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NONEQUILIBRIUM ROTATIONAL DISTRIBUTION FUNCTION FOR D,0 MOLECULES IN
A RAREFIED SUPERSONIC JET

S. S. Bakastov, V. K. Konyukhov, UbC 533.6.011.8
and V. T. Tikhonov

An ever increasing interest in the study of rotational relaxation of polar molecules in
a gaseous medium has recently been observed. For example, chemical lasers have elicited a
series of theoretical and experimental papers on the rotational relaxation of HF molecules
[1, 2]. For polyatomic molecules there also exist interesting and important problems, the
solution of which requires an understanding of the laws of rotational relaxation. They in-
clude the behavior of water vapor in the upper layers of the atmosphere, the creation of gas-
dynamic lasers (GDL) based on rotatlonal transitions of molecules in the submillimeter range,
clarification of the mechanism of action of masers, etc. The complexity of the rotational
spectra of polyatomic molecules hinders the theoretical description of relaxation processes
and the interpretation of experimental results, so that there are far fewer papers on rota-
tional relaxation of polyatomic molecules than for diatomic molecules. There now exist
models permitting a satisfactory description of the processes connected with rotational re-
laxation of molecules, such as the Polany—Woodall model [3]. There is an absence of such
simple and convenient models for polyatomic molecules of the asymmetric-top type.

Rotational relaxation of the D,0 molecule in a rarefied supersonic argon jet was investi-
gated in the present work. This was done earlier for diatomic, polyatomic, and linear mole-
cules and molecules of the symmetric-top type [4, 5], while for molecules of the asymmetric-
top type it is being done for the first time. The purpose of the work was to investigate the
nonequilibrium distribution of molecules over the rotational levels during rapid cooling in a
supersonic argon jet by the spectroscopic method and to construct a simple model permitting
a satisfactory description of the populations of the rotational levels.

As the subject of observation we used a plane, supersonic argon jet with a small (less
than 1%) admixture of D,0 vapor (Fig. 1). At such a concentration one can assume that relaxa-
tion takes place mainly due to D20-Ar collisions, and neglect D,0-D,0 collisions. The dif-
ference in the populations of rotational levels connected with a radiative transition was mea-
sured by the method of submillimeter spectroscopy. A backward-wave tube (BWT) served as the
radiation source. The probe beam was formed with Teflon lenses L; and L., passed through a
polaroid P and a modulator M, intersected the jet, confined by Teflon walls, and was picked
up by a gallium receiver through the lens Ls.

The initial gas pressure and temperature were 266 Pa and 293°K, respectively. The param-
eters of gas flow in the supersonic region were calculated by Skovorodko by the method of nat~
ural coordinates described in [6] for the case of the flow of a monatomic gas from a plane
slot with a height of 0.72 cm. The calculated gas temperature in the measurement reglon was
65 * 5°K. Conformity between the calculated and actual parameters of the gas stream was veri-
fied by measuring the pressure with a Pitot tube. The departure of the measured from the cal-
culated pressure was 4% for the central streamline.

Teflon walls were set up to avoid expansion along the coordinate parallel to the slot.
Boundary layers developed in the gas flow at the walls, and absorption in them could result
in errors in the measurements. However, the temperature in the boundary layer is close to
the stagnation temperature, and hence five times higher than the temperature of the main
stream, so that the density in it is five times lower. The measurements were made for low
rotational transitions, for which absorption decreases strongly with an increase in tempera-
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ture. For these reasons absorption in the boundary layer does not exceed 1-2% for the ab-
sorption in the core of the supersonic jet.

Let us examine the diagram of the lower rotational levels of D0 (Fig. 2). D0 mole-
cules can have a total spin ofzero, one, or two. Molecules having an even nuclear
spin comprise the para variant and those with an odd spin comprise the ortho variant. Colli-
sional and radiative transitions between the different variants are forbidden with a high de-
gree of accuracy. Therefore, for the majority of experimental situations the para and ortho
systems can be treated as independent. The rotational levels of the D,0 para systems for
which the measurements were made are shown in Fig. 2. The wave functions of the para vari-
ant of D,0 are transformed in accordance with irreducible representations A and B; of the D,
group if the 0z' axis of the moving coordinate system is directed along the axis of symmetry
of the D,0 molecule. In the quantization of an asymmetric top a division into (+) and (—)
functions arises. Upon a reflection in a plane passing through the 0z' axis of the moving
coordinate system the (+) functions do not change while the (~) functions change sign [7].

We recall that in molecular spectroscopy there is a division of levels into positive and
negative, depending on whether the wave function changes sign upon an inversion of the coor-
dinate system. To avoid confusion, we introduce the indices oy and o_ for the (+) and (—)
functions, respectively.

In the tests we measured the integral absorption for the transitions indicated by arrows
in Fig. 2. The integral absorption is proportional to the population difference An. TFor the
conditions under which the observation was made we can calculate the equilibrium integral ab-
sorption, which is proportional to the equilibrium population difference Ane. The
ratio of the measured to the equilibrium absorption will be An/Ane. These ratios are given
in Table 1. Attempts to describe the experimental results on measuring the integral absorp-
tion using a Boltzmann distribution with any temperature met with failure. This is clear-
ly seen from a comparison of the results for the transitions 3,5-3,, and 3,,~4,5, having the
common level 3;,. We have a population difference from equilibrium of 0.35 for the first and
1.9 for the second, which is impossible for any positive temperature. This can be explained
by the accumulation of particles at the 3,, level, which is connected with certain selection
rules for collisional transitions, while the selection rules are connected with the symmetry
of the shape of the molecule and the potential of the interaction of a molecule with an atom.
It 1s convenient to write the potential in the form of an expansion in Wigner D functions. It
turns out that terms of type A with an even index J' to the functiom DJ.' and of type B; with
an odd index alternate in the potential of the interaction of D,0 with an atom [8]. In [9]
it was shown that terms of the potential of type A give rise to transitions with an even AJ

TABLE 1

211~ | 33— 40}" 4y3-

] 1 2 2 b —‘2 3 _’l 3 —4. b -’i‘ —5
% 1 B 29 K : 2.4
Transition 1 “o2 027711 250 399 *13 boo 227713 °317 *22 317924

Experiment 0,34 0,65 0,411 0,35 | 1,35 ] 0,9 1,9 1,47 21

Calcula-

tion 0,54 0,60 0,391 0,34 1,35 | 0,91 1,41 1,87 3,95
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while terms of type B; give rise to transitions with an odd AJ (AJ is the change in the total
angular momentum of the molecule), and that group theory gives the following selection rules:
A-+> A and B; <> B, for a potential of type A and A <> B, for a potential of type B,. The
combination of these rules with the parity selection rules leads to the fact that transitions
between o, and o_ levels in collisions are forbidden.

For the interpretation of the nonequilibrium distribution we constructed a kinetic model
of level-by-level rotational relaxation, based on the following assumptions.

1. Rotational relaxation in the o, and o- systems takes place independently.

2. Within each system the probability of collisional transitions is given by the Polany—
Woodall formula [3]

P;; = C@2J + 1) exp [—(D/ET)AE,;],

where C and D are constants; AEij is the energy gap between the levels; J 1s the total angu-
lar momentum of the upper level. The quantities C and D were assumed to be different for
potentials of types A and B, and were denoted by the indices A and B,, respectively. The
probabilities of the reverse transitions were found from the principle of detailed equilib-
rium.

3. Slow collisional relaxation between the oL and o_ systems was described by the re-
lazation equation

dN+/dt = — (N+ — NF)/x,

where N© is the total number of particles in the o, and o_ systems (the index e refers to
equilibrium conditions); 7 is the time of relaxation between the o, and o_ systems.

4, Rotational relaxation of a molecule of water, which is in the jet in the form of a
small admixture, takes place in a gas in equilibrium with respect to translational degrees
of freedom with a certain temperature T at each point of the flow. The temperature T is
determined by calculation for a free two-dimensional jet of a monatomic gas [6]. Tt is as-
sumed that the rotational energy of the D0 molecule does not affect the gasdynamic param-
eters.

Since the probability of transitions without a change in J, due to the spherically sym-
metric term of the potential of the interaction of an atomic particle with a D,0 molecule,
must dominate over the probabilities of other transitions, a coefficient o was introduced
into the program. The coefficient o showed how many times greater is the probability of a
transition with AJ = 0 than a transition with AJ # 0 for the same energy gap.

The system of kinetic equations was solved numerically in the section of gas flow from
the critical cross section to the observation point for the 27 lowest levels of the D20 para

system. The parameters C, D, v, and o were chosen from best agreement with the values of An/
Ang.

Only the first seven values of An/An, were uséd in the search for the parameters. The
data for the transitions 33;—4,, and 43,—52, were excluded as insufficiently precise.

In Table 1 we present the experimental and calculated An/Ang data for the following
optimum parameters: C, = 1.5°10° Pa™’+sec™, Cp, = 1.1°10° Pa~'-sec™?, Dp = 5.8, Dp, = 6.6,

™! = 6.7"10% sec™?, a = 5.
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If we compare the quantities C and D with the analogous quantities for a diatomic mole-
cule, we find that they have close values. Tor example, if we write the relaxation rate for
HF from [1] in the form of the Polany—Woodall formula, we obtain C = 0.75-10° Pa~'-sec™ and
D = 5.8.

The distribution function for the lower rotational levels can be reconstructed using the
measured population differences. The dependence of 1n (n/ne) on the energies of the rotation~-
al levels is shown in Fig. 3. Here n is the experimentally determined population of the ro-
tational level; ng is the equilibrium population for the temperature 95°K; the points on the
graph correspond to the rotational levels determined, the spectroscopic designations of which
are given next to the points; the type of wave function of the level and its affiliation to
the o, and o_ subsystems are also given. It is obvious that no definite rotational tempera-
ture can be ascribed to the distribution obtained, which is expressed in the absence of a
linear energy dependence of In (n/n. ). The fact that for all the levels of the 0j system the
experimental points lie on a straight line corresponding to the temperature T » 95°K is inter-
esting. This means that the lowest points of the oy system can be described by a Boltzmann
distribution with a temperature somewhat higher than the gas temperature. The populations of
the levels of the o_ system display no regularity. The difference in the behavior of the oy
and o_ systems can be explained by the fact that the density of levels is almost twice as high
in the oy systems as in the ¢_ system. The energy gap between the 2,,-3,, levels is twice
as large as that between the 3;,4%,5; levels which, with the strong exponential dependence of
the transition probability on the energy difference, leads to the fact that at low tempera-
tures the relative populations of the 322%4,5 levels will be far closer to equilibrium than
for 2,;—322 levels. The relative populations of the 3,, and 4,5, levels will alsoc be closer
to equilibrium than for the o4 system, since they are practically isolated, whereas in the o4
system there are seven closely gpaced levels.

With a decrease in the gas temperature in the ¢, system the molecules should accumulate
at the 0o level, while in the o_ system they should accumulate at the 2;, level, but because
of the low probability of the collisional transition 2,,-3,, at a low temperature they accumu-
late at the 3;, level.

Besides the low gas temperature, there may be one more factor causing the accumulation of
particles at the 3, level. 1If the predominant forces of the interaction of a molecule with
an atom are dispersion forces, then collisional transitionswith an even AJ predominate over
transitions with an odd AJ. Within the o, and o_ systems one can isolate groups of levels
with even and with odd J, which can be taken approximately as independent. The 3,; level is
the lowest in one of these groups, and particles should accumulate at it upon rapid decrease
in the gas temperature.

The model on the basis of which the calculations were made is approximate, since the
Polany—Woodall formula was written for a system of rotational levels of a diatomic molecule.
Moreover, a departure from the exponential dependence which is embedded in the Polany—-Woodall
formula was recently discovered [2]. However, the model is sufficiently simple and enables
one to obtain satisfactory agreement with experiment and qualitatively predict new results.
For example, for the 35,~4,., and 45,5, transitions, which were not included in the program
of search for constants, the model gives qualitatively correct values of the integral absorp-
tion.
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TABLE 2

Transition 19=2p2 | 202211 | 211220 | 313322 | %0a—%13 | bag—tes | S22—13
Experiment 0,54 0,51 0,48 0,51 1,2 1,2 1,3
Calculation 0,54 0,52 0,53 0,32 1,18 1,33 1,28

Measurements of absorption similar to those described above were also made for higher
concentrations of D,0 in the D,0-Ar mixture. In this case we investigated the influence of
the Ar pressure on the character of the nonequilibrium up to those pressures at which the
distribution 1s fully in equilibrium. The Ar stagnation pressure was varied from 267 to
1066 Pa while the D,0 stagnation pressure equalled 20 Pa. It was found that such an ad-
mixture of D20 vapor is sufficient to alter the form of the distribution.

The dipole—dipole interaction potential plays the main role for D,0-D,0 collisions. This
potential has a symmetry different from the symmetry of the D,0-Ar potential and, as shown
in [10], the following selection rules are valid for it: AJ = 0, 1, A <> B,, transitions be-
tween 0, and 0. states are not forbidden for it.

The influence of the potential of the dipole-—dipole interaction on the relaxation can be
taken into account if a correction with allowance for the corresponding selection rules is
introduced into the model obtained earlier. _Just as before, the correction had the form of
the dependence of [1] with the parameters C = 1.9-10° Pa~':sec”™ and B = 6. A comparison
of the experimental results with the calculations is presented in Table 2.

The dependence of In(n/ng) on the energy of the level canbe constructed just as above
(Fig. 4). The equilibrium population for the comparison with the dependence at low concen-
trations also corresponds to 95°K.

D,0 vapor at a concentration of 7.57 alters the gasdynamic properties of the supersonic
jet insignificantly, with the adiabatic constant changing from 1.67 to 1.64 and the equilib-
rium gas temperature at the measurement point increasing from 65 to 68°K.

However, it is seen from Fig. 4 that the temperature of the o, system becomes 84°K, i.e.,
considerably closer to equilibrium. In this case the points of the o_ system approach the
points of the o, system. Consequently, a relatively small admixture of D.0 considerably
accelerates the relaxation. However, a single rotational temperature is absent, as before,
and this can be verified as follows: By determining the rotational temperature from the ratio
of the integral absorption for different transitions (as in [11]), we find that they differ
for different pairs of levels. The dependence of the rotational temperatures on the argon
pressure is shown in Fig. 5: points 1) 3,3 322 and 32274135 2) 2y:72,0 and bdou—by13; 3) 292—
2,, and 2,;~250. As seen from Fig. 5, for the transitions 3,353z, and 322.~%.5 the rotational
temperature goes to infinity for low pressures and becomes negative for 267 Pa. At pressures
of about 1066 Pa the temperature 1s close to the equilibrium gas temperature for all the
transitions.

Here the rotational temperatures for pairs of levels lying within the limits of 1 J prove
to be close to the equilibrium temperature for any pressures (see Fig. 5). This evidently
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TABLE 3

Transition 209~211 | 111—202
Experiment 0,2 0,13
Calculation 0,35 0,1

indicates the high probability of transitions due to the dipole—dipole interaction for AJ = 0.

It is interesting to demonstrate the possibility of applying the kinetic model for rota-
tional relaxation obtained in this paper under other experimental conditions.

As mentioned above, supersonilc gas streams provide a unique possibility for obtaining
and investigating gaseous media at low temperatures. The states of a gaseous medium which
develop in supersonic jets are nonequilibrium with respect to one or another parameter, as
a rule. 1In particular, an argon jet with an admixture of D.Q molecules is nonequilibrium
with respect to rotational levels of the molecules.

An experiment on measuring the time of relaxation of the population difference for the
111202 and 24,2, transitions was set up in [12] under just the conditions of considerable
rotational nonequilibrium of the molecular component of the gas mixture. The measurements were
made by the saturation method under the conditions of a supersonic gas stream. The initial
pressures of the components of the mixture were from 267 to 1066 Pa for argon and 20 Pa for
D20, and the gas temperature of the mixture at the measurement point was 57°K. In these ex-
periments it is important that the rate of change of the gasdynamic parameters, and hence the
rate of change of the nonequilibrium distribution function, is considerably less than the re-
laxation rate upon a local departure from the nonequilibrium distribution function due to the
action of saturating radiation. The nonequilibrium distribution function plays the role of
the limit which the level population approaches after the action of the saturating ra-
diation ends.

The time T; of relaxation of the populations under conditions corresponding to the ex-
perimental conditions of [12} can be calculated using the kinetic model. Tor this we solved
the system of kinetic equations in the section of flow from the critical cross section to the
observation point, as a result of which we obtained the nonequilibrium distribution function
over the rotational levels. Then at the observation point we medeled 100% saturation, i.e.,
the populations of the pair of levels of the corresponding transition were equated. The sub-
sequent solution of the system of kinetic equations downstream from the observation point
showed that the difference in the populations of these transitions relaxes from zero to the
value that would have occurred in the absence of saturating radiation. The time dependence
of the relaxation was close to exponential with the characteristic relaxation time T,. The

relaxation times calculated in this way were compared with the experimentally determined times
in [12] (Table 3).

This kinetic model was also used for numerical modeling of experiments on stationary satu-
ration of the 2;,—250, 20272,:., and 1;,—203 rotational transitions of the D,0 molecule at room
temperature for a stationary gas. Experimental values of T7' as a function of the argon con-
centration in the D,0-Ar mixture are presented in [13]. Theoretical curves obtained using
this model are also presented there. The good agreement between the experimental and theoret-
ical values indicates the possibility of using the kinetic model to calculate rotational re-
laxation at room temperature also.

The parameters C, D, T, and a in the kinetic model of rotational relaxation were deter-
mined from experimental results obtained for the para system of the D,0 molecule. The rota-
tional spectrum in the ortho system is somewhat different: The o, and ¢_ subsystems have about
the same structure and the lower levels of the o, and 0. subsystems are located close to each
other (see Fig. 2). Therefore, it is not obvious in advance that the kinetic model with param-
eters taken for the para system will also be applicable for the ortho system.

We used the kinetic model to calculate the values of An/An, in a supersonic gas stream
for six pairs of lower rotational levels of the ortho system of the D,0 molecule (see Fig. 2,
where the investigated transitions are indicated by arrows). For an experimental test of the
calculated results we measured the values of An/Ang, by the method presented above for the same
spectral transitions. The experimental and calculated values of An/Ang are presented in Table
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TABLE &4

Transition 1o1=212 215~303 212721 | 2217312 [ 303312 | d1273x

Experiment 0,46 0,69 0,58 0,97 | 0,59 0,42

Calculation 0,46 0,55 0,50 0,88 | 0,768 0,50
TABLE 5

Transition t91—2y2 219303 219~221 | 221312 | 393312 | 312321

Experiment 0,44 0,56 0,35 1,0 0,52 0,54

Calculation 0,46 0,53 0,49 0,89 0,71 0,52

4 (the case of low D,0 concentraticns) and in Table 5 (the case of high concentrations). The
agreement between the calculated results and the experimental data with good accuracy allows
us to conclude that the predictions given by the kinetic model for the ortho system of the D,0
molecule also have a good degree of reliability.

In the present work the D.0 molecule was chosen for investigation to facilitate experi-
mental measurements using a BWT. The rotational spectrum of the D,0 molecule is almost com-
pletely similar to the spectrum of the H,0 molecule but is compressed in frequency compared
with it, as a result of which a large number of spectral transitions fall in the region opened
up by BWT spectroscopy. The similar arrangement of spectral levels in the rotational spectra
of the D;0 and Hz0 molecules and the coincidence of their multipole moments with high accuracy
allow us to assume that the given kinetic model 1s also applicable for the calculation of pro-
cesses of rotational relaxation of the water molecule.
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