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Summary 

Binary mixtures of molecules with identical physical and chemical 
properties are considered. Infra-red laser radiation is assumed to excite vi- 
brations of the chosen molecular component. Various possibilities for stim- 
ulation of selective chemical reactions are discussed. Appropriate estima- 
tions and numerical calculations of selectivity are presented. 

Introduction 

The problem of vibrational excitation is important for initiation of 
chemical reactions with laser radiation. The infra-red photochemical effect 
was demonstrated as early as 1963 [l] _ But the progress was achieved only 
after high-power infra-red gas lasers had been created. There are three main 
questions which have been raised in a number of experimental and theoret- 
ical works. 

(1). The role of vibrationally excited molecules in chemical transforma- 
tions. The problem of the contribution made by various molecular degrees 
of freedom to the value of the chemical reaction rate constant is fundamental 
to the chemical physics. At present it is known that the vibrational energy is 
more essential for the thermal dissociation process [2] and for some 
chemical reactions [3 - S] than the translational one. The work of Odiome 
et al. [ 6] especially should be noted. In this work, the vibrational excitation 
of HCl molecules was carried out by WC1 laser radiation and an anomalous 
increase of the rate of the reaction HCl + K + KC1 -I- H was detected for HCl 
molecules with the vibrational quantum number, u = 1. 

(2). The possibility of primary vibrational excitation by resonance laser 
radiation. This is important for the interpretation of recently obtained laser 
chemical reactions with their activation energies, E, % liw [ 7 - 91, and the 
experiments on dissociation of molecules stimulated by infra-red laser ra- 
diation [lo - 121. Resonance interaction between molecular vibrations and 
infra-red laser radiation was considered theoretically [ 13 - 181 and exper- 
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imentally [19, 201. The conclusion can be drawn that primary heating of a 
selected molecular vibrational mode is possible if the reverse time ~0~ of its 
vibrational energy transformation in other degrees of freedom is smaller 
compared to the rates of laser pumping and V-V exchange process. 

(3). The possibility of selective chemical reaction of certain molecules 
mixed with chemically identical molecules. The essence of the problem was 
discussed by Letokhov [ 211. It is of great interest for the laser-chemical 
isotope separation by infra-red laser radiation. The first experiment was 
described by Mayer et al. [ 221. In the present work this third problem is 
considered theoretically. Let us suppose that the reactions: 

M+A + products 
m + A + products 

both occur under usual thermal heating of the M,m and A molecular mixture, 
and their rate constant values are similar. Is it possible to initiate chiefly the 
first reaction, if irradiatiating the mixture by a laser radiation which is 
absorbed by the molecules M on the 0 + 1 transition and is not absorbed by 
the molecules m (for example due to isotope level shift) ? In order to 
answer this problem it is necessary to take into account the primary res- 
onance VA’V’ processes of exchange between the vibrational mode ujy of the 
molecules M, interacting with a radiation, and the appropriate vibrational 
r-node vi” of the molecules m. Any selectivity with respect to molecules M 
laser chemical reaction is possible if there is a primary excition of the 
vibrational mode vly in comparison with that of v,j” up to reactive levels. 

In the case E, - liw a molecule is capable of reacting after having 
absorbed nothing but a laser radiation quantum. In this case a high selectivity 
may be achieved when the reaction rate value exceeds that of a V-V’ exchange 
process. It is possible also to obtain a high reaction selectivity if diluting the 
mixture with a buffer gas we increase the deactivation rate of vibrationally 
excited molecules m. 

When E, - hw the situation can be easily given by the model of two- 
level systems. The formula for the utmost reaction selectivity is deduced in 
the next section without thermal selectivity losses being taken into account. 
Thermal heating of the molecular mixture is particularly considerable under 
continuous irradiation. But this effect limits first-level reaction selectivity in 
the case of laser pulse action also. Thermal excitation of levels is taken into 
consideration as well. The estimations here show that one can always 
determine the buffer gas pressure in the mixture at which the thermal 
process of selectivity losses would be depressed. Beside reactions with low- 
energy activation the two-level system model is applicable completely to 
describe the two-step photodissociation process [ 23 - 251 and may be useful 
for selective chemical reactions, stimulated by laser action, when one of the 
agents is under electron excitation. 

In the case E, > ho it is necessary to excite high vibrational energy 
levels. Being close to the resonance the rate of the vibrational-vibrational 
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exchange between the modes vy and u? considerably exceeds that of energy 
transfer to other degrees of freedom. Thus, when the pulse duration is 
smaller than the time of vibration deactivation, we can separate the vibra- 
tional temperatures of v,p and VT modes from those of other degrees of 
freedom. As far as the difference between the temperatures of v,p and vi” 
vibrational modes is concerned, then it consists of two components. This has 
been confirmed by the calculations made later for the harmonic oscillator 
model. The first component (TM-Tm )1 > 0 depends on excitation. It 
increases with an increase in the ratio between V-V and V-V' exchange rates 
and decreases as the vibrational temperature rises. The second one (TM-T,,, )2 
is related to the energy difference between vibrational quanta of the two 
modes and does not depend on either of two molecular kinds interacting 
with the radiation*. Its value is of the same sign as the difference E, - EM 
and, in principle, describes the equilibrium of the two molecular vibrations 
modulated by harmonic oscillators, with the relaxation processes of the 
vibrational energy to other degrees of molecular freedom to be neglected 
[26, 271. 

So in contrast to low-energy reactions (E, - LJ ) the selectivity of high- 
energy reactions (E, S 6~ ) is limited by the values of the molecular para- 
meters and rate constants of elementary processes. The equation for the 
reaction’s selectivity is deduced below for the case E, Z+ ho. A contribution 
to the selectivity value made by the two components is estimated also. 

The selectivity of photochemical reaction in the case E, - Rw 

Let us consider the gas mixture of molecules M and m taken as two- 
level systems Mi and mi (i = 0,1). The elementary processes which are of 
particular importance are shown schematically in Fig. 1. Induced by radiation 
transitions between the ground energy level MO of the system M and the 
excited one M1 are supposed to occur with the probability W. Excited 
molecules react with the molecules A giving the products R, and R, : 

M,+A-+RM (1) 
ml+A-fR, (2) 

For one gas-kinetic collision the probabilities of eqns. (1) and (2) are expres- 
sed as K, and K,. 

Of all the non-elastic impact processes the excitation exchange and the 
excited state deactivation are taken into consideration. Q1 and Qa are the 
probabilities of the excitation exchange processes: 

M1 +m,+ M, +ml -AE (3) 
M,+ml+M1+mO+AE (4) 

where AE is the excitation energies difference, and Q1 = Qz exp ( -AE/kT). 

*The importance of this effect is pointed out by Belenov et al. [ 281. 
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Pig. 1. The diagram of levels and the processes taken into consideration for reactions 
with E, hr ho. 

Fig. 2. The dependence of maximum selectivity S max on the parameter g for various values 
of 8 o: 1, 0.25; 2, 0.2; 3, 0.15;4, 0.1; 5, 0.05. 

Pyo and e. are the deactivation probabilities of M, and ml respectively. 
Both Q1,z and Ppo*m are taken into account for a gas-kinetic collision. 

It is reasonable to make some assumptions about the corresponding 
elementary process rates: (a) K1 N K2, i.e., the molecules M and m are 
chemically identical with respect to the molecules A; (b) Q1 1L Qa = Z&, i.e., 
the vibrational quantum value of m is sufficiently close to that of M and we 
neglect the factor exp( -AE/kT); and (c) e. z e. = Zv$. It is also reason- 
able to take the molecules A in excess with respect to M and m in order to 
provide greater reaction and deactivation rates. So the concentration of 
molecules aA may be considered constant during the reaction: (d) [A] N 
constant. 

With regard to (a)-(d) the set of kinetic equations giving the popula- 
tions Ni = [Mi] , KZi = [mi) takes the form: 

fl0 
- 
dt 

z 
InO -NonI) + -Nl 

%'T 

WI z 
- = W(N, -_N,) - 
dt Z~D(Nlno -NonI) -&N1 - uN1 

In0 -NOM + z+ 
ZVT 

-Nonl)--nl 
zVT 

- Knl 

(5) 

Here 2 is gas-kinetic collision frequency, expressed in s-l; D is the total 
concentration of molecules in the mixtures; Zvv, ZVTcorrespond to efficient 
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collisional numbers required for excitation exchange and excitation deacti- 
vation; K = KIZ[ A] /D is the reaction rate expressed in s-l. In such a form 
equations (5) are convenient to give the two-step photodissociation. In this 
case K is the photodissociation rate from the excited state, and ultra-violet 
photons play a role in the molecules A. 

As a result we are interested in the concentration values of the 
reaction products RM and R,. The relations: 

dIRsn1 
dt 

= KN1 and d[Rml = Knl 
dt 

are obvious. [RM ] and [R, ] may be found if relations (6) are integrated 
together with (5). It is reasonable to give the result in terms of selectivity 
value, S: 

(6) 

(7) 

Here B and b are the initial concentrations of molecules M and m correspon- 
dingly. One can see from the definition (7) that the value of S shows how 
many times the ratio [RM ] /[R, ] is greater than the “usual” concentration 
ratio, B/b. 

The system (5) may be solved for the case when the induced transition 
probability W is much greater than those of other processes considered. The 
selectivity value, S corresponding to the reaction end is given by: 

s= 1 --F 1,2(1+ 
i [ I&-z; -l 11 

(8) 

Here F is the degenerated hypergeometric function defined usually as a 
series: 

F(a,r,y) = 1+ c 
a(a + 1) . . . (a+k-1) yk 

k = I y(y + 1) . . . (y + k - 1) * 12? 

High selectivity values might be obtained if only the second expansion term 
of F is smaller compared with unity. It results in the requirement: 

ZB -1 
-- K+- 

-%v’ D ( 
z 

ZVT 
) <l (10) 

and for this case eqn. (8) takes the form: 

s=Y!Zk++L] (11) 

Hence there are two possibilities to produce a high selectivity_ The first 
one is realized if K (Zvv* D)/(ZB) % 1, i.e. when the reaction rate is much 
greater than that of the exchange transfer. The second one is realized if 
Zvv~D/Zv$3 > 1, i.e. when the population of ml is small because the de- 
activation rate is much greater than that of the exchange transfer. However, 
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the selectivity value is fundamentally limited 1231 by the equilibrium 
population of ml. Even in the absence of laser radiation the concentration of 
the reaction products R, is reaIly: 

[R,] * b[l-exp(-KK*e-E~‘kT)] cT b[l-exp(-KK*e-“W’kT)] (12) 
Here T is the gas temperature, t* is a time interval embracing the interaction 
between the molecules m and A, i.e. the mixture existence time. If RM arises 
mainly during a laser pulse, the reaction selectivity is limited by the 
condition: 

s< 
1 - exp( -K&/2) 

1 - exp ( -Kt*e-hw’kT) ’ 
(13) 

where t, is the laser pulse duration. Thus high selectivity values are possible if 
only 

t*eehw /‘r < K-l <, t, (14) 
When t* is the time of “usual” gas mixing and separation then 

t” & t,, K-l (15) 
and requirement (14) is practicable with high-energy states being excited 
directly or with the gas mixture being cooled. The qualitatively different 
situation may be realized when 

t” - t, - K-l (16) 

It is possible for: (a) a two-step photodissociation process; (b) reactions in 
crossing molecular beams; (c) reactions with short-lived intermediate 
products of a secondary reaction such as A to take place. 

The upper selectivity limitation (13) may become stronger if the de- 
activation rate of excited states is much greater than that of the reaction. In 
this case a considerable gas temperature increase may occur during the 
reaction. 

The calculations dealing with the thermal selectivity limitation effect 
are given below for the two cases (15) and (16). 

The case t* - t, - K-l 
In this case the highest selectivity S,,, depends on the relation between 

13 ,, = kT,-,/hw (To is the initial gas temperature) and the parameter g: 
B z --- 

g - 2cD KZvT (17) 

where c is the specific heat of the mixture. The condition: 
g% 0; (13) 

serves as a criterion for the heating to be negligible. This condition may be 
obtained through a proper buffer gas-diluted mixture. 



255 

Appropriate calculations were made for the laser pulse duration t, = 
(2/K)ln2, i.e. when half of the molecules M react during a laser pulse. The 
dependence S,,, on the parameter g is given in Fig. 2 for the various values 
of e*. 

The case t* 9 tp, K-l 
In this case the temperature variation after a laser pulse action is of 

importance. The mixture cooling is caused by heat conduction. The typical 
time of this process is 

7zl == ~“2t2)-1 (1% 

Here x is the coefficient of temperature conductivity and I is the typical 
transversal dimension of the excited gas volume. Practically, it can be 
considered that: 

t* 2 TT 9 t, (20) 

If requirement (14) is valid for t* S K-l then it corresponds to very 
small values of exp( ---ho /kT,). Through the sharp exponential dependence 
either requirement (14) is broken or it is valid with a considerable excess. So 
requirement (14) is equivalent to B0 = 0 and in view of (20) the thermal 
reaction during the time interval rT should be treated as the main cause of 
selectivity losses. 

The calculations were made for the chemical reaction selectivity value. 
The following parameter values were taken: 

ZVT ZTT --q()“, - 
2 b 

z vv’ 2 &fn 
= 109; c = 1.5; - = 102-104; 

K-h- ii = 10-2-104 

Besides S the value BD = kT,/hw (T, is the gas temperature at the end of the 
laser pulse) was calculated for two various cases of laser stimulation: 
t, S=- K-l and t, = (2/K)ln2. The calculations show that a certain typical 
dilution value (D/B)* corresponds to a fixed set of parameters. If (D/B) > 
(D/B)* then the heating is of no importance and the formula (11) may be 
used for the selectivity value calculation. If (D/B) < (D/B)* then the reaction 
selectivity decreases sharply as a function of (D/B), i.e. the thermal reaction 
predominates. Typical values of 8, corresponding to (D/B)* are approx- 
imately equal to 0.04 - 0.06. The dependence of S and 0, on (D/B) is 
illustrated by the curves represented in Fig. 3. The dependence of (D/B)* on 
the isotopic composition (b/B) is shown in Fig. 4. 

The main conclusions are correct if only the value of 8, is considerably 
less than that of 8, corresponding to (D/B)*. The vibrational quantum values 
are usually not more than 0.1 - 0.5 eV. It corresponds to Be - 0.05 - 0.25 for 
the room temperature. Thus in the case of “usual” gas mixing the selective 
chemical reactions from the first vibrationally excited level may be realized if 
the gas mixture is cooled to a temperature considerably less than ambient. 



Solid curves: t, %- K-l 

Dotted curves: tp = (2/K)ln 2 

Fig. 3. The dependence of S and 8, on the value of dilution (D/B) in the case t, * K-l 
and in the case tp = (2/K)ln2 for the following values of parameters: Z&Zyfl = 10’; 
2, (27++$ = 109; Z/K&q = 
1; 4,4’, b/B = 1K2. 

10~; c = 1,5; 1,1’, b/B = 104; 2,2’, b/B = 10 ; 3,3’, b/B = 
The S curve corresponds to the values of selectivity calculated without 

heating and the thermal reaction being taken into account. 

Fig. 4, The dependence of (D/B)* on isotopic composition (b/B) in the case t, *aK-l and 
in the case tp = (2/K)ln2 for the following values of parameters: ZV-J$ZV~ = 10 ; 
2 (ZTT/Z&) = 109; c = 1,5; l,l’, Z/KzVT = 104; 2,2’ z/Kzv, = 10 ,3,3l z/Kz, - 
10’. The 5 dependence on (D/B)* corresponds to the values of selectivity calculated 
without heating and the thermal reaction being taken into account. 

The limitations are not so essential if a vibrational overtone is excited 
directly, and completely disappear if the laser quantum energy corresponds 
to that of a molecular electron transition. The developed theory is entirely 
applicable for these cases. 

The photochemical reaction selectivity in the case E, S- hw 

A reaction of primary vibrationally excited molecules presupposes a 
selective vibrational heating up to the activation energy. The time of such a 
process must be less than that of the vibrational energy transformation in 
other degrees of freedom, TV. It is not always possible. For example, in the 
case of monomolecular mixture the activation energy must comply with the 
requirement [14, 171 : 

E,<hw 70 ‘/IL ( 1 rvv 
(21) 

if even the 0 + 1 transition is saturated. Here rvv is the relaxation time 
within the absorbing vibrational mode. Requirement (21) appears to be due 
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to the deactivation process with the typical time, ro. The analogous require- 
ment for the considered case of a binary system must be more rigid, because 
the V-V’ resonance exchange process takes away some vibrational energy. 
This requirement will be deduced below. For the present, let us suppose 
that the necessary vibrational temperature can be achieved despite the 
vibrationally excited molecular relaxation. 

Thus it is reasonable to take into consideration the V-V relaxation 
process within the vibrational mode $ . m&acting with the laser radiation, 
that within the appropriate vibrational mode I.$’ of the molecules m, and the 
V- V’ exchange process between $’ and +’ . The relaxation processes under 
study are shown in Fig. 5. As before, the intensity of radiation is supposed 
to be sufficient to saturate 0 + 1 transition of the vibrational mode vJy, i.e. 
the relation: 

No * N1 (22) 
is valid during a laser pulse. With respect to (22) the populations N, of 
vibrational levels of the molecules M and those n, of the molecules m are 
given in the harmonic approximation by the following set of equations: 

ml ZB Z b 
- =-- [(~+c~~)N~-~~N,] +- - dt @v D zvv’ D ]e(’ + %dN2 - %N1 1 (23) 

dN, Z B 
- = - - 
dt Gk D 

(u + 1) [(1+ (LIM)N”+l - ~MNuI - u [(I + aM)Nv - @MN,-11 + 

) 
drz, 2 b -=-- 
dt Gb D 

(u + 1) [(I + %n)n,+1 - QLn$“l - u 

Z B 
+ - - 

z vv D I 
@ + I) [(l + QMh+ 1 - EOrMnvl 

. 

- u [(I + aM)nv - eaMnv- 11 
t 

- (24) 

(u > 2) 

I 
I(1 + %I)&! - %I$,- 11 . + 

1 
- (25) 

(u > 0). 

Here, as above, 2 is the gas-kinetic collision frequency, expressed in s-l; D is 
the total concentration of molecules in the mixture, B is the concentration of 
the molecules M; b is the concentration of the molecules m. aM, corn are the 
numbers of vibrational quanta per one molecule M and one molecule m 
respectively: 

a!&$= - 1 “go UN, and CX, = ; E un, 
B v=o (26) 

-Gfv, mv, z vv’ correspond to the efficient collisional numbers required for 
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Fig. 6. The diagram of levels and the processes taken into consideration for reactions 
with E, P ti. 

Fig. 6. The function f(p) determined by eqn. (51). 

the vibrational quantum exchange in the following processes: 

MO+M1+M1+M,, 

mo+ml+mI+mO 

M,+ml+M,+mO+AE 

(27) 

(26) 

(29) 

e =exp ( - EmKTE,) = exp (-g) is the value showing the ratio of the 

reverse process rate to the rate of process (29). 

The equations giving the change of aN1 and (Y, are also necessary. These 
may be deduced from eqns. (23) - (26) directly: 

Z b 
- (l+cu,)+- - 

I 

Wl -N2) + 

z vv’ JJ 
e(l+ %) 

B 
z 5 [ ff,(l + O!M) -m&&l + a,)] 

+ =Gv D 
da, 2 B 
-=-OI dt Zvv~ 

eaM(l + %I) - am (f + IyM) 1 

(30) 

(31) 

Equations (23) - (25), (30) and (31) together with the initial conditions: 

N,I,=, =N,It=c = p ) N, I t=o =o (u> 2) , 

noItco =b , n,ItzO = 0 (v> 1) (32) 

in the harmonic approximation give the vibrational excitation kinetics with 
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the transformation of vibrational energy into other degrees of freedom be- 
ing neglected. With a considerable stock of vibrational energy the vibrational 
molecular distribution approximates to the Boltzmann one, the vibrational 
temperature of which corresponds to the instantaneous values of aM and (Y,. 
It follows from the fact that (N, -IV,) - B/& and therefore if (Ye, LY, S 1 
one can see from eqns. (30) and (31) that the variation rate of (YM and CY, is 
less than that, of the V-V relaxation. Thus a considerable vibrational heating 
may be given in terms of vibrational temperatures TM and T, : 

TM = - EM TA = - ElII 
hlnxM ’ . . . klnx, ’ 

where 
-_-z!- am 

x”-l+(YM’ 
xm = 

1+(x, * 

(33) 

(34) 

We are interested in the asymptotic behaviour of TM and T, when 
TM, T, S hw /k. If a change of variables in eqns. (30) and (31) is made in ac- 
cordance with eqn. (34) and t is eliminated, then eqns. (30) and (31) take 
the form: 

(1-xM)2 
1 
[& ; (1 -x,) +-& ; E(l -TM)] (N1 SN’) + 

z b 
+ - - (xm 

&rn 

zvv D 
- EXM) - 

t bh4 
=(1-xx,)2 r - z I3 (EXM -x,) (35) 

vv’ D 

This gives in zero-order approximation: 
x, = ‘%M (36) 

The combination of eqn, (23) with eqns. (30), (31) and (34) gives in zero- 
order approximation: 

B 
= x,(1 -xM) (37) 

This corresponds to the relation for the Boltzmann populations N1 and N2. 
From eqns. (36) and (37) one can deduce the relation between X, and 

xM in a first approximation: 

XtYl = E+(l -8) (33) 

where 
6 =(1-xM)4 

[ 
z ’ 

B $(l- EXM) +- be(1 -xM) I[ B(l- ex&g)2 + vv + be{1 -xn# -I. 1 
Finally, the relation between 2’ M and T, may be expressed as: 



(39) 

[ ( B 
EM _+~,’ +b($)2]-1 + g ($-&) 

WI 
Here only the first expansion terms are taken into account for E and xM:. 

So the difference between the vibrational temperatures TM and !I’, is 
given by two terms. The pumping is responsible for the positive first term in 
the right hand side of eqn. (39). The second one corresponds to the equilib- 
rium in the binary system of harmonic oscillators and its sign depends on 
that of A E. If the first term is less in absolute value than the second one, 
then the vibrational levels of molecules with the lesser vibrationA quantum 
energy are always more excited. 

Let us estimate the selectivity of the reaction of the molecules M and 
m with the molecules A. In contrast to the previous section it is reasonable 
here to take the molecules A in deficiency with respect to M and m because a 
considerable dilution results in a decrease of the vibrationally excited 
molecules relaxation time. Thus any chemical reaction does not affect the 
vibrational excitation kinetics considered. Let us take the rate constants KM 
and K, of the reactions: 

M+A+RM (40) 
m+A+R, (41) 

expressed in s-l according to Arrhenius: 

KM = K expf(- -$-) and K, 
M 

=K exp(--s) 
m 

(42) 

It is reasonable to consider that activation energies and pre-exponential 
factors are the same for both reactions. 

Owing to a sharp exponential dependence of the reaction rate on the 
vibrational temperature, the reaction occurs practically at a certain vibra- 
tional temperature T* - E,/k. So the reaction selectivity S (7) is equal ap- 
proximately to the ratio between the rate constants of the reactions (40) and 
(41) with TM, T, - T*. 

From eqns. (39) and (42) one can see that the selectivity value is equal 
to the product of the two values S, and S2 corresponding to the two right 
terms in eqn. (39): 

(43) 
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(44) 

(451 

then S * SZ and a considerable value of S can be obtained. Requirement (45) 
may be practically realized for the molecules which differ in the isotopic 
composition of light atoms. In this case a heavier component of the mixture 
reacts chiefly in spite of the fact that molecules absorb the radiation. The 
value of S does not depend on T* since T* Z+ T and is given by: 

(46) 

If BE1 < hw - - 
kT -E, (47) 

then the reaction selectivity value is rather limited. In the real case when 
Z vv’ - Z&J : 

S*exp[(~*)“(~,‘]exp(~-g) 
a 

(48) 

The use of eqn. (48) requires a more accurate determination of T*. Besides, 
the activation energy T* depends on the pre-exponential factor value. It is 
easy to show that the value T* may be estimated from the following 
transcendental equation: 

Finally, the reaction selectivity on condition (47) is defined by: 

Szexp[(%)2f]exp($$) if gsg 

Here f is the solution of the transcendental equation: 

f exp (f1’3) = p 
where the parameter p depends on the mixture composition, the rate 
constant values of elementary processes involved, and the vibrational 
quantum energy : 

(4% 

(501 

(51) 

(52) 

The function f @) is presented in Fig. 6. The calculations show that in a 
typical case E,/ho -N 10, B/b 3= 1, 2 Z/IC& u 1, i.e. p 2: 10V2, then f 2: 10 
and S = 1.1 even if IAEI/K T < 10W2. 

One can see from eqn. (50) that the primary reaction of a lighter 
component is possible only if: 
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In the case 

(54) 

a heavier component reacts mainly in spite of the fact that molecules interact 
with the laser radiation. 

If the vibrational quantum energy difference is responsible for the 
selectivity value, the reactions with a larger activation energy are more advan- 
tageous. As noted above the activation energy is limited by vibrational energy 
relaxation processes. The estimation for EFax may be received from the 
equation giving the relaxation kinetics of vibrational energy: 

1 
Inax Ea 

)I 
1 (55) 

If B/b S 1 then eqn. (55) is equivalent to eqn. (21). In the case B/b << 1 
E raw is considerably less. 

From eqns. (46) and (55) the value for S,,, may be found in the case 
when the difference between the vibrational quantum energies AE is mainly 
responsible for the value of S: 

S max 
$ AE 

)I -I kT 
In the most advantageous case when B/b % 1 eqn. (56) gives: 

I561 

(57) 

Consider, for example, the BCls vibrational mode v3 excitation, assum- 
ing natural composition of the boron isotopes in the mixture (80% of the 
isotope “B and 20% of the isotope “B) Absorbing bands corresponding to . 
the v3 mode lie in the region 900 - 1000 cm-l. The isotopic shift of these 
bands is approximately 30 cm-l. According to Steinfeld’s recent measure- 
ments [ 291 V-T and V-V relaxation times are approximately 5 ps/Torr and 
0.1 ~s/Torr respectively. From these data the selectivity achieved with 
respect to the isotope ‘lB may be estimated using the formula (56). For the 
temperature interval 300 - 200 K the estimation gives S,,, - 2.7 f 4.5. In 
order to obtain such selectivity values the reaction with the activation energy 
E, - 20 kcal/mol must be chosen. 

Conclusions 

The analysis shows that there is a principal possibility to conduct 
selective chemical reactions, stimulated by infra-red laser radiation, in 
mixtures of molecules with close vibrational levels and identical chemical 
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properties. This analysis is applicable to the problem of photochemical iso- 
tope separation under a laser radiation. Owing to isotopic shift of vibrational 
levels, the effect allows one of the mixture components to be excited by 
laser radiation. The primary reaction of a certain component is characterized 
by the selectivity values S (eqn. (7)). 

(1). In the case when the radiation directly excites a vibrational level 
with its energy being close to that of activiation the photochemical separation 
of isotopes under a laser radiation is most efficient. In this case the process 
of molecular activation is fully selective, The unwanted chemical reaction of 
the mixture component, which does not react with the radiation, is caused by 
three reasons. The first is conditioned by the process of vibrational excita- 
tion transmission approximating the resonance process. The second cause is 
related to the thermal excitation of vibrational levels arising from heating the 
mixture throughout a laser pulse. As noted earlier, neither excitation trans- 
mission (eqn. (11) nor heating (Fig. 3) play any part when the mixture is 
sufficiently diluted with a buffer gas. 

The third cause is conditioned by the thermal reaction of the non- 
excited mixture component and, in principle, cannot be eliminated. Chemical 
reactionG;their activation energy < 0.5 eV, go well at room temperature. 
The energy of molecular vibrational quanta ranges usually between 0.1 and 
0.5 eV or may be less. Therefore resonance vibrational transitions are used to 
conduct selective photochemical reactions in mixtures provided that: (a) the 
ratio between reaction rate for vibration-excited molecules with u = 1 and 
reaction rate for molecules in the ground state [6, 301 is high; and (b) the 
duration of mixture is short (the realization of this condition is described at 
the end of the second section). 

In this case the maximum value of S is limited only by the initial equi- 
librium population of the upper operating level of non-excited mixture 
component [condition (18), Fig. 21. The values S - 10 + lo4 are achieved 
at room temperature. 

Thermal reaction, with activation energy 2 1 eV, plays no part at room 
temperature. Thus, a very high selectivity value can be obtained if vibra- 
tional levels with energy 2 1 eV are directly excited. Such an excitation is 
possible under a cascade excitation of some levels [31] as well as under a 
molecular overtone excitation [ 321. 

(2). If the activation energy is much greater than that of laser radiation 
quantum, the molecules will be excited up to levels with energy - E, in the 
process of the V-V relaxation. Such an excitation is possible, since the rate of 
the V-V relaxation for molecules exceeds considerably, as a rule, the V-T 
relaxation rate. Yet, as opposed to the previous case, the selectivity here can 
be partly lost even in the very activation process. This is caused by the V-V' 
relaxation which is very rapid and close to the resonance one. 

Thus, with E, B hw the reaction selectivity is limited by molecular and 
rate constants of elementary processes. Nevertheless, we can obtain greater 
values of S if the components differ by the isotopic composition of light 



264 

atoms. The effect depends exponentially on the difference A E of vibrational 
quanta energies of the two compone&(eqn. 46). In this case a heavier 
component mainly reacts, in spite of the fact that molecules interact with 
the radiation. The maximum achievable selectivity in this case is given by eqn. 
(57). The example considered at the end of the third section shows that such 
values as S - 10 are also possible. 

When the values of A E are small the selectivity S is given by eqn. (50). 
In this case these are very limited. The example under consideration shows 
that for real values of activation energy and of pre-exponential factor the 
(S - I) value does not exceed 10%. 

Separation of a lighter isotope is possible only with small values of AE 
(requirement (53)). Therefore in the reaction E, Z+ hw it is impossible, in 
principle, to obtain a considerable selectivity value relative to a lighter 
isotope. 
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