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A quasiclassical theory of vibration-rotation excitation of molecules is proposed on the basis of a general
expression obtained earlier for the scattering amplitude in angle-action variables. For eikonal trajectories, it
reduces to a generalized Glauber formula, taking into account internal motion of the target. If the Morse
rotating oscillator model is used, the calculation of the differential cross sections reduces to quadratures.
Various simplified expressions are derived for the cross sections, including, in particular, a Bessel
approximation. This approximation is used to calculate the cross sections of vibrational transitions in the
Li*-H, system and of rotational transitions in H,~H, collisions; these cross sections are compared with the
experimental values and calculations by the strong coupling method. The comparison indicates a good
accuracy of the simplified analytic expressions. The proposed theory may be particularly effective for treating
collisions with multiatomic molecules and also with the surface of a solid.

PACS numbers: 34.10. 4+ x

The development of the theory of vibration—rotation
excitation of molecules in collisions with various tar-
gets (electron,atom, molecule, solid) is of great inter-
est in connection with investigations with lasers,! the
study of rotational relaxation in freely expanding jets,??*
experiments on molecular beams,* the solution of prob-
lems concerning the structure of shock waves,’ etc.
This explains the recent publication of many studies on
this question.

. The main difficulties in calculations of the cross sec-
tions of vibration-rotation transitions are due to the
multidimensional nature of the problems, and also the
circumstance that under the most typical conditions one
does not have fulfillment of the conditions of applicabil-
ity of perturbation theory, €,=a,r,/k <1, 1,/h=(AE)™,
or the Massey adiabatic criterion n,=v7,>1. On the
other hand, the condition of the quasiclassical approxi-
mation for the relative (¢,=KR,> 1) and internal mo-
tion of the molecules is frequently satisfied. Here, we
have denoted by g, the mean value of the potential, by
R, the interaction range of the molecules, by v the
characteristic frequency of the internal motion, by 7,
the collision time, and by AE the mean defect of the
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resonance. Therefore, to go beyond perturbation the-
ory in the solution of this problem, a number of authors
have recently made very laborious numerical calcula-
tions based on the approximation of strong channel cou-
pling® and the classical trajectory method.” The diffi-
culties of carrying out and using such calculations for
a large number of pairs in kinetic problems prompted
an information-theory approach® aimed at establishing
simple approximate expressions (containing free pa-
rameters) for the cross sections and transport coeffi-
cients.

Among the analytic approaches, the most popular has
been the exponential approximation for the S matrix in
its various forms,®? the basis being provided by the
Magnus approximation for the nonstationary propagator.
It should however be noted that a rigorous expression
for the scattering amplitude in terms of such a propa-
gator has not hitherto been given. Therefore, the
heuristic method of introducing the exponential approx-
imation in multidimensional problems leads to funda-
mental difficulties associated with the use of approxi-
mate classical trajectories, the fulfillment of the opti-
cal theorem and the symmetry property of the ampli-
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tude with respect to the initial and final states, and the
treatment of zero-angle scattering and other classical-
ly forbidden transitions.

In the present paper, we propose a systematic and
rigorous theory of vibration-rotation excitation of di-
atomic molecules. It is based on the Morse rotating
oscillator model'* and an exact representation for the T
operator in angle-action variables obtained recently,!s
The proposed theory simplifies Glauber theory!® in the
sense that it uses a description of the internal motion
of the molecules by means of angle-action variables,
but at the same time generalizes Glauber theory to the
case of lower energies of the relative motion and large
scattering angles. On the other hand, it gives the most
rigorous quasiclassical representation of the scattering
amplitude in terms of a propagator of exponential form
on approximate classical trajectories. These modifi-
cations in Glauber theory are particularly helpful for
problems of gas dynamics and physical kinetics. The
proposed theory can be used for problems involving
more complicated objects (multiatomic molecules,
crystal surfaces,'” clusters, nonspherical nuclei, etc.).
For the simplest form of trajectory (eikonal approxi-
mation), the problem is reduced to quadratures con-
taining only the interaction potential, which is very im-
portant for studying the influence of different regions
of the potential surface on the probability of inelastic
transitions.

We obtain and discuss various approximate analytic
expressions for the cross sections. We make calcula-
tions of the differential cross sections of vibrational
(Li* - H,) and rotational (H, - H,) excitation, and com-
pare these with experimental results and calculations
by the strong coupling method. Comparison indicates
good accuracy of the simplified variants of the theory
in calculations of the cross sections of RT and VT tran-
sitions.

1. GENERAL THEORY

To be specific, we shall consider the process of vi-
bration-rotation excitation of diatomic molecules:

AB (nj imy) +CD (Ryijaimyg) ~AB (Rygjimyy) +CD (Rygjagmey) (1)

ni=(n,;, D), n=(ny, 0y), n=(njm,), s=1i,2,

where (njm) are the vibrational, rotational, and mag-
netic quantum numbers. We assume that the classical
internal motion of each molecule can be described in
terms of angle—actionvariables ¢, -I (s=1,2), the vec-
tor I, of the action variables being related to the vector
n, of the quantum numbers by the Bohr-Sommerfeld
quantization condition (Bl is a constant vector which de-
pends on the nature of the motion)

IL=h(n,+B,). (2)
The classical Hamilton function has the form
H=et (P,,2+—Li) +96,(L)+36,(1)+V(R g T L), (3)
% B

o=(g0 @), T=(I, L), 56(1)=36,(L)+%,(L),

where R, P, and L are the coordinates, momenta, and
angular momenta of the relative motion of the mole-
cules, u is their reduced mass, and V is the interac-
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FIG. 1. Collision of two vibrating rotators: ¢y, ¢sy, and @,
are the angular variables of the target in the fixed coordinate
system XYZ, p is the point of closest approach of the mole-
cules, which lies in the XZ plane, ® is the azimuthal angle,
and v4 and v, are the angles between the radius vector R and
the axes of the molecules.

tion potential, which we shall assume consists of an
isotropic and an anisotropic part (see Fig. 1)

V=Vo(R) [1+W.(R; 1y )], Vi=VoW,, (4)
where vy, is the angle between r, and R.

The equations of the classical trajectory connecting
the asymptotic states n;P; and n;+ P, must be
found from the canonical Hamilton equations with
corresponding boundary conditions.” These equa-
tions can be conveniently expressed in dimension-
less form by introducing the “slow” time 7=t/t, (t,=1,
and 7!, respectively, for fast and slow collisions):

P =nv (D) Fesere, R (1) =v (1),
v ” v’ (5)
i OV pry=— B OV
n(t)=—¢, T P (1)= w R
L v(7) _ 038 .V . e
v (L)—Ty V(T)_T' v =5 R =& N.=Vt,
(6)

P(—) =P, n(—»)=n;, P(+x)=P, n(+w)=n,.

As can be seen from Egs. (5), the classical theory
contains all three of the previously introduced param-
eters for fast collisions (7, =7,<1) and only the two
small parameters € and a for slow collisions (7, =1).
As is pointed out in Ref. 18, the system (5) can be
solved for fast collisions by canonical perturbation the-
ory, and for slow collisions by the method of asymptot-
ic averaging with respect to the “fast” variable. Then
in the first approximation the theory contains the poten-
tial v itself in the case of fast collisions and its peri-
odic part V=V -V (V is the averaged value of the po-
tential) in the case of slow collisions. It is because of
this that one can ensure that the momentum of the per-
turbation is small for slow collisions.

1t is quite clear that on the approximate trajectories
one cannot satisfy the boundary conditions (6), and it is
therefore important to obtain a representation for the
T operator in terms of the solutions of the problem (5)-
(6) in which the required increments A=P, -P,and k%
=1, -L,=AI of the quantum numbers are separated from
the very beginning and a possibility exists for using ap-
proximate trajectories in the calculation of the corre-
sponding quantum transition. Such a representation,
obtained in Ref. 15, has the form
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Py, | TIPn>=i [dRo dgy (Po/utve)8 (o) 10 (P} /0 (PI) 1"

X1 (P,1.)/3 (B L) I oxp[ - (aRctalg—asRooN], (D)

o=(Reqo), q=(Polo), Po=Po/P,, I,=I/I, wve=v(l),

. 4o +o +o (8)
AS (R, @,) = j RdP(t)+ jq>d1(t)+ j VIR,+v(2)¢t, @utv(t)t, 1(t)]1dt.
The physical meaning of the expressions (7) and (8)
is very simple. Because of the presence of the 6 func-

tion, the integration in (7) is over the hypersurface

R,* ¢, orthogonal to the trajectories £,1q, which we
shall call the dynamical plane of the impact param-
eters. In (7)—(8), AS is the increment of the classical
action in the “interaction representation” ! the pre-ex-
ponential factors are the Van Vleck determinants for
the ingoing and outgoing branches of the trajectory, and
P, and y, are the values of the relative momentum and
modulus of the frequency vector y on the dynamical
plane of the impact parameters. The values of v(#) and
(t) are to be taken from the exact solutions of Egs. (5).

The expression (7) has the following important advan-
tages compared with Miller’s S -matrix theory™: It
introduces the dynamical plane of impact parameters,
and it makes it possible to use approximate trajector-
ies, study small-angle scattering, and investigate clas-
sically forbidden transitions P;n,~ P;n,. The problem
with classically forbidden transitions reduces to the
finding of the complex saddle points of Ry ¢,, at which
one joins the two branches of the trajectories on the
dynamical plane of the impact parameters for the tran-
sitions P,n,~P;n,, and to the calculation of their con-
tribufions in the framework of the multidimensional
method of stationary phase.

In what follows, we shall restrict ourselves to the
first order of classical perturbation theory, in the
framework of which the ingoing and outgoing branches
of a trajectory are characterized by constant values of
v, v, and I, i.e.,

vi, v, I, t<0 (9)
Vi1, t>0

v,v(0,10={

As the dynamical plane of the impact parameters, it is
convenient to choose the plane perpendicular to the bi-
sector of the angle between the vectors P, and P, The
expression (7) can then be reduced to a Glauber form
for the scattering amplitude:

o, B B) == 2 [ dpexp (ApITan, (), K=3%,  (10)
. = e .

Taa,(p)= I -(2—“')qexp(impa) {exp[iAS(p, @) ] —8s, 5, }, (11)
AS(p, §o) =— j dt V.[p+v (D)t @etv (Bt ()1, (12)

R;;(p. 0), p=(p, D).

In Egs. (10)-(12), T, , ; is the “inelastic scattering pro-
file”, ¢ is the number of dimensions of the space of the
angular variables ¢,, and V, =V and V for fast and slow
collisions.

Note that the expressions (7) and (10) (representations
of Glauber type) are an alternative to the quasiclassical
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representations for the T operator of Schiff type.!8 2

Under quasiclassical conditions, the main contribution
to the increment AS of the action is made by the neigh-
borhood of the turning point =0, where one can use the
following approximation for the trajectory of the rela-
tive motion (see Fig. 1), this being assumed to lie in the
xy plane and described by the isotropic potential V in
(4):

R=(X, Y, Z), X(t)=pcos®+tv.(t)t+w.t?/2,
Z(t)=psin ®, w.,=—V./(p)/p,

Y(t)=vt; (13)
v.(0) =0.

In the eikonal approximation, w,=0,v,=v, ,sin 6/2,
v,=v, sc0s 6/2. Asv(t), v(t), and K¢) in the eikonal
formulas it is convenient to use the symmetrized ex-
pressions

ve=(vitvy)/2,
or

vo=(vitv))/2, L=(I+I;)/2

v.=(viy) ", L=(LI)" (14)

ve=(vivs)",

Compared with Glauber theory used for problems of
this kind,?22 the approximate theory based on Eqgs.
(10)-(12) takes into account the internal motion of the
target (v, #0), makes it possible to consider a wider
range of variation of the parameters € and 7, and is
simpler when applied to complicated systems. Com-
pared with the parameteric method of Ref. 23, the pro-
posed theory, which generalizes the results of Ref. 24
to the three-dimensional case, gives a more correct
description of diffraction scattering effects, which be-
come particularly important in the case of the scatter-
ing of molecules on a crystalline surface.’

We give some simplified variants of Eq. (10). If in
accordance with the splitting of the potential (4) we
represent AS in the form

AS=8S,(0)+A8,(p;9u D), T s, =xp (5-AS:)Tuayny,  (15)
then the scattering amplitude can be expressed as

K=
f.i.l (e)=—szdf)

= . . e
X jd(b exp [Lh(ZpPsm—z—cos ©+AS,(p) )] Tia a, (p). (16)

If the function I',, . depends weakly on the angle &
and the influence of inelastic transitions on the scatter-
ing for =0 is unimportant, then (16) can be repre-
sented as the convolution of the elastic scattering am-
plitude and the inelastic scattering profile I';, :

fa o, 8)=—iK [pdpl, (2Kp smT) Ta(p) Tua, o, (0,

To(p) =exp (iAS,) —1,

where J,(x) is a Bessel function of zeroth order.

If the integral (16) is calculated by the method of sta-
tionary phase and it is assumed that the stationarity
point p,[ p(8), &=0] is determined by the argument of
the elastic exponential, then we obtain the approximate
representation

fa 2, (8)=1.(0) T, u, [ps(8), @=0], (18)

where £,(6) is the classical elastic scattering amplitude.
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Since the eikonal formulas for sufficiently high ener-
gies satisfy the optical theorem to good accuracy,® we
can calculate the total cross sections for scattering of
molecules in the state n; in accordance with the formu-
la

4 o de, . ,AS(p, o)

a.,.=7f.‘..i(0)=4j.dpstnn'—g——. (19)
Note also that under the condition 2K >>1 we can use the
orthogonality of the Bessel functions® and, integrating
the square of the modulus of the expression (17) over
the solid angle, obtain an expression for the total cross
section of an inelastic transition in the form of the for-
mula of the impact-parameter method:

On ;o =21 jpdplr...,...‘,(p)lz. (20)

2. MODELS OF VIBRATION—ROTATION
INTERACTION OF DIATOMIC MOLECULES

For a diatomic molecule, a fairly accurate model is
the Morse rotating oscillator model in the angle-action
variables ¢ y@;@y-NJM }!* for which

U
(2uo)™  2(D=F.J%)"

N=2—i¢p,=(n+zi)n,

2 s
= (p ot six’;: 9) =i+ 1", M=p=mh,

H=E(N, J)=—[ ]+FnJ=, (21)

(21a)

where p,, pg, py are the momenta of the relative motion
of the molecule in a spherical coordinate system; u,

is the reduced mass of the molecule; a,D,7, are the
parameters of the Morse potential; and F,, ,are quan-
tities that can be expressed in terms of «, D, 7,.

Substituting (21a) in (21), we obtain the levels E ; of
the vibration-rotation spectrum, these agreeing well
with the results of numerical calculation for not too
large n. For small values of F,J? and F,J?, we obtain

‘h
=1 -2y, 2CD)E
[«

11
—DEtt—
Dg R .

s (22)

i.e., the vibrational spectrum of the Morse oscillator
and the rotational spectrum of a rigid rotator.

The unperturbed motion r(¢) in the molecule is deter-
mined by the relations

() —sin ¥ (¢) sin @oar +- A cos W' (t) cos @onr M
(y (t)): r (t)( sin ¥ (t) cos @oum + A cos W' (2) sin @opr ) s A="F; (23)
0] (1 —2%"cos ¥ (2)
r(t)=ro—a"'ln§(t), E&(t)=(—2a)[b+(b*—4ac)" sin (ontvat)];
(24)
W (t) =v,t+JALE(t)], a=E—FJ*, b=2D—FJ}, c=—D+F,J".
In Egs. (23) and (24), we do not write out the explicit
form of the functions A(£),** @,=(@oxs Coss Pou)s v
=(yyvs;vu=0).

The trajectories of the motion described by Egs. (23)
and (24) also agree well with the results of numerical
calculations for not too large n.

As a~« and yy~0,

Fo>1/2p,r4%,

F, .0, A(§)—0,
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and we obtain the trajectories of a rigid rotator. For
J=0, we have the equation for the trajectory of a
spherical Morse oscillator:

r(t)=rota™" In {§7*[1+(1—§") " sin (Qovtvat) 1}. (25)

The further analysis of the problem is determined to
a large degree by the models chosen for the isotropic
and anisotropic parts of the potential. Whereas there is
extensive theoretical and experimental material for an
isotropic potential (see, for example, Ref. 26), the
choice of the potential determining the inelastic transi-
tion presents great difficulties.

The problem is simplified if an inelastic, purely ro-
tational transition is determined by the long-range
multipole part of the potential (charge-dipole, charge—
quadrupole, dipole-dipole, etc.), which has the form,
respectively,

QdP,(cos¥) QYP;(cos )
Vis—pi— Vis—p——
R R (26)
Ve [3P,(cos y;) P(cos 72) —Py (cos Yo) 1did.
1= R’

Here, v, and y, are, respectively, the angles between
R,d,, and d,*d,; @, d, and T are, respectively, the
charge, dipole, and quadrupole moments; P (x) are
Legendre polynomials.

A more general form of the potential energy surface
is frequently expressed in the form*

V=V.(R) Z W;(R) [AP;(cos y,) +B;P;(cos 12) ], (27)
i

where j=2K (A,=B,) and j=2K +1 (A,+B,), respective-
ly, for homo- and heteronuclear molecules. It is read-
ily seen that for additive potentials of the form (27) the

inelastic scattering profile I, , " factorizes, i.e.,
1

ng(1) _0g(2)
[=Tu o, =Ta 0 Ta/ - (28)

One can also use the additive scheme of two-body po-
tentials, 2® which leads to (27) and additional crossed
terms. The additive potentials (27) and the represen-
tation (28) are not, in general, suitable for calculating
quantum exchange cross sections (VV and RR proces-
ses). For such transitions, it is necessary to take into
account the crossed terms. In addition, the accuracy
of the approximation which uses angle-action variables
for quantum exchange processes requires further in-
vestigation.

Even greater difficulty is presented by the choice of
the potentials V,, which depend on 7, and r,, in the cal-
culation of vibration—rotation transitions (see, for ex-
ample, Ref. 25). For the simpler problems of vibra-
tional excitation, one frequently uses a “breathing
sphere” potential of the form

V=V,(R)+W,(R) {4, exp [—B.(ri—r10) 1+B exp [—p2(r=—71s) 1}. (29)

To express the potential V in angle-action variables,
we use Eqgs. (13) and (23), and also the relation

cos 7=R(t)r(t)/[R(t)r(t)]. (30) -
The subsequent and more detailed analysis is made

more conveniently for a number of concrete cases.
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3. ROTATIONAL AND VIBRATIONAL EXCITATION
OF DIATOMIC MOLECULES

1. To describe rotational excitation of diatomic mol-
ecules when the vibrational levels are not excited, we
proceed from the model of a rigid rotator with interac-
tion potential V, of one of the types (26) and (27). For
the “rotational excitation profile” of one molecule, we
then have the expression

iym
I/ (0,®)= | d;'::" exp (ixxgo) T, (9o 6,0, @), (31)
)
x
I‘,’,.’=j dg:: explin;Pos TiW (os; 8,0, ®) 1, %s=ji—ip (32)

The integral (31) describes basically transitions be-
tween different values of m; the integral (32), transi-
tions between different values of j. For ¥, we can ob-
tain the general expression

W=C,cos (ppos;+Lo), p=1,2, (33)

where, as is readily seen, C, and {, can be expressed
in terms of integrals of the form

X7 (
A ) {sm (pv(t) t)} ) (34)

ye (i)
77 (1) cos (pv (t)t)

oo
- (R (1)
t= _S,, 11)'%” D)

In (33)-(34), p=1,2, respectively, for hetero- and
homonuclear molecules; W,(R) is the coefficient of
cos v.

Using the well-known integral representation for the
Bessel functions,®
1 —fyb2x4ico ) ] 1
J,,(z)=—2; _‘-‘;iw exp [zzcost+m(t—?)] , (35)
and also the arbitrariness in the choice of 7, (0< 17,
< 7) and the integral nature of », we readily obtain an
explicit expression for I‘f{:

I/ /=exp (— i"‘;i + ”‘;‘ ) Tu,.5(C5). (36)

The Bessel approximation for the profile (36), which
is used in one-dimensional problems,*? gives in con-
junction with (16)—(18) the most rigorous expression for
the excitation amplitude in the first order of perturba-
tion theory. The Bessel approximation is generalized
to the three-dimensional case in Ref. 33, but the not
entirely rigorous derivation of the basic expression for
the amplitude leads to a different argument of the Bes-
sel function. This difference between the basic ex-
pressions for the T operator will also have an influence
when the following orders of perturbation theory are
taken into account.

We introduce further the simplifying assumption that
the main contribution to the cross section is made by
planar configurations of the system, when the plane of
the rotator lies in the scattering plane [A(¢)=1]. We
shall also assume that the rotation frequency of the ro-
tator is constant and equal to y,. Under these assump-
tions, we obtain the approximate equations

R(t)=(p*te.’t*)"%;
wy=—0Vo(p)}/0p.
The calculations then simplify considerably and lead to

cos y=cos @ cos @;, Qr=vit+@y,,

(37)
el=w.p cos P+v. cos® (8/2),
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the results
I",.I:“i =0m ,m ,0xp(iZ5)]u, ;2(Cyp), (38)
7~0, 7=-22. o j W.R () 1dt,
p +0
Cr=— °°sp® [WalR() Tcos (vt . (39)

For the case of a power-law dependence W,(R), we
obtain explicit expressions for Z, and C,:

g g TR o
W’(R)—AR Z,= mcos O—ETW,(p),
__ 4n cos*® p _pvp
Cy 20 (s—1)1 ? e. Wp(p)exl’( T)
O (2s—k=2)! [ 2ppvy\*
x; I (s—k—1)1 ( e ) : (40)

Ws(R)=AR™>"", Zy=— (Zs:'j)” 2‘DLWz(p),

_ nh cos® @ pvp pvp
M T T rERTA M =0 (5] ) K‘( on DG

where K (x) is a MacDonald function. One can write
down more accurate expressions for cos v and the
quantities Z, and C, associated with them by taking into
account the variation of R near the turning point, but
we shall not dwell on this.

a). For the case of excitation of the rotational levels
of a dipole molecule by a charged particle of charge
Q we have (s=1)

Z,=0. C‘=—cos®n0d exp(—v—) Ly, =1(C), x=lj—jl. (42)
e.p €.
Substituting (42) in (16), we find an explicit expression
for the scattering amplitude as a double integral with
respect to p and &. In the expression for C,, we can
ignore the dependence on & (cos &~1) and then use the
expression (17). If we also assume that £, ~v,, then
the total scattering cross section for 2K>>1 can be cal-
culated in accordance with (20).

b). For quadrupole potential (s=1)
3QY cos* @ c 3v. QY

Zi=— = ——, Ci=—

4e.p*

cos® OK, ( 2:.p ) (43)

¢). For the additive scheme of the potential (27), the
correspondmg expressnons for I'y iy with p=1,2 are

obtained by using the expressions (40) and (41).

d). The most complicated expression for the inelas-
tic scattering profile in nonfactorized form is obtained
for the dipole-dipole interaction (27) or in the model
with crossed terms. In the framework of the simplifi-
cations formulated above, we can use the following ap-
proximate equations in its calculation:
€08 Yo=C08 (Ps1—Qra),

(44)

cos Ys=cos @ cos @s;, coS Y2=cos D cos Pz,

‘Pn'_—"vxt""Pun, Q2 =Vz£+€Pnn-

2. We obtain a simple expression for the “vibration-
al excitation profile” if we use the breathing sphere po-
tential in the following form in the problem of vibra-
tional excitation of a diatomic molecule by an atom:

V(R,r)=V,(R)+W(R) exp [a(r—rs)], W(R)=CR™>.  (45)
Using (25), we again obtain an expression for the pro-
file in terms of a Bessel function:
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Ty i ,=]x(ck)1 “=Inl_nll‘

4 (1=52)" W(p) [ pve | *** v,
o e (e) Ee(E) @
Note that in the framework of the approximation (38)
we obtain essentially the cross section of the transition
0~ n=|j,=js|[0o,(0)]. Inthe adiabatic approximation,
the cross section of a transition between arbitrary ro-
tational quantum numbers can be calculated in accord-

ance with the formula3*3°

L3

K Jetiy jox
00,0 =221+ Y, (07 7)o@ (47)
' %' =ljg—ifl

4. VIBRATIONAL EXCITATION IN THE Li*—H,
SYSTEM

As an example of the use of the simple expressions
(18) and (46), we calculated the differential cross sec-
tion of vibrational excitation in the Li*-H, system. For
the parameters of the potential (45), we chose here the
following values obtained by comparing (45) with other
analytic representations of the potential energy sur-
face’s:

s=2, C=47-10"* a.u.,

D=0.15 a.u.,

The values for the turning point for large scattering
angles were calculated in accordance with®’

p~2d=~1 a.u.,
re=0.7 a.u.,

p@=cv 1+ 21_3 In (;—E(m) " sint —g )] . (48)

The results of the calculations together with the re-
sults of the experimental measurements are shown in
Fig. 2. The experiment led to measurement of the
quantity3®

do ™y do
1(0)=—=(0~n) / Y0

Va0

for the energy values E=3.65, 5.54, and 8.8 eV in the

08)
!/
E Py ™3
IS - -0
G5k =00
13 4
[ *
—=20~/
ark P e |
a05F :;%::”-zé
R s A
- =t 0|
0,01 L " ]
/ :L 1 1 1 1
asE e AT E
C b3 p
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oY 20-1
are - E
E 0+2
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1k 1 I 11 1
- o~
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r o 3= g~1
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4 N
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FIG. 2. 1(6)= (do/dQ) (0—~n) D5, (do/d2) (0—~v) for Li*—H,
at E= 3.65 eV (a), 5.54 eV (b), and 8.8 eV (c). The broken
lines show the experimental data of Ref. 37, the continuous
lines the calculations in accordance with (18) and (46).
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z

(d6/dR)pp, R
?

w07+ 4

FIG. 3. (do/aR) ,,(00—02|6) for Hy—H, at E= 0.1 eV (a) and
0.3 eV (b). The broken curves show the calculation by the
strong coupling method, ® the continuous curves the calculations
in accordance with Eqs. (18), (28), and (36).

range of angles from 125 to 167°. The error of the
measurements was +20% and more and increased with
increasing energy and decreasing angle. As can be
seen in Fig. 2, the agreement between the calculation
based on the simple analytic formula and the experi-
ment can be regarded as satisfactory for all the transi-
tions and considered energies.

5. ROTATIONAL EXCITATION IN THE H,—H,
SYSTEM

To illustrate the method, we can also compare a cal-
culation of the differential cross section of rotational
excitation in the H,-H, system on the basis of the sim-
plified expressions (18), (28), and (36) with the results

(do/d) gp, A®
T

T T T T

g° * ' ?lﬂ' —t 180°
I’

FIG. 4. (do/d), (10 —~12|6) at E=0.0929 eV and (do/d),,

(02 —24| 6) at E = 0.55 eV for Hy—H,. The broken curves

show the calculation by the strong coupling method, % the contin-

uous curves the calculation in accordance with Eqs. (18), (28),

and (36).
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of calculation by the strong coupling method® (see Figs.
3 and 4). We took the potential model®
V(R, Y1 ’Yz)
=V, (R) {1+B[P;(cos 1,) +P:(cos 12} 1},
Vo(R)=de—",
a=1,783 a.u.,

(49)
A=2.168 a.u.,

B=0.14,

and considered the differential cross sectionfor collisions
of para-para (do/d<),,, and ortho-para, (do/d),,, H, mole-
cules. In both cases, the scattering amplitude was cal-
culated by symmetrizing the original amplitudes (see
Ref. 6)

7 Gadaiiis 18) =f(juja—is1a" | 8) +f(jija—>jeji | n—8). (50
The turning points p(6) were calculated on the basis of

the following approximate formulas for the exponential
potential:

f=— FbAaKo(ab), 0(8)= (51)

_:
) cos(8/2) ’
which ensure good accuracy for 8 < 30°-40°,

Finally, the cross sections were calculated in ac-
cordance with a formula that takes into account the
correction g (see Ref. 6),

——a-(iaiz*il'fz'|9)=—K—”—g(m;; j i) Garria 32" 10) 1%
[/19] Kyone (52)

2 2m e T (21 1) (27:°4+1) 9t
Kiu‘n_’T(E"—Ein—Eix)y gz 7 )= (2 F1) 2 D)

’

this being done for a number of transitions and ener-
gies, which are indicated in Figs. 3 and 4.

As can be seen from Figs. 3 and 4, there is good
agreement between the proposed simplified theory and
the strong coupling method for all the considered cases
of inelastic transitions not associated with exchange of
quanta, when the potential (49) can be assumed to be a
good approximation of the potential surface.

It is interesting to note that the oscillation structure
of the cross sections, explained in Ref. 6 by the phase
difference between the direct and exchange amplitudes,
is described here by the Bessel function, whose argu-
ment is equal to the increment of the “inelastic action.”

The agreement with the calculation by the strong
coupling method is better at small angles and somewhat
less good at 8~7/2, which is due to the approximation
(51) and the approximate representation of the trajec-
tories. The agreement obtained for all the considered
cases should be regarded as lending support to the Bes-
sel approximation, which gives a fairly accurate de-
scription of the probabilities of rotational transitions
under conditions when perturbation theory fails.

In this connection, it would be of considerable inter-
est to consider more complicated problems and effects
in the framework of the proposed theory, which admits
numerous obvious generalizations.

) These trajectories are real if the transition is classically
allowed and complex if it is classically forbidden.
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