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The results of an experimental and theoretical investigation of the amplification factor of a C0 2 +N 2 +He mixture expanding
in a supersonic jet located at the end of a shock tube are reported. Good agreement between the experimental data and results
of the theoretical analysis is obtained.

THE general idea of producing inverted population in
gases by an abrupt change in the temperature was discussed in[l' 2l. The first indication of the possibility of
obtaining inverted population by adiabatic expansion of
a C02 + N2 gas mixture is contained inr 3 • 4 l. Lasing by
gas expansion through a nozzle and a slit was observed
experimentally inrs,sJ. The amplification of the medium
was investigated at temperatures not exceeding
18QQoK[6-BJ,
In the present study, we determined the gain of the
mixture of 10% C02 + 40% N2 + 50% He expanding
supersonically in a wide range of stagnation temperatures, To= 800--3100°K, and compared the results
with the calculated values obtained on the basis of the
method proposed by us earlierr 9 l, A comparison of the
experimental and theoretical data on the expansion coefficient in the temperature interval 800-900°K was
made also by Lee and Gowen raJ, who referred, however,
to unpublished calculations by Anderson.
The experimental study of the gain was made with a
setup shown schematically in Fig. 1. It consisted of an
aerodynamic shock tube and an optical system with the
aid of which the gain was measured.
The aerodynamic shock tube, a detailed description
of which is given inP 0 l, consisted of a shock tube
proper 1, a receiver 2, and a supersonic nozzle 3
placed at the end of the shock tube. Prior to the experiment, the entry into the nozzle was covered with a
membrane, making it possible to pump out the shock
tube and the receiver separately to specified values of
the pressure. After the evacuation, the low-pressure
chamber of the shock tube was filled in all experiments
with the mixture at the same initial pressure, P 1
= 0.22 atm.
When the shock wave was reflected from the end of
the shock tube, the membrane was broken and the investigated gas mixture, heated by the reflected shock
wave, expanded through the supersonic nozzle into the
receiver. The nozzle had a complex configuration, with
the Laval nozzle going over at a certain distance from
the critical section into a tube with a conical profile
and a small aperture angle.
The gain of the investigated gas mixture was measured in the following manner. Continuous infrared
radiation (A = 10.6 J..i.) from C02 laser 4 passed through
sighting windows of KCl perpendicular to the gas-mixture stream and was gathered with the aid of lens 6 on
to the receiver 7, comprising a Ge-Au photoresistor.
A diaphragm 9 placed ahead of the lens limited the in447
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FIG. I

FIG. 2

tensity of the spontaneous emission of the investigated
mixture. The signal from the receiver was fed to
oscilloscope 10. The minimum measured gain in our
experiments was determined by the receiver noise and
by the laser-radiation fluctuations, and amounted to
0.1% over a path length of 6 em. To eliminate the influence of the instability of the IR radiation on the
measurement accuracy, some of the energy was diverted
from the beam with the aid of a plane-parallel plate 8,
was interrupted by an obturator 5, and was registered
by the Ge-Au receiver 7, the signal from which was
then fed to the oscilloscope 10.
A typical gain oscillogram is shown in Fig. 2. In
this experiment, the stagnation temperature and pressure of the gas behind the front of the reflected shock
wave were 1750°K and 15 atm, and the gain K was
close to 3 x 10- 3 cm- 1 , It is seen from Fig. 2 that the
gain of the mixture remains practically constant for
1.5 msec (the scale is 0.5 msec/div), after which it
decreases sharply and turns into absorption. The
typical form of the oscillograms in all these experiments remained approximately the same, with the exception of the pulse duration, which decreased significantly with increasing shock-wave velocity.
To eliminate the influence of the spontaneous radiation on the value of K, we performed a series of measurements of its intensity. In these experiments, the
radiation registration system was the same as before,
with only the C02 laser left out. The experiments have
shown that spontaneous emission in the infrared region
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of the mixture expansion.
The estimates have shown that under the conditions
of our experiments, the function S(v- v0 ) was determined simultaneously by the Doppler and collision
z,o
broadenings. We therefore used the Voight functions
0
to determine the emission line widths.
The gain was calculated for the line center (v = v 0 ),
.
v'J'
Oo
under the assumptwn that AvJ = 0.2 sec· 1 • For comparison with the experimental data, the results of
(J ~~--~~---~~--~--~-these
calculations are represented by the continuous
!P:!J
J.f(JJ
Zf!!i/J
ZJPIJ
J/JfJIJ
curve in Fig. 3, It follows from the analysis of Fig. 3
ro:K
that the experimental and theoretical values of the gain
FIG. 3
agree well not only in the character of the temperature
can be registered only at T 0 > 2000°K, Thus, for exam- dependence, but also in absolute value.
ple, at To~ 2200°K, under conditions of our experiThus, our experimental investigation of the gain of
ments, the intensity of the spontaneous emission is less
the C02 + N2 +He mixture confirms the correctness
than 5% of the intensity of the stimulated emission and
of the fundamental physical premises on which the
reaches 30% at T 0 ~ 3000"K.
'
theoretical analysis inf 9 l is based. This enables us to
The results of the experimental investigation of the
calculate theoretically, with sufficient reliability the
gain of the gas medium as a function of the initial tern-·
optimal conditions for obtaining the maximum galn of
perature To are shown in Fig. 3 (the stagnation-temC02 + N2 +He mixtures.
perature values shown on the plots were calculated
It should be noted in conclusion that inasmuch as the
with allowance for excitation and dissociation of the
gain K is determined, in addition to othe·r factors, by
components). For the nozzle geometry and mixture
the population of the vibrational levels of the molecules
composition chosen by us ( 10% C02 + 40% N 2 + 50% He)
and by the total density of the particles, and under the
the quantity K goes throu1~h a maximum at To~ 1800°K:
conditions of our experiments these two parameters
The maximum value of the gain is approximately
depend
on the intensity of the shock wave and conse~ x 10-3 cm· 1 • The reason for such behavior of the gain
quently on the gas temperature, it follows that for a
1s as follows. When the temperature is increased from
comparison of the data of others it is desirable to use
800 to 1800oK, the populations of the asymmetrical
the amplification cross section a ( cm 2 ), i.e., the gain
valent and deformation oseillations increase and their
per gas particle. In our experiments, the gas density in
difference also increases. With further incr~ase of the
the region of the nozzle, where the gain of the medium
temperature, the rate of deactivation of the asymmetriwas investigated (in the range T 0 = 800-2500°K) was
cal valent oscillation decreases considerably, as a redetermined approximately by the expression
'
sult of which the population levels of this type of oscil··
lation does not increase as rapidly as that of the deN ;o::; 3.35 · 10" ( 1 +~.36th T,~0 ~ 850 ) [em-'].
formation type. This leads to a decrease of K in the
Therefore the a( v) curve is similar in shape to the
region To> 1800°K. At To> 2700°K, a still greater
K( v) curve. The difference lies only in the fact that
decrease of the gain is observed, connected simultanethe a(v) curve has a more clearly pronounced maxiously with an increase in the temperature and in the
mum, which is shifted somewhat towards lower temdegree of dissociation a of the C0 2 molecule. Thus,
peratures.
for example, whereas a amounts to approximately
The authors are deeply grateful to Yu. P. Ra1zer for
20% At To~ 2700°K, it reaches 40% at To = 3100°K,
a discussion of the results
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where S( v - vo) is the fo:rm factor of the emission line
'
v'J'
AvJ is the Einstein coefficient for spontaneous emission, nv' J' and nvJ are title populations of the vibrational-rotational levels, !~J' and gJ are statistical
'J'
weights, and v ~J is the transition frequency. The
rotational temperature of the C02 was assumed to
equal the translational temperature during the course
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