliding particleA, the projectile effectively
interacts with a molecule that has no rotational angular m
mentum. Having in mind that the system evolves under
IOSA constraintg5/(RW ,rW )5const, essential for decou
pling of all angular momenta of the system, one can exp
the wave function in a truncated basis of dimensionN of
electronic functionsFn

p($rW i%;R,r,g), n51,2, . . .N, where

$rW i% is the set of electronic coordinates forNe electrons. Ex-
panding the resulting nuclear functions in partial wav
cn(R,r;g,,) of the angular momentum, of the projectile
motion yields two-dimensional Schro¨dinger equation for
nuclear motion in the form of a system ofN-coupled partial
differential equations of the second order for~uncoupled!
partial waves, which can be written in the matrix form and
the mass-scaled coordinates as@39,34,31#

@Wp~R,r,g!1~TN
, 2E!I #C~R,r;g,, !50, ~5!

whereC is the state vector with componentscn(R,r;g,,),
n51,2, . . . ,N, I is the unit matrix, and the kinetic-energ
operator takes a simple form
7-3
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TN
, 52

1

2m F ]2

]R2
1

]2

]r2
2

,~,11!

R2 G . ~6!

In case of different nuclear arrangements are conside
it is convenient to use the mass-scaled coordinates@41# (R,
r) obtained from no-scaled coordinates (R8, r8) by the
transformationR5aR8, r5a21r8, wherea5(M /m)1/4, m
5mBmC /(mB1mC) is the reduced mass of the molecu
BC, and M5mA(mB1mC)/(mA1mB1mc) is the reduced
mass of theA1BC system. The Hamiltonian is then invar
ant to cyclic permutations of the subscriptsA, B, andC ~con-
tained inM and m definitions! through all three configura
tions k51,2,3 of theABC system@38,31#. Both M and m
that would otherwise appear in Eq.~6! are replaced bym
5(mAmBmC)/(mA1mB1mC)1/2, independently of the
nuclear configuration, which yields an orthogonal transf
mation matrix from one arrangement to the other. In case
the H3

1 system, this feature is not essential, and althoug
is used here for the generality, the configuration index
omitted in the following.

The potential matrixWp(R,r,g) depends on a choicep of
electronic basis. Thus, for an adiabatic electronic ba
Fn

a($rW i%;R,r,g), with

HelFn
a~$rW i%;R,r,g!5En

a~R,r,g!Fn
a~$rW i%;R,r,g!, ~7!

where

Hel52
1

2 (
i 51

Ne

¹ rW i

2
1V~$rW i%,R,r,g!, ~8!

it takes the form Wi j
a (R,r,g)5Hi j 1Ei

ad i j 5Hi j
r 1Hi j

R

1Ei
ad i j , where

Hi j
x 52

1

2m H (
Ni

K F iU ]2

]x2UF j L
22(

Ni
K F iU ]

]xUF j L ]

]xJ , x5r,R. ~9!

The adiabatic electronic basis functions properly desc
all distortions experienced by the electronic cloud of a po
atomic system when its geometry is changed very slow
Generally, the main flaws in this description appear in
calculation and from actual use of matrix elementsHi j that
arise in the coupled equations. These are particularly po
behaved near so-called avoided crossing seams and co
intersections of the adiabatic potential-energy surfaces w
electronic transitions are most likely to occur. This is t
case of the ground and first excited electronic surfaces of
H3

1 system, with a seam at nearly fixedrs for a wide inter-
val of R. Thus,Wi j

a becomes almost ad(r2rs) function at
the seam of H3

1 , causing numerical breakdown in the ca
culation, which will be discussed in more detail in Sec. IV

This difficulty is resolved@31# by transforming to a diaba
tic basis, here defined by the requirementHi j

r 1Hi j
R50,

which yields
04271
d,

-
of
it
s

is

e
-
y.
e

ly
ical
re

e

Wd~E,r;g!5ATEaA, ~10!

whereA(R,r;g) is the transformation matrix, elaborated
detail by Baer and collaborators@23,31,11#, and Ea is the
diagonal matrix of adiabatic energies defined in Eq.~7!. Ma-
trix A satisfies the system of partial differential equatio
]A/]x1UA50, where x5R,r, and Ui j 5^F i u]/]xuF j&.
The method of solution was studied in detail for a gene
case ofN electronic surfaces@23#. Obviously,Wd is a func-
tion of integrals of the nonadiabatic matrix elements ov
both R andr, which smooth out any numerically ‘‘violent’’
behavior.

As discussed in Sec. II, the exact Schro¨dinger equation is
invariant to the configuration transformation, and it is irre
evant in which configuration the exact solution is obtain
@40# if proper care is taken on boundary conditions. T
relevant information which would define the process is co
tained in the boundary conditions, characteristic of each c
figuration. The most natural choice for proper definition
the boundary conditions is the initial nuclear arrangemen
the reactants, assuming that the configuration space, de
by a two-dimensional box in (R,r) plane, is big enough to
include other nuclear arrangements of interest.

IV. CALCULATION DETAIL

Significant attention has been paid to obtain reliable el
tronic adiabatic potential surfaces in the large configurat
space of (R,r,g) coordinates. These were constructed, sim
larly as in Ref.@39#, using the diatom-in-molecule~DIM !
method @42# to calculate both the lowest adiabatic ener
surfaces of H3

1 and the relevant nonadiabatic electronic m
trix elements~of ]/]R and]/]r) needed for transformation
into the diabatic electronic basis. Although the DIM meth
might lead to exact potential-energy surfaces~PES! in the
limit of a complete basis of excited fragments, the calcu
tion of the H3

1 DIM surfaces with truncation suggested b
Ellison @42# and Preston and Tully@43# is found to be a
reasonable accurate, leading to acceptable agreement
the experiment@43,17,11#. This version of the DIM method
enables as efficient calculation of the nonadiabatic ma
elements of coupling between various electronic states a
the adiabatic potential-energy surfaces. The matrix elem
of nonadiabatic couplings are normally not available fro
quantum-chemistry calculations.

The suggested truncation involves two lowest gerade
ungerade states, 1ssg and 2psu , of H2

1 , and the ground
state1(g

1 of the H2 molecule, resulting in a diagonalizatio
of a 333 matrix. 1ssg and 2psu curves can be calculate
with arbitrary accuracy owing to the fact that the on
electron-two-center problem is separable in prolate ellip
coordinates. These curves and their first derivatives were
culated as functions of internuclear distanceR with a step of
0.0002 for R<1 and with a step of 0.001 for 1,R
<50 a.u. This enabled a smooth linear fit used for interpo
tion in the DIM diagonalization. Concerning the H2 frag-
ment, the best available ground-state singlet potential cu
has been used, provided by the extensive compilation
Jamieson@44#, slightly modified@45# to remove the discon-
7-4
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INELASTIC PROCESSES FROM VIBRATIONALLY . . . PHYSICAL REVIEW A66, 042717 ~2002!
tinuity present in the derivative of the potential. This co
tained 678 nonequidistant points between 0.2 and 20
cubic-spline-fitted in the diagonalization, followed by an
lytic asymptotic expansion for the long range H2 potential.
Due to numerical feasibility of the DIM, the lowest thre
center electronic, adiabatic, potential-energy surfaces~PES!
were calculated at more than 107 geometries@steps of 0.01 in
an interval 0.5–40 forr, 0–40 forR, and for six anglesg in
interval 0° –90° ~for cosg50,0.2,0.4,0.6,0.8, and 1#. This
enabled a smooth interpolation of the surfaces, espec
close to the seam and close to the highly repulsive reg
when two nuclei are close, as well as accurate adiaba
diabatic transformation, good asymptotic potentials, and
curate vibrational energies of the initial and final states.

As mentioned in Sec. III, there is a strong avoided cro
ing @11,12# between the two lowest PES of the H3

1 system
at r5rs.2.5/a a.u., for all R.;a34.5 a.u., wherea
5(4/3)1/4 is the mass-dependent scaling factor, defined
low Eq. ~6!. Along the seam,r;rs , the matrix elements o
]/]r between the adiabatic electronic states become alm
d functions of the vibrational coordinate. This is a cons
quence of the fact that whenr.rs for R→` the H11H2
surface is above the charge transfer surface H1H2

1 @Fig.
1~a!#. In that limit the H11H2 surface becomes a function o

FIG. 1. ~a! Diabatic potential curves of the H2
11H and H1

1H2, at fixed R, for R→` obtained from three lowest potentia
curves of H2 and H2

1 . ~b! The two lowest adiabatic potential su
faces of H3

1 , at fixedg.
04271
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only the diatomic coordinater, i.e., (H11H2)(R→`,r,g)
→H2(r). On the other hand, (H1H2

1)(R→`,r,g)
→H(1s)1H2

1(r). The two r-dependent asymptotic tri
atomic curves cross atr'2.5/a a.u., as can be seen in Fig
1~a!. Thus, if the neutral molecule is in a high enoughn
>4) vibrational state, then on approach of the projectile (H1

or H! to the (H2 or H2
1) target, an almost diabatic transitio

takes place between the electronic adiabatic surfaces.
third curve is antibonding stateH2

1(2psu)1H(1s). The
three curves in Fig. 1~a! were used to construct the DIM
adiabatic surfaces. The lowest two surfaces, obtained
various anglesg, shown for an example ofg553.13° in Fig.
1~b!, were used as the starting point in present calculatio

To avoid the numerical instabilities due to this triatomi
surface avoided-crossing seam, a transformation for the t
lowest H3

1 adiabatic surfaces into the diabatic represen
tion have been performed, following Baer@10#, as explained
in Sec. III. The resulting diabatic PES which correspond
ymptotically (R→`) to the lowest H11H2 and H1H2

1 in
Fig. 1~a! are then chosen for the active electronic surface
the calculation. For this transformation one needs nona
batic matrix elements between the adiabatic electronic sta
These are obtained from the DIM calculation, over the wh
configuration space. Figure 2~a! shows the absolute values o
nonadiabatic matrix elements of electronic couplinguU12

r u
5u^1u]/]ru2&u, in a part of the configuration space, for a
example ofg553.13°. UnlikeU12

R 5^1u]/]Ru2& ~not shown
here!, U12

r has ad-function-like behavior along the seam.
On the other hand,Wi j

d are smooth functions@Fig. 2~b!# in
the whole configuration space, much easier to handle
merically. Thus, in the H3

1 system considered here, a tran
formation to the diabatic electronic basis is a necessity in
numerical solution of the problem. This is the approa
adopted here, and the superscript ‘‘d’’ is omitted in the rest
of the text. The collision dynamics in the considered ene
range evolves at only the two lowest adiabatic~and therefore
diabatic! electronic surfaces.

In the case of H3
1 , one surface corresponds asympto

cally to H11H2(1(g
1), and another one to H(1s)

1H2
1(1ss), Fig. 1. In the two-electronic surfaces case, t

diabatic potential matrixW and the state vectorC have the
forms

W5FW11 W12

W12 W22
G , C5FC1

C2
G , ~11!

where the symmetry property of a diabatic matrix is expl
itly written. The transformation matrix for this case has
simple form

A5Fcosa sina

2sina cosaG , ~12!

with a(R,r;g)5a(R0 ,r0 ;g)1*r0

r U12
r (R,r;g)dr

1*R
R0U12

R (R,r0 ;g)dR. One can assume the complete deco
7-5
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pling of the adiabatic electronic states forR0540 a.u., r0
50.5 a.u., i.e.,a(R0 ,r0 ;g)50. The nonadiabatic matrix el
ementsU12

x 5^F1u]/]xuF2&, x5R,r were obtained from the
Feynmann-Hellman theorem@10#, using the DIM Hamil-
tonian and adiabatic eigenstates for the same geometrie
the PES~in steps of 0.01, for bothR andr).

The system of coupled partial differential equations of
second order, Eq.~5!, for a chosen configuration~reactant
arrangement! can be solved in various ways, depending
the physical parameters of the problem. The usual wa
expansion of each component of the vectorC(R,r;g) in an
appropriate complete basis in one of the two variables,R and
r. For slow collision velocities the expansion in a bas
adiabatic inR, can be a good choice. Thus, in the adiaba
limit of the perturber ~projectile! motion, the eigenvalue
problem for the coupled vibrational motion on the two diab
tic electronic surfaces for each given diatomic orientat
angleg and each fixed value ofR, yields an adiabatic basis
parametrically dependent onR, g. This is obtained by solv-
ing the eigenvalue problem for diatomic vibronic motion
the potentialW

FW~r;R,g!2S 1

2m

]2

]r2
1« D I GV~r;R,g!50. ~13!

This representation reduces the system of partial differ
tial equations, Eq.~5!, into a system of ordinary differentia
equations inR, with nonadiabatic matrix elements of]/]R
and]2/]R2 between the adiabatic vibronic states that follo
from Eq. ~13!. As will be shown elsewhere, the set of v

FIG. 2. ~a! Surface of nonadiabatic coupling between adiaba
electronic states,uU12

r u5u^1u]/]ru2&u, for a fixed angleg, and~b!
corresponding diabatic coupling.
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bronic states and corresponding nonadiabatic matrix
ments is convenient for qualitative insight into the collisio
dynamics. Still, this representation is not convenient for n
merical solution of the problem. Using the adiabatic bas
emerging from Eq.~13!, brings numerical instability into the
solution because of ‘‘numerically violent’’ behavior of nu
merous matrix elements in the zones of narrow avoid
crossings between vibronic states. This revives the probl
around the seam of the two considered adiabatic electr
surfaces which generated the need to transform adiab
electronic surfaces into diabatic ones, as discussed in Se

It is numerically more feasible to use a diabatic vibr
tional basis, obtained for a single, fixed value ofR in Eq.
~13!. The usual choiceR→` yields the diagonal matrix for
W(r;R→`,g), and the eigenvalues problem~13! is reduced
to a set of uncoupled eigenvalue problems for vibratio
motion on each diabatic electronic surface. The resulting
sis $uk

(n)(r)% for eachCn(R,r,g) in Eq. ~11! is a vibrational
basis for the isolated diatomic molecule (H2 for n51 and
H2

1 for n52) in a corresponding electronic state. Thu
expanding

C i~R,r,g!5(
k

f k
( i )~R,g!uk

( i )~r!, ~14!

Eq. ~5! takes the form

H D~R!2F 1

2m S ]2

]R2D 1E2
,~,11!

2mR2
2«~R;g!G I J F~R,g!

50, ~15!

where

D5FD11 D12

D12 D22G , F5FF(1)

F(2)G , «5F«(1) 0

0 «(2)G , ~16!

Dnm
IJ ~R;g!5E drun

I ~r!@WIJ~r;R,g!

2d IJWIJ~r;R→`,g!#um
J ~r!. ~17!

The components of the subvectorsF(I )(R,g) and diagonal
matrix «(I ) are the amplitudes and energies, respectively
vibrational states belonging to an electronic stateI, whereI
51,2 correspond to the ground states of H2 and H2

1 , re-
spectively. The matrix elements of the matrixD were done
by numerical integration, for all combinations (m,n) of vi-
brational functions within the chosen basis. WhenR@r the
potential matrixW(r;R→`,g) is independent ofg.

Thus, the diabatic vibronic expansion bases forC1,2 are
truncated sets of vibrational states of H2 and H2

1 in ground
electronic states. The eigenvalue problem~13!, with R→`,
was solved with finite quantization ‘‘volume’’ boundary con
ditions, uk

(n)(rmax)5uk
(n)(r50.5)50, where rmax540 a.u.,

discretizing the interval~0.5,40! a.u. along ther axis in 450
mesh points. This resulted in 450 vibrational states on e
of H2 and H2

1 , of which 34 are bound and 866 are co
tinuum pseudostates. Although the relevant vibronic contin

c

7-6
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INELASTIC PROCESSES FROM VIBRATIONALLY . . . PHYSICAL REVIEW A66, 042717 ~2002!
are discretized, with this largermax the density of the con-
tinuum states~largest close to the continuum edge! stays
high even for several eV above the continuum edge. T
discretization of the dissociative continuum was used ea
by Onda@47# to calculate the dissociation of H2 by H impact,
but with a much smaller number of states.

To solve the system of coupled-second-order ordinary
ferential equations in amplitudesF, proper plane-wave
boundary conditions have to be applied at entrance exi
the reactant configuration, i.e., atR5Rmax540 a.u. An effi-
cient and accurate numerical procedure was employed u
ing multichannel logarithmic derivatives. It is convenient
introduce theK matrix for each, @46#,

C~R.Rmax!5J~R!1N~R!K , ~18!

where the elements of the diagonal matricesJ(R) andN(R)
are composed of the Riccati-Bessel functions of the first
second kind for open channels, and of modified spher
Bessel functions of the first and the third kind for clos
channels. TheK matrix is an augmented reaction matrix co
taining elements connecting closed as well as open chan
i.e., K can be written in the form

K5S Koo Koc

K co K cc
D , ~19!

whereoo, oc, co, andcc are indices for open-open, open
close, close-open and close-close submatrices ofK. The S
matrix is then given in terms of the open-open submat
i.e.,

S5~11 iKoo!
21~12 iKoo!. ~20!

The index, has been omitted from Eqs.~18!–~20!. In the
case of explicit treatment of the nuclear particle excha
the K and S matrices can be further augmented with t
submatrices for transitions within and between vario
nuclear configurations, still keeping the same formalism
above, applying appropriate boundary conditions for e
configuration.

Since, during a collision with particleA, various, instan-
taneous directions of the moleculeBC are equally possible
the cross section must be averaged over the full solid a
of BC orientations, which leads to averaging overg. The
problem must be solved for variousg in order to permit such
an averaging. In nuclear-symmetric systems, such as H3

1 ,
symmetry aroundg590° reduces necessary calculations
0°<g<90°, rather than to 0°<g<180°, as is the case gen
erally. The differential cross section for transition from
staten in the manifold of vibrational states of the electron
staten to a state (n8,n8) is then obtained, within IOSA, in
the form

dsnn,n8n8~u!

dV
5

1

8knn j
2 E

0

p

dg singU(
,

~2,11!P,~cosu!

3@dnn8dnn82Snn,n8n8
,

~g!#U2

, ~21!
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whereu is the scattering angle, and accordingly, the integ
cross section follows as

snn,n8n85
p

2kn j
2 E0

p

dg sing(
,

~2,11!udnn8dnn8

2Snn,n8n8
,

~g!u2. ~22!

This simple result expresses the vibronic cross section
an average over g of the relevant differential,
dsnn,n8n8(u,g)/dV, and integral,snn,n8n8(g), cross sec-
tions.

It was unnecessary to use the whole basis set of
states. At the lowest energies of the considered ra
(Ec.m.50.6 eV), the necessary number of states to achi
convergence of the charge transfer cross sections for H1H2

1

system wasN5205. Similarly, more than hundred states w
needed for convergence of the excitation cross section
the first excited state of H2 by proton impact although only
two states, the ground and the first excited state of H2 belong
to the open-channel manifold. For the highest energ
Ec.m.59.5 eV, convergence of CT for the H11H2 system
was achieved byN5560 states. The needed large number
basis states of ‘‘closed channels’’ stresses the importanc
transitions in the strongly deformed small-R region, in par-
ticular, with nuclear particle exchange.

Since the wavelength of the free proton motion var
approximately between 0.75 and 0.18 a.u. for a kine
energy interval between 0.5 and 9.5 eV, it could be expec
that a stepDR of R not much less than 0.01 a.u. would b
small enough to reach convergence in a numerical solu
for the integral cross sections. A three-digit convergence
representative cross sections was reached withDR50.01 at
Ec.m.55 eV, but withDR 5 0.001 forEc.m.59.5 eV. Fol-
lowing this investigation, the calculation was done wi
DR50.01 for energies 0.6–5 eV, while for higher energi
DR50.001 was used.

A convergence check in number of partial waves,max was
accomplished by considering the sum of transition probab
ties to all inelastic channels. Thus,,max was defined for each
diatomic-orientation angleg as the value of, when the sum
reached a stable value of 1024 ~for 20 partial waves in suc-
cession!. A weak dependence of,max on the molecular ori-
entation (g) was observed.

The full S matrices were calculated with the collision e
ergy defined in range~0.6,9.5! eV of the triatomic center-of-
mass system, with reference to the ground vibrational s
of H2. The transitions from the excited states were then
tained by an appropriate shift of the reference energy.

V. CHARGE TRANSFER AND EXCITATION RESULTS

The total transition cross section from a vibrational st
n i of the target molecule (H2 or H2

1), sT(n i), is defined as
the sum over all final statesn f of the partial cross section
for transition from n i to a n f , i.e., sT(n i)5(n f

sT(n i

→n f). Depending on the process~charge transfer or excita
tion! n f may belong to H2

1 or H2.
Figure 3 shows the total charge transfersCT(n i) cross
7-7
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PREDRAG S. KRSTIC´ PHYSICAL REVIEW A 66, 042717 ~2002!
section for the reaction in Eq.~1!, as a function of energy fo
the initial groundn i50, and 14 (n i51,2, . . .,14) excited
states of H2. Comparisons with the experimental results
Holiday et al. @48#, and the recommended data of Linder@49#
for n i50 are also shown. Typical results of the TSH calc
lations of Ichiharaet al. @8# are displayed as well. While a
collision energiesEc.m. ,5 eV our result agrees very we
with the data of Holiday, deviation between the two s
reaches 50% at 6.5 eV, but decreases to 10% at about 9
While our curve overestimates the Holiday data at a few
c.m. energy, it underestimates the Linder recommended
~based on another experiment@49# for the same process!.
Thus, experimental data of Linder and Holiday deviate m
tually by a factor of 2 at energies above 6 eV, which can
associated to experimental difficulties in control of the init
vibrational state content of the H2 target. Our curve forn i
50 almost averages the two sets of the experimental re
ence data. The increasing agreement of the TSH results
increase ofn i and energy is expected from the classical ch
acter of the TSH model. Absence in TSH results of the
version, seen in our quantal calculations for then i513 and
n i514 curves atEc.m.;5 eV, can be most likely attributed
to the small differences in the two calculations of the vib
tional configuration spaces for largerr. It is interesting to
note that the TSH calculations@8# obtain the contributions
due to nuclear particle exchange separately, and their cu
in Fig. 3 are sums of the ‘‘direct’’ and particle exchange C

FIG. 3. Total integral cross section for charge transfer fr
various initially excited vibrational statesn i for H11H2(n i)
→H1H2

1 collisions~thick solid lines!; filled symbols, the data for
n i50 recommended by Linderet al. @49#; hollow symbols, experi-
mental results of Holiday@48#; dashed lines, TSH calculation o
Ichiharaet al. @8#.
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The latter peaks at smallest energies where it becomes
dominant contribution, especially for highern i . Our calcu-
lation, which implicitly takes nuclear exchange into accou
shows good agreement with these total TSH curves in
classical range of validity.

The final-state resolved partial cross sections for CT
H11H2(n i) collisions, are shown in Fig. 4 as functions
the collision energy for a representative value ofn i57, and
for n f of H2

1 less than 12. This is an exoergic process a
the partial cross sections are largest between the states
est in vibrational energyW(n f),W(n i). Figure 5 shows the
distribution of the partial cross section for CT over the fin
vibrational states H2

1 , for several representative values
collision energy and for~a! n i513, and~b! n i54. The over-
lapping features of the curves for various energies lead
weak dependence of the total CT cross section on energ
seen in Fig. 3. The apparent peak for CT fromn i54 into the
lowest states of H2

1 reflects a quasiresonance ofn i54 at H2
andn f50 at H2

1 , whereW(n i54).W(n f50).
Integral cross sections for charge transfer processes in

H1H2
1 collision system are shown in Figs. 6. For compa

son, CT from H2
1(n i50) is repeated in Figs. 6~b!, 6~c!, and

6~d!. As can be seen, the spread of the cross sections fo
from different initial states, H2

1(n i), is much smaller than in
case of the charge transfer from the H2 target, reflecting the
exoergic nature of the former process. Excluding the high
states in the vibrational manifold of H2

1 , which are rapidly
depleted to the dissociative continuum, all CT cross secti
for variousn i lie within half of an order of magnitude in the
considered range of collision energies. The oscillations in
cross section with energy, studied earlier in experiment@50#
and in theory@50–52# of charge transfer and excitations
slow ion-atom collisions, can also be seen in Figs. 6~a!, 6~b!,
and 6~c!. These might be a consequence of interference
various channels of similar transition intensity, leading to t
total cross section for charge transfer, as well as of comp
tion of the charge transfer and vibrational excitatio
deexcitation channels. The channels are characterized
both different transition mechanisms, at different distanceR,
as well as by multiplicity of vibrational states that take pa
in charge transfer from an initial vibrational state.

FIG. 4. Final state resolved charge transfer cross section
H11H2(n i57).
7-8



fo
e
-

ss

sl
o
y

ies,
tion

in
oss

f

a
unt
s a
ex-

old,

n
xt

ell

r

a-
n

om
he

INELASTIC PROCESSES FROM VIBRATIONALLY . . . PHYSICAL REVIEW A66, 042717 ~2002!
The partial, final state resolved CT cross sections
H1H2

1(n i50) reaction are shown in Fig. 7. Due to th
quasiresonances withn f50 of H2, charge transfer is over
whelmingly dominated by the transition ton f54.

Figure 8 shows the distribution of the partial CT cro
section over the final states inn f of H2 from n i513 of H2

1,
for representative values of the collision energy. Obviou
in this case, the CT is dominated by the transitions to alm
resonant states of the final molecule, nearly independentl
energy. It is interesting to note that for lowern f the partial

FIG. 5. Distribution of the CT cross section over final vibr
tional statesn f of H2

1 for representative values of the c.m. collisio
energyEc.m. from ~a! H2(n i54) and~b! H2(n i513).

FIG. 6. Total integral cross section for charge transfer fr
H~1s! to the H2

1(n i) target.
04271
r

y
st
of

CT cross sections are significantly larger at lower energ
in agreement with the behavior of the integral cross sec
for n i513 in Fig. 6~d!.

The results for vibrational excitation are presented
Figs. 9–12. Thus, Fig. 9 shows the partial excitation cr
sections from the vibrational ground state of H2 in collisions
with protons, Eq. ~3!. Previous quantal calculations o
Schinkeet al. @16,15# and Giese and Gertry@13# were done
only with an incomplete set of bound vibrational states, in
small configuration space, thus not taking into acco
nuclear particle exchange into excited vibrational states. A
consequence, their results persistently underestimate the
citation cross sections at lowest energies. After the thresh
the excitation cross sections fromn i50 to a final staten f
first rise steeply@19# to their respective values, and the
continue to rise much more slowly until opening of the ne
excitation channel (n f11), after which it drops. This trend
of decrease with opening of a new excitation channel, as w
as of charge transfer channels~about 2 eV of c.m. energy!,
can be seen for lower states~below the charge transfe
threshold! until the dissociation threshold~about 4.5 eV! is

FIG. 7. Final staten f resolved CT cross section for H~1s!
1H2

1(n i50)→H11H2(n f) process.

FIG. 8. Distribution of the partial CT cross sections over t
final vibrational states n f of H2 for the process H~1s!
1H2

1(n i513)→H11H2(n f).
7-9
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PREDRAG S. KRSTIC´ PHYSICAL REVIEW A 66, 042717 ~2002!
reached. On the other hand, the final statesn f>4 are par-
tially depleted by charge transfer, resulting in the steady
crease of the excitation cross section with energy, after
initial jump at the threshold. Fig. 10 shows the excitati
cross section of H2

1 , initially in the ground vibrational state
into all n f of H2

1 . It shows features of the cross section w
energy similar to Fig. 9, except that these are smoothed b!
the increased density of the vibrational states in the sha
H2

1 potential well in comparison to the step in ener
~0.5–1 eV! used in calculation,~2! exoergic nature of the CT
channels, and~3! closeness of the dissociation thresho
~about 2.5 eV!.

Figures 11 and 12 show the total excitation cross sectio
summed over final states, for each of the two systems,1

1H2(n i) ~Fig. 11! and H1H2
1(n i) ~Fig. 12!, for various

representative initial statesn i . Summations were done for a
opened channelsn fÞn i , irrespectively whethern f corre-
sponds to excitation or deexcitation. For the case in Fig.
the recommended cross section exists by Janevet al. @53# for

FIG. 9. Vibrational excitation from the ground staten i50 to the
final staten f of H2 in collision with proton. Solid lines are the
present results; circles are the calculation of Schinkeet al. @15#,
triangles the calculation of Gieseet al. @13#, diamonds the calcula
tion of Schinke@16#.

FIG. 10. Vibrational excitation from the ground state,n i50, to
the final staten f of H2

1 in collision with H.
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n i50 and for sum overn f,5. There is an increasing dis
agreement of the recommended and ourn i50 curves with
decreasing collision energy, which cannot be explained b
role of the final statesn f>5 ~Fig. 11!. The agreement is
acceptable at the higher end of the considered energy ra

It is interesting to note that excitation and charge trans
cross sections are very similar in magnitude. Even in the c
of H11H2 system, excitation to higher thann f54 states is
of the same order of magnitude as the relevant charge tr
fer cross sections. This strongly stresses the need to calc
all inelastic cross sections on the ‘‘same footing.’’

The tables of all initial- and final-state resolved, as well
the total cross sections for charge transfer and excitatio
collision systems H11H2(n i) and H1H2

1(n i) are available
at the web site~www-cfadc.phy.ornl.gov!.

VI. CONCLUSIONS

A comprehensive quantum-mechanical study of inela
processes between bound vibrational states on the cou

FIG. 11. Vibrational excitation-deexcitation of H2 in collision
with protons from an initial staten i , summed over final statesn f ;
dashed line is the recommended curve from literature@53# for n f

<4.

FIG. 12. Vibrational excitation-deexcitation of H2
1 in collision

with H from an initial staten i , summed over final statesn f .
7-10
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INELASTIC PROCESSES FROM VIBRATIONALLY . . . PHYSICAL REVIEW A66, 042717 ~2002!
ground electronic surfaces, H11H2 and H1H2
1 , of the

H3
1 collision system has been performed. Both charge

change and excitation from H2(n i) in collision with protons
and from H2

1(n i) in collision with hydrogen atoms, for al
excited initial vibrational statesn i were computed in the
presence of the relevant coupled, discretized vibrational c
tinua, and in the large configuration spaces of the reacta
to account for the transitions through the ‘‘closed’’ channe
in particular, for the transitions through the dissociative co
tinuum as well as with the nuclear particle exchange
volved. Results obtained for total and final-state resolv
cross sections were reported in the range of 0.6–9.5
center-of-mass collision energies. The main approxima
used was IOSA which implies the freezing of the target m
ecule rotations during the collision, and post collisional a
ys
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eraging over the molecule orientations. Choice of this
proximation set the lower limit of the considered range
collision energies to a fraction of eV. Comparisons we
done with previous quantal and TSH calculations. These c
firm applicability of the classical prescriptions of TSH fo
the total cross sections at energies above 10 eV, as well a
transitions among highly excited vibrational states.

ACKNOWLEDGMENTS

I acknowledge support from the U.S. Department of E
ergy, Office of Fusion Energy Sciences, through Oak Rid
National Laboratory, managed by UT-Battelle, LLC, und
Contract No. DE-AC05-00OR22725.
. A

in

m.
@1# S. I. Krasheninnikov, A. Yu. Pigarov, and D. J. Sigmar, Ph
Lett. A 214, 285 ~1996!.

@2# A. Yu. Pigarov and S. I. Krasheninnikov, Phys. Lett. A222,
251 ~1996!.

@3# S. I. Krasheninnikov, A. Yu. Pigarov, T. K. Soboleva, and D.
Sigmar, J. Nucl. Mater.241-243, 283 ~1997!.

@4# S. I. Krasheninnikov, A. Yu. Pigarov, D. A. Knoll, B. LaBom
bard, B. Lipschultz, D. J. Sigmar, T. K. Soboleva, J. L. Ter
and F. Wising, Phys. Plasmas4, 1638~1997!.

@5# R. K. Janev, Contrib. Plasma Phys.38, 307 ~1998!.
@6# P. C. Stancil, S. Lepp, and A. Dalgarno, Astrophys. J.509, 110

~1998!.
@7# A. V. Phelps, J. Phys. Chem. Ref. Data19, 653 ~1990!.
@8# A. Ichihara, O. Iwamoto, R. K. Janev, J. Phys. B33, 4747

~2000!.
@9# J. C. Tully and R. K. Preston, J. Chem. Phys.55, 562 ~1971!.

@10# M. Baer, G. Niedner, and J. P. Toennies, J. Chem. Phys.88,
1461 ~1988!.

@11# M. Baer, G. Niedner-Schatteburg, and J. P. Toennies, J. Ch
Phys.91, 4169~1989!.

@12# A. Ichihara and K. Yokoyama, J. Chem. Phys.103, 2109
~1995!.

@13# C. F. Giese and W. R. Gentry, Phys. Rev. A10, 2156~1974!.
@14# R. Schinke, M. Dupuis, and A. Jr. Lester, J. Chem. Phys.72,

3909 ~1980!, and references therein.
@15# R. Schinke and P. McGuire, Chem. Phys.31, 391 ~1978!.
@16# R. Schinke, Chem. Phys.24, 379 ~1977!.
@17# G. Neidner, M. Noll, J. P. Toennies, and Ch. Schlier, J. Che

Phys.87, 2685~1987!.
@18# M. Kimura, Phys. Rev. A32, 802 ~1985!.
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