KINETIC PROCESSES IN THE LOWER LEVELS OF THE CO, MOLECULE
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1. Detailed information on processes leading to relaxation of the level populations
in the symmetric and bending modes of CO, molecules is important for the theoretical study of
amplification and generation in long-wavelength transitions of CO,, the generation of short
pulses of radiation at 10.6 and 9.6 uym, and several other problems. The individual groups
of levels in these modes are perturbed as a result of the Fermi resonance; hence, these are
frequently called coupled modes. At the present time, calculating the rate constants for
the numerous processes in the coupled-mode system cannot by itself pretend to yield quanti-
tative results. There are a number of papers involving experimental research on the dynamics
of the process by which equilibrium is established in the lower levels following a transient
perturbation of the population in one of them [1-9]. In {1, 5, 6}, following saturation of
the transitions in either the 9.4~ or 10.4-pym band by a short pulse, a change in the absorp-
tion coefficient was observed in the other of these bands; in [7], fluorescence was cbserved
between wavelengths of 15.48 and 16.92 um. In [2-4], the time required for generation in
the 9.4- and 10.4-um bands to cease after turning off the pump was measured. In [8], the ab-
sorption in the transitions of several bands in the 4.3-um region was measured using a tun-
able probe laser; this allowed the dynamics of the populations of several lower levels to
be studied directly. In [9], the excess population of several of the lower levels relative
to the equilibrium value in two-photon Raman excitation of CO, was studied as a function of
pressure. .

The interpretation of the experimental results is complex and, in some cases, nonunique.
For example, the experiments on the cessation of generation are complicated by nonlinear and
threshold effects in the generation process and, in [4], by rotational relaxation effects.
The possibility of two-photon interaction processes between the saturating and probe beams
{10] could not be excluded in [1, 5]. It is important to ‘emphasize that it is difficult to
interpret the results in [1-7] directly; one result of this was that the measured time con-
stants were converted into rate constants for the individual processes on insufficient grounds
For the reasons just mentioned, there is a significant difference between the results of the
various studies.

A method for calculating the amplification in transitions between coupled modes in CO,
during the expansion of a heated gas based on solving a system of kinetic equations for the
populations of all levels located below 5000 cm™* was described in detail in [11]}. The cor-
relations between the rate constants for individual processes following from general theoretic
al considerations were used in this system of equations. This allows one to obtain a rela-
tion between the experimentally measured time constants for changes in the individual level
populations and the rate constants for a large number of processes not directly measured.

The purpose of the present work is to carry out a numerical analysis of the most important
experimental research on the dynamics of the establishment of equilibrium in the lower levels
of the CO, molecule in order to show that it is possible to interpret them in a unified fashic
Moreover, the good agreement between calculation and experiment provides a good basis for

the theoretical assumptions used in [11].

2. It is known from the theory of vibrational relaxation (see, for example, [12]) that
the rate constants for VV and VT processes are proportional to the squares of the matrix ele-
ments for the operators describing the interactions which lead to the corresponding transi-
tions, and the adiabatic functions which depend on the energy defect of the process, and the
temperatures and parameters of the colliding molecules. Unlike the antisymmetric mode, the
radiational transitions between the levels of the coupled modes are not strong and, follow-
ing [10], it can be assumed that both the nearly resonant collisional processes between these
modes and the nonresonant processes are the result of short-range forces which call off ex-
ponentially with distance, and that the contribution of the long-range multipole forces is
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TABLE 1

vlui 000 1001 2002 2201 200§ 3102 3301 3101
1001 P
2002 0 0,5p

2201 0 2p p?
2001 0 0,5p p? p?
3102 0 0 1,46p 0,5p 0,04p
3301 0 0 0 3p 0 1,502
3101 1] 0 0.04p 0,5p 1,46p 2 1,5p2 .
4003 0 0 0 0 0 1,16p 0 0,01p
4202 0 0 0 0 0 2,48p 0,5p 0,02p
4002 0 0 0 0 0 0,33p 0 0,33p
4401 0 0 0 0 0 0 4p 0
4201 0 0 0 0 0 0,02p 0,5p 2,48p
4001 0 0 0 0 0 - 0,04p. 0 1,16p

considerably weaker. 1In this case, the matrix elements of the interaction operator are pro-
porticonal to powers of a small parameter equal to the ratio of the amplitude of the oscilla-
tions to the range of the exponential potential, and the most probable type of transition
between the levels of the coupled modes will be transitions with a change in vibratory moment-
um [Al[ £ 2 between levels that are close in energy; of the nonresonance transitions, those
with a quantum-number change of 1 will be the most probable. Thus, the VV and VT processes

between levels in the coupled modes,

CO, (v liui) + COL(valyu,f) — (2.1)
— COu(vy + 1, 1, =1, uym) + COy(v, — 1, I, + 1, usk);
COy(viui) + M — CO,(vluj) -+ M; (2.2)
COy(vlud) 4 M. — COy(v, I = 2, uj) + M; (2.3)
COy(vlui) + M — CO(v — 1, 1 =1, uj) + M (2.4)
and the VV and VT processes in which the antisymmetric mode takes part,
COy(v,yu5i) -+ Coz(vzlzuzj) - : (2.5)
= COy(v1ly, uy — 1, 0) + COx(valy, u, + 1, J);
COy(vilyui) + M — COy(vply; w — 1, J)y u = 1,2, |l — | < 4, (2.6)

were taken into account in the kinetic equations for the level populations of the CO, mole-
cule. In (2.1)-(2.6), we have designated the energy levels of the coupled modes using the
quantum number of the bending mode v and the vibrational angular momentum £ in the group of
levels that are similar in energy; levels with identical angular momentum are shifted by the
Fermi resonance and form multiplets; i is the number of the level within the multiplet, be-
ginning with the highest, and u is the quantum number for the antisymmetric mode.

The adiabaticity function calculated from the parameters of the colliding molecules is
frequently in poor agreement with experimental data. It is possible to reduce the role of
this defect in the theory by using experimental results extensively where possible. With
this aim in view, an adiabaticity function which follows from very general theoretical ideas
[13, 14] and depends mainly on the energy defect of the process AE,

F(M, AE) — A(M, AE/2ET) oxp (—h(M)|AE]),
was used: [A(M, x) = (x2/2)K;(x)eX in the case where M = Ar, He, and A(M, x) = (x3/8)K;(x)-

eX in the case where M = CO, and N,; the K,(x) are modified Bessel functions of order n (i =
2 for the coupled modes and i = 3 for the antisymmetric mode)]. The rate constants for pro-

cesses (2.1) and (2.2)-(2.4) were calculated using the equations

Lviuwisv 4,0 +1, amL(vluj—>v,—1 1 +1.uk (2-7)
1 1 1 1 2"2" 2 ) 2

k (€O,
2 (MY, 1“1
o(ly =i =1 o(l,—>1, £ 1) !

£ (COy)

k(2.1) = F (CO,, AE)

and
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respectively, where L(v,%2,ui » v,%uj) is the square of the interaction operator matrix ele-
ment, 0(%; > £,) =1 for &, = 0 or &, = 0 [otherwise, o(%, > %,) = 2]. The parameters A,(M)
and g,(M) were determined in the following way: In the processes C0,(1101) + M - C0,(0001) +
M, we must obtain the rate constants k,(M) known from experiment (numerous experimental ref-
erences and the approximate expressions used are given in {11]), and the calculation of the
dynamics of the changes in the populations of the individual levels should yield the time
constants measured in the experimental references (see, for example, [6]). The matrix ele-
ments were calculated using the wave functions for the states including the Fermi resonance.
The squares of their relative values are given in Table 1, where p is a parameter equal to
the square of the ratio of the amplitude of the oscillations in the bending mode to the range
of the exponential potential and is defined as in [15].

k((2.2) — (2.4), M) = (2.8)

We can now write the rate constants for the processes in (2.6) as follows:

eo (M)
k((2.6), M)—u M)F(U AE).

The exponential factors A;(M) can be calculated from the condition that they agree with the
results in [15] at T = 300°K. Summing the rate constants for the processes (0011) » (v0i)
over all channels should yield the experimentally determined rate constants for the relaxa-
ation of the antisymmetric mode, for which approximate expressions are given in [11]. From
this, the normalization coefficients g;(M) were determined. The rate constants for processes
(2.5) were given in the form

J(2.5) = 3.4-10%u, -+ 1)u,(300/ T)3/2 sec-t Pa-1.

3. 0f the works on measuring the absorption in the 9.4-um band after transmission of
a saturating pulse in the 10.4-pm band, [6] should be singled out. In this work, a pulse
of radiation 2 nsec in length in several rotational transitions in the 10.4-um band (P12~-P22)
was passed through a cell containing a C0,/N,/He mix with various concentration ratiocs at a
temperature of 373°K, and the variation in the transmission coefficient in the P24 transition
in the 9.4-um band was observed. The short pulse duration allowed the vibrational relaxation
processes in the lower levels to be separated from two-photon processes, votational relaxa-
tion, and VV exchange in the asymmetric mode. Several stages in the absorption variation
were identified as a result of the measurements: a brief decreasing-absorption stage with
time constant t which immediately followed the termination of the pulse and the end of rota-
tional relaxation and VV-exchange in the antisymmetric mode, and a stage with a significant-
ly slower increase in absorption. Jacobs, Pettipiece, and Thomas [6] reported that 1/T de-
pends on the partial pressures of the components and obtained values of 1/1002 (2.25 %
0.75)-10%sec~*.pa-*, 1/7N, = (2.25 * 0.75)-10% sec™1+Pa~!, and 1/tHe = (0.6 % 0.2):10% sec~'-
Pa™!. These frequencies were identified with the rate constants for the processes

CO4(2002) + M == CO,(2001) + M. (3.1)

The system of kinetic equations for the €O, level populations was solved with initial
conditions corresponding to saturation of the 10.4-um band in order to analyze this experiment.
The variation in the transmission coefficient obtained as a result of the calculation for
a CO, pressure of 6.6 kPa is shown in Fig. la. Rotational relaxation was not taken into ac~
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count in the calculations; the decrease in the transmission in Fig. lb can be explained by
VV exchange in the antisymmetric mode. With the exception of this initial portion where the
transmission is decreased, the dynamics of the transmission in the 9.4-um band is described
well by the expression

G(t) = 4 + Bexp (—t/1) + C exp (—ob), (3.2)

in which the index o describes the increase in absorption a fairly long time after the satu-
rating pulse. Using (3.2) to approximate the results of similar computations for CO,/N,/He
mixes of various composition, we obtain the values of the frequencies 1/t = pC0,/TCO, + PN./
™N, + pHe/THe recommended in [6] if the following rate constants are used for the reverse
processes in (3.1): 360 sec”*+Pa”! for CO,, 450 sec™'+Pa"! for nitrogen, and 100 sec™'-Pa~!
for helium. Then the slow stage with the onset of absorption observed in [6] is obtained
without using additional assumptions about the nature of the processes between the coupled-
mode levels. The two-stage nature of the variation in absorption is determined by the entire
set of processes in (2.1)-(2.3), and mainly by those involving the lower coupled-mode levels.
The measured time constants cannot be assigned to any one of these processes.

Of course, a numerical result from just one experiment does not allow one to establish
the extent to which the values given for the rate constants for processes (3.1) are reliable.
They depend to a great extent on the way in which the rate constants for all of the processes
in (2.1)-(2.3) are correlated. In this context, it is important to analyze other work as
well.

In [7], a pulse of radiation 2 usec in duration at 9.6 umor 10.6 um was transmitted
through CO, at a pressure of 100 Pa and a temperature of 300°K. The fluorescence intensity
was recorded over the 15.48-16.92-ium region, but the individual bands in this spectral re-
gion were not resolved. A rapid decrease in the fluorescence intensity was observed during
the pulse at 9.6 um because of the depopulation of level 2002; later, the initial state was
restored — rapidly at first (with a time constant 1/t = (2.9 * 0.6)-10% sec™'-Pa™', and then
slowly. The fluorescence varied at characteristic frequencies greater than 75.10°% sec-'.Pa-?
during the 10.6-um pulsé; following this, a weak, slow variation was observed. Huddleston
and Weitz [7] proposed that the short time constant refers to processes similar to (3.1), while
the longer time constant characterizes VV coupled-mode exchange.

The numerical modeling carried out above (which included all of the kinetic processes
mentioned above), together with the radiational transition probabilities, completely ex-
plained the observed picture. The calculated variation of the fluorescence in the spectral
region given in [7] for the transmission of a pulse at 9.6 and 10.6 um is shown in Fig. 2
(curves 1 and 2, respectively). Quantitative agreement with the measured time constant for
curve 1 is obtained for a rate constant of 390 sec™':Pa”! for the reverse reaction in (3.1).
A numerical analysis of the section of curve 2 immediately following the end of the pulse
of radiation using the method of least squares indicated that it could not be approximated
well by an exponential law, but that the characteristic time scale on which the fluorescence
varied in this section is of order 10“ sec”!+Pa”!. On the whole, curve 2 is in qualitative
agreement with experiment. Thus, it is not necessary to assume that the value of order 7.5-
103 sec”l+Pa! refers to the processes in (3.1) while the value of order 3:10? characterizes
the VV coupled-mode exchange to explain the experimental results from the excitation of fluor-
escence by radiation at 9.6 and 10.6 pum. The authors themselves [7] came to the conclusion
that, under their assumptions, it is difficult to explain the results of the experiment with
excitation at 10.6 um. Just as in [6], the measured time constants characterize the entire
set of processes (2.1)-(2.3) involving the lower coupled-mode levels.

The influence of argon on the time constant of the variation in the fluorescence turned
out to be weak all the way up to a partial pressure of 1.2 kPa for a fixed CO, pressure of
100 Pa. The calculations for a CO,:Ar = 0.75:8 mix indicated that when a ratio of 0.07 is
chosen for the rate constants in reactions (3.1) for argon and CO,, the time constant changes
by 197 compared with pure CO,, which is within the limits of experimental error. It can
hence be concluded that the ratio of the rate constants mentioned above for argon and CO, is
no greater than 0.07.

In {9], the excess populations (relative to the equilibrium population at a temperature
of 300°K) of several levels populated by collisions in the two-frequency excitation of states
2001 and 2002 were measured as a function of CO, pressure using active Raman-scattering spec-
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TABLE 2
. * T1* 9]1* ie

§§1§§tam . Process T=[g}so K T——Eg’}s X T=‘330 48 T——=[3(])0 X T——EBO% K

ky (sec™Pa) (2001)-+CO,—~ 36060 | 360 | 390 315 550
~{(2002)-+CO, 7

klkq (2001)--CO,—> 1,67 2,16 2,22 248 | 4,08
~(2201)--CO, , .

klk, (0)+10)~ | 0,94 0,93 091 | . 092 | 035
—»(2004)4-(0001)

klkg (11011101~ | 84 9,8 104 . | 10 3,7

. —(2201)-F(0001)

*Results of the numerical analysis carried out in the pres-

ent work.
TABLE 3

8 8 . 71 3 16 17
M T=[22150K T——EB‘}:‘; b4 T-_faéé‘ K T=[lfgo K Tisolo b4 T=[303 K
He - 0,12 0,33 — 0,054 | = — 0,01
Ne —_ — — — 0,47 0,3
Ar - — 0,07 - — 0,17
Kr — - — — — 0,17
Xe — — — - — 0,15
N, 042 | 1,25 — 0,46 — 0,35

*Results of the numerical analysis carried out in the
present work.

troscopy. The method possesses high spectral resolution, and allows the populations of indi-
vidual levels to be easily measured. However, the dynamics of the populations were not mea-
sured; because of this, only estimated values of the rate coefficients were given; in particu-
lar, the rate constant for process (3.1) was estimated to be less than 525 sec”!.Pa”!. No
signs that reactions of the type

(2001) -+ (2001) — (4001) -+ (0001), (2002) + (2002) — (4003) -+ (0001)

occur were observed in the experiments, even though they have small energy defects, and the
concentration of excited molecules was sufficient for observing them. The fact that these
processes are absent can be explained by the smallness of the corresponding matrix elements

of the interaction operator, and indicates that we may restrict ourselves to only taking pro-
cesses (2.1)-(2.3) into account in the calculations. The experimental data on the populations
of several levels immediately allows not only the value of the rate constant for (3.1) to
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be estimated, but also allows conclusions about the ratios of the rate constants for the vari-
ous processes to be made.

The calculated and experimental pressure dependences for the excess populations in two-
frequency Raman excitation of levels, 2002 (a) and 2001 (b) are shown in Fig. 3. The calculated
curves are for a time of 20 nsec and rectangular pump pulses which ensure, just as in the
experiment, that the pump efficiency (per molecule) remains constant as the pressure varies.
The dashed lines are the results of the calculation for rate constants of 390 sec™*:Pa~! for
the reverse reaction in (3.1), and the solid lines are those for 315 sec”™'+«Pa~!. In the lat-
ter case, the majority of the experimental and calculated results are in very good agreement.
Thus, the ratios between the rates for processes (2.1)-(2.3) (which in fact determine the
pressure dependence of the populations) allow us to describe correctly the population dynamics
of multiplets with at least three quantum numbers. The reasons for the marked difference
between the calculated and experimental results for the population of level 4201 remains un-
clear.

The ratio of the squares of the matrix elements of the first- and second-order terms
in the expansion of the interaction potential in terms of the normal coordinate for the bend-
ing mode (the parameter p in Table 1) were determined from theoretical considerations [10,
15]. The effects of this parameter turn out to be weak because we have used experimental
information on kinetic processes with large and small energy defects. Thus, a change by a
factor of two in the value of p when analyzing the experiments in [7] led to a change of 5%
in the rate constants for process (3.1), and the influence of this parameter on the calculated
level populations in the experiments turned out to be even smaller in [9].

4, The rate constants for VV and VT processes in the system of lower levels of CO, were
determined in [8]. The absorption in several (vQuk) » (v&, u + 1, k) transitions in the 4.3-
um region after restoration of the inversion in the 10.4-um band with a short pulse of radia-
tion was measured with the use of a tunable laser. The gas was excited in an electrical dis-
charge. The rate constants were determined via a mathematical analysis of the dynamics of
the populations of the 2001, 2002, 2001, and 1101 levels using a six-level model in which
the 0011 and 0001 levels were also taken into account. A comparison of the results from [8]
and the results of the analysis of experiments [6, 7, 9] carried out above, and the results
of a calculation of the rate constants within the framework of the theory of vibrational re-
laxation under the action of the short-range forces [10] is shown in Table 2. Evidently,
the rate constants obtained in [8] for the four processes involving CO, molecules and those
obtained from the mathematical analysis [6, 7, 9] agree with one another to within 207, which
is less than the measurement errors. Thus, it can be concluded that the large scatter in
the measured rate constants for the processes in the lower levels of the CO, molecule is due
to the interpretation of the results, and not possible measurement errors.

At present, the information on the rate constants of processes (3.1) for collisions with
other molecules and inert-gas atoms is extremely limited. The rate constants for the reverse
processes in (3.1) for various collision partners, normalized to the corresponding rate con-
stant for CO,, are given in Table 3. For comparison, the results of research on the vibra-
tional relaxation of N,0 molecules using a spectrophone [17] (rate constants for various col-
lision partners normalized to the rate constant for N,0) are given in the last column. The
decrease in the rate constant with increasing mass of collision parter observed in [17] is
in qualitative agreement with the Schwartz—Slavsky-Herzfeld theory, but is weaker. The pic-
ture should probably be similar for CO,. From this point of view, the results for nitrogen
in [8] are preferable to those in [6].

On the whole, results [6-9] and the analysis carried out above for these results lead
us to recommend a rate constant of 360 sec”!:Pa™! for the process CO, (2001) + CO, > CO,
(2002) + CO,, and correlation of the rate constants of processes (2.1)-(2.3) as outlined in
Eqs. (2.7) and (2.8) for detailed calculations of the level populations of CO, molecules.
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