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The semiclassical impact-parameter method is applied to the processes of state changing and en-

ergy transfer in the collision of a highly excited Rydberg atom (n )20) with the polar molecules HF
and HCl. The relative motion of the molecule and atomic nucleus is taken to be rectilinear; the

electron-molecule and ion core-molecule interactions are represented by cutoff dipole forms. Cross
sections for transitions involving quantum numbers n and 1 of the atom and rotational quantum

number j of the molecule are obtained for a range of collision energies and initial atomic and molec-

ular states. Comparisons are made with the results of earlier classical studies and with the

quantum-mechanical impulse approximation. Collision rates are calculated and compared with ex-

perimental values for l mixing and n and j changing. The agreement between experiment and

theory is shown to be satisfactory, within the uncertainties of both the measurements and the

theory. Cases of agreement and disagreement between various theories are examined. One finding

of the present work is that the quantum-mechanical impulse approximation appears to significantly

overestimate the values of various state-changing cross sections when the internal energy defect is

small. The validity of the impulse approximation for collisions of Rydberg atoms with polar mole-

cules is discussed.

I. INTRODUCTION

Highly excited Rydberg atoms continue to attract con-
siderable attention by researchers interested in the
response of these delicate atomic systems to external
fields, ' in their collision interactions with atoms, mole-
cules, ions, and surfaces, and recently in a study of quan-
tum chaos. Whether the basic interest is in the dynam-
ics of the Rydberg atom plus field (or plus collision tar-
get) system or simply in using the Rydberg atom as a
probe of an intriguing environment, the possibilities for
interesting physical phenomena are large in number and
challenging to the theory. Studies of the interactions of
Rydberg atoms with surfaces promise a whole new array
of important discoveries.

In an earlier study, hereafter referred to as study I, the
classical Monte Carlo approach was applied to the col-
lision of a Rydberg atom, treated as strictly hydrogenic,
with polar molecules HF and HC1. It was felt that quali-
tatively reliable results could be expected from such an
approach because the dynamics of the electron tends to
be dominated by the Coulomb field, except for electron-
molecule separations of about 200ap or less, where the
long-range dipole interaction becomes dominant. The
primary goal of the work was to study the dependence of
various cross sections (1 mixing, n and j changing, ioniza-
tion, and total quenching) on relative collision velocity,
and initial values of quantum numbers n, I, and j. Fur-
ther, by having control of the form and range of both the

electron-molecule and ion core-molecule interactions and
the initial conditions on the trajectories, it was possible to
examine the dynamics, at least the classical dynamics, in
some detail.

The present study suggests that many of the results
predicted by the classical study in I are qualitatively
correct, although the classical results are not quantita-
tively accurate in a number of cases. Later in this paper,
comparisons will be given to illustrate the degree of
agreement with the new semiclassical results and with the
measurements. In general, the classical results appear to
predict the correct qualitative dependence of the various
cross sections on relative collision velocity and on initial
values of the quantum numbers. The classical rates for
total quenching are qualitatively accurate. However, the
classical I-mixing rates appear to be too small by a factor
of —,', and the classical j-changing rates are too small by
factors of —,

' or less. The semiclassical rates are in much
better agreement with the measured rates. Possible
physical explanations will be advanced. A summary of
some of the present results was given in an earlier joint
theoretical-experimental paper.

One rather fundamental result of the present work is
the finding that the quantum-mechanical impulse approx-
imation, which for suKciently large n values appears to
describe I-mixing collisions of Rydberg atoms with
atoms and nonpolar' or weakly polar" molecules,
significantly overestimates the collision rates for various
processes when the energy defect is small. The classical

42 1258 1990 The American Physical Society



SEMICLASSICAL STUDY OF THE COLLISION OF A HIGHLY . . ~ 1259

study I suggested that, except for very large values of n

(approximately n )70), the impulse approximation will
fail for Rydberg atom collisions with strongly polar mole-
cules because of (i) the long-range nature of the dipole in-

teraction, which dominates the collision dynamics, and
(ii) the consequent increase in effective collision time due
to multiple electron-molecule encounters that occur in a
single collision. This situation is somewhat similar to
that in ion-Rydberg atom collisions, where a simple im-
pulse model based on the perturbation theory is not ap-
propriate because of long-range Coulomb interaction. '

An experimental demonstration that the impulse approx-
imation fails, at least in the range of principal quantum
numbers 24& n (49, for collisions with NH3 and ND3,
has been provided by the Saclay group. ' ' In addition
to the theoretical studies mentioned above for a molecu-
lar target, a recent investigation of ionization in
Xe(27f)+HF and Xe(31f)+HC1 collisions was reported
by Shirai and Nakamura, ' in which the Born and
Glauber approximations were employed. The authors re-

ported calculated cross sections showing that the Glauber
results were smaller than the Born results but provided
no theoretical explanation of this difference. Although
ionization is not included in the present study, what we
have learned about the mechanisms that control electron-
ic excitation and deexcitation suggests that a perturba-
tion approach will not be valid for the range of initial
quantum numbers considered here.

It is of interest to note that the semiclassical
molecular-orbital (MO) expansion method has been ap-
plied to investigate total depopulation and l mixing to
high l states in a collision of Rydberg Na(n &6) with
He. ' This study shows that strong radial coupling at
several avoided crossings provides the mechanism for a
propensity rule for populating I ~ 3 states and appears to
demonstrate the appropriateness of the MO approach to
the Rydberg atom collision problem.

In Sec. II the theoretical approach will be described.
In Sec. III the semiclassical results will be presented and
compared with other theories and with the existing ex-
perimental measurements. A summary will be given in
Sec. IV.

II. THEORY

The theoretical approach followed here is the standard
semiclassical impact-parameter method' used successful-
ly in a large variety of heavy-particle collision problems,
e.g. , charge-transfer processes in intermediate-energy
ion-atom collisions. This method is believed to be applic-
able here because only very large impact parameters are
important to the processes studied, and the transfer of
momentum and energy between the electron and the nu-
clei is not expected to play a significant role. We will re-
turn to these points later in the discussion.

The processes of interest in this investigation are

R(n, l, m)+M(j, m )~R(n', I', m')+M(j ', m'),

where R and M designate the Rydberg atom and mole-
cule, respectively, with internal states specified by the
usual quantum numbers. In the present study we are not

where 5 is the quantum defect. For Rb, the quantum de-
fects are calculated to be 3.12, 2.64, 1.49, and 0.002 for
I =0, 1, 2, and 3, respectively. ' For Xe, the respective
values are 3.76, 3.35, 2.11, and 0.004.

The molecule is taken to be a simple rigid rotator, with
rotational energy given by

E =Bj (j +1),
where the values of the rotational constant 8 are
9.55X10 ' a.u. (20.95 cm ') for HF and 4.83X10 ' a.u.
(10.59 cm ') for HCl.

In the semiclassical impact-parameter approach, the
heavy-particle motion (i.e., the relative motion of the
molecule and the ion core of the Rydberg atom) is taken
to be classical. Since we are concentrating on phenomena
in which the important interactions occur at large atom-
molecule separations, the relative motion is taken to be
rectilinear, so that

"cM =—R=vt+b, (4)

where R (rcM) represents the position vector of the
molecular center of mass relative to the ion core, v is the
relative velocity of the molecule with respect to the ion
core, and b is the impact parameter (see Fig. 1). With the
relative heavy-particle motion taken to be classical, the
Hamiltonian H reduces to that of the internal electronic
motion of the atom and the rotational motion of the mol-
ecule; H is time dependent because the potential energy
varies with time through R according to Eq. (4). Thus,
we have

H=H, (r)+8 (p)+ VEM(r, R,p)+ VcM(R, p), (5)

where H, is the electronic Hamiltonian of the atom, H
is the rotational Hamiltonian of the molecule, p is the
orientation vector of the molecular axis, and VE& and

FIG. 1. Coordinates of Rydberg atom-molecule collision sys-
tem.

concerned with changes in m and m, so that all cross
sections and collision rates will be defined in terms of
averages over initial m and m and summation over final
values of these quantum numbers.

The electronic energy of the Rydberg atom is defined
by the Rydberg form (atomic units will be used
throughout)

E„,= —
—,'(n —5)
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VcM are the electron-molecule and ion core-molecule in-

teractions, respectively. As in the classical treatment I,
we approximate these latter interactions by cutoff dipole
forms

~EM = —e [(rEM d) «EM l [ 1 —exp[ —
( rEM «o )']I,

where r EM is the molecule position vector relative to the
electron and d is the molecular dipole moment vector,
wi™gnitude d =0.71eao (1.81 X 10' esu) for HF and
0.42eao (1.08 X 10' esu) for HC1. The second factor re-
moves the unphysical singularity at r EM

=0 by means of
the cutoff factor, with cutoff radius rp. A similar form is
used for the interaction between the ion core and the
molecule, but with —e and rcM substituted for e and rEM,
respectively. The simple forms chosen here are identical
to those used in the classical treatment in I and can be
justified in part by the results of quantum-mechanical cal-
culations of electron-molecule scattering by using the
cutoff dipole form as well as more accurate interactions.
The classical study described in I showed that the cross
sections were insensitive to the values of the cutoff radius
for values 0.5a p ( rp (4a p

' similar insensitivity has been
found in the present calculations.

The system is described by a time-dependent wave
function satisfying the Schrodinger equation

(7)

where the Hamiltonian is given by Eq. (5). In the usual
manner, the wave function is represented by an expansion
in terms of internal system energy eigenfunctions, i.e.,
products of Rydberg atomic orbitals times molecular ro-
tational eigenfunctions. In the present treatment, howev-
er, we have employed adiabatic perturbed rotating mole-
cule (PRM) eigenfunctions rather than the usual unper-
turbed rotational eigenfunctions because the PRM expan-
sion gives faster convergence than that of the convention-
al rotational states. Thus, the expansion takes the form

qy —y a (r)(( Ao(r r )XPRM(r )

where ((; are the Rydberg atomic orbitals (AO) with ap-
propriate phase factors, X; are PRM functions de-
scribed below, and the coefficients a; ( t ) correspond to the
transition amplitudes in the limit t ~ +

The Rydberg atomic orbitals are approximated by
Slater-type orbitals (STO's), which are nodeless and
thereby result in much simpler radial integration in cal-
culating the matrix elements that arise in the treatment.
The positions of the STO radial maxima have been ad-
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FIG. 2. Adiabatic potentials of perturbed rotating states as a
function of separations [both in reduced units E /B vs

r«(B/D )
' "where B and D are the rotational constant and the

dipole moment of the molecule].

justed by using the proper quantum defect for each state.
The error in the matrix elements due to this approxima-
tion is estimated to be —10%. (A test was carried out in
the exact hydrogenic wave functions. )

The PRM functions are eigenfunctions of the rotation-
al Hamiltonian of the molecule perturbed by the field of a
stationary electron located at a distance r&M away [the
second and third terms in Eq. (5)]. The adiabatic eigen-
values of this Hamiltonian are, of course, simply the
Stark-shifted rotational energies. These are illustrated in
Fig. 2 for HF and HCl, in reduced units. These adiabatic
PRM states are coupled by the relative motion of the
electron with respect to the molecule, the coupling being
particularly strong in the vicinity of avoided crossings,
and by the core-molecule interaction.

Substitution of the expansion in Eq. (8) into the
Schrodinger equation (7) yields the usual set of first-
order, coupled equations,

iaj'i, (r) =&i.a/ i. (r)+ g & 4g (r, r ) l&JM(rEM )1 bi. '(r, r ) &&J'M'JMajjE(i)
J, ih

+ g (XJM' (rEM 0 0 )l VcM IXJM (rEM ~ 0 ) )~i.'iaji(r)

i g XJ M (rEM 8', p')pi, (r, t )
—X&M™(rEM,O' p')pi. (r t ) aJi
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where A=, ( n, I, m ) represents quantum numbers of the
Rydberg atom. The third term on the right-hand side
represents the core coupling that induces rotational
excitation-deexcitation of the molecule, while the last
term is the nonadiabatic coupling that causes both elec-
tronic and rotational transitions for the Rydberg atom
and molecule, respectively. Note that nonadiabatic cou-
plings in the fourth term for the electronic states involve
angular coupling only and consequently give rise to the
m ~m+1 transition selection rule.

The coupled equations (9) are solved numerically sub-
ject to the initial conditions

a, ( —~ }=5J . (10)

The cross sections are obtained by integrating the abso-
lute squares of the transition amplitudes for the mth
channel P (b, E)= ~a (+ oo)~ over all impact parame-
ters according to the relation

o =2m f bdbP (bE) . (1 1)
0

This form assumes cylindrical symmetry for the transi-
tion amplitudes, which is appropriate in the present ap-
plication because important collisions take place at large
internuclear separations, i.e., b &)p. The range of impact
parameters required in Eq. (9) depends on the Rydberg
atom quantum numbers n, I of the initial and final states.
For example, for the transition 40s ~41p, impact param-
eters up to -2000ao were required. Straight-line trajec-
tories were employed for the heavy-particle motion. This
assumption is justified by the small fraction of momen-
tum that is transferred between the electron and nuclei.
It is interesting to compare Eq. (9) with that obtained
from the impulse approximation (IA). If one neglects all
terms on the right-hand side except the last and drops the
summation (i.e., retains only the initial state), one recov-
ers the IA (Ref. 9) within an impact-parameter descrip-
tion. Further discussions on this point will be deferred to
Sec. IV.

The major source of numerical uncertainty in the
present approach is the rate of convergence of the

coupled-states expansion in Eq. (9). Since the density of
Rydberg states is high and the energy level separation
small, in the range of initial and final states of interest,
one might expect that many states would be strongly cou-
pled and therefore that the expansion would converge
very slowly. It turns out, however, that convergence can
be obtained with a tolerable error, estimated at about
25%, with a modestly sizes basis. We will return to this
question in Sec. III, where we will present data on the
convergence. For most of the calculations reported in
Sec. III, we have used 15 PRM functions and all (I, m)
atomic orbitals corresponding to 18 values of the princi-
pal quantum number n, thus giving rise to a total of
about 350 channels for cases with large n (n =40) and
somewhat less for cases with small n (n =20). Larger
basis sets were used to estimate the accuracy of the calcu-
lations. Representative orbitals used are given in Table I.

III. RESULTS AND DISCUSSION

In our earlier classical studies, reported in I, cross sec-
tions for I mixing, n changing, j changing, and ionization
were calculated for a range of relative velocities and ini-
tial values of all the quantum numbers. We have not at-
tempted to repeat all of these studies with the semiclassi-
cal approach. Rather, we have carried out the calcula-
tions required to test the accuracy of the classical results
and to compare with experimental results, including data
obtained since the classical results were published.

In Fig. 3 the cross sections for n chaning are illustrated
for a collision of Xe(25d) with HF(j =2} for a range of
final principal quantum numbers n. '. The semiclassical
cross sections, scaled downward by a factor of 1/(1.7) are
shown as triangles and the earlier classical Monte Carlo
results as bars, where the height of the bar denotes the
statistical error in bin assignment of the Monte Carlo cal-
culation. Thus, the first point to make in the comparison
is that the semiclassical cross sections that include I mix-

TABLE I. Rb(40s)+HF.

(i) Atomic orbital (AO) of Rb(40s)

(a) Region I (R ~2000ao)
n: 30-48
I: O-&5

rn: 0—10

Total: 355 AO's
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(b) Region II (R & 2000ao)
n: 30-45
I: 0—10
m: 0—5

Total: 185 AO's

(ii) Perturbed rotating molecule (PRM) state of HF
a: 0—15
m: 0—10

Total: 55 PRM's
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FIG. 3. n-changing cross sections in Xe *(25d)+HF(j =2)
collisions. A, present work (semiclassical, scaled down by
1/1.7); I, Ref. 6 (classical).
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FIG. 4. 1-mixing cross sections in Xe *(nd)+HF( j =2) col-
lisions. A, present work (semiclassical, scaled down by 1/1.8);
&, Ref. 6 {classical).

ing are larger than the classical results by a factor of
nearly 2 at n '= 25 and more at larger values of n ', hence,
it immediately follows that the semiclassical I-mixing
rates, at least for this case, are in better agreement with
experiment. The theoretical and experimental rates will
be compared later in this section. The factor-of-2
difference in the absolute value of the classical l-mixing
cross section is not particularly troubling, since the clas-
sical results were at most expected to provide a qualita-
tive description of these complex collision processes.
However, we believed that a test should be made of the
dependence of the cross section on initial quantum num-
bers and have carried out such a set of semiclassical cal-
culations for the I-mixing cross sections for a range in
values of initial principal quantum numbers n.

In Fig. 4 semiclassical and classical l-mixing cross sec-
tions are compared for collisions of Xe(nd) with
HF(j =2). The semiclassical cross sections are reduced
by the factor 1/(1.8). Except at very high values of n

(n )80), the n dependence is well represented by the clas-
sical results. One significant deficiency of the classical
treatment is the lack of energy quantization for either the
electronic states of the Rydberg atom or the rotational
states of the molecule. Hence, any sensitivity of the cross
sections to the total system energy defect will be missed
in the classical treatment. Indeed, the energy defect can
classically be zero in all cases, i.e., arbitrary amounts of
energy can be transferred between the atomic electron
and the molecule. In the semiclassical treatment, energy
quantization is properly included.

In Fig. 5 the semiclassical n-chaning cross sections for
collisions of Rb(49s) with HF(j =1) are illustrated for a
range of final principal quantum numbers n'. For n'
slightly large or slightly smaller than the initial value
n =49, the cross sections are still quite large. (For exam-
ple, the value at n'=70 is still about 20% of the peak
value, even though this transition corresponds to an ener-

gy defect of about 20 cm '.) As n' becomes much small-
er than 49, the cross section falls rapidly, primarily be-
cause of the large energy defect required for the transi-
tion. The cross section for the "upward" transition also
falls off with increasing n . However, in the vicinity of
n'=100, the cross section rises through a maximum be-
fore falling again at higher n'. Be examining the value of

el+

O

O

g~ IO-

O

C3
LLJ
M

(0
M
O

a0
0
20 60

n CHANGING

80

FINAL n'

IOO l20

FIG. 5. n-changing cross sections in Rb**(49s)+HF{j =1)
collisions.

k =a.U, (12)

the final rotational quantum number j', one sees that the
hump about n'=100 results from a simultaneous rota-
tional deexcitation transition, so that the total energy de-
fect is small. This qualitative effect was obtained by
Matsuzawa in his early theoretical studies based on the
quantum-mechanical impulse approximation ' and has
been experimentally observed as a regular feature of
selective field ionization (SFI) spectra from the earliest
measurements.

It is interesting to compare the two peaks in the n

changing cross section. If one arbitrarily defines the
boundary of each peak as the n' value where the cross
section has fallen to 20% of the respective peak value,
then the principal peak (that centered around n' n=49—)

is about 20 cm wide, as noted earlier. However, with
the same definition of the boundary of the j'=j —1=0
peak (around n'=100), one finds that peak to be about 4
cm in width. One possible explanation of this observa-
tion is that the effective collision time is shorter for col-
lisions in which n is changed by small amounts and j not
at all, than for collisions where n changes by a large
amount but is accompanied by a simultaneous change of
j by 1. The "Massey criterion, " based on the Heisenberg
uncertainty principle, would suggest that the shorter
collision time would permit the larger energy defect. The
reason for the different effective collision times in the two
cases is simply that the long-range inverse-square dipole
interaction is involved (to first order) when the rotational
quantum number changes by one. However, the rota-
tionally elastic processes, where n changes by a small
amount, is dominated by a shorter-range interaction con-
sisting of the second-order contribution from the dipole
potential, which (in second order) falls off asymptotically
as r, and by other contributions of equal or shorter
range.

Comparison with the experimental measurements is
complicated by the fact that only collision rates are mea-
sured; moreover, precise state-to-state rates are not avail-
able. When the cross section is independent of velocity,
the collision rate k is defined in terms of the cross section
by the expression
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TABLE II. Rotational deexcitation.

Rate const. k (10 ' cm'/s)

(i) Xe(27f)+HF
k(j =2~1)
k(j =3~2)

(ii) Xe(31f)+HC1
k(j =2~1)
k(j =3~2)

Expt.
(Ref. 24)

3.0 (+1.5)
2.2 (+1.1)

Classical
(Ref. 6)

0.75 (+0.07)
0.34 {+0.003)

0.35 (+0.04)
0.35 (+0.04)

Present
work

2.1

1.6

1.4
1.3

where U is the average relative velocity (the speed) of the
molecule with respect to the Rydberg atom. In Table II
the measured rates " ' ' for rotational deexcitation in
collisions of Xe Rydberg atoms with HF molecules are
compared with the theoretical rates determined by the
classical Monte Carlo and semiclassical methods.
(Theoretical rates are given for the case of HCl, as well. }
As anticipated from the comparison of the theoretical
cross sections in Fig. 3, the semiclassical rates are much
larger than the classical values and in good agreement
with the measurements. This improvement is in part at-
tributable to inclusion in the present calculation of the
core-molecule interaction, VcM, which contributes
significantly to j changing.

Experimental rates for rotational deexcitation of HF in
collisions with Rb Rydberg atoms ' ' and corre-
sponding excitation of the Rydberg electron (i.e. , upward
transitions) are compared with the semiclassical rates in
Fig. 6 for a range of initial principal quantum numbers n.
The agreement is satisfactory and is much better than
that of the quantum-mechanical impulse approximation,
also shown for comparison. It is important to note that
in the case of upward transitions, the final electronic den-
sity of states is sufficiently high and the corresponding
energy-level separation sufficiently small so that a nearly
exact energy match is always possible. (The specific rates
are given in Table III.) Thus, it is not surprising that the
dependence on n is slight, in fact not discernable within
this range of n values. We have also performed calcula-
tions for lower Rydberg Rb(n =20)+HF collisions and

find that the general trends discussed for higher Rydberg
Rb(n ~46)+HF collisions hold but that the magnitudes
of the cross sections for the former are smaller because of
larger energy defects for the lower states.

The situation is somewhat different for the rates corre-
sponding to rotational excitation, which are accompanied
by deexcitation of the Rydberg electron (i.e., "down-
ward" transitions). In these cases, transitions can be
selected that have defects ranging from nearly zero to
about 3.5 cm '. In Fig. 7 and Table IV the measured
rates are compared with theoretical rates calculated by
using the semiclassical approach or the quantum-
mechanical impulse approximation. One can see that
all rates fall off with increasing energy defect AE, as one
might expect from the Massey criterion. However, it
appears that the true dependence on AE is far less than
that predicted by the quantum-mechanical impulse ap-
proximation. Petitjean et al. ' ' also noted that the
IA appears to overestimate the cross sections for state
changing in NH3 and ND3. Referring again to Fig. 7,
we see that the agreement between the experimental and
theoretical semiclassical rates appears to be satisfactory.

The earlier classical Monte Carlo calculations showed
a significant increase in the rotational excitation and
deexcitation cross sections with respect to increasing ini-
tial angular momentum I of the Rydberg electron. The
semiclassical calculations confirm this prediction. It may
be worthwhile to point out that at large n (~30), the
Rb(ns) levels are nearly degenerate with those of
Rb[(n —3), 1~3], since the quantum defect is 3.12.
Therefore, the downward transition tends to populate
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FIG. 6. Upward transition rates in Rb**(ns) +HF{j = 1)
collisions. ~, Ref. 27 {impulse approximation theoretical re-

sults); &, present work (semiclassical theoretical results); 0,
Ref. 28 (experimental results).

nl

40s
41s
42s
43s
44s
45s
46s
47s
48s
49s

n upward (j =1~0)
( 10 cm'/s)

Experiment (Ref. 28) Present work

2.5+0.7
2.6+0.8
2.4+0.7

2.2+0.7
2.6+0.8
2.2+0.7
2.3+0.7
2.4+0.7

1.616
1.635
1.614
1.617
1.621
1.619
1.617
1.620
1.622
1.638

TABLE III. Rb**(nl)+HF(j =0 or 1) collisions.
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TABLE V. Rb *(nl)+HF(j =0 or 1) collisions: l depen-
dence of n-upward rate constants.

0)

E

O

Initial nl

49s
49p
49d
49f

n upward (j =1~0)
(10 ' cm'/s)
Present work

1.6
2.1

2.8
3.1

O
(3

I 2
hE (cm '}

FIG. 7. Downward transition rates in Rb (ns)+HF(j =0)
collisions. ~, Ref. 27 (impulse approximation theoretical re-
sults); &, present work (semiclassical theoretical results); o,
Ref. 28 (experimental results).

different n' levels with a wide range of high I values but
not necessarily the I (2 levels. A similar finding has been
reported for l changing in the Na" /He collision system
based on an application of the molecular-orbital expan-
sion method. ' Furthermor, because of the strong rota-
tional coupling that connects different m states, as de-
scribed in coupled Eq. (9), large tn-changing transitions
through a series of rotational couplings are favorable, al-
though the probability is not large. This observation is
consistent with the results of the IA.

Semiclassical rates for upward transitions in collisions
of Rb(49l) with HF(j =1) molecules are given in Table V
for initial s, p, d, and f states. The rate increases by a
factor of 2 across the sequence. This is because the more
diffuse nature of the wave function with higher I is re-

sponsible for the transition. Both the qualitative trend
and magnitude of the effect are in harmony with experi-
mental measurements.

The tendency for the quantum-mechanical impulse ap-
proximation to overestimate the cross sections and the
corresponding rates for the processes under discussion
here is consistent with earlier observations. In numerous
applications of the impulse approximation to l mixing in
collisions of Rydberg atoms with other atoms, the IA
consistently overestimated the cross section at small
values of initial principal quantum numer. ' In a formal
expansion of the total system t matrix, the IA corre-
sponded to retaining only terms up to the first order in
the electron-atom (molecule) or the ion core-atom (inole-
cule) scattering. At sufficiently high n, higher-order
correction terms neglected in the IA were shown to be
small. At small n, explicit inclusion of selected higher-
order terms, specifically those that account for the attrac-
tive electron interaction with the ion core, was shown to
reduce significantly the magnitudes of the cross sec-
tions.

We are not aware of a precise way of determining
ab initio where the IA will fail. However, in the case of
1-mixing collisions with atoms, it appears that the IA be-
gins to fail just beyond the maximum that appears in all
the curves describing the l-mixing cross section as a func-
tion of initial n. The maximum appears to shift to higher
n for more strongly interacting atoms, i.e., in the target
sequence He, Ne, Ar, Kr, Xe. ' Thus Fig. 4 suggests

nl

40s
41s
42s
43s
44s
45s
46s
47s
48s
49s

n downward (j =0~1)
(10 ' cm'/s)

Experiment (Ref. 28) Present work

2.1+0.9
0.5+0.3
2.5+1.1

2.2+1.0
0.6%0.3
1.9+0.9
0.6+0.3
1.9+0.9

1.142
0.732
1.234
1.199
1.287
0.814
1.208
0.787
1.189
1.172

TABLE IV. Rb (nl)+ HF(j=0 or 1) collisions.
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FIG. 8. l-mixing rates in Rb *(ns)+HF(j =1) collisions. ~,
Ref. 27 (impulse approximation theoretical results); A, present
work (semiclassical theoretical results); C), Ref. 28 (experimental
results).
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nl

40s
41s
42s
43s
44s
45s
46s
47s
48s
49s

l mixing
(10 cm /s)

Experiment (Ref. 28)

4.9+1.5
4.1+1.2
3.7+1.1

4.3+1.3
4.8+1.5
4.6+1.4
4.6+1.4
4.6+1.4

Present work

2.765
2.887
3.105
3.234
3.309
3.521
3.678
3.728
3.803
3.980

TABLE VI. Rb**(nl)+HF{j =1) collisions. molecule scattering contribution to the IA amplitude
were to be properly included, the IA would probably fail
for the values of n included in Fig. 8 because the higher-
order correction terms that are missing in the IA are also
likely to be important. This can be seen in Fig. 9, where
the 1-mixing cross sections for Rb(ns) in collisions with
HF(j= I ) are plotted against initial n T.he occurrence of
the peak in the region 40 (n & 60 suggest that the IA will
fail for n below 50 or 60. In Fig. 9 we also show the sen-
sitivity of our calculated cross sections to the size of the
PRM and atomic orbital (AO) basis set used in the expan-
sion of the wave function. The larger basis set was used
for all the rate calculations reported in this paper. For
the lower Rydberg [Rb(n )20)+HF] case, the general
trends described above are again found to be the same,
except, of course, for the magnitudes of the cross sec-
tions.
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I I
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FIG. 9. l-mixing cross sections in Rb**(ns)+HF(j =1) col-
lisions. Expansion bases are 0, 7a PRM + 5n AO; X, 15a
PRM+ 15n AO.

that the IA is likely to fail for n less than about 50 to 60
for collisions of Xe(nd) atoms with HF(j =2) molecules.
It is interesting to note that the classical Monte Carlo re-
sults predict this because they seem to exhibit the
correct shape of the variation of the cross sections with
respect to n. In some sense, a fairly strongly polar molec-
ular such as HF behaves like a strongly interacting, high-
ly polarizable atom (e.g. , Rb), at least in 1-mixing collision
processes.

In Fig. 8 and Table VI measured rates for I-mixing in
collisions of Rb Rydberg atoms with HF molecules are
compared with the results of the semiclassical and
quantum-mechanical impulse approximations. It
should be noted that the application of the IA to I mixing
for polar molecules, using the usual first Born approxima-
tion for the electron-molecule scattering amplitude, is
particularly inappropriate. In fact, I mixing occurs pri-
marily through "elastic" electron-molecule scattering,
where the dipole interaction does not enter to the first or-
der and where shorter-range interactions thus dom-
inate. ' Once again, the present semiclassical results are
in good agreement with experiment.

We should emphasize that even if the electron-

IV. SUMMARY AND CONCLUSIONS

We have carried out semiclassical, close-coupling cal-
culations in order to study the transfer of internal energy
and angular momentum in the collisions of highly excited
atoms of Rb and Xe with the polar molecules HF and
HC1 by using basis sets consisting of 150—400 terms. The
present semiclassical results show improvement over the
classical treatment' and give reasonably good agreement
with measurements of n-upward, n-downward, l-mixing,
and rotational deexcitation rates at thermal energies.
Several test calculations were carried out to examine the
sensitivity of the cross sections to the size of the basis sets
and to the respective contributions of particular terms in
the coupled Eq. (9). Of course, the most important terms
for inelastic transitions are the third (core-molecule cou-
pling) and fourth (electronic-rotational coupling). The
third term in Eq. (9) describes rotational excitation-
deexcitation through the core-molecule interaction; this,
in turn, feeds back to influence the Rydberg electron.
Thus, the third term plays the role of a higher-order
correction to the IA. We carried out two sets of calcula-
tions, with and without inclusion of the third term of the
cross section for 1 mixing in Xe(50d)+HF collisions.
Neglecting the third term was found to decrease the mag-
nitude of the 1-mixing cross section by about 35% but the
overall n dependence was not so affected. Inclusion of
the core-molecule interaction tends to "orient" the
molecular axis because of long-range core-molecule di-
pole interaction and consequently makes l mixing more
efBcient since molecular rotation, which tends to average
out the electron-molecule dipole interaction, is hindered
(by the orienting field of the ion core). General tests of
the basis size have been carried out by using (i) a different
number of n state with fixed 1 and m values, (ii) a different
number of 1 states with fixed n and m values, and (iii) a
different number of I states with fixed n and / values. A
fairly small portion of the probability shifts around
within a given n, I, and m space, so that a change in the
number of n, 1, and m states in the close-coupling calcula-
tion can cause differences as large as 25%%ui in particular
cross sections. After an initial distribution of probability
in n, I, and m substates is established by the interaction
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on the incoming trajectory (within a typical interaction
region of -200ao), the probability rather quickly selects
a certain set (or window) of dominant final states result-
ing from the quenching, i.e., "a quenching window. "
Further probability redistribution among different I and
m substates on the outgoing trajectory is a slow and
inefficient process that results from the long-range dipole
interaction at very large atom-molecule distances.

The IA results obtained by using formulae of Petitjean
and Gounand appear to overestimate most of the reac-
tion rates. The IA is derived on the basis of assumptions
of (i) r ))rEM, (ii) r ))R, (iii) no multiple scattering, (iv)

neglect of VcM, (v) weak binding energy of the Rydberg
electron, and (vi) smooth binding potential. In the
present Rydberg atom-polar molecule collisions, condi-
tions (i)—(iii) are not met in any strict sense for n 50,
and there is no justification for condition (iv). However,
several earlier studies carred out on the quenching of
Rydberg atoms in collisions with polar molecules, which
were based on the IA method, seemed to suggest that the
IA off'ers a reasonable result for rather low n (n =20)
Rydberg atom collisions. Since these latter studies tend-
ed to emphasize transitions with rather large system ener-

gy defects and consequently short effective collision
times, the IA may have some validity.

Lastly, it should be emphasized that in the present
close-coupling scheme, ionization channels were exclud-
ed, and as is known from extensive studies of "high-
energy" heavy-particle collisions, ' the neglect of contin-
uum states usually results in an overestimation of discrete
inelastic transition probabilities. However, considering
the magnitude of the measured ionization cross sections
for the present systems, we estimate that our calculated
cross cross sections may be overestimated by 4 —5%%uo, at
most, because of this effect.
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