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An absorption-cell technique is utilized to determine the rate constants for the CO, 02°0-10%

relaxation in CO, and binary-gas mixtures of CO,-He and CO,-N,. The experiment consists of injecting

a ~2-nsec 10.4-um pulse through the absorption cell—saturating the CO, 10°0 to 00°1 transition, and
monitoring the subsequent molecular re-equilibrations by recording the temporal intensity of a spatially
overlapping probe beam in .the 9.4-um band connecting the 02°0 and 00°1 states. The measured rate
constants are kco,.co, =3 4+ 1, kco,ne = 0.8 4 0.3, and ko, = 3 + 1, all in units of 10° sec™" Torr™".
The experimental approach also yields information on the thermalization of other processes having slower
rates, and these are discussed qualitatively. Finally, a comparison is made with other related experimental
investigations and two calculations which predict values for k co,.co, appreciably different from those

measured.

I. INTRODUCTION

The recent strong interest in properties of the
CO, molecule is in large part motivated by its
usefulness as a gain medium in various laser
applications. Because of this motivation, the CO,
molecule has in turn provided a fertile area in
which theories on the physics of collisions, energy
transfer, and light interaction with inverted and
noninverted level populations have been tested.!

To add to this wealth of information, we report
on the first direct determination of the rate con-
stant & describing the re-equilibration of the CO,
02°0 and 10°0 vibrational levels. As will be dis-
cussed later, the measured rate constant in pure
CO,, Rco,-co,, lies between the predictions of one
theory based on short-range interaction forces
and another theory based on long-range inter-
actions. The present results thus indicate a need
to reformulate certain aspects of these alternate
descriptions of the collisional processes in CO,.
From a practical point of view, these rate-con-
stant values determine the deactivation of the
lower level in CO, molecular amplifiers and thus
provide additional information in assessing the
performance of such gain media.

II. EXPERIMENTAL APPROACH

In Fig. 1 is shown a partial energy-level diagram
for the states of interest in the CO, molecule. The
levels denoted by 10°0 (symmetric stretch mode)
and by 029 (bending mode) have eigenfunctions that
are strongly mixed because of anharmonic terms in
the potential energy, i.e., Fermi resonance.? The
wave functions for these mixed states can be ex-
pressed as linear combinations of the simple har-
monic oscillator eigenfunctions 10°0 and 02°0 with
roughly equal admixtures of the “pure’” state wave
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functions. However, for brevity throughout the .
text, these mixed-state wave functions, customar-
ily designated as [(10°0)-(02°0)], at 1388.3 cm™*
and [(10°0)-(02°)], at 1285.5 cm™!, will be labeled
as 10°0 and 02°0, respectively.

The experiment consists of perturbing the Boltz-
mann distribution of levels 10°0 and 00°1 in a CO,
absorption cell, by injection of a short and intense
laser pulse in the 10.4-um band while a second,
much longer, probe laser beam in the 9.4-um
band monitors the population difference between
the 02°0 and 00°1 states. In particular, the 9.4-um
probe beam gives the temporal population excur -
sions of the 02°0 level since the collisional deacti-
vation rate of the 00°1 state is relatively much
longer. The primary re-equilibration process one
observes is

C0,(02°) + M~ CO,(10°0) + M - 102.8 cm™*,

. 1)
where M can be CO,, He, or N,.

A diagrammatical description of the experi-
mental approach is given in Fig. 2. In the experi-
ment a ~2-nsec 10.4-um saturating pulse con-
taining about six rotational-vibrational transi-
tions, i.e., P(12)-P(22), is directed into a 2-
m-longX1-in,-diam absorption cell heated to
100°C. Details of the oscillator and single-pulse
switchout are given in Ref. 3. The cell is capped
at each end by an antireflection-coated NaCl win-
dow (reflection <1% at 10.4 um) and held in place
by a low-vapor-pressure epoxy. The temperature
across the length of the tube varied by less than
1°C except for the two ends, where the tempera-
ture was lower over a distance of about 1 cm.
Care was taken prior to experimentation by ex-
tensive baking and pumping of the tube and use of
pure gases to ensure that any contaminant gas
concentration was minimized. Total impurity con-
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FIG. 1. Energy-level diagram for the relevant, low-
lying vibrational states in CO,.

centration was less than one part per thousand.
The probe beam was set at the P(24) transition in
the 9.4-pm band. The orthogonally polarized
saturating and probe beams were combined at an
angled, 0.5-in.-thick germanium plate so that they
both were spatially overlapping as they passed
through the absorption cell. A suitably positioned
diffraction grating and a pair of Brewster angle
plates were placed at the exit of the absorption cell
to help separate the signals at the two laser fre-
quencies. Finally, the probe beam entered a
screen room, passed through a grating mono-
chromator and was detected by a Ge: Hg detector
whose output was amplified by a C-Cor preampli-
fier (3 nsec risetime) and displayed on a Tektronix
7904 oscilloscope (7TA13 plug-in). In practice, the
probe beam was chopped by a rotating wheel into a
1-msec-long pulse and the 2-nsec, 10.4-um pulse
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was introduced during this interval by a previously
described triggering technique.* The pulse gen-
erated by the mode-locked TEA (transversely
excited, atmospheric pressure) oscillator was
amplified by two TEA amplifiers (Lumonics 103)
to about 0.1 J. In the early stages of the experi-
ment, a much weaker 9.4-um component was de-
tected in the oscillator pulse. To remove any
complications in the data interpretations, a 20-
cm-long cell filled with CF,=CFCl at a pressure
of 24 Torr® was used to remove the 9.4-um con-
stituent with negligible effect on the 10.4-um com-
ponent.

III. DATA AND RESULTS

In Fig. 3 is shown a typical oscilloscope trace
depicting the temporal behavior of the transmitted
P(24) 9.4-um probe-beam intensity. For the time
scale used in the photograph, at least three dis-
tinct signal components can be seen. In Fig. 4,
an oscilloscope trace is given on a more expanded
time scale to indicate the initial signal increase
depicted in Fig. 3. The increasing transmitted
signal intensity of Fig. 4 is identified as the colli-
sional process given by Eq. (1) since the trace
denotes a decreasing 02°0 population, i.e., de-
creasing absorption. This identification is made
on the basis that only this process can occur ini-
tially after absorption of the 10.4-um pulse since
the collisional deactivation rate of the upper 00°1
level is well known® and has a rate constant of
~3.7%102% sec™! Torr~!—much longer than that
exhibited by the signal of Fig. 4. In fact, a fit
was made to data like that shown in Fig. 3 for the
slowest decay at long times, and good agreement
was obtained for the rate constant k0, measured
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FIG. 3. Shown is an oscilloscope trace for the trans-
mitted P(24) 9.4-um probe-beam intensity subsequent to
absorption of the 10.4-um pulse for a CO, pressure of
100 Torr. The rapid initial rise corresponds to the
mechanism given by Eq. (1). The other signal features
are discussed in the text.

in Ref. 6. Of course, rotational relaxation phe-
nomena within the 00°1 rotational manifold could
contribute to the waveform of Fig. 4; however,
they proceed at a rate much faster than that in-
dicated in Fig. 4, and a steady state for this pro-
cess is attained very rapidly.®'” The signal com-
ponents between the fastest and slowest ones in
Fig. 3 are due to processes repopulating the 02°0
level such as

01'0 +01'0 -~ 02° +00°0 +50.1 cm™?, ()
and
02%0 + M-~ 02° + M +49.9 cm™?, (3)

and are considered further in Sec. IV.

Data similar to Fig. 4, corresponding to the
mechanism of Eq. (1), were taken for three ab-
sorption-cell cases: (i) varied CO, pressure,

(ii) CO, pressure fixed at 50 Torr and He pres-
sure varied, and (iii) CO, pressure fixed at 50
Torr and varied N, pressure. The data exempli-
fied by Fig. 4 were digitized by a manual scanner
and computer fitted by a single exponential function

FIG. 4. Depicted is a typical oscilloscope trace for
the 02°0-10°0 relaxation in CO, (50 Torr). This signal
is an expansion of the initial signal rise in Fig. 3. Note
that the probe laser baseline is offset from view in Figs.
3 and 4.

to about one e-folding time. The signals for longer
times were not included in the fitting to avoid the
complications from the subsequent 02°0 repopu-
lating processes.

Since various mechanisms are involved in alter-
ing the post-perturbation temporal population of the
0290 level, the final justification for a one-expo-
nential description of the signal rise shown in
Fig. 4 lies in the quality of the fit. The least-
squares-fitting function utilizing the single-expo-
nential time-constant parameter gave good agree-
ment with the data with the statistical uncertainty
in this parameter, typically a few percent or less.
The reduced data for the three cases are shown in
Fig. 5, in which the inverse of the fitted relaxa-
tion time 1/7 is plotted as a function of pressure.
The slopes of the straight lines obtained from a
least-squares computer program give the rate
constants for the 02°0-10° relaxation: kco,- co,
=321, kco,-1e=0.8%0.3, and kco,-n, =3 %1 all in
units of 10° sec™! Torr~!. Self consistency of the
mixed-gas results is seen by the agreement of the
intercepts with the values predicted by &co,- co, Pcos,
where Pco, =50 Torr. The stated error bars
(£1 o) account both for statistical fluctuations in
the data and a small systematic effect seen among
various data runs determining the rate constants.
The intermediate rates evident in Fig. 3 were not
quantitatively evaluated due to.poor signal-to-
noise ratios. However, one reasonably concludes
that these rate constant values lie between 3X10°
sec™! Torr™! and 4X10% sec™! Torr~! for the pure
CO, case—-the rates for the two limiting processes
in Fig. 3.

1V. DISCUSSION

A. Comparison with other experiments

Much work has been reported on the collisional
deactivation of the various CO, energy levels de-
picted in Fig. 1 with CO, and other gaseous spe-
cies.! Until now, the deactivation process rep-
resented by Eq. (1) has not been directly mea-
sured. However, we discuss three reported ef-
forts whose results relate to the re-equilibration
mechanism illustrated by Eq. (1).

Recently, Stark® cited a rate constant for the
reverse reaction of Eq. (1) by monitoring the gain
in the 9.4-um and 10.4-um bands in a CO, ampli-
fier after passage of a saturating pulse in the 10.4-
pm band. Different temporal gain behaviors for
the 9.4- and 10.4-um bands were observed and the
difference was ascribed to the effect of the 10°0-
02°0 collisional coupling rate. A rate-equation
model describing the population inversion was used
to infer the rate-constant value from the gain data.



ST T T T T T T
- ]
T 4 _
8
’\"' 3 N
o
< 24 _
< 1 3 g §
- p.0-a" @

TR N TR N N SR SN NN N S

0 10 20 30 40 50 40 70 80 90 110 120130 140

Pco (Torr) —=
2
| 4o T T T TT .
~ 3.6 ]
1
g 3.2 —
28 ] e
T 2.4 —
o
& 2.0 i
ol g T
0 10 20 30 40 50 60 70 80 90 100 110
Phe (Torr) ——

3.6 I T T T T ™
boas :
‘s 2.8 H -
N
o 2.4l ~

£ 2.0 N
2
> n
- T ! I L L I L !
0 5 10 15 20 25 30 35

P, (Torr)—
Ny

FIG. 5. Linear least-squares fit to the inverse of the
fitted relaxation time, 1/7, vs pressure for the three
cases: (i) CO, alone, (ii) CO, fixed at 50 Torr and varied

He pressure, and (iii) CO, fixed at 50 Torr and varied N,
pressure. The error flags express +1 standard devia-

tion for repeated measurements taken under fixed experi-
mental conditions.

Even though the measurement was performed at a
single amplifier pressure consisting of a tripartite
mixture of CO,, He, and N,, a pressure dependence
was obtained by scaling the relative contributions
of the three gases to the relaxation process ac-
cording to the ratios of their collisional frequencies
with CO, and their masses. The reported rate
value is:

K(10%0-02°) = (1.42 £0.5) X 10°[Pyo, +0.46P,,
+0.054P,, ] sec™?,

where the pressures P are in Torr at 400°K. As
Sharma?® indicates, the rate for the reverse reac-
tion should be lower by a factor of 1.45. Thus,
Stark’s rate-constant value for the process of
Eq. (1), in pure CO,, should be 0.98X10° sec™!
Torr™!, whereas by contrast our directly deter-
mined value is three times larger. Greater dis-
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crepancies exist for kco,-ne and kco,-n,.

Rhodes, Kelly, and Javan'® measured a rate
constant in pure CO, of (4 £1)X10° sec™* Torr™!
for the stated processes

10°0 (or 02°0)+00° == 01'0 + 0110, 4)
or
10°0 +00°0 = 0220 +00°0. (5)

Their experiment was similar to the present one
in that the 02°0-00°1 transition was saturated in a
pure-CO, cell with a @ -switched laser pulse in the
9.4-um band. An absorbed probe laser beam
operating in the 10.4-pm CO, band monitored

the temporal variations of the difference in popu-
lation densities for the 00°1 and 10°0 states. The
time resolution of the experiment was 1 usec
compared to 3 nsec in the present case. Stark®
suggests that the operative mechanism in this
work could be redesignated as the reverse of Eq.
(1) instead of either Eqgs. (4) or (5). In that case,
good agreement exists with the present evaluation
for kco,-co,. Infact, for the reverse reaction of
Eq. (1), and correcting for our higher operating
temperature, we predict a rate constant for the
10°0-02° equilibration of 4X10° sec™! Torr™! at
their operating temperature.

DeTemple, Suhre, and Coleman'! measured the
laser-intensity decay in the afterglow of a pulsed
discharge in pure CO, for the P(20) transition in
the 9.4- and 10.4-um bands. Over the pressure
range 0.5-2.6 Torr of CO, the 9.4-um decay was
found to be characterized by a single exponential
decay of (0.8 £0.25)X10° sec™ Torr™!, and over the
same pressure range, the 10.4-um-pulse decay
was governed by two exponentials having decay
rates of (1.05+0.3)X10® sec™' Torr™! and (1.4 +0.5)
X10° sec™! Torr™!. They do not ascribe these rates
to any specific molecular process but emphasize
that they are phenomenological decay rates which
“can only be related to the actual decay rates with
more information or assumptions.” Thus a com-
parison with the present work is not possible.

B. Comparison with theory

Two different theories describing vibrational
energy transfer have been used to evaluate the
collisional rate constant described by Eq. (1) in
which M represents a ground-state CO, molecule.
One of the calculations, performed by Seeber,!?
is based on the Schwarz, Slawsky, Herzfeld!?
(SSH) theory in which the strong, short-range re-
pulsive forces are considered responsible for the
energy exchange. The other approach developed
by Sharma® is a Born-approximation formulation
in which long-range forces determine the V-V
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transfer. In Table I are listed the results from
these descriptions for the relaxation of Eq. (1) and
other pertinent CO,-CO, collisional processes.

As is seen from Table I, Eq. (6), which corre-
sponds to Eq. (1) with M =C0,(00°), predicts rate
constants for kco,- co, on either side of the mea-
sured value 3%X10° sec™! Torr~!. Thus, a refor-
mulation of these two theoretical approaches is
warranted on the basis of this comparison. Re-
cently, a less limiting approach by Dillon and
Stephenson'* uses a scattering-operator formalism
to describe energy transfer between vibrationally
excited HF, DF, HCI, and CO,. They obtain ex-
cellent agreement with experiment. It is suggested
that this alternate and more complete formula-
tion of the V-V collisional exchange could be util-
ized to calculate a third co,- co, value that stands
in better agreement with the measured rate con-
stant for Eq. (6). Such a calculation is not pur-
sued in this paper. Furthermore, to our knowl-
edge, no theoretical analysis has been attempted
to predict rate constants for Eq. (1) in which M
=He, or N,.

We next discuss the signal shape in Fig. 3 lying
between the fastest [process of Eq. (1)] and slow-
est components (00°1 collisional deactivation). As
mentioned in Sec. III, the turnover in signal after
the initial rise in Fig. 3 is attributed to re-equili-
brations of the 02°0 level with other states that
repopulate it. Such possible processes are identi-
fied in Eqgs. (2) and (3). The rate constant for Eq.
(2) was calculated by Seeber'? and Sharma® and is
listed in Table I [as Eq. (8)], with a value ~2.9
X10* sec™! Torr™! at 400°K. Seeber determines a
rate constant for Eq. (3) for M =CO, (not listed in

Table I) to be ~8X10* sec™ Torr™! at 400°K. This
latter value seems large since the process in

Fig. 4 is well described by a single exponential
function which must correspond to transfer of
population out of the 02°0 state rather than transfer
into it. However, the calculated rate constant for
Eq. (2) is consistent with the sigrial in Fig. 3, being
about an order of magnitude smaller than our mea-
surements for the 02°0-10°0 relaxation. Recently
Bulthuis and Ponsen,'® using a method of mea-
suring the relaxation time of the 10°0 level from
the decay of the laser power in the afterglow of a
CO,-laser discharge, measured a rate constant
for the reverse process of Eq. (9) in Table I and
their findings are in accord with Seeber’s predic-
tions. This agreement adds confidence to the
correctness of the calculated value for the process
of Eq. (2).

For completeness, we note that one could re-
interpret the relevant mechanism indicated by the
signal trace in Fig. 4 and expressed by Eq. (1)
to be instead due to the process

02°0 +00°0 —~ 0220 +00° —49.9 cm™, (11)
if the reaction
0220 +00°0 -~ 10°0 +00°0 — 52.7 cm™! (12)

proceeds at a rate significantly faster than

that for Eq. (11). At least two arguments exist
against this interpretation: (i) the rate constant
for the reaction given by Eq. (12) is too slow rela-
tive to that of Eq. (11). As seen in Table I, Seeber
calculates the rate constant for Eq. (12) to be

6.6 X10* sec™ Torr™!(400°K), while Sharma deter-
mines the rate to be 1.7X10° sec™* Torr™'(400°K);

TABLE I. Calculated collisional rate constants for CO, considering short-range (Seeber)
and long-range (Sharma) forces at 300 °K (400 °K in parentheses).

Predicted rate constants

(sec™! Torr™1)
b

Process Seeber? Sharma

Eq. (6) 02% +00%— 10%+00°% - 102.8 cm ™! 4.5% 104 =1x108P
(5.5x 10%

Eq. (7) 0220+00%— 10 +00% — 52.7 em™! 6.3x 104 2.3x 10%
(6.6x10% (~1.7x 10°)

Eq. (8) 01'0+0110—02°+00°+50.1 cm™! 3.3x 104 3.3x 104
(3.2x10% (~2.5% 10%)

Eq. 9 01'0+01'0— 10%+00° — 53.7 cm™! 2.6x 104 3.3x 10*
(2.7x10% (~2.5% 10%)

Eq. (10) 01'0+0110— 0220+ 00%—1.0 cm™! 5.5% 10° 1.8x 10°
(6.0x 10°%) (~1.4x 10%)

2The rate constants at 400 °K are from K. N. Seeber (private communication). The values at
300 °K are from Ref. 12. Note that the factor for Eq. (8) in Ref. 12 should be 0.78 and not 0.6

as stated.

bR. D. Sharma (private communication). His rate-constant evaluations roughly decrease

linearly with increasing temperature.



(ii) the measured rate constants for He and N, in
Fig. 5 are comparable to the pure CO, value, thus
removing the criticality of near-resonant interac-
tions as expressed by Eq. (1) with M =CO, or Egs.
(11) and (12). Of course, this point could be an-
swered experimentally if one probes the 0220-
level population by a second absorbed probe laser
beam originating at this state, such as through the
0220-0420 transition at 8.05 um or the 0220-03'0
transition at 16.76 um. We note that the process
in Eq. (11) could also be interpreted to be the
operative mechanism in the present experiment if
Raman scattering from the 10°0 to 02° states is
important. Stimulated Raman scattering is ruled
out since the worst situation caused by this effect
is an equalization of the 10°0 and 02°0 populations.
In that case any re-equilibrating collisions would
tend to increase the 02°0 density to its prepertur-
bation value. In that situation, the signal shape

of Fig. 4 would decrease—opposite to the observed
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behavior. On the other hand, resonantly enhanced
spontaneous Raman scattering could produce the
rising signal shape in Fig. 4 if Eq. (11) were the
relevant collisional deactivation mechanism. Using
a measured'® (nonresonant) Raman cross section
for CO, and suitably accounting for wavelengths,
matrix elements, and the pressure-broadened
linewidth of the 00°1 level, one can evaluate a gen-
erous upper limit due to resonant enhancement of
the cross section. Even in this “worst possible”
scenario, the percentage increase in the 02°0
density is less than 0.01%. Thus, Raman process-
es have no impact on the present rate-constant
determinations.
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FIG. 3. Shown is an oscilloscope trace for the trans-
mitted P(24) 9.4-um probe-beam intensity subsequent to
absorption of the 10.4-um pulse for a CO, pressure of
100 Torr. The rapid initial rise corresponds to the
mechanism given by Eq. (1). The other signal features
are discussed in the text.



FIG. 4. Depicted is a typical oscilloscope trace for
the 02°0-10% relaxation in CO, (50 Torr). This signal
is an expansion of the initial signal rise in Fig. 3. Note
that the probe laser baseline is offset from view in Figs.
3 and 4.



