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Abstract

A shock tube-driven CO~Ny-He gasdy laser employing a two-dimens ! wedge nozzle is descnibed. The
gain produced due to the expansion of the laser gas mixture compressed and heated due to the shock-wave propa-
gation is measured using a weak probe signal at 10.6 um for various gas mixture compositions and shock Mack
numbers The expected optimum gain from this laser system is estimated using the gain optimization analysis
presented here The variation on the measured small-signal gain shows a concordance maiching trend with the
predicted values for different gas compositions and system parameter combinations. A highest gain of 1.53 m™ 15
achieved for the gas composition of CO1-Na:He = 11.5:50:38 5(%), reservorr pressure, 5.8 atm, and temperature
1218 K.
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1. Intreduction

The idea of creating a population inversion in molecular systems by gasdynamic means
was suggested, in its most general form, by Basov and Oraevski'. They suggested that
the population inversions could be created by rapid heating or cooling of the molecular
system. Applying this idea to a specific system of N,—CO, mixtures, Konyukhov and
Prokhorov” suggested that a population inversion could be achieved by rapid expansion
of the mixture through a supersonic nozzle. A similar approach was suggested by Hurle
and Hertzberg® for achieving an inversion in Xe. Ultimately, the first gasdynamic laser
(GDL) was built in 1966 at AVCO Everett Research Laboratory using a gas mixture of
CO,-N,-H 0% Presently GDLs are capable of producing nearly diffraction limited beams
of power levels in the MW range’.

Since the first demonstration in 1970, GDLs have been studied extensively and the
salient features of these studies are summarised by Anderson® and Losev’. Lasing
through gasdynamic means has been observed in many molecular systems including
€03, N20%, CO® and CS,'™"". In addition to the osciilation at 10.6 um COs, GDL lases

at 9.4 and 16 pm which has many applications, such as laser isotope separation'?™'%,

In general, the performance of a GDL is characterised through small-signal optical
gain and optical output parameters. It has been established that the performance charac-
teristics of a GDL depend on a large number of parameters like gas mixture composition,
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initial conditions {pressure Py and temperature Ty at the reservoir), size and contour of
the nozzle, etc. To choose optimal operating conditions for a GDL we must know how
these parameters affect its characteristics. This is achieved theoretically by optimising
the performance with respect to various system parameters such that the analysis enables
the prediction of a combination of these parameters to yield an optimum value for small-
signal optical gain. This type of gain optimization studies have been carried out exten-
sively'* 2%,

The aim of this paper is to present the experimentally measured optimum smali-
signal gain, in a shock tube-driven CO,-N;-He GDL, employing a two-dimensional
wedge nozzle. The results are compared with the theoretically predicted optimum gain
values based on similarity transformation technique'®. Detailed description of the shock
tube-driven GDL is presented before describing the technique employed to measure the
small-signal gain. The gain optimization technique is also briefly described. The results
are presented in the form of graphs.

2. Shock-tube-driven GDL

The basic principle of the GDL is to expand a hot laser gas mixture from a reservoir at
high pressure through a supersonic nozzle to a high Mach number to achieve population
inversion downstream of the nozzie. In the shock tube-driven GDL (Fig. 1) the reservoir
conditions of high temperature and pressure are achieved by the propagation of a shock
wave through the CO,, N, and He gas mixture in the driven section of the shock tube.
The shock tube is a stainless steel tube of internal diameter 0.165 m and wall thickaess
of 0.019 m. Thin-film platinum ganges mounted 50 cm apart on the tube are used to
measure the shock speed while the piezoelectric pressurc transducer mounted at the end
of the tube is used to monitor the pressure developed in the laser gas mixture due to the
passage of the shock. An 8-cm-wide (wo-dimensional convergent-divergent wedge noz-
zle of exit area ratio 128 with a throat height of 1 mm is inserted at the end of the driven

section of the shock tube, as shown in Fig. 1. The design details of the nozzle are shown
in Fig. 2.
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Fic. 1. Schematic diagram of shock tube-driven gusdynamic laser.
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FiG.2. Design details of the two-dimensional wedge nozzie.

Four observation ports with AR-coated ZnSe windows are provided for the gain
measurements downstream of the nozzle throat. The small-signal gain of the laser is
measured by passing a 10.6 ym probe beam of intensity I, from a waveguide CO; laser
(Edinburgh Instruments Ltd) through the laser medium. The increase in the beam in-
tensity Afy is measured using liquid nitrogen-coeled HgCdTe detecter. The schematic
diagram of the small-signal gain measurement setup is shown in Fig. 3. The data is ac-
quired on multichannel transient recorders (Data Lab, UX) and processed on a mini-
computer (HP).

The laser gain was measured at two ports situated in the expanding portion of the
nozzle corresponding to the area ratio of 72 and 119 where the corresponding flow Mach
numbers are 6.44 and 7.22, respectively. The output of the probe laser was tuned to

= 20 rotational line using a diffraction grating. The beam was prepositioned properly
to account for the small fore-and-aft motion of the shock tube during the run. The
fransmitted laser beam (1.3 mm dia) was then spread out by striking a diffuse reflector
so as to bathe the 1 x 1 mm active arca of the detector with near uniform laser beam in-
tensity. This permitied the detection of small changes in the laser signal (~ a few per
cent} which were otherwise sensitive to tube vibration and beam deflection due to re-
fraction caused by density gradients in the nozzle flow. The probe signal was chopped at
3 KHz frequency to provide the Initial base line corresponding to the intensity /o.

3. Theoretical analysis of the optimum gain

The expansion of the CO,, N,, and He gas mixture through the supersonic nozzle is gov-
erned by the usual mass, momentum and cnergy conservation equations and the equation
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FiG.3. Schematic dsagram of small-signal gain meas-
urement arrangement 1 a gasdynamic Yaser.

of state. The vibrational energy exchange occurring through bimolecular collisions in
the mixturc, during expansion, is accounted for by considering an additional set of
equations governing the relaxation of vibrational energy due to these coilisions. Thus the
fundamental governing equations for the GDL are®,

puA = constant [}
udu + dP/p =0 . (2)
Y26+ (1 + 0y T+ e, = constant )
P=pT “)
and

wdlefdv=Llw's t7) (e — (e)],. i=111 5)

where all the quantities except the primed ones are in nondimensional form. Here g, P,
T and u are the demsity, pressure, temperature and velocity of the gas mixture, respec-
tively. A is the local nozzle area ratio, L, the nozzle shape parameter, o =2.5
X+ Xy + 06X, 17 (=111 are the effective vibrational relaxation times of simpli-

fied vibrational modes of the CO,-N, system, respectively, with the corresponding spe-
cific vibrational energies.
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() =X¢ {6 [exp(@/T)—-11"" +2 & [exp(6o/Ty)~11"} (6)

(e = Xe 85 lexp{O/Ti=11" + (Xu/X¢) 6y lexp(Gu/Ti)-117"} (7

where 6,(i = 1, 2, 3 ) are the characteristic vibrational temperatures of three vibrational
modes of CO, molecule, 8y, the corresponding value for the vibrational mode of N,
molecule, 77 and T)) are the effective vibrational temperatures of modes I and {1, and X¢,
Xy and X are the mole fractions of CO,, N; and He gases, respectively.

21

Following the method developed earlier,” eqns (1)—(5) are reduced 1o a universal
form such that the solutions depend on a single universal parameter ¥; which combines
all the other parameters of the system. The reduced equations in the universal form are,

Y0 AWAEX ¢ 1G) ddydE + Gy dp/dé] = 0 (8)
dyn/dé = (KN, exp L+ E(1-1/ij)-2.730y""*] (E~E)/G 9@
don/dé = (KywiIN,) exp [y + 6.46 E(1-1/1)-14.31y"'} (E-E)/Gly (10)

where y and ¢ and ¢, are the normalised (with respect to 8y ) translational temperature
and the vibrational temperaturcs of modes I and Ii, respectively. The definition of the
other terms is as in Reddy and Shanmugasundaram?’.

The universal parameter 7, is defined as,
X = 1n{[11;L’97v (p,m)“3]/[(1?;,,)”2(1;;)3”(1_555>< 10‘“)} an

where the values ! = j = | stand for wedge nozzle, and
o =0.686-8.0x 107 7. (12)

Thus ¥ can be computed for each run of the GDL by using the measured values of £ as
here and T (Ps and Ts). The governing equations can be solved for w, ¢ and ¢y as
{unctions of the independent variable &, which varies along the nozzle axis, at prescribed
values of x;. These solutions are further used to compute the small-signal gain using the
foliowing relation

Gulm = 9.77 [exp(-6:/¢n) — exp(=8i/¢) | exp(-0.0703/w){ Q. uP(X,) w7} (13)
where (,,, is the vibrational partition function of the CO. molecule, 8] =87 /&) and
PUX,) is given by,

P = 1 +0.7589 Xo/Xe + 0.6972 Xp/X . (14

For any given gas mixture of CO,, N> and He, eqns (8)—{10) are solved simultaneously
using the modified fourth-order R—K-G method. A typical variation of the flow
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FiG.4. Variation of the temperatures and the small-signal gain along the nozzle axis.

quantities ¥, ¢r and ¢y is shown in Fig. 4 along with the small-signal gain G, obtained
from these equations. These results clearly indicate the early freezing of the vibrational
temperature of the upper laser level while that of the lower level follows closely the
translational temperature along the nozzle axis, thus resulting in the creation of popula-
tion inversion leading to a positive small-signal gain which shows a peak value which
occurs at a small distance downstream of the nozzle throat.

4. Results and discussion

The aluminium diaphragm separating the driver and the driven sections and the thin
paper diaphragm separating the driven section and the nozzle-dump tank assembly are
inserted before starting the experiment. Care is taken to clean the aluminium diaphragm
thoroughly such that all the aluminium particles which are produced during the groove
cutting are removed completely. The driven section and the dump tank are evacuated to
a very low pressure ~0.1 torr. The driven section of the tube is then filled with the mix-
ture of CO3, N, and He gases in the known ratio up to a typical pressure ~100 torr. The
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driver section of the shock tube is then pressurised by feeding room-temperature He gas
at high mass flow rate from high-pressure cylinders. The pressure difference across the
diaphragm ruptures it instantaneously creating a shock wave which propagates into the
laser gas mixture.

The pressure behind the reflected shock wave, the shock Mach number, and the
small-signal gain was measured for various gas mixtures. The corresponding universal
parameter ¥; for each gain measurement was calculated using the measured flow quanti-
ties in eqn (11). To ensure that the probe signal amptlification was only due to population
inversion in the CO, gas a few measyrements were made with pure N, gas in the driven
section. In all these measurements no positive gain values were obtained which con-
firmed the general integrity of the gain measurements. The variation of measured small-
signal gain values with the universal parameter for various gas mixture compositions is
presented in Figs 5-8 along with the theoretically estimated optimum gain values. It is
seen that appreciable gain values are obtained for all the gas mixture compositions and
the highest value of 1.53 m™! is obtained for the composition CO.:Ny:He=11.5:50:
38.5(%) with the reservoir pressure and temperature of 5.8 atm and 1218 K, respec-
tively. In addition, the experimental values match well with the predicted values. How-
ever; it is seen that the measured gain values do not match the corresponding optimum
values estimated from the theory presented here. This mismatch may be due to the
following reasons. The small-signal gain (eqn. (13)) is derived assuming Lorentzian line
shape due to collision broadening. However, at very low pressures as found in the GDL
cavity situated downstream of the nozzle throat, the line shape is dominated by both
collision and Doppler broadening. Thus the gain equation should be suitably modified
assuming Voigt function for the line shape”. This may reduce the predicted gain
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values up to 30%, as shown in Shanmugasundaram and Reddy™, thus reducing the
difference between the measured and the predicted values noticed in Figs 5-8. In addi-
ton, the differences may also be due to the jumping of the probe Jaser wavelength
to different rotational quantum numbers and uncertainties in the measurement of laser

gas mixture compositions. The agreement can be improved by eliminating these discrep-
ancies.

S. Conclusions

The design and fabrication of a shock tube-driven CO,-N,-He GDL operating at 10.6 ym
is described in detail. The laser employs a two-dimensional wedge nozzle to achieve
population inversion. The small-signal gain values are measured for different gas mix-
ture compositions using a very low-power probe signal from a CO» waveguide laser.
Highest small-signal gain of 1.53 m™ is obtained for the mixture composition of COx:
No: He = 11.5: 50: 38.5(%) for the reservoir pressure and temperatures of 5.8 atm and
1218 X, respectively. Theoretical analysis of the gain optimization in GDLs is described
based on the similarity transformation technique. The experimental results are compared
with the theoretical gain values for various gas compositions. The measured gain values
exhibit variation similar to predicted values.

The measured performance of the laser is not matching well with the corres-
ponding predicted optimum performance. This mismatch can be eliminated by incorpo-
rating line broadening effects in the analysis and also by using a probe laser tunable over
different rotational lines. A simple power estimation shows that a peak power of

~0.34 kW can be obtained from the GDL at 10.6 ym using an output coupler of 95%
reflectivity.



GAIN MEASUREMENTS [N A SHOCK TUBE-DRIVEN GASDYNAMIC LASER 515

References
1. Basov.N G. anp ORaEvski, A N.
2. KonNyukHOov, V. K. AND PROKHOROV, A. M.
3. HurLg, [. R, AND HERTZBERG, A
4 Gerry,E T.
5.
6. ANDERSON. L. D R
7. LOSEV, S. A.
8. Reppy,K P 1.
9. McKe~ziE, R. L.
10 Gavrikov.V. F . DroNov, A, P.,
OrLOv, V K. aNp PiskuNov, A K
11. Reppy, K. P.)
12. CHAKRAVARTY, P.. REDDY, N. M.
aND REDDY, K. P.J.
13. CHAKRAVARTY, P., REDDY, N. M. aND
Reppy,K P.J.
14, CuHakravarty, P, ReppY, K. P. J.
AND REDDY, N. M.
15. CHAKRAVARTY, P, REDDY, N. M.
AND REDDY, K. P. I
16. CHAKRAVARTY, P, REDDY, N. M.
AND REDDY, K. P.J.
17. CHAKRAVARTY, P., REDDY, N. M
AND ReDDY, K. P.J.
8. CHAKRAVARTY, P., REDDY, N M.
AND REDDY, K P.J.
19. Losev, S. A. AND MAKAROV, V. N.
20. McManes, 1. L aNB ANDERSON, ], DL I
21. REPDY, N. M. aND

SHANMUGASUNDARAM, V.,

Attainment of negauve temperatures by heating and coohing a
system, Sov Phvs JETP, 1963, 17, 1171-1174.

Popalation inversion wn adiabatic expansion of a gas mixture,
J ExplTheor Phys Leir., 1966, 3, 286-288.

Electronic  population raversion by fluid-mechanical tech-
niques, Piys Flinds, 1965, 8, 1601-1607.

Gasdynamic lasers, JEEE Spec., 1970.7.51-58.

APS Study Scieace and technology of directed energy weap-
ons, Rev Mod. Phys., Part 11, 1987, 59, S9-S67.

Gasdvaamic lasers  An miroduction, 1976, Academic Pres

Gasdynamtc lases, 1981, Springer Verlag,

Time dependent analysis of an N2O gasdynamc laser, AJAA J..
1989, 27, 1387-139¢.

Diatomic gasdynamuc tasers, Pays Flads, 1972, 15, 2163—
2173

Carbon disulfide gasdynamuc laser. JETP Lett , 1976, 23, 595—
596.

Dual wavelength CO:-N:-CS.: gasdynamic laser. Appl Phys
Lest., 1988.52, 1379-1381.

A study of the ¢ffect of N reservou temperature on a 6-pm
C0,—N: downstream mixing gasdynamie laser, Opr Commun..,
1986, 58, 130--132

Two dimensional analysts of 2 {6-pum CC» downstream-mixing
gasdynamic laser, AJAA J (1987, 25, 713720

Performance charactertsues of a 16-ym CO» downstream mix-
ing gasdynamic laser, J. Aero Soc India, 1988, 40, 243-246.

Evaluation of downstream-muxing scheme for 9 4-pm COs
gasdynamic laser, Prantana, 1990, 34, 333--345.

Analysis of cascade pumped 16-gm CO,-N: downstream-
mixing gasdynamic laser, App! Phys Letr., 1990, 57, 852-
854.

Power extraction studies m a CO» gasdynamic laser, J App!
Phys (1991, 69, 3800-3806.

Power cxtraction studies in a downstream-mixing gasdynamic
laser: Further results, ATAA Paper No. 91-1507, 1991,

Optimezation of the gain of 2 carbon dioxide gasdynamic laser.
Sov J Quani. Electron., 1975, 4, 905-909.

Correlation for gasdynamuc laser gain, ATAA J, 1976, 14,
17701771,

Theoretical gain-optimization studies in CO,-N: gasdynamic
lasers. I, Theory, f. Appl. Phys . 1979, 50, 2565-1575.



516

22.

23.

24.

25.

26.

27,

28.

K.P.J. REDDY AND N. M. REDDY

Reppy, N. M. anp
SHANMUGASUNDARAM, V.

SHANMUGASUNDARAM, V. AND
RepDY, N. M.

ReDDY, K. P. J. AND REDDY, N. M.

Reppy, N. M. aND ReDDY, K. P. J.

Reppy, K. P. J. AND REDDY, N. M.

Reppy, N, M., REppY, K. P. J. AND
Prasap, M.R. K.

REDDY, K. P. J. AND PRASAD, M. R. K.

Theoretical gain-optimization studies in CO;-N, gasdynamic
lasers. 11 .Results of parametric studies, J. Appl Phys., 1979,
50, 2576-2582.

Theoretical gain-optimization studies in CO,-N; gasdynamic
lasers. ITL. Inclusion of line shape effects, J. Appl. Phys., 1980,
51, 5615-5623.

Theoretical gain optirnization studies in 10.6-um CO2~N; gas-
dynamic lasers. IV. Purther results of parametric study, J.
Appl. Phys., 1984, 55, 51-54.

Theoretical gain optimization studies in I16-pm CO-Np-H,
gasdynamic lasers, AJAA J., 1985, 23, 883-888.

Review of theoretical gain optimization studies in 10.6-um
COz-N, gasdynamic lasers, Pramana, 1985, 25, 101-117.

Theoretical gain optimization studies in 16-pm COx~Na-H,
gasdynamic lasers employing two dimensional wedge nozzles,
AlAA J., 1986, 24, 2045-2046.

Gain optimization of an N;O-N»~He gasdynamic laser, J.
Aero. Soc. India, 1991, 43, 5~12.



