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An analytic solution is obtained for the set of kinetic equations for the vibrational state population of
molecules in the field of resonant radiation. The solution is obtained in the harmonic approximation at
arbitrary relations between the characteristic times (the pulse duration, the vibration-vibrational and
vibration-translational relaxation times, and the stimulated radiative transition time), under the assumption
that rotational relaxation occurs. The time dependence of vibrational energies and vibrational level
populations in a mixture of two gases is derived in the case when the natural oscillation frequencies of the
molecules are close to each other. Optimization of the parameters of the problem is discussed in connection

with chemical reactions of two types.

PACS numbers: 32.20.Pc, 31.70.Hq

1. INTRODUCTION

The possibility of using laser to stimulate chemical
reactions has been widely discussed in the literature in
recent years. (7] A number of experimental investiga-
tions of chemical reactions in a field of a resonant
infrared-radiation source has confirmed this possi-
bility. [***J The resonant action of laser radiation of
frequency w not only can greatly accelerate the chemical
reactions, but can also initiate reactions that do not oc-
cur in thermal excitation of molecules.

For adiabatically slow collisions of excited and un-
excited molecules it can be assumed that the activation
energy €ois determined only by the electronic wave
functions. In this case the height of the barrier ¢, does
not depend on hw. If the molecules are excited in the
first vibrational state with the aid of the induced tran-
sition 0 — 1, then the vibrational energy can go over
during the collision process, with a probability P,o, into
translational energy. Thus, an additional fraction of-the
molecules, whose kinetic energy prior to the collision
was smaller than €, by an amount hw, can enter in the
reaction. The relative change of the reaction yield, upon
excitation of the vibrational level, is then given by an
expression of the type

S=1-+pPyo (e™/F—1), (1.1)

where p is the fraction of the excited molecules. It is
assumed that the excitation of the upper vibrational
states as a result of the collisions is insignificant. This
mechanism can lead to an increase of the reaction rate
by several times (if hw < €o). If Hiw S wo, as is the
case, e.g., under experimental conditions, [*°] then the
increase of the reaction rate can be much larger. (sl

Another catalysis mechanism consists of rapid heating
of a selected vibrational degree of freedom of the mole-
cule up to its dissociation. The produced free radicals
become capable of actively entering in the reaction. As
they interact with one another, the molecules become
successively excited to a dissociation energy € compar-
able with the reaction barrier. Thus, the reaction time
is determined to a considerable degree by the time re-
quired for the molecule to acquire an energy ~ €. The
vibrational temperature begins to differ appreciably
from the translational one, and the rates of the reactions
initiated by laser radiation can exceed the rate of the
vibration-translational relaxation. This makes it possi-
ble to realize intense special-purpose chemical reac-
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tions.[1'2) gelective excitations of the molecules of one
of the isotopes by laser radiation makes possible photo-
chemical separation of the isotopes in the infrared band,
a fact already demonstrated experimentally.[1°/32]

The kinetics of the excitation of molecular systems in
the field of resonant infrared radiation, with account
taken of the relaxation in the collisions, have been con-
sidered in a number of paperst’22#8:1% 141 Thyg the
kinetics of oscillatory systems was studied in [‘3], in the
diffusion approximation, in the case when the relaxation
of the rotational degrees of freedom has no time to take
place because of the large probabilities W of the induced
radiative transitions, such that Wrpot > 1, where 7pqt
is the rotational-relaxation time. This is accompanied’
by the so-called "bottleneck' effect, which limits the
rate of excitation of the molecules in the system, In[?]
is considered the kinetics of oscillatory molecular sys-
tems. Here, too, a diffusion approximation is used and
presupposes a continuous distribution of the population
of the vibrational levels; this is valid, of course, only in
the case of sufficiently small hw. Cases when hw is not
small in comparison with w, are far from rare, so that
an exact solution of the initial kinetic equations is in
general essential. Artamonova, Platonenko, and
Khokhlov [*7 discuss the continuous irradiation regime,
and also a pulsed regime with very short pulses of dura-
tion to K 79, Where 7 is the time of the vibration-vibra-
tional relaxation. A number of papers[?’®’*] deal with
the kinetics in the so-called cutoff oscillator model, ac-
cording to which the molecule is described by a harmonic
oscillator with a finite number of levels, and the rate of
decay of the upper vibrational level determines the
molecule dissociation rate. A solution of this problem
has been obtained, however, only in the case of station-
ary and quasistationary excitation of the molecules. Of
very great interest are the results of an investigation of
the distribution function for the vibrational-level popula-
tion and dissociation rate in a more realistic model that
takes the anharmonicity of the molecule into account.[*’%?
The solution of the stationary and quasistationary prob-
lems has shown in this case that allowance for the
anharmonicity greatly influences the vibrational tem-
perature and leads to a noticeable deviation from a
Boltzmann distribution function. We note that in spite of
the large number of recent papers devoted to the kinetics
of molecular gases in laser-radiation fields, the non-
stationary problem has not yet been solved even in the
simplest harmonic-oscillator model.
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This paper is an attempt at an analytic solution of the
system of kinetic equations in the harmonic approxima-
tion for an arbitrary ratio of the characteristic times
to, To, 1/W, and 7,. Here 7, is the vibration-translational
relaxation time. It is assumed that rotation relaxation
does take place in the system, so that

WTmt <1.

(1.2)

We consider here two cases: the case when cascade ex-
citation of the molecules takes place, which obtains at
small anharmonicity, and the case when only the first
vibrational state of the molecule is resonantly excited by
the radiation (the 0 — 1 transition). The upper excited
levels are then populated only by collisions. The second
case occurs at large anharmonicity. Thus, the two
models describe the real situation from two aspects.
Actually there exist conditions when laser radiation can

be used to excite several vibrational levels in succession.

The cascade-excitation model is therefore optimistic in
the case of the mechanism of reactions with dissociation,
while the model of the one-step excitation is, to the con-
trary, pessimistic. We consider the kinetics of the exci-
tation in both a single-component gas and in a mixture
of different gases. The mathematically simpler case of
cascade excitation will be treated quite briefly, and only
the results necessary for a comparison of the cascade
and one-step excitation of molecular systems will be
presented.

2. CASCADE EXCITATION IN A ONE-COMPONENT
SYSTEM

If we neglect the change of the population balance of
the vibrational levels on account of the reaction, then the
system of kinetic equations for ny can be represented in
the form

dni/dt=(k+1) W ohpr s HEWosnaey—nn[ (k+1) Wo +EW 0]
+1o~ {(k+1) [ (1+a) i —an ] —k[ (1+a) na—an.—]}
+1, 7 { (k1) (s o—e®m) —k(m—e°m-y) }.

@.1)

It is assumed here that the relaxation times 7, and 7,,
and also © = hw/T, do not depend on the temperature and
that the radiative relaxation is small. The probabilities
of the radiative transitions 0 — 1 and 1 — 0 are desig-
nated Wo, and Wio.

It is easily seen that the ""reserve' of the vibrational

energy
¢Z=Z‘knA

depends on the time in the following manner: in the time

of action of a rectangular pulse to, we have
a(t)=Wt,(1—e "), (2,2)

and after the pulse is switched off, a relaxes in accord
with the law

a(t) =a(ts) exp [ (t—t))/T,]. 2.3)

wve accordingly for the populations of t ibra-
tional levels of the vibra
ny=[1+Wr, (.}1_8—1/1,) 1- if

ny=[1+Wr, (e~“-W/m—_e-t)]-* if

t<t,
(2.4)
t>t,.

We note that the function ng(t) is determined only by
the cross-relaxation time 7, and by the intensity of the
source W. In the case of a short pulse, such that t, < 7,,
we have
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nem (14 W)™, nym~Wiy(14+Wi) 2.

If the intensity is such that Wt, > 1, then
n=n,~1/Wt,,

i.e., at high intensities we have no, n; < 1 and the upper
excited states are strongly populated. This is bad in the
case of the first mechanism for the stimulation of chem-
ical reaction, but is suitable in the case of the second
mechanism. At low intensities Wt, < 1 we have

no~1—Wt,, n=Wt,(1—2Wt,).

Therefore this case is bad from the point of view of both
reaction-stimulation mechanism. If the pulse duration
is large, so that to > 7,, then ¢ =W,

1 W, k
= -1 = —
o= (W)™, 1+Wn(1+Wn) 2.5)
In this case the vibrational temperature is
1+Wr,
Tyip=ha/ln W (2.6)

At high intensities, such that Wr; > 1, we can formally
obtain a very high vibrational energy @, and corre-
spondingly Tyjp = hwWr,. It must be remembered, how-
ever, that the inequality Wr; > 1 can contradict the
condition (1.2), the satisfaction of which is necessary for
the foregoing calculation. We note that the population of
the first excited state cannot exceed 1/4 (in which case
no = 1/2, a value attained at intensities corresponding to
the condition W7, = 1). In light of the mechanisms that
proceed from the first excited state this is the optimal
case in the continuous irradiation regime.

3. CASCADE EXCITATION IN A TWO-COMPONENT
SYSTEM

Let the system constitute a mixture of two molecular
gases A and B. In analogy with (2.1) we can write down
systems of kinetic equations for the populations nf(\ and
nllg, assuming, for example, that the gas A is at reson-
ance with the laser radiation, and that the molecules of
the gas B can be excited via collisions. We then have for
the gas A

dny*
dt

= (k1) Wonity H Wi s —mA[ (k1) Wo HEW o1+ Z A { (k1) ity
—[(k+1) exp(—6.) k] mA+k exp(—8.4) ni-i} +Z oA {(k+1) (atpa) oy
—[ (k1) otk (atpa) A +kant 3+ 2,4 { (k+1) (B+ps) i

—[ (k+1) B exp(85—6.4) +k (B+ps) Iy KB exp(85—6.4) mit.}.
Here

Zu‘=ZAAP10AAPA+ZABPNA’pB' 12* =ZAAQI0AA’ Z,* =Z.uow‘u§

Zpp and Zgp denote the frequencies of the molecule
collisions A — A and A — B, respectively, Pﬁ,A is the
probability of the transition from vibrational to transla-
tional energy, Qﬁ)A is the probability of the transfer of
vibrational excitation in molecule collisions, pA and pp
are the fractions of gases A and B in the mixture:

pa= 2 Ay ps= Z n®,

A=l R0

and g is the dimensionless vibrational energy for the
gas B.

The system of kinetic equations for nE, in contrast to
(3.1), does not contain radiative terms. Multiplying (3.1)
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by the corresponding system of equations for n1]{3 by k
and summing from 0 to «, we obtain equations for «
and f:

da L ara _ _ Pa exp(—ea)
E—-— Zu*[1—exp(—64)] [a 1—exp(—6,)
+Zn[p exp (65_64) (a+94) —“(B+p“) ]+a(W“—Wm) +mem
(3.2)
g e 3 _Ps exp(—B5)
== Z,"[1—exp(—85,) ] [ﬁ 1—oxp(—65)
+Z,s"[aexp(04—05) (B+ps) —B(atpa)]. 3.3)

We consider the case when the frequencies of the
molecules A and B are close, as, e.g., in the case of an
isotope mixture. The system (3.2) and (3.3) is then
linearized. Assume that the rates of the vibration-trans-
lational and vibration-vibrational relaxations in gases A
and B and in the mixture are the same. This assumption
slightly overestimates the rate of energy transfer from
the molecules of gas A to the molecules of gas B and
vice versa, for in the real case it is necessary to take
into account the resonance defect, which is equal to the
isotopic shift. At such small resonance defects, how-
ever, the cross sections for excitation transfer are only
insignificantly decreased (see, e.g., [*®7). Taking these
remarks into account, we obtain at t < to

a(t) =ce—e, exp (—t/t,) —e.exp [— (1/7+1/7,) ],

3.4)
—p P05 -t (1.1 (
B(t) =Pw on s.exp( ‘n) +e,exp[ (l'o -I:_n ) t ]
where
- Wy (patro/t,) - T
==Ps 1t/ T Paps 1+/1, ]
Wi ’
=pa’ = BT .
e=paWT, e =pup. 1+1/1 T
We introduce the function
@ (8) =B(£)/a(t). (3.5)

It is interesting that ¢(t) does not depend on the intensity
of the source. This function is plotted in Fig. 1 for dif-
ferent pp and 7o/7;. Att = 74, the function ¢ (t) tends
to a limiting value ¢, = pg/(pp + To/71). At smallp,,
when the content of one of the isotopes in the mixture is
small, we have g, > a_ if, furthermore, 7o/7, < 1.
This is inconvenient in the case of isotope separation
under continuous irradiation, because of the small yield
of the required isotope. At small pp it is convenient to
have 70/m; S 1. Since as a rule in real gases we have
To/T1 K 1, we can decrease 7, by adding a buffer gas
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FIG. 1. The function y(t) for different system parameters in the case
of cascade excitation: curve 1—pA = 0.01, 7o/7, = 1073, 2—pA = 0.1,
To/T1= 1072 3—pA = 0.01, 7o/7, = 0.5; 4—pA = 0.1, T/7; = 0.5; 5—pA
=01, 1o/ry = 1.
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that does not resonate with the main mixture. This role
can be played by the reagent itself in the case of chem-
ical reactions. We note that a =g att~ 27,. We can
therefore work effectively in the pulsed regime, by
limiting the time t, of the pulse to certain values 7o
(depending on the ratios pp /pp and 70/7,, see Fig. 1).
It is convenient to deal with the relations between « and
B in the case of isotope separation in chemical reactions
of the second type. When seeking for the optimal variant
for isotope separation in reactions of the first type, it is
necessary to know the behavior of the function

Q(t)=ns(t)/n(2).

It is necessary, in addition, to indicate the conditions
under which the population of the first excited state of
the molecule of the required isotope is appreciable while
A(t) is small.

To ascertain these conditions it is necessary to have
expressions for nfé‘(t) and n1]{3(t); these are easily ob-
tained by the method of generating functions. We present
here only the final result. For k = 1 we have

. Ay R : B 1]
nk;|=no‘ (1 _ip":) ’ n:>|="on( 1-— :: ) ’

(3.6)

and for nl(} and n? we obtain the expressions (at t < to)

no* (t) =pa (1+v/t) [1+ 1o/t + W, (patT/T))
— AWt (1+7e/7,) e~ —Wrops exp {— (1/v+1/7,) 8} ], 3.7)
no® () =ps (1+7e/1,) [1+ T/t + Wripa—pa W, (1 + 1o/ 1,) =™ ( :
+Wropaexp {— (4/t0+1/7,) 8} ]

Figure 2 shows plots of Q(t) for various values of py,
Yy = 70/71, and X = Wro.

The function Q) increases monotonically with time.
At low initial concentrations of one of the isotopes
(PA ~ 107 and small y we have Q < 1 at very short
pulse durations to S 0.17,. At small pp and 7o/m, S 1,
we get Q < 1 already for t, < To, and the largest value
of Q does not exceed 3. The function Q(t) assumes its
asymptotic value faster the larger W7o. In the case py
= 0.5 and small y, the function Q(t) is small up to to
~ 0.57¢. On the other hand if 7o/7; < 1and Wro S 1 we
have Q(t) < 1 for any pulse duration. In this case Q as-
sumes its asymptotic value at t, amounting to several
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FIG. 2. The function Q(t) for various system parameters in the case
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times 7,. Depending on the values of the parameters
considered above, one can organize isotope separation
in chemical reactions of the first type in such a way that
the molecules of the unneeded isotope B enter in the
compound. It is necessary then to have Q > 1, which is
attained at relatively large pulse durations. To the con-
trary, if the excited isotope A is separated in a new
chemical compound, then the values of the function Q
should be small. It must be remembered here that at
small Q the population nf‘ should be appreciable to ob-
tain noticeable amounts of matter of the required isotopic
composition,

4. ONE-STEP EXCITATION IN A ONE-COMPONENT
SYSTEM

Let the frequency of the laser radiation be resonant
with the transition 0 — 1. In this case the system (2.1)
remains in force only for k =0and k =1, Atk = 2,
there are no radiative terms and the relaxation of the
excited states is determined by the collisions. If we in-
troduce for the generating function

(D=2n,x‘

R0

the expansion

O (z,t)= 21.(:;—1)*,

R=0

then all the required properties of the system are de-
termined via yg. Indeed,

n,,=ZC,”1,‘(—1)"'F, Yo=1, a=".

ne=p

It is easily found that the vk satisfy the equations (k > 1)

d‘Y d'f:

O Y LI ) - _1
Rl k(% + w.)’“’ =W (nny) ‘. (4.1)
Consequently yi can be represented in the form
_k(k_i) : 2 2 A2
prTow RS I IO (4.2)
where
1 ¢ 11
o= g et O=e[(r 7))
Substituting (4.2) in the equation for o = y,
' da
T =W (n,— nx)——‘
we obtain
dﬁ-—_i-f- T 1+t/7 _ j dt, da(t,) ]_(t‘_)
a1 [ w [M+e@,0]* " +e@ )] de f@)
4.3)

Ar}: analogous equation for o« was presented without proof
s 14
in

We-proceed to investigate this equation in various
time intervals. We consider first the case of high in-
tensities, such that W* < 7, < 7,. It then follows from
(4.3) that att > 7o
t—1

T -t
+ 5 (14a) 1 ] ~
Ty To

jda (at2) [ i (:;__:) .

a~1, I~

If Wro > (11/79)*" then
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Consequently in the continuous regime (t > 7,) and at
T1/To > 1 the vibrational temperature is

Tvin=ho (t/t)".

This result agrees with the conclusions of[*’2], How-
ever at source intensities that satisfy the inequality

(Wr,)-" (:—:)%‘ >1,
a(t) takes the form
o (t) =~ (Wr,)" {1— exp [—%-:-.(Wn) "/a]} .

For W7, > 1, the vibrational temperature is asymp-
totically proportional to I‘/S, where I is the source inten-
sity. At low intensities, such that W7, < 1, the asymp-
totic behavior of a(t) is different:

()~ m{i"e’“’[ (1‘ +2w)[}-

If Wr, < 1, then expression (4.3’) holds true in the en-
tire region t >> 7o, but if Wr, 2 1, then the validity
range is

4.3")

ToLt<K1/2W.
1/2W we obtain

a(t) = (W'r.)"'{ 1—exp [—-

Att 2

3(t—t) . 1
}’ awe

We note that the vibrational temperature depends here

on the source intensity logarithmically.

Let W! < 70 < 7. Then at t < 7owe have
a(t) =/, (1—e=?""),

In the region 7 <t < 74, the va/lue of a increases with
the time more weakly than (t/ro)1 %

a(t)~[—+(1 so] +—[———+(1 8] "

where £o~ 1/2 and 't ~ 1/2W.

At low source intensities (W7o, < 1) we have a ~ Wt
at t << Toe

In the region 7o < t < 7, it turns out that
a(t)~(C+3Wt)"—1
where C ~ 1.

Thus, even with single-quantum excitation it is possi-
ble to obtain large values of a, and consequently also a
large difference between the vibrational and translational
temperatures, provided the laser-radiation intensity is
not too low. Particularly optimal from this point of view
is a regime in which W7, > 1, but the vibrational tem-
perature exceeds the translational one even in the case
of much lower radiation intensities. At low gas pres-
sures, W7o exceeds unity at very modest radiation fluxes.
For example, in the case of CO: (A = 10.7 u) at
A =10% sec™ we have 0 ~ 10 18 em? At a pressure
P ~1 Torr, we have 7o ~ 107° sec. (] Under these con-
ditions W7o ~ 10 at I ~ 10* W/em?,

Comparing the single-quantum excitation with the
cascade excitation, we can see that at equal parameters
of the radiation and of the medium the value of a is
much larger in the cascade case, which is quite natural.
Thus, for example at t > 7, we have a,,4 = W7, while

the optimal value of @ in single-quantum excitation is

~(1/70)*"2. Therefore for stimulation of chemical reac-
tions of the second type, the cascade regime, if realiz-
able, offers great advantages.
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In concluding this section, we write out the calculated
level populations ny (t). For no(t) and n,(t) we have

da(t,)/dt,

T 1471/, ()
(=t _ 4.4
= o j 10 FaO—q@ T (34)
_ i _1_ T j(ti) da(t) 1—q(2) +q(t)
"‘(l)_(r,, 1:.)(1+q)‘ d @) dt, 1+g()—q(t) dt,, (4.5)
which coincides with the results of [**J, For k >> 2 we
obtain
_ L () () [a(t,t,) ]
iz (1) (m)"jdt‘ W (1) [1+g(t)—g(t) 1"
(4.6)

a(t, )

k+2 S ]

(k+1) (k+2)
—q(t)]/[1 +q(t) —aq(t)].

5. SINGLE-QUANTUM EXCITATION IN A TWO-
COMPONENT SYSTEM

In the case of a mixture of two gases A and B, when
only the transition 0 — 1 is resonant (for the gas A), the
system of equations for nB is the same as in cascade
excitation, and the system for nﬁ in the form (3.1) is
valid for k = 0 and k = 1; for k = 2 there are no radia-
tive terms.

x[a’(t,t,)—Zk

~where a(t, t1) = [q(t1)

The method of generating functions leads to the fol-
lowing equations for a and B: .
paexp(—0.)

da 1
o T—l[i—exp(~84) 1 [a T 1 exp(—8.)

dt

+ (B exp(8—6.) (a+pa) —o (B+ps) [ +WormiA—Wuun,s;  (5.1)
To
dp__ 1 A o psexp(—B5)
a e e[
* _-:_[a exp(8.4—86;) (B+ps) —p(atpa) . (5.2)

We have neglected in these equations the dependence of
the excitation-transfer cross sections on the resonance
defect, i.e., we have put

Zu=Alv,, Z,=Z;—=1/1,.

We shall henceforth assume that W;o = W¢;, and fur-
thermore that the natural frequencies of the molecules
A and B are close enough. The procedure for eliminating
n‘} and n{} from Eq. (5.1) is analogous to the case of one
component, which was described in the preceding sec-
tion. We therefore present only the final result:

da Po 1
dt (Tn Ty )a+W{
o (g, 1) (A/ret/r)atdaldt y | paB
Zjdt‘ 0] e }+ =, (5.3)

A=t | (@910 e (t)

where
F(t) =exp[ (1/7+1/1,) ¢].
We consider first the continuous radiation regime

(t > 7,). Since the equations for 8 in the case of a cas-
cade and single-step excitation coincide, the asymptotic

value of the function ¢ = /@ remains the same as before.

Therefore the recommendations described in Sec. 3 and
concerning the continuous regime remain in force in this
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case, too, but the values of ¢ and g, at the same source
and medium parameters, differ noticeably in the cas-
cade and single-step excitation cases. Att > 7, in the
case W7o > 1 and 7o/7; < 1 it follows from (5.3) that
Oloo = (PA+T0/TA) [(1+PATi/Tn)'h_1]v
Bo=ps[ (1+pati/Ts)"—1].
At ppTi/To 3> 1 we have

ae®pa (1) ", Bum'foplt pulti/1)";

and in the opposite limiting case

ocez‘/zp.q, Bmz'/szPan/Toy

so that
Q= (14/%0) pa-

At low source intensities, such that Wr; < 1,
G (W0) " (paTi/To 1)

(f Wro << (1 + ppT1/r0)™2).

Thus, at low source intensities I, we have a ~I'”,
The vibrational temperature depends on I logarithmically
if ppo71/70 < 1, and is proportional to I' if PAT1/To
> 1.

Let us investigate the behavior of a and 8, and also of
@(t) and Q(t), in different regions of t. To find Q(t) we
need expressions for nf} B in terms of o and 8. We
present them here:

j,‘z—j‘)gt—wuoa(t.)]m 0, = [ IR IFG L),
" (5.4)
where
F, 1) =201+0(0) —a(0) 17— [1+a () —a(6) 1,
(5.5)

a®)= [(@+p)f(t) bl (1).

The general expressions for nf?r)Bz take the form (4.6),

except that in the case of nﬁ‘ it is necessary to replace
@®(t,) under the integral sign in (4.6) by a(t,)[a(ty) + B(t1)],
and for nf’ by B(ti) e 1) + B(t1)], and the corresponding
q(t) must be used.

Let the intensity I be such that W7, > 1. We then get
for o

a(t)~pall—et™]. (5.6)
Here
1 tx t oxp (—t/tu) —exp(—2Wt)
p(t)~?p‘p"?[1_ex1’ (o) 67

where
ta=(pa/tot1/) "

At very short times (t < 1/W), @ and B are small
and increase in proportion to the time (or to the pulse
duration to):

ampaWt, B=papst/te (T/T0>1),

and Q ~ ¢ = pg(Wro) ' K 1.
In the interval 1/W <t < 7, the quantity « is des-
cribed by (5.6), and

W)N%"“"’{%J’Eﬁ“ e""‘]}

" The function Q(t) is then much smaller than unity:
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Q) ~9(t) mpr—— [1—e71].

I papPR/2(pA + To/Ty) K 1, then the solutions (5.6)
and (5.7) are valid for the entire range of variation of t.
If the concentration of the isotope A in the initial mix-
ture is not very small, so that py > 70/7,, then (5.6)
and (5.7) remain in force up to the time t < ty;. At

a(t) = pa’ (1./10) [1—e~]",
B(¢)~pslpaca[1—exp (—t/tu)],

where y = 2/pp 7). In the region ty K<t < 1/y we have

am2%0,(t/10) ", pa2%p,(t/1o) "
Att 2ty we have ¢(t) — .

(5.8)

In the region t); < t < 1/y the populations nf\ and n113
decrease with time like (t/ro) % The function Q(t) as-
sumes its asymptotic value at times much larger than
typ- We note that at sufficiently low intensities, such that
W7o << 1at 7o/r,, we obtain the following: If WpAT1,
then @ and 8 are small. At t < 7, we have

_ paWt - paWr, t 2
a5 B~ o on (T,)
and in the region 7o S t < 7, we obtain
PAWTn

Pa To
t) % ——— [1—e V"] + — +—)W
a(t) 3 [1—e=Y=] 3 (p,, o t,

B = pupaB {111}
Att R 7, we obtain an asymptotic solution of the type
~pAWTl —t/x, ~ a(t)PB
¢==(t)~—-—2 [1—e"""], B(t)= Py
In the other limiting case when Wpp7, > 1 but WpA 7o
<1, the values of @ and 8 are small up to a time t
which will be defined below.

Thus, at t < 7,we get
a~pWt, Pp=pipsWt/t..
In the region 7o S t < 1/2Wp, we have

1
aszWt+ —pPs T_o(i_e—'/to) s szAWt_PB 1(1_3—‘/'0) .
2T T

The quantity 8 is not small in comparison with unity at
t R 1/ppW > ty;, where ty; = (pp/7o + 1/m) % At

2
PAT1/To <K 1 we have ag, = (pp + To/m1)M? < 1. If the
concentration of the isotope A is not too small, so that
PAT1/To > 1, then at times t 2 t we have

a(t) = px' (W) "(1—e=7), (1)~ pace(t),
where the characteristic time T depends on the source
intensity:
T=pi" (Wr) ",

We note in conclusion that both in the case of stimula-
tion of chemical reactions and in the case of isotope
separation, the optimal are the laser intensities corre-
sponding to W7o, > 1. However, the values of the other
parameters, particularly the pulse durations, are not
the same when the two types of reaction indicated above
are considered.

It was assumed above that exp@©p — ©4) ~ 1, i.e.,
©p = 0. This assumption does not introduce a large
error at times when the distribution of the populations
nf?’B (t) has not yet settled and the concept of vibrational
temperature is meaningless. In this case the isotope-
separation effect can be large and is characterized by
the functions ¢(t) and Q(t). However, at times when a
stationary distribution is established in the system, it
follows from the indicated assumption that Tyib = Tyib
In fact, there is a difference between the vibrational
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temperatures, which can be determined from the solu-
tion of the stationary system of kinetic equations:

§=T( 1 1 ) T (H—a 1+c)

T "1 174

ho

where
a=(a+Ap) - [ Ap ATQ + % exp(—6.) ] ,

b=(p+Ara)~! [Aa?—m —1;:_0 exp(—65) ] R

c=(p+a)~! (Apatpsto/ti), d= (a+AB)~ (Apstpatro/ti).

Aw = wg — wp, A = 0(Aw)/0(0) is the ratio of the real
excitation-transfer cross section to the resonant one. [%]

In the case 7o/7; < 1 and at PA = pg We have
Ao 20 |, e™™T [ 27, \ %
o L T (T) ] '
At low initial concentrations of the excited component
(pa /B K 1), the difference between the vibrational
temperatures Tyib and T\}?ib is negligibly small and in
the stationary case there is no hope for a noticeable .
isotopic effect. In the nonstationary case, however, when
the pulse duration is comparable with the time of the
vibrational exchange in collisions, the separation effect
in selective excitation of one of the isotopic modes in
chemical reactions, especially in the case of cascade
excitation, can be appreciable.

The authors are grateful to R. V. Khokhlov for a dis-
cussion.
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