Investigation of light amplification in a pulsed
acetylene-air combustion gasdynamic laser
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The amplification coefficients of the combustion products of acetylene-air mixtures expanding in a
hypersonic jet are measured as functions of the suppression parameters and acetylene concentration
in the initial mixture. The maximal value of the amplification factor is 6 X 10~ cm™', which is
about 3 times greater than the theoretical values for the jet geometry employed. It is shown that
when a shock wave propagates in a gas with population inversion the amplification first increases

and then gives way rapidly to absorption.

The idea of producing inverted population in gases by
rapidly changing the temperature was advanced int"?
The possibility of obtaining inverted population by adia-
batic expansion of a CO; + N, gas mixture was indicated
inl32], Lasing was observed experimentally by expand-
ing gas through a Laval nozzle and a slit in!*"), Some-
what later (see“”), data were reported on a continuous
gas-dynamic laser (GDL) of high power, amounting to
approximately 60 kW with multimode laser operation.
The working mixture of this laser was pumped by burn-
ing carbon monoxide. Such pumping in high-power con-
tinuous GDL is, however, expensive and unpromising.
This is why recent research was aimed at ascertaining
the possibility of using the combustion products of hy-
drocarbon fuels as active laser media.

It was only a few years ago that the use of combus-
tion of hydrocarbons to obtain GDL working media
raised considerable doubts because of high concentra-
tion of water vapor in the combustion products of hydro-
carbon fuels, since water is highly effective in the de-
activation of the vibrational levels of the CO; mole-
cule. Recent investigations!®**! have shown, however,
that high-power GDL based on the combustion of hydro-
carbon fuels are quite feasible.

Tulip and Seguin[“’] recently measured the emission

gain obtained by expanding the combustion products of
CO + H, mixtures in a hypersonic nozzle of a pulsed
GDL, and also demonstrated the feasibility of lasing via
escape of the combustion products of a number of hy-
drocarbon fuels. An analysis of this study, however,
has shown that it has a number of significant short-
comings: First, the gains for the combustion products
of the hydrocarbon fuels were not measured; second,
no optimization was carried out with respect to the
stagnation parameters; third, the experiments revealed
excessively large fluctuations of the gain and power
signals, thus indicating the presence of methodological
errors; finally, judging from the oscillograms, the
maximum gain and power are obtained at the instant
when the pressure in the explosion chamber decreases
practically to zero, something which is at best not un-
derstandable. In the present paper we determine the
gain produced when acetylene-air-mixtures with differ-
ent compositions expand in a hypersonic nozzle, and
compare it with the theoretical values obtained by a
previously proposed method!*'). Acetylene was chosen
as the fuel because of two circumstances: first, its
combustion products contain the minimum amount of
water vapor per produced CO: molecule, and second, its
combustion rate greatly exceeds that of other hydro-
carbons.
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The experimental setup is illustrated in Fig. 1. It
consisted of a combustion chamber 1, a flat-throat
supersonic nozzle 2, a vacuum chamber 3, and an opti-
cal system for registering the gain. Prior to the experi-
ment, the entry into the nozzle, on the combustion
chamber size, was covered with membrane 4, making
it possible to evacuate the chamber to a specified
pressure. The combustion chamber was then filled with
an acetylene-air mixture of definite composition, after
which the mixture was ignited by spark plug 5 and the
combustion front propagated through the chamber. As
a result, the pressure in the combustion chamber in-
creased to a certain maximum value at which the mem-
brane broke and the combustion products expanded
through a flat-throat supersonic nozzle into the vacuum
chamber. The height of the critical nozzle cross sec-
tion was 1 mm, the width of the nozzle was 14 cm, and
the half-angle was 15",

The gain was determined by sounding the gas stream
with a beam from a low-power laser 6 in a direction
perpendicular to that of the gas motion. The sounding
was behind the end of the nozzle. The radiation of this
CO; laser (power 2 W) passed through salt windows and
through the stream, was gathered by lens 7, and was
registered by the GeAu photoresistor 8. To exclude the
influence of the spontaneous emission on the registered
signal, diaphragm 9 was placed ahead of the lens. Con-
trol experiments have shown that the spontaneous emis-
sion of the investigated mixture lies beyond the sensi-
tivity limit of the recording system. To take into ac-
count the influence of the possible instabilities of the
sounding-laser beam power on the results, a fraction of
the energy of this beam was diverted with the aid of a
plane-parallel plate 10, was interrupted by chopper 11,
and was registered by a second GeAu receiver.

The combustion process and the parameters of the
combustible mixture were monitored with a calibrated
piezoelectric pressure pickup 12 installed in the com-
bustion chamber. By recording the pressure we were

FIG. 1
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able not only to determine the stagnation parameters,
but also to follow their time variation. The stagnation
temperature prior to the breaking of the membrane was
calculated from the maximum value of the stagnation
pressure. The combustion-product temperature calcu-
lated in this manner was in good agreement with the
result measured temperature of the flames of acetylene-
air mixtures!!?,

One of the main advantages of the described pro-
cedure is that it is possible to register simultaneously
the pressure and gain signals, so that in fact a single
experiment yields a large amount of information con-
cerning the dependence of the gain of the gas mixture
on the stagnation parameters.

Figure 2a shows oscillograms of the pressure and of
the gain of a 6% acetylene-air mixture. In this experi-
ment, the temperature and the stagnation pressure of
the combustion products at the initial instant prior to
the breaking of the membrane were 2250°K and 22 atm,
respectively. The amplification in this experiment was
maximal and amounted to 8.4%, and while the gain co-
efficient was k = 6 X 10"° cm™. From the oscillograms
of the signals shown in Fig. 2a it follows that the am-
plication of the gas mixture begins immediately after
the breaking of the membrane. The gradual decrease
of the stagnation pressure in the compression chamber,
due to the escape of the combustion products through
the nozzle, leads to a rapid growth of the gain. The
gain reaches a maximum at a combustion-chamber
pressure on the order of 7—8 atm. The gain decreases
gradually during the course of the subsequent expansion
of the combustion products.

The oscillograms retained approximately the same
shape in the entire series of experiments in which the
acetylene concentration in the initial acetylene-air
mixture was varied. In some experiments, however, we
observed a curious picture of the gain signal, such as
in Fig. 2b (in which, in contrast to Fig. 2a, amplifica-
tion corresponds to a downward deflection of the beam)
namely, the drop of the gain signal at the end of the
expansion (arrow 1) was followed by a peaked increase
of the amplification signal (arrow 2) and in turn by a
rather abrupt decrease turning into absorption (arrow 3).
The apparent reason for this effect is that as the com-
bustion products expand through the supersonic nozzle
the vacuum chamber becomes pumped by the combustion

FIG. 2
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products, and at a certain instant of time the counter-
pressure results in a shock wave that propagates
towards the nozzle. The passage of this wave through
the section in which the sounding takes place causes
first an increase of the gain signal, and then a sharp
decrease that turns into absorption.

The increase of the gain directly behind the front of
the shock wave is due to the increase of the gas density
was a result of the shock compression in the front of
the shock wave while the molecules retain practically
the same distribution over the vibrational levels as
ahead of the shock-wave front. Subsequently, however,
as a result of the increase in the translational tempera-
ture and density behind the front of the shock wave, the
excited states relax and the translational temperature
and density accordingly assume new values, leading to
an underpopulation of the lower laser level, to a rapid
decrease of the gain, and even to a change from ampli-
fication to absorption. In fact, the gain of light of fre-
quency v can be expressed in the form

Ac? Av(In2)" (v —w,) (In2)"
8nviAV’ AV’ AV’ ]
where A is the Einstein coefficient for the spontaneous
emission, ¢ is the speed of light, v, is the transition
frequency at the line center, Ay and Av’ are the
Lorentz and Doppler line widths, n, and n; are the
populations of the upper and lower laser levels and U
is the Voigt function. It is known that the Lorentz width
is proportional to the density of the gas, whereas the
Doppler width does not depend on the density. There-
fore, in the initial stage of the escape process, when
the level of the stagnation pressures is high enough, the
spectral line has a Lorentz contour, and in this case the
gain is practically independent of the pressure.

v
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Some influence of the stagnation pressure on the
gain can of course occur in this case, since the pres-
sure affects the rate of the relaxation processes during
the course of the expansion of the gas in the nozzle.
Thus, the increase of the gain with increasing pressure
after the start of the outflow is due to the fact that de-
activation in the collisions of the upper laser levels
comes into play at high pressures. At stagnation pres-
sures on the order of 7—8 atm, the conditions for the
amplification are optimal. At the end of the escape
process, when the stagnation pressure decreases to
4--5 atmospheres, the gain decreases, as expected, and
at such pressures the decisive role is assumed by the
Doppler broadening of the spectral line and, in addition,
at low pressures the populations of the lower level
occurs are quenched in a section located closer to the
throat of the nozzle.

Thus, when the stagnation pressure drops below
4--5 atm, a gradual decrease takes place in the inverted
population, owing to the decrease in the density, which
lead to a decrease in the gain if the line has a Doppler
contour. Directly behind the shock-wave front, however,
the gas becomes compressed, the density increases, and
this, naturally, leads first to an increase in the gain. In
fact, the ratio of the densities on the front of the shock
wave can be estiinated from the known expression for
the limiting case of a strong shock wave pz/p,
= (v +1)/(¥ - 1). If we equate the adiabatic exponent
to ¥ = 1.3, then the density ratio on the front of the
shock wave equals 7.6. At the same time, the broaden-
ing of the Doppler contour as a result of the increase of
the translational temperature when the gas passes
through the front of the shock wave is approximately

G. I. Kozlov et al. 42



1.6. It follows from these estimates that an increase of
the gain should be observed at low stagnation pressures
directly behind the front of the shock waves propagating
in the inverted medium, owing to the increased density.

Subsequently, owing to the increase of the density
and of the translational temperature of the gas, the rate
of relaxation processes behind the shock-wave front
increases and leads to an increase in the population of
the lower laser level. Consequently the inversion
vanishes and absorption is observed. Thus, in the de-
sign of gas dynamic lasers one must bear in mind the
aforementioned effects, which are connected with the
formation of shock waves in a stream of gas with in-
verted population.

The results of the measurements of the gain of the
gas medium as a function of the concentration of the
acetylene in the acetylene-air mixture are shown in

" Fig. 3 (dark circles). The concentration of the acety-
lene in the acetylene-air mixture was varied in the
range from 4 to 13%. At lower concentrations, the mix-
ture could not be ignited by our ignition source, and
noticeable soot production set in at concentrations
higher than 13%. All the experiments were performed
at an initial mixture pressure 3.0 atm. The same figure
shows a plot of the combustion temperature T aginst
the composition of the acetylene-air mixture (curve) in
accordance with the data of!*?/ and on the basis of our
calculations from the measured value of the maximum
pressure (light circles).

As follows from the diagram, for our nozzle the gain
decreases with increasing acetylene concentration in
the mixture, probably as a result of the increase of the
concentration of the water vapor in the combustion
products and the corresponding increase of the rate of
deéactivation of the asymmetrical valence vibration that
leads to a decrease of the inversion. When the acetylene
concentration was decreased below 4%, the gain should
also decrease since the combustion temperature in-
creases very rapidly, and this leads to a decrease in
the populations of the asymmetrical valence and defor-
mation vibrations and their difference.

Great interest attaches to a comparison of the ob-
tained experimental values of k with the calculated
ones. A method was proposed in!'*! for calculating the
level populations of different modes of vibrations of the
CO: molecules in the mixtures CO; + N, + Ag and CO;
+ N + H,O as they are expanded in hypersonic nozzles.
This procedure was verified by us earlier by comparing
the calculated values of the gain with the experimental
values obtained in experiments with an aerodynamic
shock tube for the mixtures CO; + Ny + He (seel'®)and
also for the mixtures CO, + N, + H,O containing up to
5% water vapor. Thus, the calculation procedure is not
subject to any doubt, and to compare the results of the
present experiments with the theory we calculated the
gain coefficients as applied to the conditions of our ex-
periments for combustion products of a stoichiometric
acetylene-air mixture expanding in a supersonic
nozzle; the equilibrium composition of the mixture was
CO::N>:H,0=2:10:1.

The results of the calculations are shown in Fig. 4
in the form of a plot of the gain against the distance
from the nozzle throat at a stagnation pressure 7.5 atm
and at three values of the stagnation temperature: 1500,
1750, and 2000°K. From the analysis of the presented
data it follows that k depends very little on the stagna-
tion temperature. The gain depends just as little on the
stagnation pressure in the region 5—10 atm. This was
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to be expected, for at such stagnation pressures, as
noted above, the spectral-line contour is determined
mainly by the collision broadening, and the gain depends
actually on the relative population inversion which in
turn depends little on the stagnation pressure.

k107 cm

—

If we compare the experimental and calculated values
of the gain we can conclude that the experimental re-
sults are 2—3 times higher than the calculated values.
Such a discrepancy is unexpected and greatly exceeds
the possible experimental errors or the uncertainty in
the theoretical calculations. It seems to us that this
discrepancy is of fundamental character and is due in
all probability to the fact that the combustion process is
not completed in the combustion chamber, but continues
during the expansion of the reacting mixture in the
supersonic nozzle, which in turn leads apparently to an
increase in the population of the upper laser level.

In conclusion, the authors are deeply grateful to
A. E. Abaliev for help with the construction of the ap-
paratus and with the experiments and I. K. Selezneva
for performing the calculations.

!N. G. Basov and A. N. Oraevskii, Zh. Eksp. Teor.
Fiz. 44, 1742 (1963) [Sov. Phys.-JETP 17, 1171
(1963)].
®I. R. Hurle and A. Hertzberg, Phys. Fluids, 8, 1601
(1965).
V. K. Konyukhov and A, M. Prokhorov, Inventor’s
certificate (patent) No. 223954, Priority 19 Feb. 1966,
Byull. Izobr. No. 25 (1968).
*V. K. Konyukhov and A, M. Prokhorov, ZhETF Pis.
Red. 3, 436 (1966) [JETP Lett. 3, 286 (1966)].
°V. K. Konyukhov, I. V. Matrosov, A, M. Prokhorov,
D. T. Shalunov, and N, N. Shirokov, ibid. 10, 84 (1969)
|10, 53 (1969)].
°D. M. Kuehn and D. J. Monson, Appl. Phys. Lett., 16,
48 (1970).
"A. P. Dronov, A. S. D’yakov, E. M. Kudryavtsev, and
N. N. Sobolev, ZhETF Pis. Red. 11, 516 (1970) [JETP
Lett. 11, 353 (1970)].
®E. T. Gerry, IEEE Spectrum, 7, 51 (1970).
°S. Yatsiv, E. Greenfield, F. Dothan-Deutsch,
D. Chuchem, and E. Bin-Nun, Appl. Phys. Lett., 19,
65 (1971).

3. Tulip and H. Seguin, Appl. Phys. Lett., 19, N 8, 263
(1971).

'N. A. Generalov, G. I. Kozlov, and I. K. Selezneva,
Prikl. Mat, Teor. Fiz. No. 5, 25 (1971).

2R, Smith, I, Manton, S. Brikley, and N. S. Bureau,
Mines Rep. Investig., N 5035, 1954,

G, V. Gembarzhevskii, N. A. Generalov, G. I. Kozlov,
and D. I. Roitenburg, Zh. Eksp. Teor. Fiz. 62, 844
(1972) |Sov. Phys.-JETP 35, 447 (1972)].

Translated by J. G. Adashko
9

G. I. Kozlov et al. 43



