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Gas Dynamic Lasers Pumped by Combustion
by
Piotr Wolanski

Warsaw Polytechnical Institute, Warsaw

Abstract: The gas dynamic lasers are discussed, in which the combustion
processes are used for thermal pumping. The energy system of CUZ' N2
molecules and the population inversion mechanism in the supersonic
nozzle are discussed. Lasers of existing types are analyzed in their

optimum operating conaitions, ano the prospects for the future progress.

Introduction

The possibility of crestion of the population inversion in the
rapidly expanding ges was first studied by Hurtle and Hertzberg (13).
They studied the electron leve! inversion in the expanding xenon.

The attempts for the experimental confirmation of their concept, however,
was unsuccessfu). Short)ly after Bascv (5), (&), and Konyukov (1&4)
showed, that the expansion of heated C02 - N2 mixture in the supersonic
nozzle can cause the population inversion cof the oscillalary levels in the
Cbz molecule. The laser acting on this principle is celled the thermally
pumped gas dynamic laser. It oiffers from the electrically (20) or
chemically (12) pumped lasers in which the gas flow is utilized for
carrying the lost energy, tempersture and mixing control, or to remove
the reaction products. In thermally pumped gas dynamic lasers, the
expansion ( in a centinuous flow) of hot gas mixture is primarily used
for obtaining the population inversion.

The most common thermelly pumped gas.-dynamic lasers are the one using
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the CO, - N2 mixture, with addition of helium or water vapor (7), (11),
(15), (18), (20) through (24). There are alsc the ges-dynamic lasers
using NO, - N, - He mixture (7).

There are several ways of heating the gas mixture. 1In laqgfatory
measurements, the most common method is to use the simple shock tubes,
in which one easily obtains high temperature and pressure. The dis-
aavantage of these oevices is the short work time. In the continuous
action lasers, the required medium temperature is obtsined using the
arc heaters (2), (7), (17) or by the combustion of certain fuels (11),
(12), (17), (22) through (24).

In this paper we will discuss the gas-dynamic lasers using the
combustion for creating the gas mixture and thermodynamic pumping.
For convenience, in the remainder of this paper, we will refer to

these lasers as the gas dynamic lasers.

1. The Analysis of Gas Dynamic Laser Action

In the working mixture cof the gas dynamic laser, the 002 molecules
play an active role. They are lineerly symmetric. In the ground level,
the two oxygen atoms are equally distant from the center carbon atom.
The possible oscillatory modes of such a molecule are shawn in Fig 1.
For the symmetric oscillastions ( Fig 1.b) the oxygen atoms move stmetrically
slong the molecule axis. In the case cf deformed oscillations ( Fig 1. c)
the atoms move perpendicular to the exis. This type of oscillations
can be decomposed intoc two mutually perpendicular osciilatory components.
For the asymmetric oscillations, the stoms move essymmetrically along
the axis. For these three types ( or moces) of oscillatory motions,

are
labelled V,, V,, V., there/assigned three energy quentum numbers p, q, T end
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the momentum quantum number }5 determining the type of deformed oscillatory
mode, The molecule state is described by the set of these numbers in a
following manner ( p, dfz r ). For example, if the molecule has only
one type of oscillation in VB mode, its sta@te is described by ( 0001 ).
Fig. 2 shows the oscillatary levels af CDZ and N2 molecules with
the most interesting transi?iona in this system (21). The nitrogen as
a simple, dietomic mu]acu]e:acharacterize‘ by & single type of oscillatory
motion.
In the nas dynamic laser there are many possible energy transfers
between molecules and within the CU2 mclecule itself. Nearly resonance
energy exchange takes place between the first ﬁscillatory enefgy level

of nitrogen and the first asymmetric oscillatory level of carbon dioxide.

This exchange can be expressed by the relation:

\

U
X

COLOID)+ Ny(1) 22 CO(001) + N,(0) - 18 om "

The energy from the levels CUZ ( Dd)l ) and Nz(l) can be lost by the
collison® with the not excited CD2 and N2 molecules, and with the helium
and water vapor malecules which, for simplicity, ere not included in
the scheme. Freeing the lower energy levels of CD2 (0!. 92) takes place
through the collisions with all components of the mixture. It is the
fastest, however, in the collisions with the water vapor molecules.

The laser emission takes place as a result of the trangition from
the first asymmetric cscillatory level (Udol) ( known as the upper laser
level) to the first symmetric oscillatory level ( IUPD) ( known also as
the lower laser level). In certain conoitions, the laser emission is

also possible for the (0001 ) o= (02°0) transition.
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The condition for the yas dynamic laser action is the rapid expansion

of the hot laser working mixture in thé supersonic nozzle. The result of
this process is the lowering of temperature and pressure in the time

interval shorter than the relaxation time of the 002 (00®1) and N, (1)

2
{g levels. Simultaneously, due to the helium and water vapor admixture, the
relaxation of the lower working levels is taking place, in about the

same or shorter time imterval than the time of the mixture flow through
the nozzle. As a result of rapid expansion, the upper laser levels are
unable to follow the rapid temper=ture and pressure change and become
"frozen". Since the relaxation time for these levels is long, their
population will remain unchanged even at consideraple distances from the
i nozzle.

The work principle of the gas dynamic laser is shown in Fig 3. (12).

The working mixture composed of 0.075(102. 0.913 NZ’ g.012 HZD at the

temperature of 1400°K is placed in the conteziner under the pressure of

i 17 ata. The expansion takes place in tre flat nozzle with the critical

cross section height h = 0.8 mm, and the ratio of the exhaust to the

critical cross section A/A* = 14. At the nozzle exhaust the Mach nuwbe; = b,
the pressure is abcut 0.1 ata, and the temperature is close to the

ambient temperature.

Fig 3 b. i'lusti=tes the energy distributicn of the laser mixture
into different degrees of freedom,in the different aress of supersonic
nozzle. In the stagnation area, most of the eneryy is ccncentrated in
the translational and rotaticnal degrees cof freedom. Only about 10% of
the eneryy is in the oscillatory state. Ouring the expansion in the
supersonic nozzle, the translationasl and relational energy converts

directly into the flow kinetic energy.
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If the cscillatory energy wes in the equilibrium state, it would then
dissipate in the nozzle. Sufficiemtly rapid expansion causes that the
oscillatory energy is "frozen" during the flow, and its cscillatory
temperature is typica) for a flow in the nozzleScritical cross section.

Considerinc the iryiainn in the discussed flow ( Fig 3; ), one can
see that the po:u]ationﬁ]owar levels exceeds the population of the
higher levels in the stagnation area ( which is typical for the gas in the
equilibrium state). At the initial expansion perioo,tne population of the
higher laser levels somewhat decreases, but it stazbilizes at the short
distance behino the nozzlescritical crousz section. 0Un the other hand, the
population of the lower laser levels drastically decreases and algmost
disappears at the short distance from the nozzlescritical cross section.
The water vapor or helium,frees the snergy from the lower laser levels.

The population of the upper laser levels ;} the nozzle exhaust is typical

for the gas at the temperature a 'ittle lower than the stagnation temperature,
and the population of the lower laser levels is typical! for the temperature

of the gas f'ow at the rnozzle. The inversioh state created at the nozzle

exit remains in the laser channel for & distance up to 1 meter.

Due to the relative high ogensity of gas mixture flow in the nozzle, it
is possible tc obtain very high power outputs from the unit volume of flow.
The amount of useful energy depenas on the energy stored in the excited
nitrogen molecules anu in the asymmetric oscillations of cerbon ddoxide.
The maximum possible energy output for the laser transition.can be expressed

by the following relatiom (assuming that the upper levels are frozen in

amounts characteristic for the stagnation temperature (12) ).

Eau = v [exp(3300/T,) - 1]
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where: h - Planck's constant
VvV - freqguency

Tst - stagnation tzmpersture.

For the mixture of 0.1 CO, and U.9 N,, heated to lbOUOH, this energy

2 2’
is 35 kJ per kilugram of the meocium. Of course, this energy cannot be
completely converted into ragiation. In the existing systems it is
possible to utilize only 15% of this energy (9). It is possible, that in

a short time this amount can be doubled cr triplad. This wil) dep=nd on

the design improvements to the gas-dynamic lasers.

The largest energy losses are taking place in the nozzle, dus to
incomplete "freezing" of oscillatory eneragy and the negztive effect of the
layer sdjacent to the wall (smearing effect). In order to minimize these
losses, the nozzle desiaon must be such,that at its critical cross section,
the freezing of upper laser levels is very rapid. This can be done by
designing the nozzle with small critical cross section. 1In such a nozzle
the gas quickly reaches the exit parameters.

In Fig &4 there are shown nozzle typei;';gst often in gas dynamic
lasers (11). Flat single slit nozzle, with a resonstor axis parallel to
the critical cross section slit ( Fig 4 a ) is relatively long. The studies
showed, that this nozzle shape doesn't lesd tc fast "freezing" of the upper:

laser levels and it causes the formation of very extensive wall layer.

The turbulent wall layer 18\0pt1ca]1y/very inhoncgegazgland causes per-
turbations in the resonater work. The nczzle array, in which the slits
are perpendicular to the resonator axis ( Fig 4 b) is much more useful.
In this system the wal) layer is much smaller. The turbulent traces,
formed behind the nozzle edge, have very small optical thickness and
disturb the resonator work te a much smaller degree.

In the laser cavity,the majority of energy is stored in nitrogen

oscillations. This energy must be transferrsd to the carbon dioxide during
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the flow through the rescnator. The length of the resonatcr mirrors should
be proportional to the flow velocity, anc inversely proporticnal to the
rate of energy transfer to the carbon dioxide. The length of the resonator
mirror calculated according to the zbove rule (11) bas too low a value,
since the rate of energy transfer N2 1) -—:»CDZ ( 00°1 ) is in the reality

1imited by the rate of energy relesse from the lower laser levels.

2. Modelling Studies

The gral! cof the gas dynamic lasers modelling,is the cetermination
of the optima) working parameters, and the verification of components
efficiency ( nozzle, resorator etc.) These stuoles are conducted with
the use of shock tubes (4), (10)5=(11), (12), (16) cor smezl) devices of
continuous action (4), (7), (1lb). The shock tubes, however, became  the
basic tool used in the gas dynamic laser stucies,since they are simple to
use anu enable to obtain any parameters.

The ciacram of the shock tube usec for the gas-dynamic laser studics,
is shown in Fig 5. The working mixture, after compression and hesting (by
a shock wave), flows through the nozzle to the measurement zone. DOuring the:
guasistationary flow ( usuel)ly lasting a few miliseconds) it is possible to
measure the amplification factor, which determines the population inversion
ratio in the gzs flow.

For the measurements of amplification factor the additional low
power laser is used. The laser beam ( of known input power p,) passes
through the yas_-dynamic laser casvity, where it is amplified. WMeasuring the
power p of the output pgam, one can determine the amplification factor

(for the condition far from saturetion). using the relation:

e oL




where: ¥ - amplificastion factor

L - cavity width

The amplification factor is studied in order to optimize the laser

working parameters,

3. Gas Dynamic Laser Pumped by Cembustion

The gas dynamic lasers, in which the ccmbustion is used for pumping
and formino the wnrkimimixture, can be divided into two basic groups:
pulsed lesers and the continuous wave lasers.
3. 1. P.ilsed Lasers

The diagram of the gas dynamic pulsed laser is shown in Fig 6a. The
combustion champer is filled with tre explosive mixture with the addition

of nitrogen. The mixture contents is chosen in such a way, that after the
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comtustion, the chemper is filleg uith the combusticn products of proper
ccmposition, pressure ano temperature ( for example cormpositions given in

Table 1.). After the perameters of created mixture equalize, the electro-

megnetic velve is open, or the membrene ( acting as a valve) is broken.

The combustion chamber esno the nozzle beccre joined.

The workina mixture, after expansion in the supersonic nozzle (where

the population inversicn takes place), flows through the resonater, in

which the laser action tzkes place. The vacuum container is placed behind

the rescnator.

magnetic valves, allowinyg the repetition of the laser action in ¢ short

tim: intervals., The volume cf concustion chember is several liters, which

in conjunction with tne large vecuum container allcws the laser action time

on the croer of a few tenths of the second.

The power cbteined from the pulsed leser is becoming larger. Tulip (23)
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obtained powers reaching 100W. He studied the influence of different

fuels on the laser action. The summary cof his risults are given in
Table 1).

The(;;;:;;;;;IE\EEISeS}1aser (24) fueled by the exp'osive mixture
of CO, H2’ 02, N2, radigz;a about 30 J of energy in 0.3 sec. In the initial
phase, the power reaches 2ULW. The main advantage of the gas-dynamic
pulsed lasers is their simpie design and simplicity in operation. They
do not require the expensive cooling systems. The disadvantage is their
short work time and the necessity of installing the large vacuum container.
But they may be successfully used where the pulsed werk is required. They

are also used as the diagnostic tools, which &!'lows, in their quasistati%ary

range, to optimize the parameters of the continucus wave lasers.

3.2 fontinuous Wave Lasers
The continuous wave gas-dynamic Yasers may be divided intc two subgroups.
The first one, includes the small devices ( used mainly for studies),
working with the large vacuum chamber and the vacuum punp. The second
subgroup includes the high power lasers, equipped with the supersonic-
subscnic diffusers, eliminsting the need for the vacuum chambers and pumps.
The oisgram of the continucus wave gas-cynamic laser is shown in
Fig 6b. The fuel is burned with the air in the combustion chamber in
such prcoportione, as to obtain the laser mixture with the preoper centent
and tempersture. The fuel (similarly as with the pulsed lasers) is the
carbon monoxide with the addition of hydrogen cor other carbchydrates.
Cne can also use cvanogen (CZNZ) with the carbchydretes or carbochydrates
alone. The combustion process takes place under the pressure o several
atmospheres. To form the final laser mixture, the second chamber is used,

in which the combustion products are mixed with nitrogen.

Minzer (1¢) using the small c.w. gas dynamic laser, measured the
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dependence of the amp'ifiration factor on the molar cntents of com-
bustion products. The Minzer results are oiven on Fig 7. The maximum
amplification and power con the order of 50 W, was obtzineo for the

mixture of 0.27 EUZ, G.70 NZ’ 0.03 HZU. He alsou cunducted the experinents
on burning tne liquio fuels (ethylene), and studying their usefulness for
the gas dynamic lssers. The best results, however, he obtained using the
carbcn wonoxide snd cerbohydretes.

The secona gas dynamic laser subgroup includes the hich power lasers:
from few tc several tens of kilowatts. Their decign differs frem the
other lasers in the respect that instead of the vacuum chamber,the super-
sonic - subsonic diffuser is used, which exhbausts the geses directly to
the atmospher:, while maintaining the louw pressure inside the laser cavity.

For the parameters of the workinn mixture (Fig , obtained from

3)
LW
burning CO with additicnal H,, Gerry (12) obtained 6/kU46F power, with

the multiopening stable resocnator system; using the astable resonator he
cbteinea 2 kh/nf power (11). Using the similar oevice, one obtzinec

bu kW of pOwer with the staple rescnator, ano the medium mass ten times as
nigh ( 14 kg/s). This same device, allcwing for the mode control of laser
beam, yives the continucus power of 30 kW.

The important element cof the gas dynamic laser, is the resonator.

The schematic drswings of used resonators are shown in Fig 6. (12).
laser,

The most often used rescn=tor in the gas,dynamig/ls the stable
resonator (Fio Ea.), characterized by a simple construction ano allowing
to obtain the hioh radiative power. In this system, the btetter results
could be obtained by using the mirrors of variable transmission along
their lenagth (%). The stable resonators usuzlly work in & multimode

Ml
system (1), (12), in which it 1%/possible to obtain beams of smal)

divergence. 4Thil fault can be eliminated by use of astable rescnators
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(Figs bb. and oc.). These rescnators can have complex mirrcr shapes

b
(9), (11), (12), or mirror systems with rather simple shapes, with the

steering~1a5er. The electrically pumped steering laser ( Fig sc.), with
H the high mooe selection, &allows for cbteining the hich monochromacity
and low beam divergence in the astable rescnators.
t The lcss analysis of the cas-dynamic laser, performed by Gerry (11,
12), allous the conclusion that the laser efficiency cen be improved in the
near future, by the careful desion of all its components. The greatest
care and attention should be aiven tc the nozzle ano rescnator design.

The theoretical analysis by Anderson (25) rredicts that the next
generation of gas-dynamic lssers will weork at the =levated temperature
anu higher ccocneentreticn of water vapor. The higher temperature allous
the many fold increese in energy which can be converted intc the laser
ragistion. At the temperstures exceeding 2000° K the negative effect of
cisscciatioun ana cdeactivetion of the laser levels becomes moticeable. The .
depencence between energy amount from the leser trznsitidns and the gas

mixture temperasture is shoun in Fig 9. 1

Conclusion
Use of the combusticn processes for creatior a2rncd pumping of the working

mixture in noas dynanic lasers, constitutes the considerasble progress in

the tecrnoleoey cof hich power Yaser radiaticn. These lzasers were developed
rapidly. Despite their relatively Jow efficieny as compared witn the
electrically pumped lasers (15) the developnent was fast. The resson is

the simplicity of the wesign anc hish efficiency of heasting the working

mixture ( combustion products). Such efficiency is not possible in the
gas -uynamic lasers in which the working mixture is heatec by the :re.

Such lasers can be used, however, in the systems with the selective
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pumping of the meoium. In these conditions the higher efficiencies and
power demsities are cbteined (1€). The necessity of using the arc
heaters ( characterizec with the low ges heating efficiency) dia not allow
achieving high prwer in c.w. mcde. The lesers with the arc heaters
additiona!'y re~uire complex power supnly system, while the gas dynemic
lasers pumped by combusticn have simple cembustion chambers, and are
Fueled with conron and inexpensive gas fuels. The largest of existing
gas dynemic lasers, fueled by a gas mixture of carbon monoxide znd
methane, achieves the power of &uU kW
The yoal of the continuing work on these lasers is to increase their

pawer anu efficiency, and to lcwer the size and increase the worxing

time. The simple oesign of these gevices and ease of the gperation are
comductive tp the niu cevelopment work. It appeers thzt the next few years

will be very important period in the development of the knowleege on

gas dynamic lasers.

oeceived in September 1972
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a) diagran of atoms layout,

axis,

molecule axis

the axis

Fig 1. Types of the linear oscillations of carbon dioxige molecule

b) symmetric oscillations, the atoms move along the molecule

c) deformeg cscillaticns, the atoms move perpencicular tc the

a) asymmetric oscillations, the stoms move asymmetrically alcng

1. - cerben dioxide

2. = nitroaoen

v=0

Fig 2. Uiagrem of the lower oscillatory energy levels of CO2 and N2 molecules
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Fio 3. Typica' work cendition of the cas dynamic laser (initia)l mixture
parameters: 0.075 C0,, 0.913 N,, (.012 H,0, p_= 17 ata, T _ = 1600° K,
nozzle parameters: h = 0.8 mm, A/A* = 14, mixture pzrameters of
the nczzle exhaust: T = 3564, M = 4.02, p = 0.Ut6 ata)

a) nozzle cutline, b) eneryy oistributicn into different degrees
of freeoum as a function of nozzle length, c, the ratic of the
number of excited molecules N* to the number N igggsgaf molecules
in tne grounoc state.

1 - rotaticnz]l - translaticna! energy,

2 - kinetic energy of the flow,

2 - opscillatory enerqy in the eguilibriur flouw,

L - gscillatory emeroy in the frrozen state,

5 - molecules rumped to the level ( 10°@),

6 - molecules purped to the Yeve! (DUDI\.
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Fig L. “crernatic ciagrem of the supersoncic nozzles used in the gas
dynamic lasers.
a) simple nozzle

D) multislit nozzle

1

direction of flow

é

rescneator

W
]

wsll layer

~
]

turbulence formec et the nozzle edce

Fio 5. Schematic diagram of the eyster measuring the amplification factor

usina the shcck tube.

! - shock tube,

2 - membrane

3 - nozzle

4 - auxiliary CO, = N, - Me laser
5 « mirror

b -~ powelr meter

7 - oscilloscope




Fig 6. Basic tyres of ccmbustion cas cynmamic lasers
a) diagram of the pulsed laser
b) continucus wave laser
1 - combustion charber

2 - fue! inlet

H 3 ignitor

i 4

vzlve

S - nozzle

o
4

laser cavity

~
'

exhaust diffuser

b= supersonic - subscnic diffuser ,
/&_2 (,)‘g' - air
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Fig 7. The results of the measurements of amplification factor as e
function of molar content of combustion proaucte ( emplificeticn
factor is determined at the conditions for frow ssturation guring

P (20) transition end for the conrsumption of 0.6 mols/sec)
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Table 1. The comparison of the paremeters of pulsed oas gyvnamic leser
fueled with different fuel gases
) - fue)
? - ccmbustion gas comoositicon

- maximun power

S5, b i che o

3
4 - natur«l gas

adka | 5 ~ acetylene

& -~ plopane
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Fig 8. Schematic ciacrams of the resonaticfis
a) stable rescnator
b) asteble resonator

c) astable rescnstor with @ steering laser
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Fig 9. Jependence of the meximum laser transiton energy as the mixture
temperature before the nczzle, at the optimal ratic of the nczzle

exit cross section A to its critica) cross section A* ( mixture

compositicn: 0.07 COz. 0.095 N!. 0.035 N,G. F° = 20 ate)
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