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Gas Dynamic Lasers Pumped by Combustion

by

Piotr Wo!enski

Warsaw Polytechnicel Institute , Warsaw

~bs t rect: The gas dynamic la~ers are discussed , in which the combustion

processes are used for thermal pumping. The energy system of CU2— N2
mol ecules and the popula tion inversion mechan ism in t he superson ic

nozz le ar~ Uiac ucss ~~. ~asers of ex isting typ es ar e analyzed in their

opti mu. operatin g con oi tion s , coo thi prospects for the future progress.

Intro duction

The possibilit y of creation of the popuJ atic~n inversion in the

rapidly expanding gas was first studied by Ilurti. and Hertzberg (13).

They studied the electron leve’ inversion in the expanding xenon.

The attempts for the experimental confirmation cf their concep t , however ,

was unsuccessful . Shortly after Baecv (5), (.), and Iconyukov (I~ )

showed , that the expansion of heated CO2 — N2 mixture in the supersonic

nozzle can cause the population inversion of the occillulary levels in the

CL~2 molecule. The laser acting on this principle is called the thermally

pumped gas øynsmic laser. It oiff era from the electrically (20) or

chemically (12) pumpea lasers in which the ga. flow is uti lized for

carrying the lost energy, tsmp•rstuz s and mixing control , or to remove

the reaction products. In thermally pumped QaL.dynsmic lasers , the

expansion C in a ccntinuous flow) of hot gas mixture is primarily used

for obtairliriQ the population inversion .

The most common thermally pumped gas -dynamic lasers are the one using

_ _ _ _ __ _ _ _ _ _  ~~~~~~ ~
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the CO2 — N2 mixture , with &idttton of helium or water vapor (7), (11),

(15), (18), (20) through (24). There are also the gas—dynamic lasers

using NO2 — N2 — He mixture (7).

There are several ways of heating the gas mixture . In lat~
’rator y

measurem ents, the most common method is to use the simple shock tubes,

in which one easily obtains high temperature and pressure. The dis—

auvantage of these aevices is the short work time. In the continuous

action lasers , the required medium temperature is obtained 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 arid thermodynamic pumping.

For convenience, in the remainder of this paper , we will refer to

these lasers a~ the qaa...dynamic lasers.

1. The Mna)~ sis of Gas.Jlynamic Laser Ac tion

In the working mixture cf the gas dynamic laser , the CO2 molecules

play an active role. They are linearly symmetric. In the ground level ,

the two oxygen atoms are equa]ly distant from the center carbon atom.

The possible oscillatory modes of such a molecule are shown in Fig 1.

For the symmetric oscillations C Fig 1.b) the oxygen atoms move symmetrically

al ong the molecule axis. In the case cf deformed oscillations ( Fig 1. c)

the atoms move perpendicul ar to the axis. This type of oscillations

can be decomposed into two mutually perpendicu l ar oscil’ atory components.

For the asymmetric oscillations , the atoms move asymmetrica lly along

the axis. For these three typea ( or mo des) of oscillatory motions ,

labelle d v)1~, V’2, b~3, th.r~~easi~ned three energy quantum numbers p , q, r and
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the momentum quantum number p1’, determining the type of deformed oscillatory

moue, The molecule state is described by the set of these numbers in a
ti

following manner ( p, q, ~~~.. r ). For examp le , if the molecule has only

one type of oscillation in ~?3 mode , its state is described by ( 0001 ).

Fig. 2 shows the oscillatory levels of CO2 an d N2 molecules with

the most interesting transitions in this system (21). The nitrogen as

a simple , dietomic molecule , charecterize~ by a single type of oscillatory

motion .

In the nas dynamic laser there are many possible energy transfers

between molecules and within the CO2 mclecu]e itself. I~Jearl y resonanc e

energy exchange takes place between the first oscillatory energy level

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

This exchange can be expressea by the relation :

co2(oo’o)+N2o)~tcoçOo”1)+s2(a)- 1$csE’

The energy from the levels CO2 
( 000 1 ) and N2(l) can be lost by the

collison$ with the not excited CC2 an d N2 molecules , aria with the helium

and water vapor molecules which , for simp l icity , are not included in

the scheme. Freeing the l ower energy l evels of CO2 ~~1’ ~~ 
takes p lace

through the collisions with eli components of the mixture. It is the

fastest , however , in the collisions with the water vapor molecules.

The ‘aser emission takes place as a result of the trsniition from

the first asymmetric oscillatory level (00
01) ( known as the upper laser

level) to the first symmetric oscillatory leve] ( 1000) ( known also as

the lower laser level). In certain conuitions, the laser emission is

also possible for the (0001 ) ..~~ (02°O) transition.

_ _  _ _ _ _ _ _ _  _ _ _ _ _ _  - .
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The condition for the gas dynamic laser action is the rapid expansion

of the hot laser working mixture in the supersonic nozzle. The result of

this process is the lowering of temperature end pressure in the time

interval shorter than the relaxation time of the CO2 (00
01) and N2 (1)

levels. Simultaneously, due to the helium and water vapor admixture , the

relaxation of the l ower working levels is taking pl ace , in about the

same~or skortsr tia.s i*terval “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

popu]ation will remain unchanged even at cansideraole ~istances from the

nozzle.

Th~ work princi~le of the gas dynamic laser is shown in Fig 3. (12).

The working mixture composed of’ 0.075CC2, 0.913 N..., 0.012 H20 at thu

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

17 eta. The expansion takes place in tt~~~flpt 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. ~t the nozzle exhaust the ~ach number = 4,

the pressure i~ ebcut 0.1 ate , arid the temperature Is c1ose to the

ambient temperature.

Fig 3 b . i1lusti&tes the energy distributicn of the laser mixture

into different degrees of freedom )in the different areas of supersonic

nozzle. in the stdgnation area , chest of the energy is concentrated in

the translational ano rotational degrees of freedom . Only about 10% of

the enwr~y is in th~ oscillatory state. During the expansion in the

supersonic nozzle , the translational and relational energy Converts

directly into the flow kinetic energy .
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If the oscillatory energy was in the eaui]ibriurr state , it would then

dissipate In the nozzle. ~ afriois.t1y rapid expansion causes that the

oscillatory energy is “frozen ” during the fl ow , and its oscillatory

temperature is typical for a flow in the nozzle5criticsl cross section.
C

Considerinc the Inversion irs the discussed flow ( Fig 3 s ), one canc tht
see that the po~ulation l ower levels exceeds the population of thu

higher levels in the stagnation area ( which is typical for th~ gas in the

equilibrium state). At the initial expansion perioo ,trie population of the

hivher 1es~r levels somewhat decreases , but it stabilizes at the short

distance behina the nozzl~ critical cros~ section . 1~n the other hand , the

population of the lower laser levels drastically decrease! and al~ most

disappears at the short distance from the nozzles critical cross section .

The water vapor or heliuis ,frees the energy from the lower laser l evels.

The population of the upper laser levels ~øf the nozzle exh aust is typica l

for the gas at- the temperature a li ttle l ower than the stagnation temperature ,

and the population ~f the l cwer 1sser levels is typical for the temperature

of’ the gas f1 ow at the r-ozzle . The inversioi’i state created at the nozzle

exit remains in the 1 ,-iser channel for a distance up to 1 meter.

~ue to the relative high density of gas mixture flow in the nozzle,it

is possible tc obtain very high power out-put s from the unit volume of flow .

Th~ amoun t., of useful energy depen ea on the energy stored in the excited

nitrogen molecules ane i1~.the asymmetr ic oscillations of carbon ci&oxidt~.

Thy maximum possible energy output for the laser transition. can be expressed

by the fol lowing r.1&tia (assu mi ng that the upper levels are fr~zen in

amounts characteristic for the stagnation tempFrature (12) ).

I,..—hrIsep(33S~T,)— I J ’
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where: h — Pl anc k ’ s constant

— frequency

Tst — stagnation tsmpereture.

For the mixture of Ii.] 002 and 0.9 N2, heated to 1400
0K, this energy

is .,s per kilcgram of the meuiuni . Of course , this energy cannot be

completely converted into raøiation . 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 or tripled . This will depend on

the design improvements to the ges~.- dynarric lasers .

The l argest energy losses are takinc place in the nozzle , due to

incomplete “freezing ” of oscillatory energy arl o the negative effect of the

layer cJjacent to the well (smearing effect’. In order to minimize these

losses , the nozzle desicn must be such ,that at its critical cross section ,

the freezing of uooer l .aiser levels is very rapid. This can be Done by

designing the nozzle with small critical cross section. In such a nozzle

the gas quicxly reaches the exit parameters.
used

in Fi~ 4 tr~ r~ ar~ show-n nozzle types, most often in gas dynamic

lasers (11). Flat single slit nozzle , with a resonator 8xi5 parallel to

the critical cross section slit ( Fig 4 a ) is r&atively long. The studies

showed , that this nozzle shape doesn ’t lead to fast “freezing ” of the upper

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

The turbulent k-all l ayer is optica lly ye inhorrcgenoLs ’snd causes per-

turbations in the resonator wcrk . The nozzle array , in which the slits

ar~ perpendicular to the resonator axis ( Fig ‘4 b) is much more useful .

In this system the L~’ll layer is much smal l er. The turbulent traces ,

formed behind ‘he nozzle edge , have ver~ smal l optical thickness and

disturb the resonator work t.s a much smaller aegree .

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

oscillations. ThiS energy must be transferred to the carbon dioxide during
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the fluw through the resonator. The length of thi. resonator mirrors should

be proportional to the flow velocit y, sno inversely proportional to the

rate of energy transfer to the carbon dioxide . The 1en~th of the resonator

mirror calculateo accoruing to the above rule (11) ~~ too low a value ,
since the rate of energy transfer N2 (I) --~~-‘~C02 ( 00~l ) is in the reality

limited by the rate of energy release from the l cwer l aser Iev~ ls .

2. Model lIng Studies

The pra ! cf the gas dynami c l asers mociel linq , is the ueterrcination

of the optirr& working parametors , ~nd ~~ verification of components

efflciency ( rso~zle , reso~-ator etc.) These stuuies ar~ conducted with

the use of shock tubes (4), 
~
10

~
T— ( 3 1 ) ’  (12), (16) or sm~ l) devices of

continuous action (4), ( ‘ 1) ,  lb). The shock tubes , however , becase the

basic tool used in the ~as dynamic l aser stucies 1 sinCL ~hey are simple to

use anu enable to obtain any parameters.

The oiagram of the shock tube useo for the gas-dynamic laser stucli s,

is shown in Fig 5. The working mixture , after compression and heating (by

a shock wave), flows through the nozzle to the measurement zone. During t~e~

quasistationary fl ow ( usually lasting a few miliseconds) it is possible to

measure the amplification factor , which determines thE population inversion

ratio In the gas flew .

For the measurements of amp lification factor the additional low

power laser is used. The laser beam ( of known input power p~) passes

through the ç~as...dynamic laser cavity, where it is amplified. I~easuring the

power p of th~ output beam , one can aetermine the amp lification factor

~for the conuition far from saturation). using the relation ;

. - ‘p—p . 

~ - -~~~- - - 
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where: ~ — amplificetion factor

L — cavity width

The amplification factor is studied in order to optimize the laser

working parameters ,

3. Gas ~ynamic Laser Pumped N. Combustion

The gas dynamI c lasers , in which the ccn’bustion is used for pumping

and formino the workir~ rrixture , can be divided into two basic groups :

pulsed 1Esers and the continuous wave lasers.

3. 1. P~~s~d Lasers

The diagram of the gas dynamic pulsed laser is shown in Fig be. The

combustion chamber is filled with tre explosive mixtur e with the addition

of nitrogen. Tht mixture contents is chosen in such a ~ay, that after the

combustion , the ch~rrber is fi]]eo with the combustion products of’ proper

composition , pressure ano tempereture ( for examp le compositions given in

Table 1.). l~fter tb~ p~ram’eters of’ created mixture equalize , the electra—

magnetic valve Is open , or th~ rrembrene ( acting as a valve ) Is broken.

The combustion chamber eno the nozzle beccr-e lam ed.

The working mixture , aftrr expansion in the supersonic nozzle (where

the popu~8t 1on lllVFrSIOrs takes p l ace), flows through the resonator , in

which the laser action takes place. The vacuum ccntainer is placed behind

the resonator.

some cf the~ as ynamic~
’\pulse~.,’]asers art equipped with the electra—

n.a~netic valves , allowing the repetition of the laser action in short

~~~ intervals. The volwr~e of’ ccncustion chamber is several liters , which

in conjunction with tre large vacuum container allows the laser action time

on the oroer of a few tenths of the second .

The power obtained from the pulsed laser is becoming larger. Tulip (23) 

--~~~~~~~~
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obtained powers reaching ‘DOW . He studied the influence of’ different

fuels on the laser action . The summary cf his r- suits are given in

Tabl e fl.

Thecgas dyna~~~\~ulse~,/laser (24) fueled by the exp ’osive mixture

of’ CU , H2, 02, N2, radiates about 30 3of energy in 0.3 sea . In the initial

phase , the power reaches 200W. The main advantage of the gas_dynamic

pulaeo lasers is their simple Uesi~n and simplic ity in operation . They

dc 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 work is required. They

are also used as the diagnostic tools , which &lows , in their qu~sistat1~lary

range , tc optimize the parameters of the continuous wave 1 asers.

3.2 rontlnucus Wave Lasers

The continuous wave gas—dynamic ~asers may be divided into twa subgroups.

The first one , includes the srrall devices ( used mainl y for studies),

working wi th the large vacuum chamber anu the vacuum pump. The second

subgroup incluoes the high power lasers , equipped with the supersonic—

Subboflic diffusers , eliminating the neEd for the vacuum chambers and pumps .

Th~ oiagram of the continuous wave gas_dynamic laser is shown in

Fig 6b. The fu~] is burned with the air in the combustion chamber in

such proportions , as to obtain the laser mixture with the proper content

ana temperature. The fuel (similarl y as with thE pulsed lasers) is the

carbcn monoxide with the addition of hydrogen or other carbohydrateS .

One can also use c~enogen (C2N2) with the carbohydrates , or carboh~drates

alone. The cumbustion orocess takes place unDer f-he pressure a- several

atmospheres. T~ form the final laser mixture , the second chamber is used ,

in which the combustion produc ts are nixed with nitrogen .

Minzer (lc~) using the small c.w. gas dynamic laser , n~ asured the

____ ___ - - - - -
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• dependence of the amr ’l?iraticn f~’ctor on the molar c~ntents of com-

bustion products. The £~‘inzer results are given on Fig 7. The maximum

amplification and power on the order of 50 W , was obtainco fox the

mixture of 0.27 CU2, {J.?L N2, U.U3 N2U. He also conciucted the experiments

an i.iurning tne liquio fuels (ethylene) , and studyuig their usefulness for

th~ ~es o~narnic lasers. The best results , hcw~ v~ r, he obtained using the

carbon r~onoxide ano carbahyarates .

Th~ secono gas oynamic laser subgroup includes the hi~ h pcuer lasers:

from few to several tens of kilowatts. Their design differs from th~

other lasers in the respect that instead of the vacuum chartber ,. the s uper—

sonic — subsonic diffuser is used , which exhausts the gases directl y t~j

the atmospher- , whi le ma~ntai ning the low pressure inside the laser cavity.

Far the paranmters of the wcrkinn mixture (Fig 3), octained from

bu rnina 1’,O with additiona l H2, Gerry (1 2) ob tain ed 6~~~ /of power , with

the rnultlopenin q stable resonator system; using the astable resonator he

~cjt..in~ o 2 kWaf power (11). Using the similar cevice , one obtaineo

b~ k~d of’ bower with the stacile resonator , an~ th e meDium mass ten times as

rli~rl ( 1L4 Icg/s). This same device , all owing for the mode control of laser

b eam , g ives the continuous power of 30 kW.

The important element of the oas dynamic laser , is the rEsonator.

The schematic draw1ng~ of used resonatars are shown in Fig b. (12).
laser ,

The mast often used r~ sonEtor in the ~as_d~ namic/is the stable

resonator (Fir -a.), characterized by a slrr ç ie construction ana allowing

to obta In the hinh radiat ive power. In this system , the better results

could be obtained by usino the mirror s c.f’ variab le transmission along

their l eriath (b’) .  The st~ bl e resonator-s usu~ ’i y work in a n-ultim cde

syste m- (11), (12), In wh i ch i t  ispossIb]e to obtain bes&s of sma l l

divergence. ‘This fault can be ellminataci by ~se of’ astabl e rescnators

~ 
_i_J-•_ i_ ,~
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(Figs bo. anu 0 0 . ) .  These resonators can r~ave ccmplex mirror shapes

but
(u) , (11), (12), or mirror systeiiis wi th rather simple shapes ,A wit h the

ste~ r iny laser. Th~ electr ically pun’peo steering laser ( Fig dc.), wit h

the high moot selection , allows for obtaining the hiLh rnonachrcmacity

and l~ w beam divergence in the astab]e resonators.

The l oss anal~~sis of the aas~.-Cynam 1c laser , performed by Derry (fl ,

12), allow s th~ conclusion that the laser efficiency cEr be Imoroved In the

near future , ~~ the careful desian of all its ccmponent~~. The greatest

— care and atte tion ~bou1c be nlven to the nozzle and rescnator design.

Th~ thearetica ’ ana ’ysis by anderson (25) predicts that the next

qenwration cf• qa~ -dy n arTi c 1 a1sers w i l l war - K  at the elevated temperature

anu higher ccncentr~ tizn of water vapor . The hiLher temperatute allow s

tri~ nany tO lu  increase in tnergy ~hjcfl can La ccnv~ rteC .nto tri a ]aser

racii~ tion. ~t the temperatures exceeding 2uU0~ h thE- negative effect of

oissociatiun ano ceactjvaLjon af Lh& ]~~st r  levels ccm~t~ soticeable. The

a~~~noence between energy amount from th~ laser transitiOns and the gas

mixt ure temperature is sho~ n in Fig 9.

Conci usion

Use ~f the cc’r~t-u~~ ic-n prrcesses fcr cr rp t lc r arc o-urrplng of the ~crk ing

m ix ture in n~-~ c1~ r~ n 1c lasers , cansti~~~tes the con~ iderab ’e progress in

the ~echio’co~ cf bioh power ‘acer rac~1~~t icn. 
These 1

~~sers were develope d

rap i~~
l y. lespite their relativo ’y low Efficieny a~ ccm~~ reC wit r the

electr ica ’’y pun~ edi lasers (ib) the oev~ilcp nent was fast. The reason is

th~ simp1Icit~ of tht uC~ iQ n anu r.L.r fticIency of heating th~ workin..

mixtur e ( conc~ustjon piaaucts). Such effjcIenc~, i~ not ~ossib1 e in the

• gas -uynanic lasers in which the working mixture is heatea by the • rc.

Such lasers c~ n be useD , however , in the c~,st.t-irs with the selective

.

~
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• pumping of tha meaium . in these conditions tb higher efficiencies and

power deseities are obtained (16). The necessity of using th~ arc

heaters ( characterizec with the l~~w gas heating efficiency) dia not al l ow

ac~ieviag hiQh pi-wer In c.w. mode . The l asers with the arc beaters

additlona ’1 y re-’u~re comp
le x power su~ ol y systerr , while the gas dynami c

7a~ ers purrrec by combusticr 
have simple combust ion chambers , anc are

fup ’ed wi th comm on and inexpensive gas fuels. The largest of existinq

gas d~ n~ rric l asers , fu~ l~~U by a pas mi xture cf carbon monoxide ~nd

mtthane , achiev~ 5 the power of bL - 41.
Tha ~oa1 ci t the con tinuing wOr-k on these lasers is to increase their

power anu efficiency , and to lower the size and increase the wcr~ ing

time. Th~ sin..le oesign of thes~ aev ices ~no ease of the operation are

c.aductivs to the niw uevelopmeflt work. It appears that the next few years

wil l be very important period in the devel opment of the know leege on

gas dynamic lasers.
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Fig 1. Types of the lincar oscillations ~f carbon dioxici e rrc~ ecu3e

a) thaqran ci? atoms layout ,

b) symmetric oscillations , the atoms move along the molecule

axis ,

c) deforrrE3 csc1~ 1a1ic ri s, the atoms move perpenuicLiar tc the

mo’ecu]e axis

~) ds~-mn~~tric oscillat ions , the dtcms rim/a asymmetrical l y alcng

th~ axis
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Fig 2. Ute~ram of the l ower oscillatory energy levels of 
~~2 

a”~ molecul es

1. — car bon ciioxidi

2. — nitrogen

~
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Flo 3. Ty~ ica’ work condition ci? the cas dynam ic laser (initial mixture

ciarameters : 0.075 
~
‘
~2’ 

fl .913 N~ , 1 .012 H20, p0~ 17 eta , T~ =

nozzle t~or~imotnrs: h = 0 .~ mm , ~ /P~ z ]L~, mixture ~~rameters of

the nL zzle ~xt’auEt: T = 354’~~, M = 14 .02 , ~‘ = 0.U~6 eta)

a) nozzle cut1ine , b erler&jy oistr1~ u~1on into dif f’er~nt degrees

cit traeciLrr a~ a function of nozLle l~ n~ tn , Cj  the ratio of the
(oôcO~number of exciteci molecules N to the riurliber N (003) of mo leculea

in tr~e ~rouno state .

1 — ro ta t iona l  — trans] at icna~ energy,

2 — kinetic energy of the flow ,

3 — oscillatory enerc~y 
j r- the ecullftriur flow ,

6 — oscul 1atory ener~ y in the frrzeri state,

5 — mo lecules rumrPd to the leve’l C 10°C’,

6 — r’icilp~ u 1 pg purroeci to the ‘evel  (0U~ l~~.

4 

- -_~~~‘--~~ - --~~.-- ~



Fig l~. ~cr-en at~c ~~ag’-em of the ~upersonoic nozzl€a used in the ~as

dynamic lasers.

a) simplst nozz1~

c i j  mu1t.j~~Ijt no.~zle

I - ciirection of floL

2 
— r~ scnc tor

3 - wall ]eyer

6 — turbulenc e formec et the nozzle ed~e

Fic ~~. cchemptiC diagram of the st~ste ri treasur i ng the arnc’lflCat iOfl factor

using the 9~ CCK tube.

L 1 — ~h~ck tube ,

2 — membrane

~ 
j 3 — nozzle

14 — auxiliary CU2 
— N2 

— ~4a laser

— mirror

b — pOwSi m~tet

7 - oscilloscopi
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Fig 6. Basic ty~ es of ccmbuetiort gas Cyniarric lasers

a) diagram of the ciulsed 1 aser

b) continucius wave laser

1 — ccrrbLst ion cb~~r-tp r

2 — fue 1 inlet —

— ignitor

14 — v~ lve

5 — nicade

b — ~~~~ cavity

7 — sxhuu~t biff user

b— •uoursortjc — subsonic diffuser 5

air

fuel
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Fi~ 7. The resu]ts of the m easurements of amplificatio n factor as a

function of molar content of combustion pro~ucts ( amplificat Ion

factor is determined et the c nditiOr’! for f rc~ saturation ciuring

p (20 ) tran~ lticr~ end for the crrrsump~icin of 6.6 mole/sec)

o d t  ~~~7’j~~L~ 
Mac mskIYmalna

O

Gas ziemny 0,iO—0,066 --0,l34 - - 50

Acclylen 082 —0,12i—O,Oø 70

Propa n ~~~ ( 0,I0~-0.O S-d,lI5 ~~~~~~~~~iOO

/

Table 1 . The comparison cf the parameters of pulsed nas ovr,arnic laser

fuelled with different fue1 gases

1 — fuel

2 — ccmbustion gas com:os1ti~n

3 — maxirrun power

4 — natur~-l gas

S — acsty1~na

— p lopene

______
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Fig è~. schematic E.1a’~ramS of the restinet1c~~

a) sta ble resonator

b asta b1 e resonator

c) agtabl~ resonbtcr with a steering laser

~- i~ ~~~. ~ep~ndancs cf the nexinum laser ti ansiton energy as the mixture

L~~~~ rdture D~f0rs trie nc.zz]a , at the optimal ratio of the nrczzle

sx i t  cross section A to its critical cros~ section A ( mixture

compoaltiLn : 0.07 CC2, U.~95 N7, 0.C3~ $7C, P
0 — 30 ate)

_ _-_ _  _  _  _ _  _
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