K= R (1 1) e (2)(2) e (4)

2 4 2\%* 1 o
(=) (=)(=) — —_—
F( 3)F ( 3 )( 9) (2T)‘/=}e"p(zni,:,r)’ (A.7)
If T <1, then the first term in (A.7) can be neglected.
In the opposite limiting case n < 1/2T!/2 we have

o  AR,)
2R,'T 2T

j: R,‘'[A(R,)]"exp (

1/2nt

)dA (R,)

o . @ 1 ) T

~2R,\exp (ZR,‘T‘ T ) oL (A.8)
J'-' R exp ( o ARy
[A(R,)]*" 2R ‘T 2T

1/2n?

)dA (R,

1
) @T) @) (A.9)

a
~FRiiexp (ZR ‘T in
int

and accordingly the ionization rate constant is deter-
mined at n <« 1/2T'/2 by the expression

() () (5) e (5) () e}

(A.10)

DThe integration is carried out by the stationary-phase
method, as was done for the case of collisions of the second
kind." In our case |AF| =|dA/dR|gz-g ~YA(R,), AF is the
difference between the slopes of the curves of the potential
energy at the resonance point R .

~ ianitees

V. B. Leonas and A. P. Kalinin, Usp. Fiz. Nauk 121, 561

R (1977) [Sov. Phys. Usp. 20, 279 (1977)].

B. M. Smirngv, Asimptoticheskie metody v teorii atomnykh
‘'stolknovenii (Asymptotic Methods in the Theory of Atomic
Collisions), Moscow, Atomizdat, 1973.

%A. Z. Devdariani, A. N. Klyucharev, A. V. Lazarenko, and
V. A. Sheverev, Pis’'ma Zh. Tekh. Fiz. 4, 1013 (1978) [Sov.
Tech. Phys. Lett. 4, 408 (1978)].

4K. Radler and J. Berkowitz, J.vChem. Phys. 70, 221 (1979).

5V. A. Smirnov and A. A. Mikhailov, Opt. Spektrosk. 30, 984
(1971) [Opt. Spectrosc. 5, 525 (1971)].

SA. N. Klyucharev, Proc. Tth All-Union Conf. on Electron-
Atom Collisions, Petrozavodsk, L., 1978.

L. D. Landau and E. M. Lifshitz, Kvantovaya mekhanika
(Quantum Mechanics), Moscow, Fizmatgiz, 1963.

L Sobel’man, Vvedenie v teoriyu atomnykh spektrov (Intro-
duction to the Theory of Atomic Spectra), Moscow, Nauka,
19717.

L. A. Bureeva, Astron. Zh. 45, 1215 (1968) [Sov. Astron. 12,
962 (1969)].

194, Burgess and M. Seaton, Mon. Not. Roy: Astron. Soc. 120,
121 (1960).

YR, E. Huffman and D. H. Katayama, J. Chem. Phys. 45, 138
(1966).

125. A. R. Samson and R. B. Cairns, J. Opt. Soc. Am. 56, 1140
(1966).

13p. M. Becker and F. W. Lampe, J. Chem. Phys. 42, 3857
(1965).

U4B, v. Dobrolezh, A. N. Klyucharev, and V. Yu. Sepman,
Opt. Spektrosk. 38, 1090 (1975) [Opt. Spectrosc. 38, 630
(1975)].

155, A. Paisner, J. G. Conway, and E. F. Worden, J. Opt. Soc.
Am. 68, 640 (1978).

Translated by J. G. Adashko

On vibrational energy exchange between strongly excited

polyatomic molecules
V. T. Platonenko and N. A. Sukhareva

M. V. Lomonosov Moscow State University
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Zh. Eksp. Teor. Fiz. 51, 2126-2137 (June 1980)

Processes involving the exchange of vibrational energy in collisions between strongly excited polyatomic
molecules are studied. Relaxation equations are obtained in the dipole-dipole approximation for the
vibrational energy in a nonequilibrium molecular gas and also a kinetic equation for the distribution function
of the vibrational states. The relation between the dynamic relaxation characteristics and the spectral
properties of the gas is found. A comparison of the V-V relaxation time with the experimental data gives

satisfactory results in the region of high excitation (T, > 600 K).

PACS numbers: 34.50.Ez, 34.50.Hc

The development of researches on the laser separation
of isotopes by the method of photodissociation of poly-
atomic molecules in a strong infrared (IR) field makes
timely the investigation of processes of exchange of
vibrational energy in the collisions of strongly excited
molecules,

The problem of the rate of collisional exchange of the

vibrational energy has been studied in the example of
diatomic and weakly excited polyatomic molecules,!*?
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An important feature of the vibrational spectrum in
these cases is its discreteness; therefore, the calcula-
tion of the transition probabilities reduces to the prob-
lems of the excitation of an oscillator, or of transitions
in a two-level system or in a system of two weakly in-
teracting oscillators. In polyatomic molecules, the den-
sity of the vibrational spectrum increases rapidly with
increase in the vibrational energy and can exceed the
duration of the collision process at energies lying sig-
nificantly below the dissociation threshold, It should be
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expected that in this region of the spectrum, the rate of
exchange increases appreciably, while the main con-
tribution to the transition probability will be made not

by the short-range forces, which appear in hard colli-
sions and play a fundamental role in essentially nonreso-
nant transitions, but the long-range, especially dipole-
dipole, forces.

As was shown in Refs. 3 and 4, the role of these forces
can also be decisive in quasi-resonant transitions in a
discrete spectrum, In the case of a quasi-continuous
spectrum, on the one hand, the satisfaction of practical-
1y strict resonance is facilitated, which should lead to an
increase in the transition probability. On the other
hand, the matrix elements of the interaction Hamiltonian
should decrease, limiting this increase. In the general
case, the calculation of the matrix elements of the inter-
action Hamiltonian is a complicated problem.

Experiments and theoretical investigations carried
out in recent years on the collisionless photodissociation
of polyatomic molecules in an intense infrared radiation
flux>® have furnished qualitative information on the de-
pendence of the matrix elements of the dipole moment
of the molecules on the energy of the transitions in the
region of quasi-continuous spectrum. These investiga-
tions have revealed two important circumstances, First,
the interaction even of monochromatic radiation with an
isolated molecule that had already absorbed several
quanta has a noncoherent character, so that the energy
absorbed in what follows is practically independent of
the intensity and is determined by the energy of the ra-
diation passing through a unit area:

evm o[ E(t)at
2n !

where E(t) is the amplitude of the electric field of the
wave, Second, the resonance of such an interaction is
relatively weakly expressed; in any case, the width of
the resonances is significantly greater than the recipro-
cal of the interaction time of the colliding molecules.

Taking these circumstances into account, we shall il-
lustrate the effectiveness of the dipole-dipole interac-
tion of molecules A and B by means of the following
qualitative arguments; being interested only in the
change of the state of the molecule A, we shall consider
molecule B as a classical dipole that produces near it-
self a field with amplitude p z/R%(f) and frequency w p.
In analogy with the previous formula, we shall assume
that the action of this field on the passing molecule A
is determined by the quantity

eq=oij~idt=ic—’£,
2n Y R°(t) 16  ub’
if
R(t)=(u*t*+b)",

where u is the relative velocity of the molecules, and
b is the impact parameter,

Let pg2=nguq,% where ng is the number of quanta of
excitation in the dipole-active mode of molecule B, (g,
is the matrix element of the dipole moment for the
transition 0-1 in this mode. Setting pq,>=10"%" cgs
esu, ny=1, u=2.7x10* cm/sec, b~5.5%10"% cm (SF,,
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CF, and others™?%), we find g,~ 0.1 J/cm?, which is
identical in order of magnitude with the threshold value
for the dissociation, €;, in the experiments of Refs. 6,
9 and 10 with radiation whose frequency is detuned
slightly to the red side of the resonance frequency of
the molecules,

This estimate shows that the dipole-dipole interaction
of molecules is very effective and can play an important
role, for example, in the experiments on collisionless
photodissociation of molecules in an infrared radiation
field.

In the present work, the study of the process of trans-
fer of vibrational energy in the case of collisions of
polyatomic molecules, due to dipole-dipole interaction,
is carried out on the basis of analysis of the equation
for the density matrix of the colliding molecules under
the assumption that the energy distribution function of
the molecules changes little during one collision,

We consider the collision of molecules A and B in
states o and B, specifying the interaction Hamiltonian
in the form

ﬁAﬁn—3 (nf‘m) (nﬁu)
vin= R (2) '
where the distance R(f) is a known function of time,
The equation for the density matrix of a system of two
molecules in the interaction representation has the
form

= ——10(0) 0], )
where

Uus«z'ﬁ’ (t) =Unua'ﬂ’(t) exp[i(mm"*"‘)ﬂﬂ') t]:

Oaar=(€a—8a') /A,  Oaparpr=0aa Gpp'.

Using the relation
i
o(t)=—— [ [0(t), 0(tn-) 1ty

for the determination of the nondiagonal matrix ele-
ments, we can represent the equation for the diagonal
matrix elements in the form of a series in powers of
the perturbation, the terms of which contain only the
diagonal elements of the density matrix

1 1
Gapap = — ra J. dt, 2 Oapars (8) Uarprap (ty) [Oapan (21) —arsarp’ (t:) ]

—c a’ B’
+S+Se+..., (2)

where S,, is a term of degree 2n in the perturbation
(the odd powers drop out if U,z,.» are real quantities),
We shall assume all these terms to be small. The
problem of the applicability of such an assumption is
discussed in the concluding part of the paper.

In subsequent discussions, we shall assume the
dipole moment of the molecule to be localized at the
center of mass, so that in the summation in (2) over
a' and B’ the quantities R=3(#) and R~%(¢,) can be taken
out from under the summation sign.

Taking into account the complicated structure of the
spectrum in the region of the quasicontinuum, we shall
assume the orientations and magnitudes of the matrix
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elements of the dipole moment y,, and pgg. to be ran-
dom functions of the quantum numbers., Let the summa-
tion of the product U, gy5:(t)Uqyeqs(f;) Over o’ and 8 be
carried out in the intervals from ¢ to e + Ac/ and

from g} to €5 + Agj, which contain a large number of
states; then the formula

2 1
: ; Uunu’n’ (t) Ua'ﬁ'cﬂ(tx) ~ ?m ; | Hua'l"; |l‘4au'|2 (3)

is valid, since averaging over the mutual orientations
of the dipole moment takes place in the summation pro-
cess,

Substituting (3) in (2) and discarding all terms on the
right side of (2) except the first, we obtain

4
SRR (t)

Gapap = —

_{ Z I paa [ pos 1 [ Gapas (1) —Garprars (84) ]

—c a'p’

[ eotes—ey —
-cos
h

Eg’ 1
(¢—t,) ] o) dt,. 4

Carrying out the averaging over the energy intervals
Ag containing a large number of vibrational levels, but
small in comparison with the quantity Z/7, where 7 is
the time of the interaction, we introduce the notation

Z‘ Goea=n(€a) p (&) Aga, (5)

2 | paar1P=p? (e, &a") p(2a) p (8.") Aga Acd,

where p(g) is the density of the vibrational spectrum.

Making use of the assumption that the mean of the
product 04,20y | aqr |2 OVer @ is equal to the product
of the means:

2 Gual Poar I*=72(€0) 0¥ (0, a7) p (80) P (80") Ak Asd',
an assumption satisfied, for example, if the popula-
tions o, are constant over the interval (g,,£, +4¢,),
or do not correlate with the sums 23, |u“. !, we sum
(4) over all levels Band over the levels a lying in the
range of energies (g,,&, +4¢,). Transforming from
summation over a’, 8’, 8 to integration over &},&;,€,,
we get

. A N S
r(es) = —m:‘;—ﬁ)—! p(es)ded _“;p(eb )des

xj 0 (€6) deop? (€, €") p2 (€5, 85") {7 () (e0)

—n(e)n(es’) }cos [ 8"+°"_;" o (H,)] ) (6)

In the time scale determined by the width of the spec-
trum of the allowed transitions, the change in the quan-
tities R~3(¢,),n(e,t,) is a very slow one and we can set
them equal to R~3(f) and n(c, ). Then, after integration
over the time ¢, and over the energy ¢}, Eq. (6) can be
written down in the form

4n

p(s.)ﬁ(e.)=m! (G (eat2; 2) —C (ea; 2) 1d2, @)

where
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~ i
G (ea; ) =p (£a—2) p (€0) 1> (Eay £a—1)
Xj' P (es)p (est+2) p* (s, £12) [n(22) 2 (£s) 1 (0—2) m(es7+2) [ des.

In correspondence with the derivation, Eq. (7), to-
gether with the analogous equation for n(g,), describes
the change in the distributions n(g,) and n(g,) of a spe-
cific pair of interacting molecules, It is seen from the
structure of this equation that the change in the dis-
tribution of the energy in a single collision 8n(c) can be
small even if the probability of exchange of a quantum
at the given parameters of the collision is comparable
with unity, but the distributions n(c) are sufficiently
smooth or close to equilibrium (at equilibrium distribu-
tion, On(c)=0 in the latter case). It can be assumed
here that in the right side of (7), only the quantity
R~%(¢) depends on the time, and we can change over
to the equation for the energy distribution function of an
ensemble of molecules A, calculating the change 6#%(c)
of the distribution by integration of (7) over t, averaging
the result over the collision parameters b and #, and
multiplying by their frequency. This procedure does
not change the structure of the equation and is equiva-
lent to averaging over R~%(f) in (7) under the assumption
that the quantities n(,, #), R"%(), and

1*(2)= [ p(es) o (es2) W* (o0, e12) (21, 1) de

do not correlate.

Without introducing new notation, we shall henceforth
assume that the functions n(g,) and n(e,) in (7) describe
the energy distributions of ensembles and not of a spe-
cific pair of molecules, while R~¢ is taken to be a quan-
tity defined by the relation

R-*= J' rw(r)dV = %"N,,RZ; ®)

where w(r)dV is the probability that the molecule B be
located in the volume element 4V at a distance » from
the molecule A, while N is the number of molecules
B in a unit volume, The quantity R,,, defined by the
relation (8), is identical in the hard-sphere model with
the gaskinetic diameter of a pair of molecules.

Multiplying (7) by ¢, and integrating over ¢,, with ac-
count of (8), we find the following for the rate of change
of the mean energy ¢ 4:

R Ns [ 214 (@)1 (@) 1" (2) L™ () 1 da. 9)

0

162
9k

Ea=

With accuracy to constants, the quantity x[I”(x)
~I1~(x)] determines the contribution of the molecule to
the light absorption coefficient at the frequency x/7,
and x% ~(x) is the spectral power radiated by the mole-
cule at this frequency.

We simplify (9) under the assumption that the forms
of the functions I*(x) and I ~(x) are identical, intro-
ducing a single functional representation for them:

oI*(z) =h~'C*F (_Z—) . Ce=[ @)z, (10)
where F(w) is the shape of the absorption spectrum,
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normalized to unity, The quantities C* and C~ can be
estimated with high accuracy with the use of the har-
monic model:

Ct= Zg:llf (esthey), C-= Z gins'es, (11)
3 f

where j is the number of the vibrational mode; w;, g,
and u, are its frequency, degree of degeneracy, and
matrix element of the dipole moment for the transition
0-1, and gy, is the average vibration energy for this
mode,

With account of (10) and (11), Eq. (9) is transformed
to the form

16n*

_ < do
ta=——Ras Na| Fa(0)Fs(0)—
o’ 3[ o

X Y a0, maltisl (R o0~ ). (12)
ij

In the general case of a multicomponent mixture, the
right side of (12) must be summed over all the ensem-
bles B,

If the absorption bands of the molecules are clearly
resolved, we can replace the functions F, (w) and Fy(w)
by the absorption bands F,;(w), Fp;(w) normalized to
unity, The equation remains valid, while the essential
contribution to the sum is made only by terms for which
wa; ® wpy. Assuming, moreover, that we can take w in
the denominator of the integrand to be equal to wa;
= wp,, and subtracting the similar equation for the
mean energy of the ensemble of molecules B from (12),
we obtain for the two-component mixture

F -
"a‘t‘(eA-EB)=_ Z‘T(j‘ (EA,.—EEJ), (13)
L
where
160 c
e LA AL ST ;[FA,, (@) Fs,(0)da.

Equation (13) can be solved if the parameters of the
functions F,;(w), Fp;(w) and the energies £4,,£8; can
be expressed in terms of the mean energies £, and €.

Having in mind a comparison with the results of the
experiments of Ref. 11, we estimate roughly the rate of
exchange of energy between two ensembles of molecules
of SFg, one of which (A) is subjected to excitation by
laser radiation, The introduction of “hot” and “cold”
ensembles is justified by the presence in the absorption
spectrum of the gas of two maxima that coalesce in
time. A quasi-equilibrium within the ensemble can be
realized more rapidly than the redistribution of energy
between them, since the overlap of the spectra of the
molecules within the ensemble is better than the over-
lap between the ensembles,

In the considered case, the basic contribution to the
sum over %,j in (13) is made by the term with i=5=3,
&a3=8&p;=38. For carrying out the estimates, we as-
sume that in the relaxation process:

1) the energy distribution over the vibrational modes
of each ensembles is an equilibrium one;

2) F,(w) and Fg(w) are Lorentzian functions with
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o 2
&,(1=0) /M,

FIG. 1. Dependence of the relaxation time of a mixture of hot
and cold ensembles of SF; on the initial mean vibrational en-
ergy of the “hot” molecules. O—experimental values of the re-
laxation time.!!

halfwidths 8, and 8 and maxima at the points w,,wg,
eates .
hos ) ’

Ea—Ep
hos
4) (644~ £8y)/ (€, — £5) =conSL,

3) ou—os=—4 ( ). 6A+6,=-=a,,+5,(

Then Eq. (13) is integrated together with the equation
N es+Npep=const,
while the form of the solution depends on the ratio N,/

Ny and at N, =N, the difference ¢, — €5 decreases by a
factor of e within a time

15A*R 45° (01—ws)*
163‘[}13‘1\7 (6A+6B)Z

where the values of the quantities depending on £, and
€ must be taken at the initial instant of time.

15(e4—es5,)
Trel =

(64+65) [1+0.43 , (14)

E€a—E€p

The figure shows the dependence, computed for the
ensemble SF; from Eq. (14), of the relaxation time on
the initial energy € ,(¢=0) at a pressure p=0.18 Torr
and initial energy ¢ (! =0) corresponding to a tempera-
ture 300 K. The parameters A=2.92 cm™!, 8,=3.5
ecm™!, 8,=1.1 cm™! were obtained by linear extrapola-
tion of the experimental data,!%13

Numerical estimates show that the assumptions 2)-
4) introduce a negligibly small error in the value of the
right side of (12) if only assumption 1) is true. Yet as-
sumption 1) can be violated. In the hot ensemble, the
molecules of which are in the region of quasi-continu-
ous spectrum, the energy distribution over the vibra-
tional modes of the molecule is obviously always in
equilibrium; in the cold ensemble, in the process of
transfer of the vibrational energy, overheating of the
active mode v; in comparison with the remaining modes
is possible, so that the difference €45~ €4 turns out to
be small at a significant difference €, — €5. Then the
rate of energy redistribution of the energy between the
ensembles is limited by the rate of its redistribution
over the vibrational modes of the cold molecules, which
falls off with decrease in the level of excitation, But if
the initial energy ¢, is sufficiently large and N, is not
small in comparison with Ny, the molecules of the cold
ensemble fall into the region of the quasi-continuous
spectrum before this overheating can be significant.

The agreement of the results of the given calculation
with the experimental values of Ref, 11 at high levels of
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excitation indicates the validity of the initial equation
(7). It can be established basically in the investigation
of the collision stage of dissociation, which is observed
in the laser excitation of polyatomic molecules. The
distributions realized in these experiments are rela-
tively smooth, i.e., the distribution functions n(g) vary
little upon change of ¢ by the value of a vibrational
quantum, Under these conditions, we can obtain from
Eq. (7) for the ensembles an equation of the Fokker-
Planck type which is valid in the region of high ener-
gies,

Using the relatively accurate approximate relations
n(ed) n(es) —n(e.tz)n(e,Fz) £z [n(e) n’ (es)
+n(e.tz)n’ (esFz)—n'(es) n(es) —n’ (estz)n(esFz) 1,

[p(eatz) n’ (eatz) M~ (eatz; 2) —p (ea) 1" (0) M~ (e4; z) ]I* (2)
+p(ea) ' (ea) M* (ea; 2) —p (ea—z) 1’ (8a—2) M* (2a—2; z) 11~ (2)

d
“IT&P(E-) n’ (ed) [ M~ (eq; ) I* () +M* (e0; 2) - (z) ],  (15)

where M*(g;x) =p( £x)u?(E, € £ x) and the relation ob-
tained from (15) by the replacement of »’(g, +x),
n’(e, - x) and n’(g,) by n(e, +2), n(e,— x) and n(g,) re-
spectively, and of the quantities I* (x) by

K= (z)=~ I n’ (e,) p(€s) M* (&s; ) des,

we obtain

on(e,) + n(es)

TA.(B-) (16)

o (ee)7i(es) = —p(e.)DA.(e.) [

where
D.s(es)= %R" (M~ (ea; ) I+ (2) +M* (e4; x) I5~ (2) Jdx

%:22:—;— = %R" .ofx’[M' (8a; 2) Ka* (z) +M* (24; 2) K5~ (z) )dz

If n(c,) is a Boltzmann distribution, then T,p(€,) is con-
stant and equal to the temperature of this distribution,

For a single-component system, the indices A and B
define the same ensemble of molecules; therefore they
can be omitted. For a multicomponent system, it is
necessary to carry out summation over all the indices
B on the right side of Eq. (16).

Using the same assumptions and the same procedure
as in the transition from Eq. (7) to (12), (13), we can
represent the diffusion coefficient in the form

ﬁu),ihmB,
Disp () = z, 3 (00) (20095, + Vs, + v3,] —5— (7)
2]
where
» 16:*Ns .2 ¢ . 18
Ty (Bu)=mgAigsjﬂA,un,jl";(e-, ©)F5 (0)da, (18)

Us —33 /h(l)s 'a, =8€a; /ﬁ(l’u )

; is the energy share of the i-th mode of molecule A
w1th vibrational energy €,, and F;(g,; w) is the form of
the -th absorption band of an individual molecule,

The validity of (17) is not violated if we replace the
shapes of the bands F; (€,; w), F 5;(w) by the shapes of the
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spectra F(g,; w), Fg(w).

The shapes of the bands F;(g,; w) are unknown and
should be constructed on the basis of additional con-
siderations, In cases of practical interest, these func-
tions are narrower than Fp,(w); therefore, if the loca-
tion of the center of mass of the function F, (€q;

- w,(e,) is known, we can assume roughly that

IF«(ea; ©)F5 (0)do=Fs (w.(el)).
L]

The quantities 7,,7(¢,)[4 V8, *Vq;/2 +vp,/2] in (17)
have the meaning of the probability of exchange, per
unit time, of a quantum 7w, [RRw p; between the mole-
cule A and the ensemble B, In such an exchange, the
rotational energy of the molecule also changes, i.e., a
redistribution of the energy takes place between the
vibrational and rotational degrees of freedom. The
diffusion coefficient D,,(J) of molecule A in the space
of rotational numbers, determined by the interaction
with the ensemble B, can be obtained by replacing the
factor (fw)(%w,) = (Aw,;)* in the sum (17) by the mean
square of the change in the rotational number in a single
transition (AJ)? and averaging the result over the dis-
tribution n(c,):

‘DAB(J)zWZI;’! (uAiv

where v,,=¢,,/hw,, and 7,,~! is determined from
formula (13), in which we must replace N, + Ny by Ny.

v v
A{ B;
B,-'*'T"”_zL)’

The estimates carried out for SF, show that the mecha-
nism considered here guarantees that the rate of vibra-
tional-rotational exchange of energy is smaller by an
order of magnitude than that observed experimentally,!
i.e., it is not the basic mechanism of such an exchange,

We recall that Eq. (7) and, consequently, (19) can be
used for the description of a single collision of mole-
cules A and B with impact parameter b and velocity «
if by R~® we mean not the mean value of (8) but the in-
stantaneous value R~%(u,b,t). Replacing (4/3)7R 5 >Ny
by R~%(x,b,?) on the right side of (18), we denote the
resultant quantity by w;;(€,;%,b,t). The sum

w(eq; u, b, t)= Zwu(e.; u, b,t)

has the meaning of the transition probability per unit
time, averaged over the interval (g,; ¢, +Ag,), of mole-
cule A from any state in this interval to all other states
when it interacts with the molecule B,

Integrating this quantity over time, we obtain the
Born probability of transition per collision:

w(eq; u, b)= Zwu(e.; u, b),
¥}
(19)
wyi(eq; u, b)= WEA ga,IJ-A"HH: J.F;(e.; m)FB_,- (@)de
[

X [ R=*(u, b, 1)dt[200 v 0o +vs,].

The value of w(e,;%,b) calculated from Eq. (19) can
significantly exceed unity. For example, for the mole-
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cule SF;, setting e,5=&5,5%w,, b= Ry= 5.5X% 10"% cm,
u=2,7x10* em/sec, and

jF,(ea;m)Fx,(m)deO'“ sec,
]

we obtain the result w(e,;u,b) = 2,

Naturally, in this case the quantity w(e,;«,b) cannot
be treated as a transition probability, We can treat it
as the number of transitions per collision, The mean
free path of a molecule in energy space per collision is
then approximately equal to the square root of this num-
ber, multiplied by the value of the vibrational quantum.,

We note the the quantities 7;,”!(¢,) and w;,(€,; u, b) are
connected by the obvious relation

N
17 (ea) = .

uf(u) |2nbwi;(eq; u, b)dudb.
[2Uuil)aj+b’a‘_+vxi] '! 3‘- ?

In conclusion, we carry out a qualitative discussion
of the assumptions underlying the derivation of the
kinetic equations (12) and (16), The transition from the
initial equation (1) to (7) is equivalent to an assumption
the action of the field created by one molecule on an
other molecule is incoherent. The incoherence of the
action of monochromatic field on a strongly excited
molecule and, consequently, the high density of the
spectrum of dipole-allowed transitions in such mole-
cules, is confirmed by the experimental results,!% 16
Unfortunately, the experiments have been performed
only with pulse whose length is at least two orders of
magnitude greater than the duration of the interaction
of the molecules in the collision, For the latter interac-
tion to be incoherent it is also necessary that the width
of the spectrum of the allowed transitions be sufficiently
great. The set of experimental data on photodissociation
of polyatomic molecules in an infrared radiation field
shows that the width 6 15 cm™! of the absorption spec-
trum of each molecule (and not of the ensemble, since
almost all the molecules can dissociate!’: %) exceeds at
high levels of excitation the reciprocal time of interac-
tion of the molecules in the collisions by at least an
order of magnitude (77} =2 em™!).

The validity of the assumption used in the transition
from (2) to (4), that the terms Sz, are small, also de-
pends on the value of the interaction energy. In this con-
nection, we note that in the experiments of Ref, 15, the
interaction energy of the molecules with the resonance
field d- E reaches values exceeding the energy of dipole-
dipole interaction of such molecules, Here the number
of dissociated molecules did not change by more than
30% when the intensity changes by two orders of mag-
nitude and the laser pulse energy is constant.

Thus the action of the light field and, as was to be ex-
pected, of the field created by the other molecule, on
the molecule is determined by the term in Eq. (2) that is
quadratic in the perturbation, For an estimate of the
limits within which this assertion remains valid, we
have compared the contribution of the term S, of the
right side of (2) and the term quadratic in the perturba-
tion in the equation for the averaged populations, In the
calculation of the mean value of S,;, we have assumed a
slow change of the perturbation and of the populations,
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and also that the dependence of the products U, U, U, Uy
on i,l,k,p is determined by the function

(0 Fes) " (8 an) (B ew”) T (8 w,)

Then the average of S,is calculated analytically and
contains the factor U?%/%#%6?, which determines the rela-
tion between S, the quadratic term. Estimates show
that under conditions for which the calculations of the
rate of the V — V relaxation were carried out above,
this factor does not exceed 10~1,

The large width of the spectrum of the allowed transi-
tions is also the necessary condition for the validity of
the assumption used above that the energy distribution
over the vibrational modes of the molecule is almost in
equilibrium. This question must be discussed specially,
since in all cases the molecules exchange preferential-
ly quanta of a single mode.

Let 9y be the basis of harmonic functions (V is the
vector (vy,...,v,)); Pen is the basis of real functions of
the molecule (for simplicity, we assume the states with
energies &, to be nondegenerate), The functions §yand
@, are connected by the unitary transformation
=Cy, tn®Pen; Pen=Cea, vy We assume that the state of
the molecule ¥ at the initial instant of time (£=0) is
identical with the harmonic state yy, i.e., P(t=0)
=Cv°, en@en. In correspondence with the Schrodinger
equation, at the subsequent instants of time ¥(f)
=CV0. enPen exp("' isnt/ﬁ)-

We calculate the contribution of the harmonic state
¢'v0 to the state ¥(¢):

[<Pvl ()P =(|Cvi, on|* exp(—ieat/h))™

At high density of states on a bounded time interval we
can replace summation over » by integration over the
energy. Let |[Cy, . |? be the mean value of |Cy, ¢, |2 on
the small interval (g,& + Ac). Assuming that ICVO,’S"[!p(e)
is a Lorentzian function of the energy with halfwidth 5,
we find that over the small time interval [(dy [9() |2

= exp(— 26,f). The width 25, is of the same order of
magnitude as the width of the spectrum of allowed tran-
sitions, Thus, the discussion just given illustrates the
fact, although it doesn’t explicitly prove it, that the
vibrational energy of the molecule is redistributed
among the modes during a time of the order of the
reciprocal of the spectrum width,

We note that the kinetic equations (12) and (16) were
obtained without assuming an equilibrium energy dis-
tribution over the modes. To use these equations, how-
ever, some other assumption on the energy distribution
must be made. The agreement of the theoretical esti-
mates, obtained above for sulfurhexafluoride under the
assumption of an equilibrium energy distribution over
the modes of a strongly excited molecules and, conse-
quently, of the practically instantaneous (in the time
scale of collisions) establishment of such a distribu-
tion, with the experimental data shows that just such
an assumption is correct.

The next fundamental step is the averaging of Eq. (7), -
which is valid for the uncorrelated quantities Ig*(x),
R~%(#) and n(g,). The assumption of noncorrelation of
Igt(x) and R7%(#) means forgoing the allowance for the
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reaction of molecule A on the field that induces transi-
tions in it, This can be correct either at low transition
probabilities or if the reserve of energy in the mole-
cules B is so large that its change during the collision
has little effect on the characteristics of the field cre-
ated by these molecules, The estimates carried out
above for sulfur hexafluoride show that the mean free
_path of the molecule in energy space is actually rela-
tively short. The assumption of the noncorrelated
nature of the quantities n(g,) and R™8(¢) in (7) can be
violated if the distribution n(g,) is not sufficiently
smooth, Such a situation can in principle be realized
in the region of the dissociation energy in the collision-
less stage of excitation of the molecules by the radia-
tion, But it is of low probability, inasmuch as the ex-
citation by radiation also has a diffusion character, In
this connection, we note that in Eq. (16) we can also take
into account the transitions induced by the field by
setting one of the indices of B in correspondence with
the radiation.

Finally, it was assumed above that the vibrational
dipole moment of the molecule is localized at its center
of mass, In the general case, this is not true, More-
over, if the molecule does not possess the necessary
symmetry, the dipole moments corresponding to the
different transitions cannot be regarded as localized at
one point. Then Egs. (12) and (16) are incorrect and
their generalization requires special consideration,
Nevertheless, in many cases we can use them as ap-
proximate: for example, if one band of the absorption
spectrum of the molecules considerably exceeds the
others in intensity, we can assume approximately that
the dipole moment is localized at some point of the
molecule and use the equation obtained above, intro-
ducing the corresponding correction in the definition of
the quantity RS,
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