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A simple theoretical model for the qualitative description of the kinetics of the uni-
molecular decay in the pulsed IR laser field with strong deviation from thermal
equilibrium is developed. The nonequilibrium character of the reaction is introduced
by means of a special parameter of "truncation" of vibrational energy distribution
function, which takes into account depletion of the distribution function due to the
dissociation. The derived self-consistent system of differential equations describes the
three dissociation regimes. Besides, the apparent cases of collisionless (short duration
of laser pulse z,) and equilibrium (long ’p) reactions, the intermediate collisional-
nonequilibrium dissociation is revealed. The contribution of postpulse reaction has
proved considerable in case of both long and short pulses. For the case of a successive
dissociation the possibility of synthesis of labile products which cannot be produced
at thermal initiation is established.

1. INTRODUCTION

At the infrared multiple-photon (IR MP) excitation of low-pressure
(several Torrs) molecular gases it is possible in a very short time
(fractions of microsecond) to produce sufficiently high concentrations
of molecules excited to high vibrational states and free radicals, the
products of their unimolecular dissociation. The interest shown in
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IR MP photochemistry 1-7 is caused by the following. First, it can be
realized easily since many molecules have absorption bands in the
tuning range of a simple, accessible and high-power CO2 laser.
Secondly, it yields quite a different composition of final products, as
compared with the known methods of initiation, and enables, among
other things, realizing some ways of chemical reactions which are
impossible under equilibrium conditions.
The most important thing for such nonequilibrium reactions is a

high rate of excitation and subsequent reactions, both primary (uni-
molecular dissociation) and secondary (radical recomination and
other bimolecular reactions). Therefore, as the molecules are excited
by a high-power short IR pulse, the reaction may take place in times
shorter than the relaxation times TV-T/R and Tv-v. As a result, a
typical IR MP-induced reaction proceeds under extremely nonstation-
ary and nonequilibrium conditions when there is no equipartition of
energy between different components of the mixture and different
degrees of freedom of a single molecule. The absence of reaction rate
enhancement on the cell’s walls also acts a certain part since the laser
excitation of molecules takes place in the space.
The nonequilibrium character of such a chemical reaction makes

the standard methods of calculation of thermal chemical kinetics
unapplicable. The absence of thermal equilibrium during the reaction
draws nearer IR MP-induced chemistry and conventional visible-or
UV-photochemistry or plasma chemistry. But an immediate transfer
of the reaction description methods developed here is impossible,
mainly due to quite different ways of energy deposition. In photo-
chemistry and plasma chemistry the energy is deposited through
electronic degrees of freedom. IR MP excitation brings about direct
excitation of vibrational degrees of freedom, and the whole process
is most commonly limited by the ground electronic state.

So the theoretical analysis of the kinetics of IR MP-induced reac-
tions calls for the development of a special approach, one of its
possible versions described in this paper. In Section 2 we shall discuss
versions described in this paper. In Section 2 we shall discuss some
possible ways of solving the problem and then, in Section 3, substanti-
ate the choice of our own model. It takes up an intermediate position
between the approaches known in literature and is rather simple and
universal at the same time. In Section 4 the operation ofmain equations
is illustrated on the simple limited cases (collisional and collisionless).
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In Section 5 possible reaction conditions are classified by the degree
of their nonequilibrium character as (1) collisionless, (2) collisional-
nonequilibrium and (3) equilibrium. In Section 6 it is shown that
under collisionless and equilibrium conditions the reaction proceeds
mainly after the laser pulse is over. At the same time, under collisional-
nonequilibrium conditions the basic contribution is made by reactions
during the pulse. In Sections 7 and 8 the reaction of successive
dissociation ABC ,,,o, AB + C - m,o, A+ B + C is studied numeri-
cally. Particular emphasis is given to the conditions under which the
maximum ratio of products [AB]/[A] can be obtained. It is shown
that IR MP excitation makes it possible to synthesize efficiently the
intermediate product [AB] even in the case when it is labile and under
thermal conditions dissociates faster than is formed.
Our wish was to formulate the problem widely enough. Varying

over a wide range the basic parameters of reacting mixture (laser pulse
duration and energy, reagent and buffer pressures, external cooling
time) we were able to study the effect of each of them on the basic
characteristics ofthe process (reaction time, ratio of different channels,
laser energy utilization factor, etc.).

2. METHODS OF MODELLING OF NONEQUILIBRIUM CHEMICAL
REACTIONS

The nonequilibrium character of the physical and chemical processes
induced by MP excitation of molecules with pulsed IR laser radiation
makes their theoretical analysis more difficult. Indeed, in equilibrium
chemical kinetics the specification the value of one variable, tem-
perature, determines the internal state of all the reagents. Under
nonequilibrium conditions the form of vibrational distribution func-
tions is not known and it must be determined by solving an awkward
system of integro-differential equations. Most widely used is the
method based in replacing the continuous distribution function with
a discrete one when the discretization "grains" are usually taken to
be equal to the laser quantum energy. The corresponding differential-
difference equations (energy gained master equations, EGME) have
been studied in a lot of papers, their results presented in a number
of reviewss (see, also, Refs. 1-6). This approach is applied mainly in
analysis of IR MP dissociation taking place either under collisionless

9,10conditions or in the presence of a buffer gas.
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It should be noted that the discretization step equal to the laser
quantum (hto 1000 cm-1 in the case of CO2 laser) may turn out to
be too large for describing collisional deactivation if the value of
average energy lost during one collision (AE) is less than or of the
order of hto. Here it should be mentioned that the first direct measure-
ments resulted in lower, than comrfionly adopted, 11 values of (AE)
for the relaxation of highly excited (E 20 000-50 000 cm-)
molecules of azulene,2 toluene 13 and substituted cycloheptatriene TM

((AE) 100 cm- for the collisions with noble gases and, for example,
about 500 cm-1 for the collisions with SF6).

For successive analysis of processes with (AE)< hto it is necessary
to reduce the grains size in EGMEb) or to return to the initial
integro-differential equation.9(f)’15 A serious disadvantage of EGME
is a sharp increase in computer time when we try to allow for the
collisions of the excited molecules between themselves, with the dis-
sociation products of with other chemically active components.
Therefore such important processes as binding and recombination of
dissociation products, deactivation of excited molecules by more cold
products of their decay have not been investigated with the use of
EGME yet.

In this connection simpler theories applying a less detailed descrip-
tion ofthe system, with the slowest processes disregarded, have gained
wide acceptance. 16-38 But it is different processes that have a dominant
role at different stages of reaction (for example, during a laser pulse
and after it is over). So to describe the same reaction at different
instants of time different theoretical models have to be applied. It is
sometimes assumed, for example, that the laser pulse is short enough
so that during excitation we can use simplest EGME whereas the
postpulse reaction (after thermal equilibrium is established) is
described by the conventional Arrhenius law. Such "hybrid" method,
of course, is inevitably limited by some severe approximations.
Moreover, this approach is not enough universal since there is a region
of parameters (laser pulse duration and pressure) when it is necessary
to take into account simultaneously the laser excitation and the col-
lisions between excited molecules which is difficult to do within the
frameworks of this hybrid approach.
As a result, the task arises to develop a more universal method of

calculation of reaction kinetics that would allow for all the processes
which can come about in the irradiated gas. Such a method, in
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particular, must be applicable over a wide range of reaction colditions
and enable studying the change-over from collisionless to thermal
dissociation at increasing gas pressure. Since, as it has been noted,
the solution of EGME requires for some reaction conditions too great
expenditures of computer time, it seems quite natural, at least as the
first step, to get rid of attempts to construct such a theory on the basis
of exact distribution function. Instead of this, we can restrict ourselves
to constructing a simplified theory which will provide a correct qualita-
tive description at all the basic reaction conditions and allow semi-
quantitative evaluations.
An attempt to develop such a theory was taken in work34(b) where

the theory was considerably simplified due to the assumption that the
distribution function of any reacting molecule has a preset form
(Boltzmann distribution) that depends only on one variable (tem-
perature). Nonequilibrium character of the reaction was taken into
account in this case by introducing different temperatures for different
components of the mixture. Such an approach has enabled the most
of the observed dependences to be explained. Yet we have come to
the conclusion that for a correct description of some features of
nonequilibrium processes (branching ratios, first of all) it is necessary
to introduce another variable which allows for the truncation of
distribution function caused by the rapid growth of dissociation rate
as the energy increases.

3. METHOD OF TRUNCATED DISTRIBUTION FUNCTIONS WITH
DIFFERENT TEMPERATURES

Here we are going to complicate the model with different temperatures
and assume that the distribution function of any molecule is truncated
at some energy ED, as shown in Figure 1. We assume that the smooth
envelope distribution function (the dashed line in Figure 1) has a
specified form, and we choose it in the simplest form of Boltzmann
distribution for better correspondence with equilibrium kinetics. Thus,
the state of each of the molecular components is described in the
present model just by three variables" average energy of equilibrium
(Boltzmann) distribution function Eeq, energy of truncation of distri-
bution function ED and, finally, relative concentration of molecules
of the given sort n. On the basis of energy grained master equations
(EGME) a closed system of equations can be written for these values.
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E’’ E* E

FIGURE The truncated distribution function f(E) (solid line) formed under IR
multiple-photon excitation at rather a low pressure. With energies E > Eo it is depleted
considerably as compared to the smooth function fr(E) (Boltzmann distribution, for
example; dashed line).

Let us consider this approach in the simplest version taking a specific
reaction sequence of the polyatomic molecule ABC under the action
of a powerful laser IR pulse that performs MP excitation ofthe original
molecule ABC and, perhaps, the polyatomic product AB of its
unimolecular dissociation:

ABC + nhto AB + C (la)
AB + mhto ---, A + B (lb)

This specific reaction sequence is of interest for comparison of the
product composition of chemical reactions under equilibrium and
nonequilibrium conditions.
To make the writing of equations more convenient, below we use

the subscript "i" which numbers all the components in the reacting
mixture. The values i= 1, 2, 3,... number different chemically active
components. In our case of successive dissociation (la, b) 1 corre-
sponds to the molecule ABC, 2 to AB and i= 3 to A. The index

0 describes the inert buffer gas. Note, that nonreactive products C
and B as well as all the translational-rotational degrees of freedom
are also attributed to buffer. It is convenient to choose the concentra-
tion ni=[i]/[ABC]o, the equilibrium energy Eq and the average
energy Ei as three independent variables describing each molecular
component in the present model. Along with E eqi it is convenient to
introduce the temperature T the molecule must have under thermal
equilibrium to acquire this energy. The dependence Eq(T) in a
harmonic approximation has the form

h’k
k exp (h’k/Ti)- 1

where ’k denotes the frequencies of normal molecular modes.
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The average energy Ei at given Ti is unambiguously related to the
above-introduced energy of truncation ED. These values are present
at the same time in the equations given below, and they are related as

if-,, =,o E(E) dE
(3)

(E) dE

where J(E) is the smooth envelope function of energy distribution.
In our work it is hosen in the form of Boltzmann distribution (E)
p exp (-E/T), where p(E) is the state density. We are mainly oner-
ned with the ase of a large number of vibrational degrees of freedom

>> 1 when p(E) is a rapidly increasing function. So (E) usually
has a well-pronounced maximum with E E and in specific alula-
tions it can be approximated by Gaussian distribution with a good
accuracy. Its average energy and dispersion i are taken to be equal
to the corresponding values of Boltzmann distribution

2 c,T2 (4)

where c dEq/dT is the vibrational heat capacity. It can be shown36

that the difference between the real distribution width and given
by Eq. (4) is not large even under collisionless excitation if the absorp-
tion cross-section tr const.
When f(E) is chosen so, the relation between/ and E takes on

the form

Ei Eeq i { (EiD- Eeq’2}/ (ED- E’’) (3’)2d-exp 2(2i 5i

where (x) is the probability integral.
In the simplest version of the theory considered here, we shall

not derive the equations for ni, Eq, and E from EGME, but introduce
them on a phenomenological basis using the Arrhenius-like expression
for reaction rate with a correction for nonequilibrium nature of distri-
bution:

Di)kUl A e-D’/T’ ED-- Eeq

t

where D DABC and D2 --= DAB are respectively the energies of the
bonds AB-C and A-B.
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The system of equations describing reaction (1) has the form
(i= 1,2, 3)

dn, v kUn, (6)ki-1 i--1dt

c,-=tr,I+=o vn\E;q- T
ED Di_ E ----ki-1 (7)eq+(_ -

d-- triI +
=o
vn \

+(o_IED1 Di_l E,)n-t UMk,-1 + (/,- E)k

dEeq

dt

(8)

where I is the radiation intensity, tri is the IR absorption cross-section,
ci is the heat capacity, v0 is the relaxation constant, a[ is the fraction
of bond energy E consumed by the vibrational degrees of freedom
of the product at dissociation.
The first equation (6) describes the successive dissociation according

to the scheme (la, b). The second equation (7) describes the changes
of the maximum of the distribution function due to laser excitation
(the term trd), collisional relaxation (including the collisions with the
buffer, j=0, and molecules of the same type j= i) and previous
component dissociation (k). It is assumed, however, that the dis-
sociation of a given molecule (kf) does not affect directly the shape
of the envelope of the distribution function (i.e., Eq) but only causes
the energy of truncating E to be reduced. Therefore the correspond-
ing term (proportional to kM) is not included in the equations for
E eq but can be found in the third equation (8) for E which is in other
respects similar to (7). Only because of collisions the value E eqi
relaxes to Ei which is described by the second term in the right-hand
side of Eq. (7). So it is unimolecular dissociation that is responsible
for the difference between E and E eq The described behaviour
becomes particularly clear if with help of Eq. (7) we rewrite Eq. (8) as

d(Eeq Ei)
dt

-y,(E’q -/,) + (E p -/,)ku, (9)
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T hi-1 UM
Yi vonj+--- ki-1

j=o Eq

The equations describing buffer gas heating are written in a manner
similar to (7) where the fraction of energy aTE arriving at the buffer

’+ a" 1) is alsodegrees of freedom at unimolecular dissociation (a
allowed for.
The system presented describes all the basic processes taking place

in a uniformly irradiated volume. But in this case the processes
connected with the unexposed regions of gas and the cell’s walls are
not explicitly included. They all will lead to additional processes
cooling39 due to heat conduction, diffusion, generation of sound, etc.
For each of these mechanisms of relaxation it is possible to obtain a
characteristic time in which it will cause a substantial deceleration of
reaction. The minimum of these times is called the external cooling
time text. The reaction yield obtained in the text time after the laser
pulse is identified as the total reaction yield. It should be noted that
the real reaction time tR (i.e., the time in which, for example, 90%
total yield is attained) can be much shorter than text. This is characteris-
tic, for example, of a reaction in the presence of a buffer gas when tR
is determined by the collisional relaxation time.

4. SIMPLE APPLICATIONS OF THE MODEL

In this section we shall consider how Eqs. (6)-(8) work in some simple
limiting cases (thermal and collisionless dissociation). The limits of
applicability of our model will be also discussed.

Thermal dissociation. Consider the high pressure limit, where the
laser pulse duration is much greater than time constants of
intermolecular energy flows. In this case Eqs. (6)-(8) can be simplified
considerably, and are reduced to equations of thermal chemical
kinetics. Note that the dissociation rate in this case is much less than
the collision rate, and Eq. (9) gives Ei E eq whereas from Eqs. (7)
and (8) it follows that all components in the mixture should have
equal temperature T T. The value of T can be obtained from simple
energy balance (including laser heating and reaction enthalpy), the
reaction rates being described by the Arrhenius law.) Now Eqs. (6)-(8)
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are reduced to customary chemical kinetics, and high pressure limit
of our model appears to be well founded.
When the pressure is lowered, various nonequilibrium effects will

become important. Our theory will account them, first by introducing
different temperatures for different components of mixture, and
second, by allowing truncation of distribution function (Ei < Eq).
Formally, present model will be valid as for as collisions have time
to recover the Boltzmann shape of the distribution function, set the
energies lower than the cut off E.

Collisionless case. If the pressure is decreased further, the vibra-
tional distribution becomes not collision but radiation-controlled, and
its form and width will not coincide with assumed Boltzmann ones.
In such a case the model (6)-(8) can give only semiquantitative
description of the reaction. But when constructing the model we take
care to ensure that the most important feature of our approximate
distribution function---its maximum E--coincide with accurate one
as closely as possible. It can be shown,36 that for constant absorbtion
cross-section our model reproduces exact results for both the average
energy E and the width of distribution even in the collisionless case.
To illustrate, that our model behaves qualitatively well in collision-

less case, let us consider the dynamics of the energy of truncation E
This quantity is very important, because the system can be very far
from equilibrium E < E eq in collisionless case. The value of ED

is established by the competition of two processes: laser excitation
and unimolecular decay. To determine on exact value of ED we should
know the energy dependence of rate of unimolecular decay kvt (E),
which is not incorporated to our present model. It is simulated by
some nonequilibrium factor, included into Arrhenius law dissociation
rate (5) which will cut the dissociation of E’ is sufficiently small. We
have carried out a multitude of numerical calculations to ensure that
this approach works well enough. We have tried the broad spectrum
of reaction conditions and all cases the results were reasonable.
The results of one of test calculations is shown in Figure 2. The gas

was preheated by first laser pulse (not shown on figure), and then
after some transient time, is irradiated once more. After the switching
on of the laser E is sharply increasing due to laser excitation, but
to the end of the pulse E’ is practically saturated, which is connected
with competition between excitation and dissociation. At 1.5 ps
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FIGURE 2 Test calculation of the reaction in collisionless case. Molecular parameters
correspond to Table (excluding pressures which are zero). Tnitial temperature was
700 cm-1, energy absorbed from the laser pulse was 40 000 cm-.
the pulse is switched off, and, as expected, E begins gradually to
decrease due to dissociation of molecules in high-energy part of the
distribution function. This brings about to corresponding reduction
of dissociation rate (5).
Another test also give expectable results. So we used Eqs. (6)-(8)

to investigate qualitative features of nonequilibrium reactions in all
regimesmfrom collisionless to thermal.

Proceeding to exposition of the results of our calculations, note,
that numerical parameters have been chosen to correspond to experi-
ments of Ref. 34 on the synthesis of (CF3)3CI according to:

(CFa)3CBr+ nhto - (CF3)3C + Br (lOa)

(CF3)3C. + mhw ---, (CF3)2C: + CF3 (10b)

(CF3)3C + 12 -- (CF3)3CI + I (10c)

which is an example of successive dissociation reaction (1).
The values of basic parameters are given in Table I. The relaxation

constants are taken in the form v0= flijsisj/(si+ sj), where/3i is the
vibrational energy exchange efficiency (flo 1 for "strong" collisions),

3.75 107 PABc(T/1000 cm-1)1/2 s-1, where the pressure of ABC
is expressed in Torrs.
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TABLE
The reaction conditions and model parameters used in the calculations

Molecular parameters:

Number of vibrational degrees of freedom SAaC 36, SAa 33, SA 21
Dissociation energies DAnc= 24 000 cm-1, DAn 22 000 cm-1

Preexponents AAaC 10TM -1, AAa 1015 -1 a
Differential cross-sections rAnc rAn const.
Buffer gas heat capacity Co 7/2
V- V exchange efficiency /3ij =0.1;/3io =0.067; i,j 1,2, 3

Reaction conditions

(Figures 2-5)
Initial pressure of ABC PAaC 0.8 Torr
Buffer pressure Pbue 12 Torr
Time of collisionless dissociation 50 ns
Time of setting of equilibrium conditions te.o 1.2 s
External cooling time tex 100 IS
Laser pulse duration varied
The pulse energy was chosen according to

the total reaction yield/3 nan with
text: /3 44%

a)The value AAS= 10is -1 is used in the calculations of successive dissociation,
Figure 6-9. In the series presented in Figure 2-5 it is assumed that Aan 0.

4. IR MP-INDUCED REACTIONS AT DIFFERENT LASER
PULSE DURATIONS

Let us consider here how the kinetics of IR MP-induced reaction and
its basic characteristics change as the laser pulse duration zp is reduced,
i.e., when the thermal reaction converts to a collisionless one. Such a
conversion is determined by the ratio between the IR laser pulse
duration -p and two characteristic times relating to collisional pro-
cesses.
One time, to, determines the change-over from collisionless MP

excitation to the conditions under which the effect of vibrational
deexcitation during collisions with buffer gas particles essentially
decreases the rate of MP excitation and dissociation. Let t be defined
as the time in which an excited molecule ABC loses such a value of
vibrational energy that its unimolecular dissociation rate is reduced
by e times. A simple estimation with the use of a semiclassical
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approximation4 for this rate results in the following expression tor tc
(+E)

tc SABCDABc(AE) tgk (11)

where tgk is the time between the gas-kinetic collisions of the excited
molecule with the butter gas, (AE) is the average energy transferred
to the buffer during one collision, SABC, Ez and DAac are respectively
the number of degrees of freedom, the energy of zero-point vibrations
and the dissociation energy of the ABC molecule.
The other, longer, time teq determines the change-over to equilibrium

heating of gas mixture by IR pulse due to fast redistribution of
absorbed energy between all the particles and degrees of freedom in
the mixture. A simple estimation gives a value for the time teq during
which the buffer gas is heated to the temperature equal to that of
excited ABC molecules with the energy E

(E+Ez) noCb
tk, (12)tee (AE) SABC

where nocb is the dimensionless (divided by the Boltzmann constant)
heat capacity of buffer gas per one ABC molecule.
The comparison of expressions (11) and (12) shows that

noCb, (13)

because E + Ez D. Since floeb SABC >> 1, this means that the relation
tee >> tc is always fulfilled. In our specific case the parameters of which
are given in Table I we have that tc 50 ns, teq 1.2 s.

Thus, according to different relations between the times Zp, t, teq
there are three regimes of IR MP-induced reaction of molecular gas,
(CFa)aCBr and I2 in our case.

1. Collisionless reaction when the relation

Zp<< t (14)

is complied with. In our case this calls for high-power laser pulses
with their duration Zp 10-8 s. Then reaction (10b) will proceed with
cold molecules.

2. Collisional-nonequilibrium reaction when the inequalities

’l’p teq (15)
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hold true. In the case under consideration this corresponds to the
most typical experiment with the IR pulse duration zp 10-7-10-6 s.
In this case the MP excitation and dissociation occur in the presence
of collisions, which reduce the rate of processes (10a) and (10b) to
some quasistationary values, but the buffer gas temperature is yet
lower than that of excited molecule.

3 Equilibrium reaction when the relation

"rp >> teq (16)

is complied with. In our case this means using comparatively long
pulses with Zp >> 10-6 S. Such a pulse is able to heat the whole gas
mixture and the reaction must be equilibrium by character.
To demonstrate the main specific characteristics of different reaction

regimes, Figures 3-5 present a time evolution of the basic characteris-
tics of a single unimolecular reaction (10a) obtained by numerical
integration of the system of equations described in Section 3. The
influence of secondary dissociation (10b) will be described in Sections
7 and 8 below. Three different IR pulse durations zp considered here
correspond to the three different reaction regimes just described. The
energy density of each pulse (or the absorbed energy g trY) were
chosen so that the same reaction yield/3 44% could be ensured on
completion ofthe process (in the time text 100 s). The corresponding
parameters are given in Table I.

T, I000 CM-
2

"’. Z // 0.3

0.2

I00 t,/,sec

,O. 6

0.4

Q2

FIGURE 3 Equilibrium IR MP-induced dissociation. The time evolution of the basic
characteristics of the system" the temperatures of ABCDT, AB--T_ and the bufferD
Tbuf; the reaction yield fl [AB]/[ABC]()and the degree of nonequilibrium Z. The laser
pulse is shown in the left bottom corner (shaded), its FWHM is r, 5/s. The parameters
of the model are given in Table I.
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FIGURE 4 Collisional-nonequilibrium dissociation with p--360ns (see Figure 2).

Following characteristics of the reacting gas are shown in Figures
3-5: the temperature TABC of excitedABCmolecules, the temperature
TAa of resulting radicals AB and the temperature Tb,,/ of buffer gas
molecules. Here we should note the following. The concept "tem-
perature" has its usual sense only in the equilibrium case but, when
the process is highly nonequilibrium, it is just a convenient parameter
defining the average energy Eq of the truncated distribution function.

Besides the mentioned temperatures the time evolution of two other
important values is plotted: the reaction yield /3 of unimolecular
dissociation (10a) and the so-called degree of nonequilibrium Xi relat-
ing to the above-introduced values Eeiq, i and 6i. It is defined as

Eeqi Ei
X, (17)

T, I000 cp

XI
o- .o.8

0.4

0.1 0.2...........
0 O. 5 0 t,/=sec

FIGURE 5 Collisionless dissociation with -p 30 ns (see Figure 2).
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The value Xi 1 means that the distribution function is severely distor-
ted by dissociation, i.e., the energy of truncation E lies near the
average thermal energy E eq

It may be seen from Figure 3 that at sufficiently long pulses (Zp
5 is) the reaction occurs under equilibrium conditions. Indeed, the
temperatures of reagents Tanc, TAn and that of buffer Tbuy at all
instants of time are practically equal. The dimensionless parameter
of nonequilibrium of distribution function Xanc is always small (no
higher than 7.3.10-3). Generally speaking, whatever the pulse dura-
tion, any laser-induced reaction culminates (with > teq in such an
equilibrium stage. But only in the case Zp > teq it makes an essential
contribution to the final reaction yield. The equilibrium reaction stage
taking place in the time interval max (teq, zp) < < tex proceeds under
self-cooling. 35’41’42 Under these conditions the only source of cooling
of the reacting mixture responsible for deceleration of the reaction is
the reaction itself or rather the heat consumed by its elementary act
(endoergicity). The total reaction yield/3 and the temperature T in
this case turn out to be related by a simple equation expressing the
law of conservation of energy. The dependence /3(T) proves to be
nearly linear.42 For the reaction proceeding under self-cooling we can
obtain analytical dependences of the yield on absorbed energy. They
are investigated in detail in Ref. 35.

Let us consider the reverse limiting case of very short pulses (zp
30 ns, Figure 5) when the situation is qualitatively different. The
reaction is basically near to completion when the buffer has not been
substantially heated yet and its temperature is close to the initial one.
In this sense the reaction with short zp can be termed collisionless.
The degree of nonequilibrium also increases drastically and is as high
as ,)(ABC 0.6.

Apart from a great difference between the temperatures of the both
absorbing components (Tanc, TAn) and the buffer temperature Tbur,
there is also a considerable difference between TAnc and TAn, with

Tanc always higher than Tan. This means that at collisionless dissoci-
ation the product AB is colder than the original substance ABC which
affects materially the kinetics of successive dissociation resulting in a
qualitative change of product ratio (see Section 7). It is quite clear
why the reaction products have a lower temperature (TAn < Tanc).
Some part of thermal energy of the original substance ABC is inevi-
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tably spent to break the bond AB-C. So the vibrational energy and
the temperature of AB turn out to be considerably lower than those
of ABC. Therefore the nonequilibrium initiation of ABC dissociation
causes the AB ensemble to be cooled.

Finally, let us turn to Figure 4 where the course of reaction with
p 360 ns is is shown. The reaction basically proceeds under col-
lisional-nonequilibrium conditions that is intermediate between col-
lisionless and equilibrium ones. Indeed, if in the collisionless case the
basic fraction of molecules dissociates before the buffer has time to
be heated substantially (Tbuf<< TABC) and, on the contrary, in the
equilibrium case the main contribution to the dissociation is made by
the instants of time when the buffer is already heated (Tbuf TABC
TAB), the reaction illustrated in Figure 4 is intermediate between
these two cases. The basic fraction of molecules here dissociates at
the instants of time when the heating of the buffer comes about. In
this sense the reaction is really nonstationary.

Another characteristic feature of collisional-nonequilibrium reac-
tion can be found, if we consider behavior of absorbing molecules
ABC, instead of the buffer gas. It can be seen from Figure 4, that after
some initial transient its temperature TABC is approximately "stabil-
ized" at some quasistationary level. It is during this quasistationary
phase of excitation the main part of reaction products is formed. The
existence of such stabilization is related to mutual compensation for
two opposite processes" the heating of ABC gas by laser radiation
and its cooling in the collisions with the buffer (and/or with colder
dissociation products)

trABCI no( TABC Tbuf) (18)

Here O’ABC is the absorption cross-section of ABC, vno is the frequency
of collisions between the ABC molecule and the buffer. The value of
TASC and hence the reaction rate d[ABC]/dt depend just on the
instantaneous value of radiation intensity I (rather than fluence
t_oo I(tl)dtl) and the temperature of different components. Such
quasistationary dissociation does not arise either in collisionless or in
equilibrium reactions because the basic fraction of molecules in these
cases dissociates after the laser pulse is over. Some analytic expressions
for dissociation rate for quasistationary reaction were derived in
Ref. 15.
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6. ROLE OF POSTPULSE DISSOCIATION

Now we are going to consider the role of dissociation after the laser
pulse is over. For this purpose, we calculate the value

[AB](text) -[AB](2rp)
r/pp [AB](text) (19)

that makes a relative contribution to the final value/3 [AB](text) of
dissociation after the pulse action, i.e., when 2zp < < tex (we must
recall that the pulse shape is triangular and 2- is its full length. The
dependence rlpp(’p) is presented in Figure 6, the parameters of the
model are the same as before. The external cooling time of reaction
text 100 Vs. It may be seen that postpulse dissociation plays a decisive
role (r/p approximates 1) in the limiting cases of short and long pulses.
For short pulses this fact is well known from the works on "collision-
less" MP dissociation and it is responsible for the existence of a great
number of molecules excited over the dissociation limit but having
no time to dissociate during a pulse. But, as the pulse duration
increases, pp begins to drop because the ratio rp/t,, decreases, i.e., a
smaller and smaller fraction of molecules has time to dissociate during
the time (of the order of t) when the collisions with the buffer have
not brought about their deactivation yet.
With -p > t we turn to a collisional-nonequilibrium reaction when

the dissociation of ABC and the heating of the buffer occur simul-
taneously. The difference of their temperatures TAlC- Tbur, respon-
sible for the reaction rate, proves proportional to the radiation

0.5

o
%
X,,vso IOI0O

FIGURE 6 The dependence of the postpulse dissociation contribution rlpp (Eq. (19))
on the pulse duration zp, the total yield being constant/3 =44%. The parameters of
the model are given in Table I.
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intensity. So the end of the laser pulse (I 0) leads to a sharp stoppage
of the reaction (see Figure 4), and so the reaction time for the
collisional-nonequilibrium case approximates 2zp. Therefore the post-
pulse dissociation contribution in this turns out to be extremely small
reaching values less than one per cent.
With a further increase of Zp with Zp > teq the relaxation terminates

during a pulse, and the whole reacting mixture can be described by
one temperature T (equilibrium conditions, see Figure 3). This tem-
perature proves to be maximum by the completion of the pulse when
the absorbed energy reaches its maximum. So only at the instant when
the pulse is over the reaction rate acquires its maximum value. As a
result, the dissociation during a pulse turns out to be unessential again
and, with zp > teq, "Opt, approximates unity.
So we have shown that, according to the relation between the laser

pulse duration and two collisional times, the reaction may proceed
both during a pulse (collisional-nonequilibrium reaction, tc < Zp < teq)
and after the pulse is over (collisionless and equilibrium reactions,
zp << tc and Zp > teq respectively).

7. POSSIBILITY OF SYNTHESIS OF LABILE INTERMEDIATE
PRODUCTS

In this section we shall take into account the possibility ofparticipation
of primary dissociation products in further reactions. Let us consider
the case when the AB product not only absorbs laser radiation but
also can dissociate according to (lb). The kinetics of such successive
dissociation depends on the relation between the rates of primary and
secondary dissociation and, first of all, on their corresponding bond
energies DABC and DAB. When the second dissociation is slower
(DABc < DAB), we really deal with successive dissociation when with
an increase in absorbed energy first we can observe the first dissociation
(la) and, only as the yield approximates 100%, the second dissociation
(lb) is turned on. So, in fact, two independent simple dissociations
considered in the foregoing sections take place since reactions (la)
and (lb) proceed in different regions of absorbed energy and in the
both cases the initial concentration of original substances (ABC and
AB respectively) is equal or close to 100%. All the said holds true
for all regimes of dissociation considered and so this case does not
need a special consideration.
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The situation is qualitatively different in the reverse case when the
intermediate substance AB is labile and dissociates faster than it is
formed (DABc > DAB and u ukAac << kAa ). At thermal initiation of reac-
tion or under pulsed equilibrium conditions the temperatures of all
the components are the same (for example, TAaC TAa) and so the
condition vM uMkABC (( kAB means that it is impossible to obtain consider-
able concentrations of AB. Yet the reactions under collisionless and
collisional-nonequilibrium conditions proceed in the absence of equili-
brium (TAB < TABC, see Section 5) which opens up possibilities for
effective synthesis of labile AB substance.7’23"34’35’43-46 The study of
this characteristic feature will be the subject of the present section.
This new method of synthesis of labile substances can find wide
practical application. One of the first step in this direction was the
demonstration of the possibility of a high coefficient of conversion of
(CF3)aCBr to (CF3)3CI at nonequilibrium IR laser dissociation34 which
is impossible at thermal heating due to the radical (CF3)3C being
labile. With such applications in mind the AB substance will be called
below "desired" and its yield naB(text) fld the desired product yield.

Figure 7 presents the dependence of the total reaction yield /3
1-nAac nAB+ nA and the relative desired product yield d/
[AB]/([AB]+[A]) characterizing reaction directivity on absorbed
energy e. With small e and/3 << 1 the value/3a//3 always tends to unity.
Indeed, no matter how great the second dissociation rate may be, it
is always possible to choose such a small value of/3 that/3 nAB and
na < nab (since naB oc(At)2). As the absorbed energy (and the yield
/3) is increased, the value of fla/fl drops. Figure 7 agrees qualitatively
with the results34 on synthesis of (CF3)3CI.
The dependence of fla/fl on /3 is of interest for analyzing the

possibility of realizing high-directivity chemical synthesis. For highly
effective synthesis of desired product it is necessary that the high
values of fla/fl characteristic of low yields should be kept up at
sufficiently high values of /3, too. In other words, the conditions
fld/fl 1 and /3---1 should be met simultaneously. As may be seen
from Figure 8, they are incompatible for a thermal reaction under
stationary conditions" the dashed line plotted for this case for T
1500 K lies in the region of fld/fl << 1 with/3 1. Figure 8 also presents
(solid lines) the dependence of fld/fl on /3 for reactions initiated by
pulsed IR laser radiation at varying pulse durations (the value of zv
is given near the curves).
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FIGURE 7 The reaction yield/3 and directivity a//3 as a function of absorbed energy
e. The parameters of the system correspond to those given in Table except for
rp 100 ns, tex 10

The reaction directivity fld/ is a minimum for an equilibrium
reaction (zp 1.5 s). It should be noted however that even in this
worst case fld/ for pulsed (nonstationary) synthesis turns out to be
greater than for a stationary reaction (dashed line). This is due to the
fact that it is easy to attain high temperatures in nonstationary reactions

kAB / of(an increase in temperature decreases the thermal ratio uM kAacuM
reaction rates. As Zp decreases, the curves fld/fl(fl) move upwards;

0 0.5

FIGURE 8 The dependence of the synthesis directivity/3a//3 on the total yield/3 at
different pulse durations "rp (given near the curves), text 101a,S. The rest of the
parameters are given in Table I. The dashed line is the stationary thermal reaction
calculated with the same parameters and T 1500 K.
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this shift is rather small while the equilibrium exists but in the transient
region to collisional-nonequilibrium conditions the increase of/3a//3
is the most rapid (see the curves with -p 0.6 Is and 0.8 ps). With a
further decrease of Zp under the collisional-nonequilibrium regime the
increase offl //3 is decelerated again and, as the collisionless condition
is established, it almost disappears. Thus, ’rp =0.1 s provides the
maximum possible directivity of reaction. The curve with 0.1 s
demonstrates the possibility of obtaining high directivities fl//3 at
high yields/3 in pulsed nonequilibrium reactions. As/3 increases, the
value of fld/fl drops rather slowly and with the 50% yield the direc-
tivity comes to 62%. The value of/3 being the same, the directivity
at pulsed equilibrium dissociation equals just 12% and drops to 1.5%
in the case of stationary thermal synthesis.

It should be stressed that due to a high rate of secondary dissociation
at thermal equilibrium TAn TAnc) we would always have/3a//3 << 1.
With our choice of parameters it is impossible to achieve d/fl 1
(at high values of/3) at any temperatures since we believe that the
second dissociation (lb) has not only a lower activation energy
(DABc 24 000 cm-1, DAB 22 000 cm-1) but also a higher preex-
ponential factor (AAn 10. AABC). Thus, for the rate ratio of reactions
(lb) and (la) we have: kAVffkAUffc 1000 with T 434 cm-1 (625 K),
UM UM kAn / > 10 atkAnc kAnckava / 100 with T 868 cm-1 (1250 K) and u4 vM

any T.
It should be noted also, that we considered the case, when laser

radiation absorption cross-section is the same for AB and ABC. But
the absorption band of AB may not coincide with the band of ABC,
and so in many cases O’AB ( O’ABC. This will lead to a further decrease
of the temperature of AB (in comparison with TAnc) and an appropri-
ate drop of its dissociation rate which, in its turn, bring about a further
increase of reaction directivity fld/ft. In this sense the values presented
should be considered as lower bounds for fla/fl in a laser-induced
reaction.

8. EFFECT OF BUFFER GAS PRESSURE

Figure 9 presents the dependences of/3 and fld/fl in the reaction of
successive dissociation (la, b) on the buffer gas pressure Pbuf with
e 80 000 cm-’; zp 100 ns and text 10 ixs. The rest of the parameters
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FIGURE 9 The dependence of the reaction yield/3 and directivity/3d//3 on the buffer
pressure Pbuf with e 80 000 cm-1, ’p 100 ns, tex 10 IS. The rest of the parameters
are given in Table I.

of the irradiated mixture are the same as before {see Table I). As Pbuf
increases, this increases deactivation and decreases TAnc and TAn
which causes a drastic fall of the total yield /3. As a result of this
decrease in/3 (see Figure 8), the reaction directivity fld/fl rises. Such
dependences were observed in Ref. 34 where I2 acted as a buffer gas.
To clear up the effect of buffer pressure on the reaction directivity

related to the change of reaction conditions but not conditioned by
the variation of the total yield/3 we have carried out a special series
of calculations (Figure 10) in which, along with Pbuf, the absorbed
energy e varies, too, so that the reaction yield remained constant
(/3 =45%). The value Pbuf includes, apart from the true pressure of
buffer gas, "an internal buffer", i.e., translational and rotational
degrees of freedom of active molecules. It can be seen that both too
high and too low pressures are undesirable from the standpoint of
obtaining maximum reaction directivity. The collisional-nonequili-
brium reaction, when tc < Zp < leq, is optimal in this case.
The decrease of fld/fl, as the buffer pressure drops, is explained by

the fact that the role of the postpulse equilibrium stage increases. As
it follows from the results of Section 5 (Figure 3), after the same
temperature is set up in the reacting mixture, it proves to be still high
enough for the final reaction yield to be determined by this equilibrium
stage. But under this condition due to the equality TAnc TAn the
reaction directivity proves to be minimum (see Figure 8). As Pbuf is
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FIGURE 10 The dependence of the synthesis directivity/3alfl on the buffer pressure
Pbuf at the fixed yield/3 =45%. The absorbed energy e (right-hand scale) required to
obtain this yield is also plotted. The rest of the parameters are the same as in Figure 8.

increased, the contribution of the equilibrium stage decreases and the
reaction becomes collisional-nonequilibrium with a maximum
difference TAaC- TA which suppresses the further dissociation of
AB and gives a maximum value of a/.
A further increase of buffer pressure has a negative effect because

the energy e necessary for obtaining the preset yield (/3 -45% begins
to increase drastically and, besides, the very reaction directivity d/
is somewhat reduced. So we can see that an optimal buffer pressure
exists that enables us to obtain the maximum reaction directivity. It
can be realized in the case when the buffer heat capacity is approxi-
mately equal to the heat capacity of excited molecules.

9. CONCLUSIONS

In this paper a simple theoretical model has been developed for
laser-induced chemical reactions proceeding under highly non-equili-
brium conditions when the methods of calculation of conventional
equilibrium chemical kinetics cannot be applied. We take into account
not only the difference in "temperatures" of different mixture com-
ponents but also the difference of vibrational distribution functions
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from the Boltzmann one by introducing their degree of nonequilibrium,. This parameter is very useful for describing the higl-rate reactions
under consideration which result in extremely high (up to 100%)
radical concentrations. Indeed, the value X defines the degree of
depletion (on account of dissociation) of the high-energy part of
vibrational distribution function and so the degree of nonequilibrium
X determines the temperature of resulting products (radicals).
The approach described enables a qualitative description of the

changes in the reaction product ratio, the reaction time and its other
parameters in passing from equilibrium to highly non-equilibrium
initiation that takes place when the laser pulse duration or the gas
pressure decrease. It must be stressed that such a simple approach
cannot pretend to describe fully the system state. In particular, the
oresettin of the distribution with the use of only two parameters (T
and X) is the strong approximation which cannot always provide a
sufficient accuracy.
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