ROLE OF NONRESONANCE EXCHANGE PROCESSES IN GAS-
DYNAMIC LASERTS
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The role of nonresonance vibration exchange processes in gas-dynamic lasers is examined.
The conditions under which these processes determine the kinetics of vibrational-level
populations are elucidated. Detailed consideration is given to relaxation in CO,—HCI and
CO—N, mixtures. It is shown that the initial pressures may be very considerable. The use
of chemical reactions in expanding gas flows enables these pressures to be increased still
further.

It was shown in {1-3] that nonresonance vibrational exchange played an important part in chemical and
eectrical-discharge lasers, and also in the process of nonequilibrium dissociation. This effect must also
be allowed for in gas-dynamic lasers; during the dispersion of gas mixtures, processes of nonresonance ex-
change lead to a considerable redistribution of the populations of the vibrational levels, and also to a change
in the effective relaxation times. Thus in the case of a mixture of gases in which the molecules constitute
harmonic oscillators with different vibrational quanta E, and Eg, on cooling the gas rapidly the effective
relaxation time of the energy of the oscillator with the amaller quantum Ep may increase very substantially
as a result of nonresonance exchange (2], the extent of this effect depending on the ratio between the cooling
rate and the velocity of vibrational—translational {V—T) relaxation.

In the present investigation we shall consider the practical possibilities of gas-dynamic lasers after
making careful allowance for nonresonance exchange effects. In order to analyze the kinetic characteris-
tics of the processes we shall use a system of equations representing the balance of the vibrational energies
for a mixture of gases in which the molecules are simulated by two varieties of harmonic oscillators. In
each of the components we shall assume a Boltzmann distribution of the populations among the levels, each
with its own vibrational temperature (the general case of these equations and their limits of applicability
wer e considered in {4]).

The gas-dynamic laser is simulated by a long, narrow slit with a half-width R;, through which the
gas mixture under consideration flows into empty space from a reservoir of large volume, so that the dis-
persion of the gas leaving the slit may be regarded as being limited to a plane. almost parallel channel
{model of a plane nozzle with a critical cross section of width 2R, and a small mouth angle). The flow in
the channel is regarded as steady, this assumption being valid for times t satisfying the condition t, > t > t,.
Here t, is the time required for the leading edge of the travelling wave to pass from the slit to the point
under consideration, t;is the time required for a substantial change to take place in the gas parameters
(initial pressure P; and temperature T in the reservoir. For the one~-dimensional case under considera-
tion, in which the test substance flows out into empty space, for large values of t the density falls in ac-
cordance with an N ~ t~!law [5]; in the cross section of the slit N = Ny = Py/kT,.

The density distribution may be approximated by the following relationship:
N :NoHo/(Ro'{"vot) (o= V2] (Y —1))

where v, is the maximum possible velocity of the gas for steady outflow into a vacuum, ¢, is the velocity
of sound in the unperturbed gas {for Py, Ty, v is the adiabatic index. The foregoing expression quite ac-
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curately reflects the change in density at large distances (x> 10R,) from the slit, while at shorter distances
it differs from the exact values by a factor of 2-3 times (5], and so constitutes a satisfactory approximation
when considering the kinetic characteristics of inversion in the vibrational levels of the molecules. Usually
gas-dynamic lasers are characterized by values of Ry ~ 0.1 cm, while inversion occurs in these at a dis-
tance of x> 2 cm from the slit; the vibrational degrees of freedom of the gas molecules are then still prac-
tically in equilibrium with the translational degrees of freedom up to x ~1 cm. For the two-dimensional
case of the outflow of gas from a slit into vacuum (without assuming the existence of any limiting plane-
parallel channel) there is a sharper change in the parameters of the mixture (density, velocity, tempera-
ture); however, the qualitative behavior of the results about to be presented remains intact.

On the assumption that molecules A may he formed as a result of chemical reactions. for the flow
model under consideration the system of equations takes the form
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Here ry is the multiplicity of degeneration of the oscillator. Q,'is the velocity constant of one-quantum

exchange between the oscillators A and B, ['r(l) ] is the vibrational—translational relaxation time of the oscil-
lator, (dNp/dt), isthe rate of change of the density of the A molecules as a result of chemical reactions, x
is the proportion of the chemical reaction energy passing into the vibrational degrees of freecdom, expressed
as the number of quanta E5 relating to one A molecule, and W determinesthe influence of the vibrational re-
laxation and the chemical reactions on the changes in gas temperature.

Generally speaking, the rate of dispersion ({lateral motion) in the steady outflow condition is smaller
than the velocity of the leading gas layers v,. However, this difference which is very considerable in the
transient case) does not play any major part in the kinetics of development of an inverted population under
steady- state conditions.

The rate of exchange of the quanta between A and B (V- V exchange) usually exceeds the velocities of
the processes determining the populations of the levels. A quasi- steady- state distribution is thus estab-
lished in the system; this distribution "follows" the V—T processes and other processes slower than V-V,
while the vibrational energies are related by the equation [2]

€y
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If TBZ Eg and E4 > Eg, then by using (1) and (2) we obtain an equation for the change in &g in the form
21
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Within the range of applicability of Eq. {3), the cooling of the gas for the case of AE > 0, together with
the effects of chemical reactions involving the formation of vibrationally-excited A molecules, increases
the effective relaxation time 7. The following condition must then be satisfied: x > ¢g exp (= AE/T)~10" ! (for
Eg ~3000°K, AE ~ 500°K, T ~ 1500°K}. If, however, unexcited molecules (x = 0), or molecules which have
been insufficiently excited, are formed, then the energy per particle falls, being redistributed among the
newly formed particles, and the vibrational temperature Ty diminishes.



A change in T also takes place on mixing two nonreacting gases. Thus if for simplicity we put AE = 0,
then for ®py > T\I?T we shall have T< T\I;T and conversely.

Let us examine the conditions under which nonresonance exchange plays a substantial role in the
operation of a gas-dynamic laser. It follows from system (1) that aquasi-steady-state distribution (2) oc-
curs on satisfying the condition

1t 1
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Usually, in order to increase nonresonance pumping into molecule B,we use 85 > 1, so that T{,{,: Q,g’
Np. For the majority of real mixtures the condition {7y /fy1)<< 1 is usually satisfied over a wide range
of temperatures. Let us transform the first term on the left-hand side of (4):

1
T

1 4Ty

T, dr |7

T dsi, ri+e E; o
2

T, dT | r, T, T,

2
[ (A AT
=T dr )

Here T, is the characteristic gas cooling time. Condition (4) takes the form
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For the model based on the adiabatic expansion of gas into space, if we neglect the term W/k in (1),
and assume a chemical reaction taking place in accordance with the equation

X
C+M--AL-F

we obtain

o (Y — 1) . K '\'(CN____ 01A7.O
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where K is the velocity constant of the chemical reaction, N¢° and NM° are the initial densities of the orig-
inal substances. Thus Eq. (3) is applicable over the ranges of temperatures and densities for which the

following condition is satisfied:
Y sy = 1) K/V,.":VM"}
Ny >max{ T ‘/ il (6)

An analogous relationship is obtained when the reaction involves triple colli sions (greater initial
densities:

K’

C+-M+6>4=6G
Here the reaction rate is K'NgNyNg (in the case of a binary reaction it was KNgNyy), and for initial
densities greater than 10°-10?! em~? the condition of type (6) may not be satisfied. so that Eg. (3) will no
longer be valid.
At the same time, in order to ensure an effective use of the mechanism of nonresonance exchange. it

is essential that the corresponding influx of energy into the B molecule should be no less than the loss of
energy by virtue of V—T relaxation. Then we obtain from (3)

1 a-t 340E ) g7 d3, (
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Let us assume that max {NAP,OA NBP,OB} = NBROB; then for the present model of the changes taking
place in the gas-dynamic parameters we find that for

T Ox O
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condition (7) alwayvs holds.

Let us consider a case in which there are no chemical reactions. Here

e T aE 9)
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If AE~ 0, we have the usual V—T relaxation of the A+ B system with a characteristic time
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If we assume that conditions (9) are satisfied and take AE ~Ei/2, relaxation is so retarded that a rise
in Ty may occur, the m agnitude of this rise being determined by the velocity of the V—T transitions.

On allowing for nonresonance exchange, the relaxation processes and the efficiency of a gas-dynamic
laser depend very substantially on the particular mixtures and conditions employed. We shall now consider
the particular features characterizing the two mixtures CO-N, and CO,—HCI.

Let us first consider the CO—N, mixture and use Eq. (3) to describe the behavior of the vibrational
temperature for CO. It follows from Eq.(6) that the rate of V—V exchange between CO and N, is not very
high; however, it is higher than the velocity of the V—T processes. Hence up to a certain stage of cooling
Eq. (3) remains applicable.

For the solution of (3) we require an analytical expression for the probabilitics Py entering into &yT.
It was shown in {7] that for diatomic moleccules an expression of the following form yielded good agreement
with experiment:

Py = AT exp (— BT5) (10)

where A and B are constants depending for any particular pair of colliding molecules on the energy defect
and the reduced mass of the collision 4. Since in the case under consideration ¢ is the same for all three
pairs (N;—N,.Ny—CO,and CO—CO), we have PYI\Z'I\Z = PFTCO and PCO N, PCO‘CO. The relaxation times
Ty thus have the form
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Using the cooling model under consideration and Eq. (11), we may integrate Eq.(3) on the assumption
that (¢ —1)/o depends very little on temperature. The result of the integration is illustrated in Fig. 1. which
represents the vibrational temperature TCO and the mean store of vibrational quanta ¢co per CO molecule
as functions of the gas temperature for a CO: Ny= 1: 10 mixture expanding into vacuum (these data relate
to a temperature of Ty= 2000°K, RyNc = 510" em=?, A;= 4-10"%, A,=7.8-10" %, B, = 195.2, B, = 217.8).
We see that the store of vibrational energy (and hence Tco increases with falling gas temperature, while
no such effect occurs in pure CO. This rise is due to the existence of a nonresonance exchange process,
which for the weak V—T relaxation of the CO—N, system leads to the development of a considerable differ-
ence hetween the vibrational and gas temperatures. In any real case there will, of course, be no unlimited
growth of T, since, starting from a certain gas temperature (in the present case ~800°K), condition (6)
will no longer be satisfied, and Eq. (3} cannot be used for smaller T. At such temperatures the role of col-
lisions is so weak that the vibrational energies in the two molecules will no longer vary and will pass out
to the "frozen" values (broken curves in Fig. 1).
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On increasing Ngg® to values of the order of 10% cm™3, the range of applicability of Eq. (3) expands
considerably in the low-temperature direction, and greater values of the "frozen" TCO* (Fig. 1) may be ob-
tained. Such large values of the initial densities are quite possible for a CO—N, mixture in view of the very
low rate of V=T relaxation, as indicated by kq. (9). It should be noted that for densities of >10%-10% cm~?,
triple collisions may play an appreciable part in vibrational relaxation. However, this question has not yet
been studied, and there is no information as to the cross sections of the processes. The results agree with
experimental data [8, 9]. Thus a relationship of the (2) type was obtained for a CO—N, mixture in (8], and
experimental relationships were given for the vibrational temperatures in the N, and CO as functions of the
initial gas-dynamic parameters; from this result it is clear that for mixtures with large BNy Teo* may
greatly exceed T,. Generation was obtained for the CO of a CO—N, mixture in [9]. The parameters em-
ployed were T, ~ 2000°K and Py~ 100-250 atm, in agreement with Eq. (9).

Let us apply the same type of consideration to a CO,— HCl mixture. We shall assume that the temp-
eratures of the deformation (shear) and symmetrical vibrations of CO, are close to the gas temperature,
which is certainly true for high T, when the relaxation rates are high. Thus, in the same way as before
we shall consider two oscillators: the asymmetric vibrations of CO, and the HCI molecule. It is well known
{10] that HC1 relaxes quite strongly: however, even in this case V—V exchange takes place faster {11]. We
may therefore make use of Eq. (3); the time 7%% corresponds to the time required for the energy of the
asymmetric mode to pass to all the remaining vibrations of CO,. We obtain analytical expressions for
PHC1 -HCI anq pCOz-C02 on the basis of the experimental data of [12] in the form of Eq. (10), and assume
that PCOZ"COZ PCOZ"HCI PHCI'COE ~4PHC1 ~HC1 {11]), In the temperature range 700-2000°K, by using

the results of [10] we have

PHCIFHC L 72104 T exp (— 58.3 T") cmd/sec
while for CO, from [12]
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PE . 1.3.40°9 T exp (—-38.3 T-) cm¥/sec

Substituting these expressions into Eq. (3) and integrating, we obtain €00, as a function of the gas
temperature (Fig. 2, curve 1; the result is given for a mixture of CO,: HCl= 1: 10, Tj= 2000°K, Ry = 0.1 ¢m,
Nto,= 10" em™%). We see a slight rise in TCOZ {curve 2), which does not occur in the pure gas. However,
in view of the relatively high rate of V~T relaxation the rise in the vibrational temperature is fairly small,
while on increasing the parameter RyNgp, above ~5- 10" cm™%, no rise occurs at all and Tco, falls to
TC02*’ the value of which is determined by the specific value of R[)N‘boz-

Nonresonance exchange "operates” more effectively if vibrationally excited HC] molecules are formed
as a result of a chemical reaction; the most important links in this reaction include the processes

H, + Cl = HCl + I (12)
X
H + Cl, = HCl* + Cl (13)

Let us assume that conditions conducive to the effective formation of atomic chlorine are provided
(for example, by means of ultraviolet radiation, decomposing the Cl;). Then reaction (12) will take place
vigorously, with the formation of the H required for (13), so that the H and Cl, concentrations may be re-
garded as only weakly dependent upon temperature. In this case the equilibrium of reaction (13) is moved
to the right, and the equation determining the change in the density of HCI* takes the simple form

d¥ye1 ) on Cp Mo NP
(<o) N Neik
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In the temperature range 700-2000°K the velocity constant of reaction (13) is excellently approximated
by K=2.8:10"" cm¥sec. On these assumptions we obtain
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Substituting (15) and (16) into (3) and integrating with respect to temperature, we obtain the result
giveu in Fig. 2 (curves 3 and 4; the calculations are performed for a mixture with B&Cl = 10 with Ty= 2000°K,
Ry= 0.1 em. Ngg = 107 em™’, x = 0.2, D= 2-10). As in the case of the CO-N, mixture, the rise in the vi-
brational temperature as a result of nonresonance exchange is limited by the increasing value of Ty {(bro-
ken curves in Fig. 2). Any increase in the initial density N"co2 leads to a fall in TCOq* . However, in the
present case this density may be 5-10 times higher than in the absencc of a chemical reaction. Thus for

RONE;O2 ~5.10"® cm™? there is no rise in the vibrational temperature, hut the value of TC*02 ~T, is high

enough to obtain an inverted population between the different vibrational modes. For RNEO 3108 em~?
there is no inversion. and in orderto obtain the latter it is necessary to increcase the intensi%y of the chemi-
cal reaction (for example, by increasing the parameter D).

It should be noted that in the present case, in which the reaction involves the participation of atomic
and molecular hydrogen which may also accelerate vibrational relaxation, the value of Tc();" will he some-
what lower than that given in Fig. 2. However, the quasi-equilibriwmn density of these comvponents is quite
low, since they take part in a chain of reactions, and the corresponding corrections are small.

Thus we have established the limits of applicability of Eq. (3) and indicated the range of variation
of the parameters within which the mechanism of nonresonance exchange "operates" effectively, so that in
a number of cases it allows extremely high initial pressures. The use of chemical reactions in expanding
gas flows enables us to increase the density still further. On the basis of the reiationships here obtained
we may choose a mixture of molecules for which the principal mechanism determining the vibrational temp-
erature is nonresonance exchange (here, however, we must know the probabilities P and Q).

The authors are grateful to B. F. Gordiets for discussions and useful advice.
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