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Nonlinear processes in vibrational-translational relaxation
of a gas of strongly excited molecules
S. A. Akhmanov, V. M. Gordienko, V. V. Lazarev, A. V. Mikheenko, and V. Ya. Panchenko
M. V. Lomonosov State University, Moscow
(Submitted 15 October 1979)
Zh. Eksp. Teor. Fiz. 78, 2171-2189 (June 1980)
An analysis is made of the characteristics of vibrational relaxation processes in strongly excited molecules. An
important class of new phenomena occurring under these conditions are the nonlinear (depending on the rate
of excitation) vibrational relaxation processes. Under strong excitation conditions we can expect the
appearance of new relaxation channels (including stimulated processes); another manifestation of nonlinearity
is the dependence of the relaxation kinetics on the rate of excitation. The results are reported of experimental
and theoretical investigations of nonlinear processes in a vibrational-translational (VT) relaxation in
molecular gases CD, and SF, excited resonantly by laser radiation. Nonexponential VT relaxation processes
in strongly excited molecules are characterized by an “instantaneous” relaxation time 7,, dependent on the
initial vibrational temperature T, (0) and on the time ¢ from the moment of excitation: 7, = 7,7[T, (0), ¢]. The
experimental results on the behavior of 7, of pure gases and mixtures have made it possible to determine the
nonlinear mechanisms. It is shown that the contribution to the observed effects is due to the anharmonicity of
the vibrations and also due to an increase in the average translational energy of the gas. In the case of the CD,
molecule these qualitative considerations are supported by a detailed quantitative calculation. In the case of a
two-mode model of the vibrations in CD, the results of a calculation of ““weakly nonlinear” relaxation kinetics
agree to within at least 20% with the experimental data. A simple one-mode model may be used for relatively
rough estimates in the case of polyatomic molecules. The nonlinear effects can be very strong also in the case
of other intermolecular and intramolecular relaxation processes.
PACS numbers: 33.80.Kn, 33.10.Gx
INTRODUCTION research on vibrational relaxation is related to the
feasibility of investigating the decay of strongly excited
1. Investigation of the mechanisms of transformation states, Many-photon dissociation, including isotopically
of the optical excitation energy by molecules and molec- selective dissociation of many polyatomic molecules has
ular complexes is undoubtedly one of the central prob- been achieved using lasers emitting far and near in-
lems in the physics of resonant interaction of laser ra- frared radiation.®” It is natural to expect that in the
diation with matter, Many important results have been case of such strong excitation there should be nonlinear
obtained in the last decade. Various new experimental vibrational relaxation effects, i.e., the nature of relaxa-
methods have been proposed, ways of dissipation of the tion processes may depend on the rate of excitation. In
vibrational excitation energy in gases and liquids have the case of highly excited systems we can expect new
been studied, rates of energy conversion have been de- relaxation processes and this is true of intermolecular
termined, and laws governing the distribution of energy as well as intramolecular relaxation. On the other
between vibrational modes in polyatomic molecules have hand, the energy transfer rates (characteristic relaxa-
been investigated (see, for example, the reviews in tion times) for channels already known may depend on
Refs. 1-5). the degree of excitation.
One of the interesting aspects of this new stage of 2. These problems are now attracting increasing at-
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tention, Our investigation® of the molecular gas SF;
excited by a pulsed CO, laser at a rate of 7~10° W/cm?
revealed a considerable (by a factor of 2-3) increase in
the rate of excitation of the vibrational-translational
(VT) relaxation compared with that observed at low in-
tensities.!” In recent investigations!®!! similar effects
were observed in CH;F and diacetyl molecules. The in-
fluence of strong excitation on the VT relaxation in SF;
at low temperatures was discussed in Ref.12. In Ref.
13 we reported the results indicating an increase in the
rate of vibrational-vibrational (Vvy’) exchange in the
CH, +SF; and CD, + CH, mixtures excited by CO, laser
radiation. There is also a considerable interest in the
possibility of observing stimulated processes as a re-
sult of intramolecular vibrational relaxation in poly-
atomic molecules; we are speaking here clearly of a
strongly nonlinear process which may have a threshold
(see, for example, Refs. 14 and 15).

Attempts to observe experimentally processes of
this kind in the case of optical phonons in crystals have
been unsuccessfull® (see also the review in Ref, 5).
Moreover, the rapid progress in the technology of
nanosecond and particularly picosecond tunable lasers
emitting infrared radiation has made it possible to carry
out new experiments on molecular kinetics, at least in
the case of polyatomic molecules. One should also note
that strong nonlinearities (considerable changes in the
rates of relaxation processes depending on the excitation
intensity) have been observed recently in the relaxation
of molecular complexes of photoreaction centers excited
by high-power picosecond laser pulses of visible and
near infrared radiation (see, for example, Refs. 17 and
18).

3. The dependence of the rate of vibrational relaxation -

on the excitation intensity may have a considerable in-
fluence on many photophysical and photochemical pro-
cesses. By way of example we may mention the situa-
tions in which such effects are particularly important
including many-photon photodissociation of molecules
in the presence of collisions (see Ref, 19). Moreover,
it is possible to use nonlinear processes in vibrational
relaxation to increase the selectivity of optical excita-
tion (see Refs. 13 and 14). Finally, the relaxation non-
linearity may become an important source of new in-
formation on the physics of conversion of optical radia-
tion energy, particularly on the VT relaxation from
higher vibrational levels. Therefore, it would be de-
sirable to investigate in detail the various nonlinear
relaxation mechanisms. As in the case of nonlinear
processes of other kinds, it would be interesting to give
also a phenomenological description of nonlinear relaxa-
tion, Such nonlinear processes can be described by pa-
rameters known as the relaxation times and defined as
follows:

1) in the case of relaxation of the population N
_ N-N.

dn/dt ’

2) in the case of relaxation of the energy & stored in
some internal degree of freedom
&8

dé&idt ’

(1a)

Tn=

(1b)

Te=
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3) in the case of relaxation of the temperature T,
__I-T.
= T aTa
The last constant is called the thermalization time,

The equilibrium values of the various quantities are
denoted by the index = in the expressions (la)-(lc).

(c)

The relaxation times are known to depend on the
translational temperature, We have pointed out above
that in some experiments it has been established that at
high rates of excitation the parameters 7 depend on the
degree of excitation of molecules and are consequently
functions of time (i.e., the relaxation processes are not
exponential), Nonlinear effects have thus been found in
relaxation processes. In classifying these phenomena in
accordance with the “degree of nonlinearity” it is most
natural to expand the relaxation time as a series in
terms of the degree of excitation:

ow=tn(T) (1+BN+EN .. ),
tg=14(T) {+1&+0.&+.. .}

@)

In the expressions (2) we have distinguished in the func-
tions 7(T) only the dependence of 7 on the vibrational
temperature (for example, in the case of the VT relaxa-
tion process this is the Landau-Teller dependence).
The coefficients 8; and y; can be regarded as nonlinear
susceptibilities of a given molecule in the processes of
energy redistribution, The use of these coefficients
provides a unified approach to the analysis of various
relaxation processes and makes it possible to compare
relaxation nonlinearities in different processes and for
different molecules,

4., The present paper reports the results of experi-
mental and theoretical investigations of nonlinear VT
relaxation processes in molecular gases SF; and CD,.
The SF; molecule was selected because of its very ex-
tensive use in modern laser photochemistry; however,
the complexity of the vibrational level system of this
molecule makes it difficult to provide a quantitative in-
terpretation of the experimental results, Therefore,
special attention was given to the CD; molecule; in the
theoretical description of the VT relaxation in a gas of
this and similar molecules one can use effectively a
model of a binary mixture of anharmonic oscillators
allowing for the VV’ and VT exchange processes,

We shall develop a theory for pure CD, gas and for
CD, in a rare-earth gas “thermostat” and we shall
show that the theory agrees with the experimental data
to within at least 20%. This agreement allows us to
conclude that at pressures of p~1 Torr and for laser
excitation intensities in the range I<10° W/cm? the
nonlinear reduction in the relaxation time 7. on in-
crease in the intensity may be attributed to the an-
harmonicity of the individual modes and to the heating
of the gas (Landau- Teller effect).

5. An experimental investigation of the VT processes
under strong excitation conditions (more correctly, they
should be described as thermalization processes) im-
posed specific requirements on the method. In particu-
lar, the widely used technique of double infrared reso-
nance, in which a probe infrared laser beam is used to
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find the population of some vibrational level (difficult to
identify under strong excitation conditions), can be used
to study the relaxation of the population of just this level
[see Eq. (1a)] and not of the energy stored in the whole
molecule [ Egs. (1b) or (1c)]. However, it follows from
a comparison of Eqs. (1a) and (1b) that in the case of
strong excitation these processes may evolve differently
with time (7y# 7¢). Therefore, all the main experi-
ments were carried out using an interference method
which made it possible to study directly the process of
thermalization of vibrational excitation,

§1. METHOD FOR EXPERIMENTAL
DETERMINATION OF THE KINETICS OF
VIBRATIONAL-TRANSLATIONAL RELAXATION

Apparatus

An experimental study of the establishment of a gas
temperature in resonantly excited molecular gases SF;,
SF,+Ar, CD,, and CD, + Ar was carried out using ap-
paratus shown schematically in Fig. 1, The source of
molecular excitation was a CO, laser capable of “in-
stantaneous” (on the VT process scale) application of
excitation,

An important apsect was the selection of the experi-
mental method. About four methods are used widely in
investigation thermalization kinetics: interferometric 2
optoacoustic,? infared luminescence,! and probe beam.’
At low rates of excitation of molecular vibrations these
methods are approximately equivalent, However, in the
case of strongly excited molecular gases, it is pre-
ferable to use interferometric and optoacoustic meth-
ods. When the other two methods are used, interpeta-
tion of the results on thermalization kinetics requires
development of a detailed theoretical model which is
not always a feasible process.

We employed the interferometric method which
seemed to be the most accessible and universal, Se-
lective excitation was provded by tuning the emission
frequency of the CO, laser by a diffraction grating. The
zeroth-order diffracted radiation was shaped by a lens
and a stop into a beam which was homogeneous along
the length of a gas cell, The dynamics of thermal
changes in the gas were studied with a Michelson in-
terferometer, It consisted of one semitransparent, two
non-transmitting, and one germanijum mirrors (the last

13

L] - | ©

VA

73

FIG. 1. Block diagram of the apparatus: 1)CO, laser; 2)
He~—Ne laser; 3) semitransparent mirror; 4), 13) nontrans-
mitting mirrors; 5) germanium mirror; 6) cell;-7) lens; 8)
filters; 9) NaCl plate; 10) calorimeter; 11) photomultiplier;
12) oscilloscope; 14) stop.
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was used also as the entry window for the gas cell).
The interferometer was illuminated with He—Ne laser
radiation (\=0.63 ). An interference pattern was
formed on the entry slit of an FEU-79 photomultiplier,
The output signal from the output multiplier was fed
to an S8-11 storage oscilloscope,

The laser radiation intensity was varied by means of
attenuating filters, The energy in a pulse was mea-
sured by deflecting part of the radiation to a calori-
meter by an NaCl plate, In experiments on different
gases use was made of cells with geometric dimensions
designed to ensure the maximum sensitivity of the in-
terferometer and minimum distortions due to an acous-
tic wave reflected from the cell walls,

Interferometric method

In the interferometric method the measured quantity
is the phase difference A@(?) between two beams in a
Michelson interferometer and this difference is related
to the change in the refractive index An of the investi-
gated gas:

Ag(t) =2niA~*An(t), &)

where [ is the effective length of the gas cell and X\ is
the wavelength of the He—-Ne laser radiation, The
change An is related to the gas density change Ap

An(t)=KAp(t),

where K is the Gladstone-Dale coefficient, The gas
density is related to the temperature T and the pres-
sure p by the equation of state. Therefore, Ag(f) can
be described by

_ 2nlpmK ¢ 1 _‘1__ 4)
Ao =—r (T(t) 7, ): (

where m is the mass of a molecule and T is the initial
temperature of the gas, We can thus see that the phase
changes in the interferometer are proportional to the
changes in the temperature of the gaseous medium,

The main shortcoming of the interferometric and
optoacoustic methods is the time lag between the estab-
lishment of a given density or pressure in a gas after
the establishment of its temperature. This point will
be discussed in detail later,

In the process of relaxation the vibrational energy ¢
is converted to the translational and rotational degrees
of freedom, altering the gas temperature T:

a& rr 4T (5)

where C27 is the specific heat of the rotational and
translational degrees of freedom at a constant pres-
sure. The VT relaxation time is understood to be the
thermalization (i.e., gas heating) time in the process

of relaxation of the vibrational energy defined in ac-
cordance with Eq. (1c), where 7,= 7(f) is not in general
a constant quantity.?

Analysis of results. “‘Instantaneous” VT relaxation
time
In an analysis of the experimental results it is con-

Akhmanov et al. 1089



venient to use normalized values of A¢(t) which are ob-
tained by subtracting from Ag(f) the steady-state ex-
perimental value of A (corresponding to > 7) and then
dividing by this value, We thus find from Eq. (3) that
To[T(2)-Ta] (6)
T(t)[Ta—T}"
Using Eqgs. (5) and (6), we readily obtain the following
expression for the vibrational energy of a gas:
&—&(t) = 1A§(t) | (1+AT/T,) @)
&8 1+|A¢(¢) |AT/T,
where &, is the initial store of the vibrational energy’
t=0; &, is the equilibrium value; AT=T,— T,. The
values of AT/T, are found from Eq. (4) using the known
value of K and the experimentally determined Ag at time
t> 7,

A(t)=

The expression relating the required 7(f) with the ex-
perimentally determined A@(t) is easily obtained from
Egs. (1c) and (7):

{ _ ar/at _ d&/dt _ dlln ()] @)
T TO)-T. &@O-&.  dt ?

where
()= 1A§ () | (1+AT/T,) . )

1+1ag (t) |IAT/T,

It thus rollows from Egs. (8) and (9) that in the case of
low values of AT/T, at each moment ¢ the relaxation
time T canbe found from the slope of InA @ () relative to
the time axis; in the opposite case, the value of 7 is
found from the slope Iny(t).

In our experiments the cell length was selected so
that measurements of the phase difference A¢ due to
the heating of the gas during relaxation time satisfied
the condition - 45° <A@ <45°, In this case the working
point was located on the linear part of the interferom-
eter characteristic andthe determination of the intensity
in the field of an interference pattern was proportional
to the change in the phase difference A¢. Moreover,
the experimental conditions were selected so that the
diffusion of heat could be ignored in the analysis of the
experimental data,

Figure 2 shows an oscillogram of A¢(f) and the depen-
dences A@(t), ¥(t), and 7(¢) deduced from it as de-
scribed above, In this procedure the realization length
is divided into time intervals Af and at each moment the
values of Ag, A@(t), (), and Iny(f) are determined.
The relaxation time 7(¢) is found from Eq. (8) using the
slope of Iny(t) relative to the axis in each time interval,
i.e.,

L_ ln¢(t+At)f1nxp('tl_
T At ’

The time interval is selected so that A¢> At , where
At ., is the correlation interval, A detailed description
of a procedure used in treating transient processes of
this kind can be found, for example, in Ref. 22.

As mentioned already, the main source of error in the
interferometric method for the determination of the re-
laxation time 7 is the delay between the establishment of
the density (pressure) in a gas and the establishment of
its temperature. The delay is governed by the acoustic
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FIG. 2. Oscillogram of A ¢(t) (at the top) and dependences of
A, ¥, and T on time .

transit time 7,. across the enclosure in which the gas -
temperature is measured.

Acoustic delay

The influence of the acoustic delay on the errors in
the determination of the thermalization time can be
estimated a priori by preliminary calculations,

Let us assume that the heating of a gas follows the
law
T(t)=T.[1—exp(—t/teq) 1,

where 7., =const is the time taken to establish an equi-
librium temperature. The change in the density is in
its turn found by solving the wave equation

0"/ 0> —v, A 1 p =paValPALT, (10)
where Bis the volume expansion coefficient of the gas
and p’ =p(t)/p..

Figure 3a shows the time dependence of p’ found by
numerical solution of Eq. (10) for 7,;=47,, and 7.,
=107,. For comparison, curve 1 gives the dependence
p’=1-exp(-t/7.,), obtained using (9) from the equation
of state for a gas on the assumption that [ T(f)~ 7.]/

T. <1 and that the acoustic delay is negligible. It is
clear from these graphs that there is a considerable di-
vergence between the dependences in the time interval
t <371, The delay is establishment of the density in
the illuminated volume gives rise to different values of
7(t) deduced from changes in the temperature and den-
sity. This has to be allowed for in the experimental
determination of 7(f). For comparison, Fig., 3b shows
the dependences 7(f) calculated from the change in the
density in accordance with

substituting 7.,,=const in Eq. (9) (Teq=4%r,8) Teq=6Ta0»
T, =107,c). It is clear from the graphs that at times
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0.8

0.6 +

FIG. 3. a) Time dependences of the gas density on the beam
axis: 1) without allowance for the acoustic delay; 2)7q =47,
3) T =107,. b) Dependences of the relaxation time T on time
t: 4) Teq=10T,; 5) Teq=6Tye; 6)Teq=4Tac (the values of t/7eq are
plotted along the abscissa).

t 2 T the discrepancy between 7(f) and 7.4 is slight. De-
tailed information on the changes in the density during
thermalization of a vibrationally excited gas is obtained
by simultaneous solution of the wave equation (10), the
kinetic equation, and the equation for temperature [ see
Eq. (13) below] which describe—in terms of the model
proposed below—the thermalization process itself. In
our measurements the condition for the correct ex-
perimental results 7,.<< 7 was satisfied.

Determination of the vibrational temperature

The initial vibrational temperature of the excited gas
T,(0) was determined by measuring the absorbed energy
# ., =NE* (N is the number of molecules within the
laser beam), The known value of #* was used to find
T,(0) from the dependence of the vibrational energy #
on the vibrational temperature T, (Ref, 23):

g=}"_, E.lexp(E/T,)—117, (11)
where the summation is carried out over all the vibra-
tional modes allowing for degeneracy. Introducing #(0)
=&, +&* (¥, is the value at T=300°K and #" is the
energy absorbed by one gas molecule), the vibrational
temperature corresponding to & (0) could be found.

The vibrational temperature T,(0) was also deduced
from the change in the gas temperature 7 known from
interference measurements, This was done using a
relationship deduced from Eq. (3):

& (Ty(0))—& (To+AT)=C;""AT.
The values of T,(0) determined by these two methods
were in good agreement.

12)

The vibrational temperatures found by the above meth-
ods were average or effective, because the true values
decreased along the length of the sample due to attenua-
tion of the “pump” radiation by absorption. In our ex-
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periments the true temperatures differed from the
average values by 10%,

§2. EXPERIMENTAL RESULTS

The results of determination of the VT relaxation
(thermalization) time are plotted for pure SFg and for
an SFg + Ar mixture in Figs. 4 and 5. Figure 4 gives
the effective times 7 (i.e., the times in which the initial
deviation of the gas temperature from the equilibrium
value changes by a factor of ¢) as a function of the
vibrational temperature T,(0)=f (), where I is the opti-
cal excitation intensity. It is clear from the graphs in
Fig. 4 that the time T decreases strongly on increase in
T,(0) and for pure SF; it decreases more,

Figure 5 shows the results of measurements of the
VT relaxation time 7 as a function of the time ¢ from
the moment of excitation, plotted for various values of
T,(0)=f(I). The results represent sampling of 4—6
values and statistical analysis using the Student dis-
tribution.® The reliability of the confidence interval
given there is 70%. It follows from the results obtained
that in the case of the SF, gas the value of 7 decreases
with time (at high rates of excitations) and at the be-
ginning of the relaxation process when the gas tempera-
ture rises slowly the value of 7 is less than at low ex-
citation rates. In the case of SFy which is in a rare-gas
(Ar) thermostat the relaxation time increases with time
but again at the beginning of the relaxation process it is
considerably less than 7 corresponding to low rates of
excitation,

The values of 7 obtained at relatively low intensities
are in satisfactory agreement with the results reported
by several other authors,!12425

Figure 6 shows the results of similar measurements
made onthe CD,gas and onthe CD,+ Ar mixture. Itis clear
from these data that in the case of pure CD,the relaxation
time T decreases withtime Zinthe case of sufficiently high
values of 7',(0) and decreases onincreasein T,(0). Forthe
CD,+ Ar mixture the value of 7 varies slowly with zbut
againit depends on 7' (0).

We can thus see that the relaxation time of the investi-
gated SFy, SF;+Ar, CD,, and CD, + Ar gases is not a
constant but a function of the optical excitation intensity

T/4T)
1.2

0.8

7.4

7 I
600 500

i

i :
700 00 T,,°K

FIG. 4. Dependences of the relaxation time T on the vibra-
tional temperature T, (0): 1) SF; gas at 1 Torr, (7) =110 psec;

2) SF¢+Ar mixture at 0.1+4 Torr, (7)=90 usec.
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FIG. 5. Time dependences of the relaxation time: a) SFg gas
at 1 Torr, (7)=110 psec; b) SFg+Ar at 0.1+4 Torr, (7)=90
psec. The values of T,(0) are given alongside the curves.
The continuous curves are calculated.

or of the corresponding initial vibrational temperature
of the molecules T,(0) and of the time from the moment
of excitation,

§3. THEORETICAL CALCULATIONS
Phenomenological description

The following factors are known at present to result
in nonlinearity of the thermalization of excited molecu-
lar gases: the anharmoncity of individual modes, intra-
mode and intermode (VV and VV’) exchange, and gas
heating. The anharmonicity of molecular vibrations has
the effect that even in the case of diatomic molecules
the thermalization of a gas as a result of the VT relaxa-
tion is nonexponential; the characteristic thermaliza-
tion time depends strongly on the energy absorbed by
the gas., The resultant heating of the gas accelerates
the VT relaxation process in accordance with the Lan-
dau-Teller mechanism, The occurrence of nonresonant
VV and VV’ relaxation processes may distort the nature
of thermalization because of the heating of the gas and
because of the appearance of additional channels for the
redistribution of the vibrational energy.

Under our experimental conditions the VT relaxation
process can be described quite accurately (as shown be-
low) by the approximation of weakly anharmonic oscilla-
tors® whose relaxation time can be represented in the
form

g 2
T=Tha'm'[1 —E——(eo—i) ] § (13)
j/](r) a ,f./,[fﬁ b
570°K
J—
vy ) 480° K
) 1820°K
b A=
X ny
—t__
0° K
4 W 7 7" W T

t,usec t, usec

FIG. 6. Time dependences of the relaxation time: a) CD, at
15 Torr, (7)=150 psec; b) CD,+Ar at 3+60 Torr, {7)=115
psec. The value of T,(0) is given alongside the curves. The
continuous curves are calculated.
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where 7"™ can be described by the Landau- Teller
formula and determines the main dependence of 7 on the
translational temperature; g is the multiplicity of the
degeneracy of a relaxing mode with a quantum energy
E; & is the vibrational energy stored in this mode per
one molecule; 6 is the parameter representing the mo-
lecular anharmonicity® and depending weakly on the gas
temperature. We can see that Eq. (13) describes ac-
celeration of the VT relaxation process on increase in
the energy absorbed by the gas,

Using Eq. (13), we can determine the values of the
nonlinear susceptibilities y; and y, introduced in Eq.
(2):

i=—2(c'~1)/gE, 1:=(1/2)". (14)

In the expansion (2) the quantity & is (under our con-
ditions) a function of time like T. i.e.,

() =7(T (1)) {11 (1) +1:5° (1)} (15)
It follows from the law of conservation of energy that
CdT=—d8, (16)

where CF7 is the specific heat of the translation-rota-
tional degrees of freedom of the molecule, Hence, we
find that

& (t)=& (0)—C*[T (t)—T.).

Here, #(0) can be represented as the sum of the vibra-
tional energy of the system before excitation and of the
absorbed energy # (0)=%,+&".

Thus, if we know the nonlinear susceptibilities y; and
v, defined by Eq. (14) and if we have experimental data
on the change in the temperature T(t) and also on the pa-
rameters #,, £*, and 7™ we can find the relaxation
time for different degrees of excitation at any moment,
The calculations carried out in this way are in satis-
factory agreement with the experimental data (see Figs.
5 and 6).

In addition to this phenomenological description of
nonlinear VT relaxation processes, we shall carry out
a detailed theoretical calculation using the gaskinetic
equations.

Model for CD,

It is difficult to describe vibrational relaxation in a
gas of polyatomic molecules because of the absence of
detailed information on elementary processes. There-
fore, some simplifications have to be made. In par-
ticular, in the case of CD, we can use the fact that the
structure of the lower vibrational levels of this mole-
cule allows us to approximate this structure sufficiently
accurately (under our conditions) by a two-mode scheme.
In fact, the energies of the principal transitions are as
follows: 300°K for the symmetric mode vy, 158°K for
the degenerate mode v,, 3250°K and 1434°K for the
triplet degenerate modes v3 and v,; the frequencies 2v,
and v, are linked by a Fermi resonance.? The values
of v, and v; are quite close to the overtones v, and vy,
and the population of the lower levels of these modes is
(under experimental conditions) considerably less than
the population of v, or v,, Moreover, the CD, molecule
(like SF;) has spherical symmetry so we need consider
only the VT processes and ignore the dissipation of the
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vibrational energy by rotation, which can occur in the
case of strongly excited polyatomic molecules of the
asymmetric top type.28 All this makes it possible to
describe the vibrational relaxation processes in CD, by
a model of two-mode anharmonic oscillators, with
modes 1 and 2 corresponding to the real modes v, and
vy, and just two relaxation channels: vibrational-
translational (VT) and intermode vibrational- vibra-
tional (VV’).

The processes of the intramode VV exchange are
much faster than those being considered and, therefore,
we shall assume that they represent the initial condi-
tions in our problem, For times ¢>> Ty, Tip (7yy is the
characteristic VV exchange time and 7 is the duration
of a laser pulse) the influence of laser radiation can be
allowed for by introducing nonequilibrium initial condi-
tions for the storage of vibrational quanta in the pumped
mode, corresponding to a specific vibrational tempera-
ture established by this time. Lack of allowance for the
VV processes can give rise to a small error in the de-
termination of the initial conditions and this error will
be estimated later,

The kinetic equations for the stored quanta o, and the
equation for the gas temperature T are

_‘{0‘;‘=_ = Oum | Oa(gitas)e’—a, (gt a)
dt L &i82tvv ’
do _ atie aa(gita)et—a (gita) )
dt n 8.82Tvye ’
T L

Here, o; is the store of quanta of energy E,;=1434°K
corresponding to the pumped mode; «a, is the store of
quanta in the “cold” mode of energy E,=1518°K; a;.

is the equilibrium store of quanta corresponding to the
gas temperature at a given moment; g , are the multi-
plicities of the degeneracy of the modes; A= (E; - Ez)/ T,
CFT is the specific heat of the translational-rotational
degrees of freedom per one molecule, For time inter-
vals t <7,. (7,.= 3—7 usec under our conditions: it
represents the time taken by sound to travel across the
laser beam) the value of CFT is equal to the specific
heat of an isochoric process: C®T=CFT; for time inter-
vals ¢z 7, the specific heat C*T is equal to C;" repre-
senting the specific heat of the process at constant
pressure,

In using the expressions for a;, 7%, and 7y, we
must bear in mind that under our experimental condi-
tions the relaxation process includes conflicting con-
tributions from the level populations lying below the
minimum of the Treanor distribution function (7 min)
established in the modes in a characteristic time 7.
This corresponds to reality since in the case of the
radiation-absorbing mode v, we have

E, T 1

MET, Z 0

(the vibrational temperature is T;<1400°K, the an-
harmonicity is AE =20°K, T = 300°K, E;=1434°K)
and the average number of the absorbed CO, laser pho-
tons per molecule does not exceed unity. In this case it

Rmin=
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is sufficient to allow for the anharmonicity of the molec-
ular vibrations only in the expressions for the relaxation
times?® describing 7. by Eq. (13) with the substitution
#/E = a describing 7, by the expression!®

‘rvv'='rx£‘:¥"{ [1+%(1+¢“')][ 1 —‘;_:(e%—n]}. 18)

Here3

s [1(42) (45)"- 4]

are the parameters proportional to the anharmonijcities
AE, depending weakly on T, E;, reduced mass of the
colliding oscillators (molecules) y, and argument » of
the exponential function in the intermolecular interac-
tion potential (~e~*"), The values of o, can be calcu-
lated sufficiently accurately in the harmonic approxima-
tion:

% (19)

=0 (T =— L |
e = T

As found in the experiments on CD, (Ref, 31), the
time 7ham jn Eq. (13) obeys the usual Landau-Teller
dependence:

harm exp(AT-") (20)

Y T Z—exp(—EJT)]

Here, A is the Landau-Teller parameter and Z is the
number of collisions between molecules per unit time.
In numerical calculations use is made of the parameter
A found from 78%™ calculated using the experimental
data obtained at a low laser radiation intensity. The
number of collisions Z between molecules per unit time
is found from the self-diffusion coefficient of methane
on the assumption that the effective cross sections of
the molecules CD, and CH, are identical.

The quantity 7{%7 in Eq. (18) has the usual meaning

Tour = (ZQf,)~!, where Qf, is the probability of a one-
quantum VV’ exchange in a collision, The nonequilib-
rium initial store of quanta in the pumped mode is in-
troduced into the model on the basis of the experimental
data using either the directly determined absorbed radi-
ation energy or the gas temperature at the end of the
relaxation process T, found from

E.
at.=a.(m+—Z%-(Tm—ro)+a<a2m—azo>.
02=02(T0). (21)

Here T,=300°K is the initial gas temperature.

In general, this definition of the initial conditions is
somewhat inaccurate because due to slightly nonreso-
nant intramode VV relaxation processes (assumed to
be completed before the processes under consideration)
the gas temperature differs from T, by an amount AT
(Ref. 32). We shall estimate this difference in the three-
level approximation assuming that the populations x,

%4, and x, of all the levels are the same (this corre-
sponds to the absorption of one photon per molecule).
Then, the gas heating in a time 7, can be found from

wv

2
AT = S 22010( E2) )AEdt.
0

CET \zy+ 21+ 2,
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Setting an upper limit by postulating that the popula-
tions x,, %y, and x, remain equal during the VV relaxa-
tion process and bearing in mind that 7., = (ZQ)™",
we obtain
AT=2AE/9C.H. (22)

Substituting in Eq. (22) the values AE=20°K and C¥T
=3 corresponding to CD,, we find that AT=1,5°K
showing that AT is a small correction to T.

Comparison with experiment and discussion of results
on CD,

A comparison of the calculated values of 77 with the
experimental thermalization time 7 deduced from the
change in the gas temperature during the process under
discussion will be made as follows. Integrating the
equation for T in the system (17), we obtain

E; (01— 0y) + Ea (02 — 0as)

— o ,

T(#)—Te=

from which it follows that

_dar/de E . da,/dt+E.do,/dt s
T(t)—Te E(t—0u)TE;(0:—02) ’

1_
T

Considering the “slow” part of the relaxation process
with the time scale 7,;, we find from the system (17)
that
E, (ar‘alm) /Tv("r) +E, (ax‘azn) /Ti'zr)

E(0u—aia) TE, (a—0tza)

1_—
T

At time intervals > 7,,. the changes in a; and a, be-
come “synchronized” in accordance with the Osipov
relationship?®:

[ 7} (t) (¢ 73 (t)

—_ Al

gta,(t) gt

from which it follows that if A <1 the values of @, and
ajy are close to one another. Using this circumstance,
we can obtain the relationship between the measured
relaxation time 7 and that found by calculation 78):

vve
) (2
_ gitg: tyr tvr .
AaraTE (23)
where

1 U=y E.—E,
()25
¢ 2 [ g1 E,

is in our case a small quantity.

Since there are no data on the rate of the VT relaxa-
tion of the modes v, and v, of the CD, molecule and
since our experimental results give only the thermal-
ization time [see Eq. (10)], the calculations are carried
out using the relationships between 72 and 7{% in the

two limiting cases: 7M™ = 7M™ apg ™
«< 7M™ 1n both cases the values of T at low radiation

intensities and Eq. (20) are used to find the Landau-
Teller parameter A. The results of calculations of

7(f) obtained from Eq. (20) using the values of 7{(f)
are practically indistinguishable from one another in
these two limiting cases. Hence, we can conclude that
the values of 7(f) calculated in this way should not be
affected for an arbitrary relationship between 7%,
These results are presented in Fig. 6, which shows that
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they are in satisfactory agreement with the experimen-
tal data.

One should also mention that the establishment of the
gas temperature T is a nonmonotonic process. During
the initial stage the gas temperature decreases because
of nonresonant VV’ processes® and because of the RT
relaxation processes in the course of absorption of
laser radiation in the P branch of a vibrational transi-
tion.3¢ A study of the mechanisms of cooling of the
molecular gas CD, by the stimulated CO, laser radiation
is reported in Ref, 35,

In the calculation of the nonlinear susceptibilities y
of Eq, (14) practically no allowance is made for the
mode structure of the investigated molecules, There-
fore, it is desirable to carry out kinetic calculations
similar to those described above using the one-mode
model which allows effectively for the real energy level
scheme of the CD, molecules. Such a description is
valid only for times ¢> 7.

In introducing the one-mode approximation for the
CD, molecule we can use the similarity of the lower
vibrational levels of the v, and v, modes and replace
the system (17) with the following:

do  a—0Ow ar E, da (24)

dt Tyr dt

All these quantities are defined in the same way as in
Eq. (17). In the case when the initial store a is found
from the final gas temperature T, use can be made of

C*"

ao=oc(T,,)+——E—,‘-— (Tw—T,).

In contrast to the two-mode model we now have 7, =17
[ compare with Eq. (23)], which alters the Landau-

" Teller parameter deduced from the experimental value

of 7. The degree of degeneracy (multiplicity) g is taken
to be equal to g + g,.

The results of a numerical solution of the system (24)
are practically indistinguishable from the curves shown
in Fig. (6) and representing the solution of the system
am.

Model for SF,

The SFg molecule is a spherical top, like CD,, How-
ever, its vibrational structure is much more complex.
It is not possible to use a many-mode model. A de-
scription of the process of thermalization in SFg by a
one-mode scheme can be justified as follows. It is
known from the experimental results that the energy of
laser radiation absorbed in SF; is distributed between
all the modes in a time ~1 psec Torr (Ref. 36) and sub-
sequently the VT relaxation process is characterized by
a single time of the mode vz which has the lowest quan-
tum energy E=523°K. Therefore, the calculations for
SF, can be made using the system (24), where E and o
refer to the real mode v, of SF; but the expression for
a given by Eq. (19) includes the effective mode de-
generacy parameter g.s allowing for the vibrational
energy of the other modes. The quantity g is intro-
duced in such a way that at the end of the VT relaxation
process the change in the initially stored vibrational
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energy of one mode corresponds to the experimentally
observed heating of the gas. This is ensured by using
the equation

gerr ([exp (E/Ty(0)) ~1]"'~[exp (E/T..) ~1]"} =C,™ (T —T.).(25)

Here, T,(0) is the initial vibrational temperature which
is found from Egs. (11) and (12) using again the gas
heating but allowing for all the SF; modes., The values
of g found in this way are similar for all the tempera-
tures T,(0) and their averages used in the calculations
are 13.4 for SF; and 12,8 for SF; + Ar. As before, the
temperature T, can be assumed to correspond to the
initial temperature of the gas since the VV and VV’ ex-
change processes can result in a difference of no more
than 2—4 °K between these temperatures, as estimated
from Eq. (22).

The above reasoning justifying a model of the VT re-
laxation in SF; are valid if the mode structure concept
is valid. In the case of the SF; molecule this approach
is meaningful when more than two photons are absorbed
per molecule, Otherwise, the density of the levels be-
comes very high, mode mixing takes place (quantization
of the vibrational energies are important), and the vi-
brational relaxation process must clearly be regarded
as the diffusion in the vibrational energy space, exactly
as it is done for diatomic molecules at high tempera-
tures.4

The results of our calculations shown in Figs. 5 and
6 describe qualitatively the time dependence of 7 and
ensure quantitative agreement to within 20%.

Value of v

A satisfactory agreement between the above calcula-
tions carried out in the effective one-mode approxima-
tion with the experimental data makes it possible to de-
termine the numerical values of the parameters E and
g in the formula for the nonlinear relaxation suscepti-
bility (14): E is the energy of the first level of the re-
laxing (lower) mode and g is the effective degree of de-
generacy introduced above for CD; and SFg. If E and &
are measured in reciprocal centimeters, we find that

for SFg

Y, =—1.35x10"* cm, ¥.=0.46x10"* cm?,
for SFg + Ar

1y =—1.05x10"* cm,  y,=0.28x10~*cm?’,
for CD,

yy=—6.52x10""cm,
and for CD, + Ar

Y,=—5.67X10"*cm, Y,=8.06X10~*cm®.

1t is clear from the above values of y; that the CD,

molecule is most strongly nonlinear in the thermaliza-
tion process. The above values of y are calculated for
the translational temperature of 7=300°K. As pointed
out earlier, their dependence on T is very weak; for
example, when T is doubled, the values of y; decrease
by just 25-30%. This is why there is a good agreement
between the experimental results and the phenomeno-
logical description in which the parameters y; and y,
are assumed to be constant during the process and also
with the results of a direct theoretical calculation in

¥.=10.63x10"*cm?,
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which an allowance is made for the dependence of the
parameter 5 [ see Egs, (14) and (18)] on the temperature
T which increases with time,

CONCLUSIONS

The above theoretical and experimental data thus show
that a description of the vibrational—translational ener-
gy exchange in the excitation of lower levels of poly-
atomic spherical-top molecules can be provided using
simple models of a gas of anharmonic oscillators with
a limited number of modes. The initial vibrational en-
ergy store is governed by the energy absorbed by the
whole molecule. The simultaneous effects of the an-
harmonicity of the vibrations and of the temperature
dependence of the rate of vibrational relaxation ac-
celerate the thermalization process whose character-
istic rate is a function of time, Good qualitative and
quantitative agreement between the theoretical and ex-
perimental results confirms this conclusion,

The satisfactory agreement between the results of a
phenomenological description, direct kinetic calcula-
tions, and experimental data allows us to recommend
the phenomenological expansion of the (2) type for the
description of the experimental results. The nonlinear
susceptibilities y;,v,, etc. can easily be found by ap-
proximating the experimental dependence 7= 7(#) with
a polynomial in powers of #. Then, in each case the
value of # can be determined quite simply by mea-
suring the energy absorbed in a gas. This approach
makes it possible to unify the description of nonlinear
properties of the excited molecules without invoking any
model considerations,

The nonlinear effects described above may manifest
themselves also in other relaxation processes. For
example, {his may be true of the VV’ vibrational-vibra-
tional intermode energy exchange,!® which can be used
to excite selectively a given mode.

)The nonlinearity of the V-T relaxation in a gas of diatomic
molecules was first investigated in shock tubes.?

2)Here and later we have only the V-T relaxation time so that
we shall omit the indices in subsequent descriptions.

3)In these and later figures the data are normalized to (7) cor-
responding in each case to the maximum V-T relaxation time
(at the minimum optical excitation intensity).
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