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GASDYANIIC LASERS:  THEORY,
EXPERIIACHT ARD THE STATE-OF-THE-ART
by

John D. Anderson, Jr.
Professor and Chairman

University of Haryland
College Part, tiaryland, U.S.A. 20742

1. GASDYHAMIC LASERS: THCORY and EXPERILENT

A. INTRODUCTION

Consider in your imagination a supersonic wind tunnel, such

as those cormonly found in many aeicdynamic laboratories. However,

when tiis particular tunnel is turncd on, we do not measure the 1ift

and drag on an aerodynamic model. oi the pressure and heat transter

Instead, when the switch is thrown

distributions over a surface.

for this particular tunnel, we sec 3 very powerful laser heam prepagating

e el o

from the test section. Indeed, this is not a wind tunnel at all, but 3
rather it is a gasdynanic_laser. ;
i
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Schematie Drawing of Gasdynamic

Fig. 1 Laser
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i As shown s¢ ematically in Figure 1, a gasdynamic laser takes
| a hot, high pressurc mixture of gases (usually COZ’ N2 and H20 or He)
;j and expands this mixture very rapidly through a supersonic nozzle. ODuring
the expansion, the gas is turned into a laser medium (a population
i fnversion is created). The supersonic laser gas then passes into the

¥ test section (laser cavity), where, if mirrors are placed on both

sides of the test section, a beam of laser encrgy is extracted perpendicular

\J to the flow. The supairsonic stream then enters a diffuser, where it is

shacked down to subsonic spceds and generally exhausted to the atrosphere.

-

Why are aasdynamic lasers so irportant? The answer, purely

! and simply, is that they are very hich pever devices. In fact, gasdynamic
lasers (GDL's) have spearneaded a breaktirough in high energy lacer devices.
t For exairple, a multimede, continuous wave power output of 63 Ki from a

COZ-H2 GOL has been reported by Gerry], and an averaga laser power of

¢ '
:

400 11 has been extracted for four milliseconds from a snock tube GUL

by Klosterman and Hoffman2 working in the laser group at the University

o
- "

of Washington. A major factor in this brecktnrough is that, unlike

) early electric discharge lasers witnh their attendent problems of arc

discharges in large volumes, GDL's can be scaled to large sizes without

bl el

major physical complications., A picture of a large-scale GJL i< shown

in Figure 2.
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A historical note is in order here. The concept of a

gasdyn: :ic laser was initiated as early as 1962 by Basov and 0raevskii3,

[R———

who sugncsted that population inversions in molecular systems cou’d be

,l creited by rapid heating or ¢csoling of the systen. Subsequently, in
1965 Hurle and Hertzberg4 suggested that such cooling and population

A

- inversions could be chtaired in the rapid, nonequilibrium expansion of

}} an initially not gas “hrough a supersonic nozzle. They considered the

. specific case of electronic level iiversions in exnanding Xe, but were

{} unsuccess ful in measuring such inversions in the laboratory. Then,

o cantowitz corbined this idea with his previous work on vibrational

H nonequilibrium in CO, (see Reference 5), and in 1966, he and a group

.i of physicists and enaqincers at the AVCO Everett Research Laboratory
. operated the first COL, using a mixturd of COZ-NZ-HEO (sce: Reference 1). : ;
% ; At about the same time, Basov et a16 carricd out a thourctical analysis é

3 of population inversicns in COZ-N2 expanding mixtures, and predicted

that subsiantial inver.ions can indeed oceur under suitable conditions

for the gas mixture r..io and the nozzle reservoir pressure and temperaturs,
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However, i,asov missed an esscntial point, namely, that the inclusion
of a "catalyst" such as H20 or He is necessary for the attainment of
rcosonable population inversions. Easov used older values of the

vibrational cwergy exchange rates hich resulted iﬁ optimistic values

of the population inversions; indeced, using more recent wrates as compiled

by Taylor and Bittenuan7, /\nderson8

har shown that the COZ-HZ mixtures
considered by Basov‘et al do not yield significant inversions. The

group at AVCO recognized this fact, and have reported experiments using
COZ'”Z'HZO mixtures as early as 1966]. Theeretical calculations showing
the beneficial role of ”20 vere reporied by /\ndcrson8 1 1969, The exact
role of ”20 or |2 as a catalyst is discussed later in these notes.

Since tihese initial experiuents and calculations, the technoloyy

and fundamental understanding of COZ-!:2 GuL's has grown precociously.

This growth is exemplified by experiments carricd out in arc tunne]sg']z,

2,11,13-17 1,16-20,

shock tunnels and corbustion driven devices

and by theoretical calculations rcported in Refecrences 6,3,11,12,21-20.
Moreover, gasdynamic laszrs using CO as the lusing medium have also

been dcmonstratcdzg. It is the purposce of these notes to bring the
reader up-to-date in this state-of-the-art.

B. ELENENTARY PHYSICS

1. Enerav Levels and Populaticon Inversion

Consider a collection of wolecules in a g&s. Pick one of the
molecules and exanine it. The molccule is moving ebcut in Space -- hcnce
it has translational energy; it is rotating about its principal axes --
hence it has rotational kinctic eneray; the atons that make up tne rolecule

may be vibrating back and forth from som2 equilibrium position -- hence

i
i

]
i

i g
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it has vibrational kinetic and potential energy; and finally, the

elec trons move about the nuclei of the molecule -- kence it has
kinetic and potential energy of electronic origin, However, the

amazing quality of these various forms of miolecular energy is that

they can not be any arbitrary value. Rather, one of the most

jmportant discoveries of modern phvsics is that the molecule, at any

given instant, has to occuny 0n¢ of a'very specific sit_of enemy

levels, i.e., the ener values of a molecule are auastized. This
1eveis. g quarie12€Q

is shoan scheratically in Figure 3. ilow, instead of one molecule,

imagine the whole collec.ion, say 106 wolecules, and look ot the first

quantiz.d en. gy level €g (the ground state). Thera may be 400,030 malecules

in this level at sonc iastent in tima. The nuiber 402,000 is called the

population ”o of the Ep vevel. Ilext, look at the first excited level,

€95 there may be 203,032 molecules in tiis level, hence H] = 200,000 =

the p:pulation of the ¢ level:; and so forth. The set of numders,

js called the ponulation distribution over the

l‘og :‘:], Nz, 200 N,i, LI )
ene gy levels of the gas. The nature of this nopulation distribution
is of vital importance for laser action. For exawple, consider the

vibrational eneray of a wolecular gas. If the gas is in thermodynaiic

equilibrium, the population distribution will exponcntially decrease

with incr ising £q as shown on the leit of Ficurc 4, i.c., it will

follow a [ tzmunn distribution. A major charicteristic of this equitibriun

distribution is that Ny < ”i' However, if the ¢as is disturbed at

any instant, say by wcans of an electric discharge, or by a very suddzn

trribution can beconl a

temperature change, then the populeticn dis

Lo chpts
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noncquilibrium distribution, and it is even possible that, at some instant,

Nigp 2 Ny. This situation, where the nuber of molecules in a higher
lying energy level is crcater than the number in a lewer lying level,

e

is called a gggglggigg_jlpgggggyl. The population inversion is the esscnce
of laser action, and the attainnent of this population inversion by neans
of rapid cooling of the gas is the essence of a gasdynauic laser.
Spacifically, when a gas expands through a suparsonic nozzle, as shown

in Figure 5, the gas temperature decreases very rapidly. Indced, a fluid
element moving tirough the nozzle ci  experience temuerature changes ;
as high as 106 degrecs per second in the throat region of the nczzle.
In fact, expansion through a winiuan-lengti supersonic nozzle is ti2
fastest practical m2 ns of cooling a gas. Therefore, it is reasonable §
to expect that, fer certain conditions, a population jnvarsion can be

created in such ar expansion.

ikl ok
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With the above discussion in mind, the pivotal and first

problcu in studying, understanding wnd analyzing a fl’d”ﬂdm1c laser

is to examine the noneguilibriey FTQI th 2uagh a nozzle, and Lhn

e

behavior of this flew as it roves downstreanm through the Tasor

cavily. Specifically, we wish to calculate the population distribution RV
as it varies throuh the nozzle for a mixiure of COZ-.':2 and “20 or ile, ?
and wo wish to exawine the conditions uncer which a pepulation inver-ien %
will develop. This will be the subject of Section C of these notcs, %

Hewever, before we address Lhis provlen, we should ansuer the 1 leving

question, ;
2. Whv Docs a Pornvdction Invorsion Hake a Laner topk? :
...... AL SIS ;

Consider two energy levils of the molecules in a gas. There
are Threx mochoniss by wirich there enerav levels interact with
radiaticn:  speat neous emission, stimwlatod emission, and absorption.
These are i1lustrated in Figure C.

how, consider a single wolecule in a field of radiation,
where the radietive dntensity per unit frequancy is Iv.

(AZ])vE nuisor of spentapcous radiative fran . itions per second par
particle pc unit frequency. This 95 called the Einstein
spuntensous cnissieon coefficicent, and sometives the Cins loin
trans1ulon ;rvu<b111ty.

(3,0 1.2 nurbor of induced radiative transitions per sccond per particle
per unit Tro oency, (?2]) 5 the Dinstoin dnducod cmission coefficient,

[z nuher of rediative Lrensitions per second par particle noe ounit
vrenvency ddua Lo o absorption. (B]P)V is th; Linstein absorpiion
COoa.. et B

Consider & sleh of gas of geometric thickness dx, as shown
in Figure 6. Let T Le the radiative dintensity {eneray ar second per
) \Y]

uni o avea) incidoat on the Teft side of the <10, and let (dI)v be the
BEST AVAILABLE COFY
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T)J change in intensity while traversing the slab. Also, let N] and NZ
2 ‘
be the nu:ber of molecules jer unit volue in the € and £, Cnerqy i
] \J levels rispectively. Then, from { o above definitions, we can simply !
( write down 1
3 i
E
=[(7), 4 # (5 ~(52) 1 LA et () ‘
: aﬂl/ 2y I x/) /2 7YY iTex
) b s e T e
; S > vl N 3
-] {';:/’:::’d'/’ I /(’;,;/ ' :, ,/7 Ob.rr. //v,—: "
For the infarad wavelengths characterisiic of mdlecu.‘r lasers, the }
. 12 9 ]
g spontaennous caicsion is negligible Also, in gercral, (B.,) = (B..) i
] V 92 ]2 \Y 3
i as shown in Refereace 12 end in nmest wodorn physics textbocks. Hevce, :
o 9y and g, are statistical weiciis < f the levels. Hence, cq. (1) i
H b omes (
/7 v e, |
— o - X i
= (4, )t ('.r /l/i—/l,’) v elx 2)
j Zj; VRS ( ,
! i 8
| ilow ve ccn ansier our original question. Lodsking at eq. (2), (dI)v/Iv ;
% i
will be positive viien (6_ HZ-H]\>U, i.e., when o populatisn_inversion !
72
L exists betwecn the e, and eq eneroy levels. hence, a ponulation inversion 1
leads to en g lification of the radiziive interzity 1. This is the ]
laser off ct, and this is wvhy 2 poaulatien dinvorsion akes a laser wonri! i

— s e st e =

3. Definition and Coledztion of Small-Sirnal Gain

—— e B ———.

The small-signal lascr gain is an extrer2ly important figure

of merit for gas las.r devices; it is to laser physicists what 1iit and

drag cocfficicnts ar2 to aerodynenicicts., It is also a direct mezsureiont

of the population inversion. LEv oryliing else being equal, tie higier tac

small-sirmal qgain, the casicr lccor action can be obiained in a ges.

Therefure, broauce u2 hove just discussed the rrasons vhiy a population

inversion s o Yuser vort, o onow extend Lhis discussion to tha

analysis of «rwll-signl auin. Aleo, the foilewing vesults are necossary

1
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for our subsequent discussions on wie theory and experincntal
measurenients of gasdynamic laser perfornance,
lLet us consider stimulatc’ ewission and absorption, ignoring
spontan ~us emission as stated previously. Consider aquin the slab of
gas of geomziric Lhiicknoss, dx,

with radiation of intensi

A LINE
(1) INE . - intensity 1,

SPAIAFPE
(per wiait frecucncy) incid at

norizally on the sleb as shown in

Fig. 6. The relictive iatensity

absorded in a niven siae bl Ting
V-

([ ¢ ounit froauoncy).

Due to line broudcning effects in the gas (noturdd, Dopg] ~ and collicien),

! -

(dI)v varies over a narrog froguoacy ranze, as shovn in the shctch on
the Yeft, This ¢ive rise to tae lirn: chair . The intansity of radiction
between v and vidv is (dl)vdv. The integroied redis “ve dintonsity

(total intensity absorbad by t . line) is

dI =/(ia)vd'.)
~

The spectral ebsorntion coofficicat, o ¥is ol inesl e
(dI)V = -avlvdx (3)

Examining eq. (3), if 1 ducrnac~- o5 it traverses the sleb of gas, then
J 1 - J

V e

IaY ol

dI_ is negative and o is @ pasitive nuber. On the other hond, if I

-

o~ a5 in L laser cfioct, thin dIV is positiva, and o has to be a

W
:

incre
neqative quintitiy, Rather than doil wilh a "neosiiva chsortion coollicienl”
& 1 v 5 )

a nev coefficient is defined as

(d1) = G, 1 (4)
v

i il it

Pron

P 3 T LT K R YT SP R 1
el L il i iy '
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vihere Go is the small-si~-nal « in ceofficient,

G, =-c¢ | (5)

Since the small signal g. o coefiicient is the same as a "negative
absorption coefficient", let us pursue ouvr discussion in tenwns of the

absorption coefficient. Comparing ¢s. (2) and (3), ve sec *that
- hv- (8 ,z) (, /4/’ :)

It is con n to express (BIZ)v in teras of the Cinstoin coefiicient

—
CH
~—

for spontrnoous enis ion, (AZT) , where (see, for exanple, Ref., U2)

/ >
(/9/) ’—:/‘_;r (/v)z )v—

Thus, e . (G6) becereas,

2
= *E‘: (//,./,V_ //l’ (/‘/I /b;‘ ) (7)

/
e =
‘(J’—[’.

Eq. (7) givaes the spectr 1 abserpiion ceefficicnt, «,e dofire the

3

|

intc-ated absorpiion coefficient ac (“vdv where the integral is taken
/

ovor the catire spactral line,

C2
Stech = gz (M= 0 )f(/; et

Hote: The intarval of intoyr. ion ovor v is small (lines ere uzually

Thus

ol ”
narrow), 0 that v in the facter ¢“/8av" in eq. (&) can bhe conzider

constant, Letting }((AZI)vd\'E AZi’ ve heve

c2 - (")
/ becle = o Sy, (A - V(/H /i )

13
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= A, cq. (9) beco:2s

/\2 7’ P j
l Ay - = S 1, {A?/ B “;;, /Li) .

/
Eq. (10) gives the int. .t chsorptien coeffic ent. Eq. (10) is rore
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from exparinent,  Thus, as steted carlter, eq. (10) fur the irfeqrated

absorption coeficient is more directly related to experimenta] observoion

than is eq. (7) for tue spactri] absorpiion ccefficient.

Nso, keep in

mind that Ay ds a pavsical conttant of the molecule,

thet in a conventional ahso plicn experiunent
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Hence, the absorption cocfficient mecsured with laser radiation is
the spectral absorption coefficient, = .
How, Tet us relate o to the integrated abscrption cuofficient

and to Az-l.

oL Dcrine a Tine sh.pe fuctor,
- deas Ul

g(v,vo) as:
ez yleve) [ d ol (18)
v v
where[avdu is obtained
Line YT from eq. (10).
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the interval of integration i< over the entire spectral line.
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Mode I, hence increasing the population inversion. The over-all,

complex vibrational relaxation mechanism will be addressed in more detail
in Section C.

C. CALCULATIOH OF GASDYHANMIC LASER PERFORMANCE

1. Mnalysis
In this section, we now discuss the details of calculating

gasdynamic laser gain and power. An accurate prediction of the population
inversion in an expanding gas encompasses an accurate solution of the
nonequilibrium, gas dynamic flow through a convergent-divergent nozzle.
Previous numerical solutions of high-temperature, quasi-one-dimensional
nonequilibrium nozzle flows where vibrational and chemical nonequilibrium
conditions grevail both upstream and downstream of the throat have been
obtained with some effort by means of a nunber of independent, steady-
flow analyses33. On the other hand, a useful, alternative approach

has recently been presented in References 34 and 35, namely, a time-
dependent technique which entails the finite-difference solution of the
unsteady, quasi-one-dimensional conscrvation equationz in steps of time,
starting from assumad initial distributions of the flow-field variables
throughout the nozzle. The steady-state nonequilibrium nozzle flow is
approached at large times. The main virtue of the time-depcndent
solution is its simplicity; the governing equations are solved by

means of a simple, explicit, finite-differcnce scheme. no additional
mathematical methods are necessary to treat special cuatingencies

that can arise in the analysis of nonequilibrium nozzle flows, no
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difficulties are encountered in starting the nonequilibrium flow
o from equilibrium reservoir conditions, very large spacings can be
taken between grid points along the nozzle, and the unknown critical

mass flow is automatically approached at large times. As a result,

J no problems are encountered in the throat region with the saddle- 4

point singularity w.:ich plague, the steady-flow formulation. 4

A I T T R A

¥ Th2 discussion that follows is patterned after the technique 1

) described in Reference 8. Consider the grid point system shown schematically

i e 5

in Figure 9 for a nozzle of specified shape, A = A(x), where A is the

cross-sectional area. There are two sets of equally spaced grid points;

one set involves rélatively fine spacing from the reservoir to slightly

Clablg

downs tream of the throat in order to enhance numerical accuracy in
the flow region where nonequilibrium phenomena develop at a fast rate,
and the second set involves coarse spacing further downstream where

: nonequilibrium phenoricna are usually progressing at a slow rate. This

L, w2 sl

grid network differs from that of Reference 34, which considered equally

s

spaced grid points throughout the nozzle. In the present results 15

D

! and 5 spaces were ewployed for the fine and coarse ‘grids, respectively,

i.e. a total of 21 grid points were employed throughout the nozzle.

' The an2lysis begins by assuming initial values for the
density o, velocity u, temperature T, and the nonequilibrium quantities
9y at all grid points throughout the nozzle. The precise quantities
represented by q; will be discussed later. Equilibrium reservoir
conditions for p, T and q; are assumed at the firct grid point and held
fixed, invariant with time. At each internal grid point, spatial

derivatives are then computed from central finite-differences,

B T T T ;...J
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E | Sy - ﬂ?/xfdx)—y(x-zlx) (@
| Q¥ 24x )
D2 (xrdx)-2g(x2+G(x-4x)
5—?“ = 2 (Ali)z 4 (22)

where g stands for o, u, T and qj- The numbers for the x-derivatives

obtainad from equations (21) and (22) are then substituted into the

o quasi-one-dimensional, unsteady, conservation equations
‘ Continuity 2F - *“/" J‘[rfgﬁ) (23)
(] 2 T
?__L.(

}_ Homentum i [ﬁ ax U3 (24)
3 Energy £F = [/o ( Z7) ] (25)
i 2
\ 2P ’ , — <

Rate :%‘ = wy (£ 7;7() &« :22)(- (26)

State Ve //"7- (27)

where q; can be the population or energy per unit mass associated
with a given vibrational energy level (or grouping of levels), and
W is the net internal rate ~f production of q; due to de tailed
vibration-vibration and vibration-translation collisions within the
gas mixture,

Values of the time derivatives, -g%, are directly obtained

from equations (23) through (27), and these numbers are subsequently

P inserted into an expression containing the first three terms of a

bl

Taylor's series expansion in time, 1.e.,

4772
g (#rat) =geh) ¢ 27 ), A+ f(Jf) (20)

1
4

wr

Equation (28) allows the direct computation of all flow-field

ot i
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variables at all internal grid points at time (t+at) from the
known flow-field variables at time t. Values for g(t) are known;
as previously noted, values for (EEJt are obtained from equations (23)
through (27). MNumbers for (——g)t can be obtained by differentiation
of equations (23) through (26) with respect to t; however, such an
operation introduces mixed derivatives, %E%i’ values for which are
simply obtained by differentiation of equations (23) through (26)
with respect to x. Hence, starting from assumed initial values for the
flow-field variables throughout the nozzle, new values of the flow-field
distributions are computed in steps of time from equation (28),
continuing for many time steps until the steady -state solution
{s approached at large times (where = —«-and —~%—both approach zero).
fFor the present study, this steady-state solut1on is the desired
result.

The most recent calculations using the above approach employ

a slightly modified technique discussed in References 32 and 35.

The modification consists of using

: g
g4 r6t) =g’ (52,47 (29)

in lieu of eq. (28). Here, the time derivative is not evaluated

at time t as in eq. (28); rather, an average value between t and (t+at)
is utilized. This average value is obtained from the general method
of MacCormack, who has shown that the gencral scheme is of sccond-
order accuracy. The results obtained usirg either approach yield the

saine results35. However, by using eq. (29) with HacCormack's

A L S N, PN, L | T N,

2
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finite-difference scheme, a considerable simplification in computer
programming and reductions ia execution time are obtained., See Ref.

35 for more details.,

The value of at employed in equations (28) or (29) must

satisfy two stability criteria34

at < ax/ (uta) (30)
where a is tho local frozen speed of sound, and
At < 1 (31)
where t is the characteristic relaxation time for the fastest.
finite-rate molecular relaxation process occurring within the
mixture. Equation (30) is the Courant-Friedrichs-Levy37 stability
criterion, which in physical terms states that At must be no greater
than the time required for a sound wave to propagate from one grid point
to the next, and equation (31) states thatAt nust be no greater than
the characteristic time of the finite-rate iolecular energy exchange
procecsses occurring within the flowing gas. This latter stability
criterion is plausible en physical grounds, and has been dimonstrated
empirically in Reference 34.
Because central finite-differences are employed, equations
(21) through (28) can be applied to the internal points only. For
each time step, values for p, u, T and 9 at the last grid point
(nozzle exit) and u at the first grid point (nozzle inlet) are obtained

by extrapolation, as discussed in Reference 34. Also, for lhe actual

numerical computations, equations (21) through (30) are rewritten

25
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in nondimensional form (Reference 34) so that the magnitudes of all

variables would be approximately the same.

——

[

2. Vibrational ilodel

ij The vibrational model assumed in the presznt study is a
reasonable approximation for the many detailed translation-vibration

and vibration-vibration molecular collisional energy exchanges

ij which can occur in C02-N2-H20 or COZ-NZ-He mixtures. Figure 10 shows
a schematic diagram of the major participating vibrational energy

b levels for C02 and N, at the temperature considered in the present

investigation (from 300 to 1500°K). In 19€9, Taylor and Bitterman’ *38
wade a thorough study and compilation of the collisional transition

I probabilities for this system. Their results show an extremely fast,

resonant, vibrational energy exchange between the v = 1 level of l-l2 and

= the (001) 1evel of C02, as wvell as a very fast exchange between tie

. (100) and (020) levels of €0, due to Fermi resonance. In addition,

vibrational energy is rapidly transferred among the lower excited levels

! of the degenerate wode v, in C0O, due to the nearly equal spacing of :
these levels. Hence, these fast transitions appear to justify a

vibrational model which groups the participating 12vels into two "modes"

(ttodes I and II in Figure 10) which are assumed in equilibrium within

w il i i o e

themsalves, but not with each other,
More recent kinetic data obtained since 1969 are summarized

in References 25 and 26. In fact, Reference 25 is reproduced in its

'l entirety as Appendices A and B in these llotes. The reader should %

consult Appendices A and B for up-to-date kinetic rates before attempting

27
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Lj any calculations of his own.

In the following discussion of the vibrational model, a CUZ'

[
b

NZ'HZO mixture will be assumed for purposes of illustration. C02- 3
. 1

-~

Ny-He is handled in the same manner, with “20 replaced by He in all

subsequent equations. |

The net vibrational energies per unit mass contained within

b each "mode", (e, ;)); and (e ;. );{» are chosen as the dependent non- ;
F equilibrium variables; hence, equation (26) represents two rate :
f | equations with q * (evib)l and (evib)ll respectively. The relaxation %
¥ i
o of vhes~ r.nergies is assumed to be described by the simple-harmonic §
j oscillator relaxation equaticns: 1
' 3
P [ d(evb)__ _L [ 'éf
; w, = RN T SR /F/'b)-— - [fv,'b) ;
L “ elt ¥ [ c r] (32a) :
4
L when g, = (evib)l' and
] W, = Flenlz L “ _re.. §
d ‘ — 5 [Cns)f - (ens), ] (32) |
q

when q, = (evib)ll' In equations (32a) and (32b), (evib)§q and -

Ll |

P ——
a2l

(evib)?? are the equilibrium vibrational energies that would be

o mnty
-

contained in Modes I and Il respectively at the local gas trans-

lational temperature T, and T and Typ are the characteristic relaxation

[l

times for llodes I and II respectively. T and Typ are averages which
characterize the net rate of energy transfer into and out of llodes I
and II; this energy transfer is assumed to be governed by the major
transitions (heavy arrows in Figure 10) which are identified with the

relaxation times Tar Tpo Tco These rclaxation times are themselves averages

28
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such averages for a mixture of gases are obtained from the “parallel

resistance" mixture rule:

_L. - X(‘OA + XA/z. &+ X//&o (33 )
= o~ a
= (ﬂel)(ta-cﬁq< /rZ:zccg -Nz, (A"chu<-/i;c>
A - X(aé e ) XA/}. X//,zO (33b)
B (Blyeco, (Thigens  (Todra-m0
1 Xcoo. ~ Xu VIR Xuso0 (33¢)
7e (’/2)(5.‘-(()2_ (72)(&;..”2 (75.)(0,;"//30

Xy denotes the mole fraction of chemical species i. For the present
results, values for the denominators of the terms on the r.h.s. of
equations (33a, b and c¢) are obtained directly from Reference 38.
(However, the reader should consult Appendices A and B of the present
notes for more recent kinetic rates.) In turn, the average relaxation

times for ilodes I and Il are obtained from

.7‘2=7&'

(34)
Lo = [ )_Q_O_L o X/V,z]c /
7% 7 7o ) (% 2 X ) £

These values are subsequently employed in equations (32).
Parenthetically, the general quantity t can be interpreted

as a mean time required for a single particle to make a transition

from one state to another state due to collisions with other particles.

In turn, 1'1 can be interpreted as the number of transitions per second

29
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per particle. Hence, on a physical basis, equations (33a, b and c)
simply state that the tctal number of transitions per second per particle
due to collisions with all species present in the mixture is the sum
of the transitions per second per particle due to collisions with each
individual specie. Equations (34) and (35) have similar physical
interpretations, except now the "transitions" are from one mode to
another,

The above model for treating the complex vibrational
energy transfer processes is approximate, and its limitations are
discussed in Reference 11.

It is sufficient to state here that the model is intended
only for the calculation of population inversions in COZ-NZ-HZO or He
mixtures; it is not necessarily valid for other gases, nor can it
be used when substantial anounts of radiative energy interact with

the gas.

An alternative to the above model is the exact solution
of the master relaxation equations for each energy 1eve139. However,
for many cases of interest, comparisons with experiment (to be discussed)
show that such a detailed treatment is not absolutely necessary, and
that the present model yields reasonable accuracy.

Referring again to equations (32a) and (32b), (evib)l and
(evib)ll are treated as the dependent nonequilibrium variables. Fron

these energies, different vibrational temperatures, (Tvib)l and

(Tvib)ll' are defined from the following equilibrium relations:

A e
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(Con)p = oo Ren (55N &P ]

# (2hvs /) [ PP/ 4Tee_jT

(36a)
and y
hvs LA 7, -
(C’w- b )17 = CCO‘ ﬁ(@ /7 V"i) [ V3/R Tviby -/_7
. hv/ kT, -/
* K ( s0) [ e ””—/_7 (36b)

In equations (36a and b), ¢ and R are the mass fraction and
CO2 CO2

specific gas constant repsectively for COZ; Cy and R, are defined
2

"
similarly for Nz; vis Vo and vy are the normal vibratignaI frequencies
of the symmetric stretching, the bending, and the asymmetric stretching
modes respectively for COZ; and v-is the normal vibrational frequency
for i,. In turn,'(Tvib)I and (Tvib)ll are used to compute populations
of energy levels within ilodes I and II assuming a 3oltzmann distribution
locally within each mode. For example, the population of the (001)

level in C02 is obtained from

: ~hvalh T,
Mooy = Meo, € ’ '6[‘./@ (37)

where

R

i -z /4 7.,,,,{7*'/ (38)

and the population of the (100) level in C02 is obtained from

3
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‘v4n-/$4,7;,
’«4;c> = /\4éah, e 'ézr//igp (39)

In the above formulation, the role of Hzo or He as a catylist
enters the analysis through its presence in equations (33a, b and c).

As = final note with regard to the present analysis, (evib)l
and (evib)ll are inherent parts of the time-dependent nonequilibrium
nozzle flow solution, and are computed at each time step during the
transient approach to steady-state conditions. Then, after the
steady-state is achieved, the vibrational temperatures and populations
are computed from equations (36) througn (39).

3. Results

The numerical nature of the tine-dependent, vibrational
nonequlibrium nozzle solution is clearly shown in Figure 11, which
illustrates the shape of the (evib)ll distribution through a wedge
nozzle at several times during its approach to the steady state. In
Figure 11, R is the specific gas constant for the mixture. The
dotted 1ine shows the assumed initial distribution at t = 0, the
solid lines show distributions after 400, 800 and 1000 time steps,
and the solid dots show the final, steady-state, nonequilibrium
distribution obtained after approximately 3000 time steps. Similar
transient variations and the subsequent approach to the steady-state
occur for all other flow variables throughout the nozzle.

The final, steady-state (evib)ll distribution shown in

Figure 11, taken in conjunction with the simultaneous steady-state

32
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{eyin)1 distribution, leads to the steady-flow resuit, shown in

Figures 12 through 14, In Figure 12, the two vibrational temperature
distributions are compared with the translational temperature dicsribution.
Note that Fode 11 relaxes much slower than Mode I, and that both

Modes I and 11 are not in equilibrium with the local translational
Femperature except near the nozzle reservoir. Also, note that

(Tvib)ll begins to diverge from T in the subsonic section of the

nozzle, with [(Tvib)II'T] = 120°K at the throat. Hence, nonequilibrium

cffects upstream of the throat are noticeable. In Figure 13, the

populations Nyg9 and Nyq0 of the (001) and (100) levels respectively

in CO2 are shown as functions of distance along the wedge nozzle.
At approximately 0.26 cm downstream of the throat, the populations
of the (001) and {100) levels are equal, and a substantial population

inversion develops further downstream. This population inversion

is shown in Figure 14 in terms of (”001'”100)/”C02 viere NCUZ is the

local number density of CO2 particles. 1f the nozzle exhausts into

a constant area duct as shown in Figure 14, tne jnversion will

continue to increase beyond the nozzle exit until llode I equilibrates

with T, beyond which the snversion will slowly decrease due to the

moderate aeactivation of lode II. As emphasized in References 7

and 38, the equilibration of Mode I with T is enhanced by the presence

of HZO in the mixture.

4. Comparison with Basoy

Basov et a16 have published results for population inversions

created in o supersonic expansion of

a COZ-N2 mixture through a hyperbol i~
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. nozzle; in contrast to the present results shown in Figures 11

through 14, Basov did not include the effect of H,0 on the population

[o—

= coeroen

inversions. Also in contrast to the present analysis, Basov assumed

L‘ equilibrium conditions from the reservoir to the throat. In order to é

6 I

provide a comparison with the results of Reference, results are

[andenart]

obtained with the present time-dependent analysis for a nozzle shape,
[ Py? T° and mixture ratio identical to those of Referencee. Figures 15

and 16 show the resulting comparison; Figure 15 illustrates the

PR

populations NlOO and NOO] as a function of distance through the nozzle,

i, Hakiiane i i i

and Figure 16 shows the population inversion distribution throughout

the nozzle. No is the total reservoir number density for the gas
mixture. A study of Figure 15 shows that Basov predicts a slover
relaxation of the (001) level and a faster relaxation of the (100) !
level in comparison to the present results. Consequently, as seen

in Figure 16, Basov's results show a population inversion, whereas for

the given conditions the present results predict no population inversion.

The present results embody detailed information on transition
probabiiities reported in Reference 38, whereas Basov used some-

what cruder information for transition probabilities. A comparison

of these two sets of transition data show approximate agreement for
the collision probability for deactivation of the (001) level; on
che other hand, Basov used prcbabilities for deactivation of the
(010) 1evel (henze the (100) level, which is closely coupled by fast

resonant oxchanges) which are more than an order of magnitude larger

; than those presented in Reference 38. Consequently, the differences
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shown in Figures 15 and 16 can be attributed mainly to differences
in relaxation times used for the two analyses. Taylor and Bitterman's
thorough compilation of transition probabilities (Refs. 7 and 38) is
believed to contain the most reliable data currently available in
the literature. These data have been very recently up-dated by
Anderson in References 25 and 26. (See Appendices A and B of the
present Notes). Also, these results clearly demonstrate that
population inversions in COZ-N2 mixtures without a catalyst are
difficult to obtain. Indced, in subsequent sections of these notes,
we will see that the presence of HZO or Hé is vitally necessary for
the attainment of reasonable popuiation inversions.

As a point of interest, Basov's assumption (Ref. 6) of
equilibrium cunditions at the nozzle throat is reasonable for the
nozzle shape he considered; for this nozzle, the subsonic approach
to the throat is relatively long and smooth, thus enhancing
equilibrium conditions. In fact, the prescnt results, which include
nonequilibrium conditions upstream of the throat, indicate that [(Tvib)II'T]
is 28°K at the throat for Basov's conditions. This should be compared
with the 120°K difference obtained for the shorter nozzle considered
in Figure 11, where nonequilibrium effects upstream of the throat
are considerable,

5. Coupled and Uncoupled Flows

With regard to calculations of population inversions in an
expanding nozzle flow, there has been some question regarding the |
error induced by uncoupling the gas dynamic flow field from the

ibrational relaxation phenomena. For exawple, the calculation of

i et i
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population inversions would be greatly simplified if the pressure,

temperature and velocity distributions were obtained from a

calculation of frozen or equilibrium nozzle flows, and then used

to solve independently the vibrational rate equations. The flow

variable most severely affected by these uncoupled solutions is

translational (static) temperature. Since the relaxation rates

depend exponentially on T, and because "100 tries to equilibrate

with T in the supersonic stream, the theoretical population inversions

obtained from such uncoupled solutions may contain an inordinate error.
In order to examine this question, a numerical experiment is

performed using the present time-dependent analysis to compute

population inversions for the following cases: (1) Coupled, where

the finite-rate, vibrational energy relaxation is fully included in

the gas dynamic energy equation, (2) uncoupled {equilibrium), where

p, T and u are obtained from an expansion assuming infinite-rate,

vibrational equilibrium, and (3) uncoupled (frozen), where p, T and

u are obtained from an expansion assuming a zerc vibrational rate, i.e.,

frozen flow. In case (3), two sets of results are obtained, where the

ratio of specific heats v equals 1.4 and 1.3. The value of 1.4 properly

corresponds to a vibrationally frozen expansion of CO2 and “2’ whereas

the value of 1.3 is of interest only because it is equal to the

‘ equilibrium value of the ratio of specific heats for the gas mixture

in the reservoir. For all of the above cases, a simple wedge nozzle
was assumed, followed by a constant area duct. This geometry and the

reservoir conditions are described in Fiqure 17. HNote that this rozzle
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has the same area ratio but twice the length of the wedge nozzle p-eviously

considered in Figures 11 through 14,
j : Results from this numerical experiment are shown in Figures 17
| L through 20, Figure 17 contrasts the translational temperature distri-
butions obtained for the different assumptions of infinite, finite and
,:3 frozen rates; such.a comparison is classical, and is presented in

order to help interpret the subsequent results. Also, Figure 17 shows
¥ that, for the present conditions, the actual nonequilibrium expansion
i | is closer to equilibrium than frozen. In turn, a comparison of the
curves shown in Fiéure 18 indicates that (Tvib)l is more strongly affected
than (Tvib)ll‘ Indeed, the upper level appears to be insensitive to
the differences in translational temperature betwezn the different cases
Jéspite the exponential variation of relaxation time with T. The reason
LI for the differences in (Tvib)l is the strong tendency of the lower level

to equilibrate with T, which is different for eacii of the cases.

i,
[ RSO,
™

The differences in (Tvib)l shoun in Figure 18 are magnified

when “100 is computed, as shown in Figure 19. Also, as expected.

[N,
by vaamt

from the very small differences in (Tvib)ll’ only small differences

RSP

occur in “001'
The differences shown in Figure 19 translate into the

» differences in population inversion shown in Figure 20. Among the

simplified, uncoupled cases, Figure 20 illustrates that the p,T and u
variations obtained from an equilibrium flow calculation provide the
closest comparison with the coupled case., “owever, there is still a

noticeable error induced by all the uncoupled cases. With regard to
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the frozen cases. one might be able to simulate the coupled results by
“proper" choice of an effective y between 1.3 and 1.4, however, such
a value of y is not known a priori, and its prope; choice would be
strictly fortuitous without first knowing the anser.

Reflecting upon the results shown in Figures 17 through 20,
the accurate calcuiation of population inversions in an expanding
gas apparently requires an analysis which fully takes into account
the coupling between the finite-rate nonequilibrium processes and
- the gas dynamic flow.
. It is interesting to note that, for the same reservoir
conditions, the peak pupulation inversion shown in Figure 14 is 23
percent higher than the peak shown in Figure 20 for the coupled
case. The larger'inversion shown in Figure 14 is due solely to
o the shorter nozz]é length, and is to be expected due to a greater degree

of nonequilibrium in the shorter nozzle flow.

6. Recapitulation

The previous sections have described the time-dependent technique

for calculating population inversions in an expanding gas, and have

given some typical results obtained with an approximate vibrational model.
The kinetic rates employed in generating the results shown in Figures 11
through 20 are given in Appendix A of Reference 40, which contains simple

correlations of the rates from Taylor and Bitterman38. However, these

i
j
i
]
i
4
4
%
i
1

correlations have been improved as discussed in References 25 and 26,

and the reader is again urged to consult Appendices A and B of the

hmind
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present Notes for up-dated kinetic rates.

Another detailed numerical solution for GDL's can be found
in Reference 41, where Munjee has incorporated a more detailed
kinetic model than used in Reference 8. Hunjee's kinetic model is
patterned after that of Basov et a16; however, unlike Basov, Munjee in-
cludes the effect of a catalyst (HZO or He) in the master rate
equations. Munjee's work serves as the basis for the theoretical

13.42. I

results quoted by Christiansen, Tsongas and Buonadonna n

addition to these detailed numerical solutions, a useful approximate
analysis has been developed by Hoffman and V]ase527. Also, recent
results using the sudden-freezing approximation have been reported in
Reference 28.

7. Power Extraction

In a gasdynamic laser, the energy avilable for laser
power extraction is contained in the vibrational enargies of the excited
N, and COZ(v3) at tne exit of the supursonic nozzle; the challenge
is to optically extract as much of this available energy as possible
before it deactivates and "leaks" into translational and rotational
energy due to molecular collisions. lioreover, the extraction process
should also produce a good quality, near-diffraction-limited beam.
Therefore, the optical design of the laser cavity is of utmost importance.
Some considerations dealing with the optical cavity will be discussed
in Section 111 of these Hotes, and some of the aerodynamic distrubances

which influence cavity design and beam quality will also be treated in

44
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Section I1I. However, let us now consider power extraction from a

purely energy standpoint.

The maximum available laser enerqy can be calculated as

follows. Consider a point in the nozzle of a gasdynamic laser.
Using the notation of Reference 8, the translational and rotational
temperature at this point is T, the sum of the vibrational energy
contained in the excited N, and CO, (v,) is e with an attendant
2 2 '3 viblI
vibrational temperature Tvib » the sum of the vibrational energy in
11
the COz(v]) and coz(vz) modes is evibl wfth an attendant Tvibl’ and
the population densities of the upper and lower laser levels are NOO]
and N]00 respectively. In GDL flows in general, Tvibl}’Tvib}’13
When an inversion exisis, then by definition ”001 - N]00:> 0. The
population densities are given by

ooy = (144222 //2;[) e

= Coct /Ko 7:,517

~Cro) A Topp -
/\//oo B (/1/(0‘/99) e e/ vibs

where Q is the partition function. We ask the following question: If

energy is drained from e » and evibl is held constant, at what

vib
11
value of Tvib will the population inversion go to zero? Denote
11

this value of TVibII by (Tvib;l)‘ Then,

-éﬁ?//‘/‘é (7:127;-) -

e = €0 /L 7:;6;]

L

I o e
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Hence, eoo/ /44 (7;"/&;.) = é‘/ﬂo /'é 7-wb_z;

Thus, . '
(Tw'b;) = T, ( €cor /€,0 )

When Tvibll > (Tvib;I)’ an inversion exists and laser power can in

principle be extracted. Hhen TvibII < (Tvib;I)' no inversion is

present, and no power can be extracted.
In order to consider the maximum laser encrgy available, we
assume that TvibI'T° Then, (Tvib;I) = T(°00]/°]00)‘ Using this value

of (T...° ), we define a maximum available laser energy as
I .

vib,
é’ma, & ‘/é)?[ Ey'bﬂ'(nlba-) - Ew-bﬂ [Z’b;)-]

where the factor 0:409 is the quantum efficiency for the CO2 laser transition

at 10.9ﬂ.

The quantity & is a convenient index to gage the aumount
of power that might be extracted from a gasdynamic laser. Howev2r, in
reality the actual powver extraction is usually less than @ nix due to
losses in the laser cavity. Also, all values of R given in the present
Notes are local values at the nozzle exit, where Tvibu is obtained
from the coupled analysis of Reference 8. Therefore, the present values
of e .« account for the kinetic deactivation losses in the nozzle.
This is in contrast to previous simpler but less realistic definitions

of maximum available power], which have been based strictly on the

vibrational energy in the reservoir.
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Emphasis is again mede that enax is simply a convenient
index that represents an upper limit, and that the actual power
extracted may be quite different. An accurate calculation of power
extraction must combine a detailed numerical solution of the non-
equilibrium supersonic flow in the cavity coupled with a point-by-
point numerical integration of the radiative transfer equation

dn./7,. = & c{?
in a direction normal to the flow. Here, G is the actual gain
( proportional to the actual population fnversion) which takes into
account the local depopulation of the H2 énd CO2 (v3) levels, and the
population of the CO2 (”1) levels due to interaction with the laser radiation.
G is less than Go’ which is the small-signal gain coefficient discussed
previously. This calculation should be at least a "two-dimensional"
analysis, where I,varies in the flow direction as well as in the
beam direction perpendicular to the flow. Such detailed calculations

43

have been performed by Heiche and Harris'® at the Haval Ordnance

Laboratory (HOL), but they are not generally available in the literature.
However, for the sake of comparison, the following example is given to

compare e .. with the calculated actual power extracted from a GDL cavity.

a
Hore details on this example can be found in Reference 22.

Consider a GDL cavity which is 58.5 cm wide in the beam direction
(transverse to the flow) and 1.5 cm high, This size is representative
of the NOL 3-Megawatt Arc Tunnel after it was converted for GOL experiments,
as described in Refereces 11 and 12, Consider also a very hypothetical

Master Oscillator Powar Amplifier (i10PA) arrannement (sce section III of

47
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thase Notes) consisting of a 1.5 x 10 cm rectangular beam traversing
the cavity with five side-by-side passes beginning at the nozzle exit.

! Hence, power is extracted over a cavity length of S0 cm. Assuine that
Ly the input laser beam has a pover P1n = 10 KW with a Guassian intensity
distribution in the flow direction, Let Pout be the output power after
| the last pass. The power extracted from the gas is Pe = Pout - P1n'

g With this arrangement, the coupled power extraction -- nonequilibrium

" gasdynamic analysis of Heiche and Harris43 yields the results shown in

. Table I for Pe.

TABLE I

xHZO erax Pelﬁ Percent

(k3/1b) | (K3/1b) maff
m

at available
nozzle
exit

0.01 23.4 12.2 52%

0.035 19.8 10.5 53¢

1l
0,07 15.7 8.67 43%

= 1.5 1b/sec

For these results, the reservo - temperature and pressure were 1800°K

and 37.5 atm respectively, the mole fraction of €0, was 0.07, the nozzle

;
§
:

area ratio was Ae/A* = 50, and the nozzle throat height was h*=0.3 m.
Three cases with different H0 mole fractions are shown in Table I.
These results show that, for a GDL the size of the iOL 3-legawatt

Arc Tunnel, Pe {s on the order of 1/2 the maximum available power

at the nozzle exit. This serves to illustrate the difference betvween ;

43




€max and the actual power extracted.

As a final note on power extraction, several approximate

method527’44

are available for predicting power output, generally

based on the estimation of saturation intensity within the cavity

(see section I11). However, for accurate results necessary for reasonable
comparison betvieen theory and experiment, and for detailed GOL design,

a coupled numerical'solution such as described above is required.

D. COMPARISON BETWEEH THEORY AND EXPERIMENT

The previous discussions have dealt with calculations of

" GDL performance. Such calculations clearly show that population

inversions, laser gain, and laser power extraction can occur in
supersonic expansions of COZ-NZ-HZO or He mixtures. These calculations
have been generally confirmed by experiment, and such experiments

are tﬁe suuo-t of this section. Also, the results shown in this
section draw heavify on References 11 and 45.

1. Kinetic Rate Data

The vibrational relaxation times used to ontain the theory
curvas in this section are correlations of the data compiled in
reference 38, with the single exception of the water rate, (1) 5

¢’ C0,-1,0

Based on recent calculation by Sharma46

the present model assumes that
(z.p)-~ is constant for T < 600°K. This approximation is not
c"/C0,-H,0
2772
good for T<200°K, but such low temperatures are usually not encountered
in the flows of interest here.

2. lNonequilibrium Gas Dynamics

In the analysis of reference 8, the kinetic rate equations

are fully coupled with the governing flow equations of continuity,
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momentum and energy. HNonequilibrium conditions are included both
upstream and downstream of the nozzle throat. The governing equations,
along with their time-dependent numerical solution have been describied
in Section C of these Notes. Hence, no further elaboration will be
given here.

3. Small-Signal Gain

The fundamental experimental measurement discussed in this

Section is the small-signal gain coefficient, Go’ defined as dlv/lv=

..._

Godx. Here, I, is the intensity of a‘low power COZ diagnostic

,..-..
N

laser beam at 10.6 um incident on an element of gas of thickness (dx)
.§ in the supersonic flow, as shown schematically in Fig. 21. In principle,

the intensity increase, dlv, yields a measurement of Go' The intensity,

Iv, must be small enough such that the radiation field does not disturd
X the population inversion, i.e., such that (“001'”100) is collision
dominated. In this case, G° is directly proportional to the population
inversion. A detailed discussion and derivation of the small-signal
gain equation is given in Section C. With the appropriate rotational
constants, a ciose approximation of eq. (20) for the P(20) transition
of the 10.6 band is

, - l__ oy )[@)8—234/7

I T Ve tes ~ “Vioo 7 (40)

where A = 10.6 x 10'6m, 12]'15 the spontaneous radiative lifetime = 5,38
sec, v, is the collision frequency, and T is in °K. Equation (40)

assumes pressure line broad:=ning only; Doppler broadening is negligible
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Fig. 21 DEFINITION OF SMALL-SIGNAL GAIN COEFFICIENT ]
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h‘: for the pressures of interest at the nozzle exit ( 50 torr). The

= quantities in Eq. (40) are not 1imited to a specific set of units;
however, they must be consistent, such as the SI system. The numerical
constants in the last two factOfs have units of °K.

Thus, theoretical vibrational population inversions (NUOI'NIOO)

T

are obtained from the analysis of reference 8; in turn, these are used

in Eq. (40)to give theoretical predictions of Go for the P(20) transitions
of the 10.6u band., For other P(J) transitfons in the same band,

3 T

Eq. (40) must be appropriately ratioed, assuming rotational equilibrium.

The purpose of the remainder of this section is to compare the theoretically

A T T

i e
P—

predicted Go with experimental measurements.

4. NOL 3-Megawatt Arc Tunnel

] The NOL 3-ilegawatt Arc Tunnel is an arc heated high temperature
§ supersonic wind thnne] faci]itylz. The artist's conception of Figure 22
' li shows the major conventional components of the wind tunnel. Electrical
d power is delivered from an AC power supply to the 4 ring, 3 phase AC arc ]
heater. HNitrogen (or air) is heated to the desired pressure and temperature
é 2‘ by the arc. In its conventional wind tunnel configuration, the high

E temperature gas passes through the supersonic nozzle into the test cell,
where zerodynamic and heat transfer data are usualiy obtained. The gas

then passes through the diffuser, an after-cooler, and to a vacuum pumping

plant.
4

The arc heater 7 is of the 4-ring 3 phase AC type developed

at NOL (See Figure 23). Water cooled copper electrodes and liners

are placed within the steel pressure shell. The gas to be heated
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is injected into the chamber through a series of holes around

one leg of each electrode. The gas is heated by the two arc

colums which (due to their self-induced magnetic field) rotate around
the electrodes. The arc heater is capable of operation over a range

of temperatures from 1500°K to 6000°K and pressure of 10 to 70
atmospheres. Extensive operating experience at pressures of 10 to 35
atmospheres give heater efficiencies of 25 to 60 percent depending upon
the temperature and mass flow required.

For the small-signal gain measurements, the conventional
arrangement shown in Figure 22 is modified. Specifically, a mixing
chamber, supersonic rapid expansion nozzle and constant area duct
are substituted for the conventional wind tunnel nozzle. This modified
arrangement is shown in the schematic of Figure 24 and the photo of
Figure 25. In thé mixing chamber, C02 and liquid “20 are injected and
mixed with the hot N2 from the arc heater. The hot gas mixture passes
through the supersonic rapid expansion nozzle, where the population
inversion is created. The two-dimensional, contoured, minimum length
nozzle has a throat height of 1 mm, an inviscid-core area ratio of 20,
and a length transverse to the flow of 585 mm. The flow passes through
an essentially constant area duct which is provided with a series of

7 viewing ports along its length. The duct is slightly divergent to

account for viscous effects. The output beam (10.6 um, P(20) transition)

from a homemade diannostic c02 gas laser (see Figure 26) is directed
into the duct through an IRTRAN window, reflected from a gold-coated

mirror on the opposite side of the duct, and passed back out the window
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into a broadband cw laser power mater (Coherent Radiation Labs
Model 201). The small signal gain along the duct may be measured by
moving the window and mirrors so that the diagnostic laser beam
passes through the desired point location.

The reservoir temperature of the gas mixture entering the
supersonic nozzle is determined by use of a one-dimensional mass
flow relationship from a sonic throat condition. The measured arc

heater pressure and mass flows of the individual gases (Nz, COZ’ and

H20) are used with specific heat ratios, compressibility factors, and

gas constants for the mixture to calculate the nozzle reservoir
temperature. The procedure is similar to that normally used in high
temperature wind tunnel systems48.

The'spectral output of the diagnostic TOZ aas laser was

measured with the aid of a Jarrell-ish model (8z00J) spectrometer

and a liquid nitrogen cooled detector. Tne laser was found to operate

predominately on the P(20) transition; the P(18) and P{16) transitions

also occurred, but were weak enough to be ignored in the small-signal

gain measurements and in the analytical calculations.
The sequence of events leading to a small-signal gain

measurement is as follows. First, the diagnostic laser and optical

system are aligned to give the maximum power incident on the power meter.

Then, the arc heater is turned on, heating pure N2 at a temperature
somewhat above the final reservoir temperature. When steady flow
conditions are reached in the heater, cold CO2 and liquid H20 are
injected into the mixing chamber (sece Figures 24 and 25), The power

meter continuously records the power level of the beam after it has
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| doubly traversed the duct. The beam power w, measured during the
steady flow of the NZ'COZ'HZO mixture and the power wo measured

'i during the preiiminary flow of pure N, yield G° from the relationship

N]/No = exp‘(GoL) where L is the geomelric path length inside the duct.

b 5. NOL 12.7 cm Shock Tunnel

The arc tunnel discussed above is one means of providing a

reservoir of hot, vibrationally excited gas for subsequent expansion

;j through a nozzle. Another means is to utilize the shock-heated gas

behind a reflected shock wave in a shock tube. In the present experi-

i .
‘1 ments, a conventional pressure driven shock tube is used to provide
s[ reservoir conditions behind a reflected shock wave in a mixture of

C02-N2-He. A nonequilibrium population inversion is created when this

) shock-heated mixture expands through a nozzle mourited at the end of
the tube. The flow then passes through a slightly diverging cavity
i vhere measurements of Go are made, and finally exhausts into an
evacuated dump tank. Some features of the experimental apparatus are
given below, and a schematic of the shock tube arrangement is given
in Figure 28.
The shock tube is 12.7 cm in diameter and utilizes a single

diaphragm to separate the driver and driven sections. The driven

section terminates with an end wall plate and a .077 mm thick brass
diaphragm to scparate the nozzle from the driven section prior to
performing an experiment. Ouring optration of the shock tube, the
incident shock wave reflects from the end plate, produces stagnation

conditions for operation of the nozzle, and ruptures the secondary
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| diaphragm. Uniform flow is maintained through the nozzle for about 1
millisecond. The nozzle is a minimum length, two-dimensional, contoured

i slit nozzle with a 1 mm throat height and an inviscid core area ratio

: of 20. The nozzle width is 12.7 cm. A detailed drawing of the shock

tube end wall, nozzle, and cavity is shown in Figqure 29.

f? The shock tube was driven with cold helium in these experiments.
A 5.88% C02 - 55% N, - 39.12% he mixture commercially obtained from

the Matheson Company is used as the test gas. This gas mixture is

ol supplied with an accuracy of t 2% of each_component. The total
impurities, as stated by Matheson, are less than 200 ppm and the “2

and HZO content were each stated as less than 50 ppm. Prior to

fi11ing the shock tube with the test gas mixture, it is evacuated to

3 torr.

less than 10~
i Experiments were perTormed for stagnation pressures of 19.47

to 23.56 atmospheres and a range of stagnation temperatures from 1175

i to 2240 degrees Kelvin. The stagnation conditions are calculated from

normal shock relationships assuming local thermodynamic equilibrium

using the method of reference 49 and the measured shock wave speed.

———

Figure 28 shows the instrumentation for the measurement of the shock
wave speed. Three quartz piezoelectric pressure transducers (manu-

factured by PCB Piezotronics, Inc.) and electronic counters are used

e ' b, ki o

to measure shock wave transit times. Pressure is measured using the b

transducer nearest the end wall., ]

] Small-signal gain measurements are made downstream of the !

nozzle in the laser cavity. Five ports are spaced along tie length {

of the cavity to enable longitudinal G0 profiles to be made. Go is
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‘ measured by directing the beam of a low power diagnostic laser through
‘ the cavity and measuring the increase in power between no flow and flow
{ conditions. A schematic of the instrumentation for meusurements of

small-signal gain is shown in Figure 30. The diagncstic iaser is a

Sylvania iodel 948 CO2 laser. The bean is first mechanically chopped
to establish a reference level and then sampled (by means of beam
splitters) to determine wavelength and amplitude stability. One
sampled beam is directed to a focusing mirror which reflects it to a
grating blazed at 10 micrometers. This beam is dispersed by the
grating and projected on to an OptEngineering thermal imaging screen
which displays the individual 1ine or lines present and their cor-
responding mode structures. The second sampled beam is monitored by
detector #1 to determine the amplitude stability of the diagnostic
laser, The main probe beam passes througn the windows (Irtran 2,
antireflection coated) of the cavity and is then diffused by reflection
from a rough surfaced aluminum flat to ensure coverage of the active
area of the detector #2. A narrow-band-pass filter is inserted in

the beam path to prevent extraneous rudiation from invalidating the
gain measurement. Detectors #1 and #2 are gold-doped germanium photo-
conductive cells operated at 77°K.

Figure 31 shows a typical oscilloscope trace of the probe beam
as detected auring an experiment. The lower trace is a 10X amplification
of the upper trace. An upstrean pressure transducer triggered the
oscilloscope. The flat initial portion of the oscilloscope trace is

representative of a no-flow condition in the cavity. The increase in

signal indicates thc start of flow in the cavity. (The upward
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deflection is indicative of gain.). The rectangular pulse is the

chopped signal. The reference is indicated by lo and the increase in

" intensity by Al. The value of G, is given by (I, + aI)/1 = exp (GL),

where L is the geometric path length (in this case, 12.7 cm for a
single tranverse of the cavity). The gain measurements were made on
the P(28) and P(30) lines. These lines (rather than the usual P(20)
Vine) were used because the diagnostic laser was more stable at these
transitions due to mirror misalignment within the laser.

Typical pressure records near the end-wall are shown in Figure
32. The initial abrupt pressure increase occurs when the incident
shock wave passes over the pressure transducer. The second large
pressure increase occurs as the reflected shock wave sweeps over the
gauge. A pressure plateau persists for approximately 1 millisecond
and is subsequently destroyed by wave interactions. Two types of
wave interactions are shown in Figure 32. Figure 32a is a pressure
trace of conditions where the reflected head of the expansion wave,
generated by the rupture of the primary diaphraom, eventually inter-
acts with the reflected shock wave. The expansion wave lowers the
pressure and cools th: gas and thus terminates the test after about a
millisecond running time. By comparison, Figure 32b represents the
interaction of the reflected shock wave with the contact surface and
the subsequent generation of shock waves which are transmitted back
into the stagnation raegion. These weaker shock waves cause the
additional pressure and temperature increase in the nozzle reservoir

regfon which occurs after about 1 millisecond of useful test time.
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Eventually the pressure rapidly decays, which ic indicative of the
arrival of the expansion wave.

6. Arc Tunnel Experiments ;
b

'COnsidering COZ-NZ-HZO mixtures, small-signal gain measurements
have been ottained in the NOL 3-tlegawatt Arc Tunnel as a function of

distance from the nozzle throat. A measured Go profile is shown in

Fig. 33, where it is compared with the theoretically predicted profile %
3
]

. obtained from the analysis of reference (8). Very good agreement is
obtained. The slight drop of the experimental data below the theoretical ;

curve at large downstream distances is to be expected; the real flow j
is influenced by boundary layer growth and weak oblique shock patterns

in the constant area section whereas the theoretical analysis assumes

an inviscid, shock-free flow. The existance of a weak shock pattern

50,51

has been experimentally observed In fact, a detailed experimental i

investigation of the fluid dynamics of short, minimum length nozzles ]

js described in reference 51.

Referring to Fi-, 33, the initially rapid increase in Go as

a function of distance is due to the rapid depopulation of the (100)
C0, level by H,0. The (001) level is also being depopulated, but at

>
P AR L betatan e B

a slover rate. The peak gain is reached when "100 essentially equilibrates
with T. Downstream of the peak, Go decreases due to the continuous

1 deactivation of the (001) level. The different rates of relaxation

for the (001) and (100) levels are clearly evident in Fig. 34, where

ti.coretical results for the two vibrational temperatures and the

translational temperature are shown as functions of distance along

L the duct.
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In addition, the Go measured at a fixed station (1.9 cm down-

stream of the nozzle exit) is shown in Fig. 35 as a function of reservoir
temperature. Again, the measurements are compared with theoretical
predictions based on reference (8) and again reasonable agreement

is obtained.

Examining Fig. 35, at lower temperatures Go increases rapidly
with To simply because the total vibrational energy in the reservoir
fncreases. However, the relaxation rates also increase with temperatu}e.
Moreover, for a nozzle of fixed area ratio, the exit static temperature
increases as T° increases, hence resulting in larger values for N]oo
(which is close to equilibration with T). For these reasons, G,
will peak and begin to decrease if T° is made large enough. This
behavier is clearly evident in Fig. 35. The magnitude and location
of the peak depends on nozzle shape and size, Po and mixture ratio.

A1l of the previous measurements have been made along
the centerline of the flow. The minimum length, two-dimensional nozzle
employed for these measurements is contoured to provide uniform
flow at the nozzle exit. Because the flow field is two-dimensional,
the fluid elements traveling along different streamlines experience
different flow gradients; thus the nonequilibrium history of each
s treamline is different. This prompts a question regarding the
uniformity of Go vertically across the nozzle exit. In order to
investigate this question, measurements of G° were made off the
centerline in a direction normal to the flow at a station 1.9 cm down-

stream of the nozzle exit. These measurements are shown in Fig. 36,

12

T .




Rt .

F | _ %
1 o 3-MW ARC TUNNEL DATA
| — THEORY (REF, 1) 3
'e 0.8f :
F © o] o
© o6 o
=z é
< ;.
S o4t ;
2 P = 10.23 ATM _
g 2 0 - o |
2 02 %o, 0.103, Xy, - 0.885, X, o = 0.012 i
- 2
2 |
0 1 ! 1 ! ! | ! T !
; = Oz 14 16 L8 20 22 24 26 ]
RESERVOIR TEMPERATURE, T (°K)x10°>
Fig. 35 VARIATION OF SMALL-SIGNAL GAIN WITH RESERVOIR TEMPERATURE: COMPARISON BETWEEN
THEORY AND EXPERIMENT




R AR Ful a2, b i T o L i gl L o e et B Conas i o ol R s ud e i o L A o N s e o S L Gt L L
} i j . i : . z : ot

RV P
1
g
3

P_+10.9 ATM ;
0 3
T, = 2260 °K
x"z - 0,882 |
xc02 « 0.105 t
0.8 = XNZO . 0. 013 1
[ y o V. l l
d —Q =D {= | _i
0.7} 1S | %1
= | ' a
—o0—= | ;.
_ 0.6 1S | ;
e g |
- |u ' 3
(.';o 0.5 [~ l I ;
: o=+ | |3
z BEAM S|ZE OF L "
S 0.4 DIAGNOSTIC Y-
= LASER -~
5 I |>- ;
» 031 : :: ;
Y >
- = | 13
= |
{ 202 S I
[F¥)
o S I
| o (.
¢ L 0.1} | I
‘ | I
& [ I
! 0 | I T T T I I
; 0.2 04 06 08 .0 12
DISTANCE FROM ¢ (cm)
:
] F‘ig. 36 VARIATION OF SMALL-SIGNAL GAIN TRANSVERSE TO THE FLOW AT A STATION 1.9CM
E DOWNSTREAM OF THE NOZZLE EXIT 1
|
E

74




and demonstrate a remarkably uniform Go distribution across the entire
inviscid flow region. These off-centerline gain measurements : re be-

1ieved to be the first of their kind, and indicate that two-dimensional
effects are not seriou§ for such internal nonequilibrium nozzle flows.

7. Shock Tunnel Experiments

Small-signal gain measurements have also been made in COZ'

E
4
4

Nz-He mixtures in the NOL 12.7 cm Shock Tunnel. The results are shown
in Fig. 37, where Go at a fixed station (1.27 cm downstream of the
nozzle exit) is plotted as a function of To' Also shown in Fig. 37 are

theoretical predictions for the P(28) and P(30) transitions of the

R R N I

10.6 u band. These are the transitions on which the diagnostic laser

was operating for the present shock tunnel experiments, as discussed Q

earlier. Again, the theory based on reference (8) yields reasonable

agreement with experiment, with the exception of the higher temperature

rénge where the measured data fall slightly below theory. It is “;
interesting to note that the equilibrium reservoir conditions for |
the present measurements indicate 1 percent dissociation for CO2 at

To = 2000°K, growing to 5 percent at T0 = 2250°K. The theoretical

results shown in Fig. 37 assume a nonreacting, constant composition
mixture and hence do not account for the partial dissociation of COZ' i

This contributes in part to the over-prediction of Go at temperatures

K

above 2000°K.

Small-signal gain measurements for COZ-NZ-He mixtures have

13 .

also been made in a shock tunnel by Christiansen and Tsongas
the University of Washington. Some of these data are shown in Fig. 38,

where G0 is plotted over a wide range of Po The measureiients were
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made at the exit of a wedge nozzle with throat height = 2 mm, total
included angle = 30°, and Ae/A* = 10. Also shown in Fig. 38 are
the corresponding theoretical predictions from the analysis of
reference (8). Reasonable agreement is obtained between theory and
experiment,

8. Other Experiments

A complete set of GDL Arc Tunnel experiments have been
reported by Lee et allo. They give comparisons between theory and
experiment for small-signal gain and laser power for COZ-NZ-He and
H20 mixtures. The nozzle arrangement was an array of 24 Mach 4 nozzles
of 1 mm throat height, in contrast to the single silit nozzles
described in the NOL experiments. Some of their results for small
f B signal gain are shown in Figures 39-44, and some power data are shown
in Figure 45. In these figures,which are taken directly from Reference
10, the theoretical gain is obtained from the method of Andersons.
Fairly reasonable agreement is obtained. The theoretical curves
(the solid curves) for powe: in Figure 45 were obtained from an
approximate analysis based on Rigrod44 for various values of mirror
absorptivity. The actual mirror absorptivity in these experiments

is not known, and Figure 45 illustrates the tenuous nature of power

extraction analyses.

] Another set of arc-tunnel GDL experiments were performed

52, and were compared with their detailed

by Howg.’::, Roberts and Barr
numerical calculatiuns of laser power output. Discrepancies between

theory and experiment ranged from 7% to 100%, and again illustrates

the difficulties involved in accurately predicting power extraction
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in a GDL cavity.

Finally, with regard to conventional GDL arc-tunnel experi-

ments, McLeary53 reports “approximate" agreement between his theoretical

calculations, and the arc-tunnel results presented by Anderson and

Hinklerlz‘

Other shock tunnel experiments are reported by Klosterman

2 15

and Hoffman~, Christiansen and Tsongas]3. Hertzberg et al]4. Vamos ',

Tennant et a116. Kuehn and Monson17, Biriukov et a154. Sato and

Sekiguihiss. and Gembarzhevskiy et a156

. Thoughout all of these,

comparison betweeﬁ theory and oxperiment ranged from poor to very good.
At this point, the reader is reminded that a conventional

gasdynamic laser operates with an equilibrium mixture of coz. N2 and

H20 or He in the reservoir, independently of the way in which this

hot, high pressure mixture is obtained. It can be formed in an

electric arc or by means of shock heating, as previously described,

or it can also be formed by chemical combustion as initially reported

by Gerry]. Several combustion-driven GOL's have been reported by

Gerry]. Tulip and Sequinla. Yatsiv et allg, Meinzerzo. and Gabai

et a157. In each of these, comparisons are made with theory, and
again various degrees of agreement are obtained. Of particular
interest are the extensive parametric tests of Meinzerzo, including
the effect of H20 on GDL gain all the way to 50% “20 content, Meinzer20

compares his experimental data with resi.lts obtained from the analysis
8

of Anderson

» showing some reasonable agreement.




.

A final remark is in order concerning the comparison of theory

with experiment. Andersonzs’26 has recently reported that, based

i i

: on the current discrepancies in the existing rate data, an uncertainty

o i e e -

i of 25-30% can be expected in any calculation of gasdynamic laser

performance. These thoughts are given in detail in Appendix A of

e p—

L the present llotes. Also, in addition to uncertainties in the kinetic

rates,” any comparison between theory and experiment is subject to 4
L error due to shock wave and viscous flow effects in the laster cavity; |

7% such effects are generally not included in the existing theoretical

analyses.

E. INVERSIONS BEHIWD NORMAL SHOCK WAVES
3

Basov and Oraevskii~ suggested that population inversions

in molecular systems could be obtained by rapid heating of the system,

as well as by rapid cooling as in the case of the conventional gas-
dynamic laser. One of the most rapid ways of heating a gas is by
means of a shock wave. Therefore, let us examine the purely
vibrational relaxation process behind a normal shock wave in COZ-
Nz-He mixtures, and assess what inversions, if any, occur in the
nonequilibrium flow. This problem has been examined by Anderson
and Madden in keferences 58-59.

Consider the gasdynamic flow model shown in Figure 46.

We make the standard assumptions of a stationary, discontinuous shock

front with frozen conditions irmediately behind the front, lience,

at this location P2s Tz. and u, are obtained from the standard

calorically perfect gas equations for normal shocks, and eyib and ;
I
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evib“ are equal to their respective upstream values. In turn, these
quantities are the boundary conditions for the downstream nonequilibrium
flow, which is solved by forward numerical integration of the governing

steady flow conservation equations as functions of distance behind

the shock front. These equations are:

Continuity: af#-/o e - (41)

a’«

Momen tum: /r?/ Zf + RaT/ole + U gz =9 (42)

Energy: R 7 ZZ" # te Kt ng-u&?/(’f’mrfﬁ,@z) =o (43)

b 4

Rate: "’f';"’f = %@ Y ‘:{C’wbﬂ ‘20 (44)
Zz X

where a = %Xne + g(xcoz + XNZ), p =‘./°RT, and the notation is standard.

The solution is terminated when equilibrium values of the normal shock

properties are closely approached; equilibrium normal shock properties
for COZ-NZ-He mixtures are known in advance from Ref. 43. A detailed

discussion of the numerical aspects of the present study can be found

in Ref. 59.

Numerical results for a typical case are shown in Figs'. 47 and 48.

Figure 47 illustrates temperature variations in the nonecquilibrium region
behind the shock front, and clearly shows the rapid equilibration of Tvib

I
with the translational temperature T, whereas in contrast, Tvib relaxes

11
more slowly. At a distance of 4 rm downstream of the shock front, all
three temperatures have equilibrated within one percent of the final
equilibrium temperature, which has been taken from the results of Ref. 59.

The results shown in Fig. 4% reflect a molecular collisional process
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which indeed leads to population inversions behind the shock front,
as shown in Fig. 48. These inversions occur between the (04°C) and
(001) levels and to a lesser degree between the (200) and (001 levels
in CO,. Examining Fig. 48, near the shock front the inversions rapidly
increase due to the rapid population of the excited levels of mode I
while at the same time the excitation of mode Il is lagging far behind.
However; the inversion soon peaks and begins to decrease farther down-
stream as the lower (001) level is substantially populated. MNote
that, for the given upstream conditions, the inversions persist over
a length from 1-2 mm behind the shock front. The vibrational kinetics
obey binary scaling; hence, the spatial extent of the population
i inversions can be increased or decreased by a propertional decrease
or increase in Pys keeping T] and Uy the same. Many additional
results obtained from the present study are discussed in Ref. 59.

How do the laser properties of this nonequilibrium shock
flow compare with those obtained by rapid expansions? First, the
conventional, rapid expansion gas dynamic laser creates a population

inversion between the (031) ...d (100) levels in €0, which subsequently

lases at A = 10.6 . In contrast, the inversions shown in Fig. 48 between
the (04°0) and (001) levels, and between the (200) and (001) levels, .
would correspond to laser transitions at 59‘4and 250, respectively.

An important parameter for gas lasers is small signal gain, Go' defined

as dI/I = Godz where I is the incident radiation intensity on a slab !

R s

of laser gas of thickness dz, and dI is the increase in beam intensity

after traversing the length dz. As shown in Appendix A of Ref. (32), i

A, AL i .
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Gb « (A /12]) IN = (14 /2) 1N, where L’y is the spontaneous radiative

lifetime for a transition between the upper and lower laser levels,

M 1s the corresponding quantum mechanical matrix element, and IN is the
popu]ation inversion. For CJ,, Eomputed values of M for the 50u,

22u, and 10.6u transitions are in the ratio 0.21 x 10'2:0.21 X 10'2:0.34 x 10
respectively.60 Also, the shock induced population inversions shown

in Fig. 48 are approximately one order of magnitude smaller than

typical inversions created in rapid expansion through supersonic

nozzles. In ligh§ of the above numbers, a comparison 9f Gc av 50u

and 22u behind a shock wave with G0 at 10.6u in a rapid expansion

leads 0 (6,)50,/(6;)1g, g™ 107" and (6)z9,/()yg " 2 x 107"
Ciearly, the nonequilibrium region behind a normal shock wave in COZ'
NZ-He mixtures produces a low-gain medium. A nmore detailed discussion
and comparison of these and otier laser properties are contained

in Ref. 59.

This study indicates tiat population inversions occur
behind a normal shock front due strictly to translation-vibration and
vibration-vibration molecular energy exchanges in COZ-NZ-He mixturec.
However, the laser properties of this shock-induc2d nonequilibrium

flow are clearly not as promising as those of gas dynawic lasers operating

on the principle of rapid expansion,

-1
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11. GASDYNAMIC LASERS: STATE-OF-THE ART

A. INTRODUCTION

High energy gas lasers are a modern reality. Moreover, the
technology of these lasers is growing vigorously in at least three
directions, namely, gasdynamic, electric discharge and chemical lasers.

The basic physical process common to all these lasers is the
competition between stimulated emission anc absorption of mono-
chromatic radiation, where the radiation (photon) energy corresponds
to the difference between two distinct energy levels of an atomic or
molecular system. It has been shown in Section I-B that stimulated
emission will win over absorption if a population inversion exists between
the two energy levels, i.e., if (NZ'“I) > 0, and therefore laser
energy can iﬁ principle be extracted from the gas. In electric discharge
lasers, the upgar energy level is ;'referentially populated by collisions
with electrons energized by an electric field; in chemical lasers,
the products of highly energetic chemical reactions are formed directly
in vibrationally or electronically excited states with the upper levels
preferentially populated; in gasdynamic lasers, an initially hot gas
in thermodynamic equilibrium is rapidly expanded through a supersonic
nozzle, and an inversion is formed by differential relaxation processes
in the nonequilibrum nozzle flow. Of these three types of lasers, the
gasdynamic laser has produced the highest continuous wave power to date"z.

The results embodied in References 1,2,,,8,9-14,16-20,52-57
represent (for the most part) a “first generation" of GOL technology,
where mixtures of COZ'NZ'HZO or He are utilized at typical conditions
of p,x20 atm, T =1200°K, h*s1 mm, A,/A’x20, and water mole fraction

89
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XH 6?0 01. (An exception is the high pressure work of HertzbergM

and Christiansen13 which dcals with Po in hundreds of atmospheres.)
In Yight of this previous work, the purpose of the present section
is twofold: (1) To survey some recent advances which contribute o
the “second generation" of GDL .echnology, and (2) To present
experimental and theoretical results which typify theese advances.
In particular, this second generation of GDL's is characterized by
higher reservoir temperatures and pressures, smaller nozzle throat
heights, larger area ratios, and larger HZO contents. Horeover,

in some cases new gases and lasing transitions are being employed,
61

such as the interesting work of licKenzie™ with CO-NZ-Ar mixtures.

E
4

As a final introductory note, in the following sections all

theoretical values for small-signal gain and maximum available

energy are obtained from the time-dependent nonequilibrium nozzle
analysis discussed in Reference 8, and are calculated with the
computer code descrved in Reference 62. As discussed in Section I-C,
this analysis fully couples the vibrational kinetic rate equations
with the governing quasi-one-dimensional flow equations of continuity,
momentun and energy. Nonequilibrium conditions are included both
upstream and downstream of the nozzle throat. A simplified vibrational

model is used which approximates the detailed molecular energy

Rt e i R i e R N e il

transfer. The experimental results of References 9-11 show that the
model and analysis of Reference 8 yield reasonable agreement with
experirental data for gasdynamic laser gain. Also in the present

diccussion, the maximum available energy, e is always the local

max’

90




i LEiE UL R

value at the nozzle exit; hence, e .., takes into account the
vibrational relaxation in the nozzle. In this manner, the present
Crax {s different from that defined in Reference 1, where the
maximum available energy is based on reservoir Eonditions. The
precise definition and calculation of e . is given in Section I-C

of the present notes.

B. INCREASED H,0 CONTENT

For COZ-N2 gasdynamic lasers, the presence of Hzo or He is
extremely beneficial for the rapid deactivation of the lower laser
level; indeed, such a "catalyst” 13 neéessary for the production of
high gain and efficient extraction of laser power. The typical |
GOL described in Reference 1 is cormbustion uriven, therefore HZO
rather than He {s the meaningful catalyst for such devices. Experience
gained with the first generation of GOL technology indicated that
gain is a very sensitive function of H20 content; along with the
beneficial deactivation of the lower level, there is also the competing
detrimental deactivation of the upper level due to HZO' Hence, with |
the first generation of GDL's, an optimum amount of H20 in the gas
mixture was found to be on the order of 1 percent, i.e., XHZO = 0.01.
For H20 contents much larger than this, the collisional deactivation
of the upper laser level i{s overwhelming. Such effects are shown by
the lower curves in Figures 49 and 50. In Figures 49 and 50, theoretical

values for peak small-signal gain and maximun available energy,
respectively, are given as a function of XHZO' (In the spirit of

the SI system of units, e ., is given in kjoules/kgm; however, the
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more common GOL unit is kjoules/lbm, where 1 kjou'les/'lbm = 0.454
kjoules/kgm.) The lower curves in both these figures typify the

first generation technology, for which the maxinum peak gain is
clearly seen to occur around xHzo 0.01.

The low value of XHZO-O .01 for optimum gain places a

severe constraint on candidate fuels for GDL's; most conventional
fuel-oxidizer combinations which produce COZ and N, also produce
nzo far in excess|of 1 percent. (See Reference 63.) Therefore, recent
efforts have been made to study the effects of higher HZO content
on GDL's, say, in the range from 1 to 10 percent. In this vein,
Yatsiv et a]‘g and Tulip and Seguin‘8 have operated GOL's with
attendant HZO conients up to 8 percent. (Tulip and Seguin have very
recently used gasoline in a GDL.) Also, some earlier gain measurements
made in the HOL 33Megawatt Arc ‘runne1]2 covered a Hzo range from O to
6 percent. These experiments have shown that small-signal gain does
{ndeed persist at'high HZO content. This 1s also clearly shown by
the lower curve of Figure 49, where Go persists for H,0 content at
least as high as 10 percent, albeit substantially reduced from its
optimum value which occurs around 1 percent. Of more consequenﬁe

for first generation GODL's, however, {s the drastic reduction of

€ nax shown in the lower curve of Fig:re 50 for higher HZO content.
Therefore, we are led to the conclusion that, for the h ’ To’ Py and
Ae/A characteristic of first generation technclogy, GDL's can

operate with high Hzo content, but with severe penalties in efficiency.

I.e., the percentage loss in Go and e is very large as XHZO

is increased from 0.01 to 0.1.

94




G R i i il o i ik e errm—
; ; ... e T T S AT SO YTy S —
R : ’ R

8 At

1

4

On the other hand, high values of XHZO appear to be ;

much more compatible with second generation technology (hower h*. :
higher T , p, and Ae/A*). This is clearly shown by the upper ;
curves of Figures 42 and 50, which tvpify this newer technology. 4
For Aj/A" = 50, h" = 0.3nm, and T, = 1300°K, the theoretical results i

shown in Figure 49 imply thut peak gain s maximum for xH d=0.025.

2 ;
and that this maximum is fairly flat for x“20 from 0.01 to 0.06. g
lndéed. a more detailed study of the theoretical results reveals i

that, for the stronger expansions associated with the second gener-

e

ation nozzles, the iower laser level as well as the upper level

tends to freeze inside the nozzle. Hence, more Hzo is necessary

i

to promote rapid equilibration of the lower level with the trans-
lational energy of the gas. This effect is shown in Figure 51,

which 1llustrates the variations of the upper and lower laser lewel

it i i

£y vibrational temperatures, TOO] and Tyq0s respectively, as a

' function of distance tor several different values of x" 0 ilote
2

ke e

that for XHZO = 0,01, the lower level is far from equilibrated,
! and that values on the order of XH20 = 0,04 are needed to promote rapid ]

E equilibration. Therefore, we are led *~ conclude that second

i generation GDL's are more amenable to higher Hzo content, and that a

wider range of fuels for GDL's is now a possibility.

s AP i o il i

The gain profiles are markedly different between high and

Tow H)0 content. This is shown in Figure 52, where Go is given as a

function of distance dovnstream of the nozzle exit. In comparison

to the case for x“zo = 0,01, note in Figure 52 that the peak Go for

XH20 = 0.04 occurs nearer the nozzle exit, and taat gain drops off ;
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more rapidly with distance. This implies a constraint on the laser
cavity design for mixtures with high Hzo content, nameiy, that
power has to be extracted in shorter distances. However, such rapid
power extraction appears feasible, for example, with an unstable

resonator, as described by Gerny‘

» and as discussed in a subsequent
section of these Hotes.

The results shown in Figures 49-52 are theorctical, and may
be a bit optimistic. The kinetic rates embodied in these results

38

are obtained from Taylor and Bitterman™, with the lower laser

level deactivation rate due to H,0 modified to account for the
calculations of Sharma“s. (See Section I-D of the present MNotes.)
They do not include the up-dated rates described in References

25 and 26, and reproduced in Appendices A and B of the present
Notes. The effect of the newer rates on such calculations, along
with a comparison with the experimental data of Vamosls, is shown

in Figures 53 and 54. Vamos has conducted a systematic series of shock
tunnel tests covering 1st generation (Figure 53) GDL's (20:1

nozzle area ratio), as well as 2nd generation (Figure 54) GDL's

(50:1 nozzle area ratio). In both Figures 53 and 54, the theoretical
and experimental results for small-signal gain show that Go persists

at high H20 content. Therefore, even though the results of Figures
49-52 may be slightly optimistic, the trends and conclusions shown are
still valid.

C. INHCREASED TEIIPERATURE

The obvious advantage of increasing the reservoir temperature,

To’ of GDL's is that the reservoir vibrational energy per unit mass
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increases. On the other hand, a disadvantage of increasing T°

(e
i

fs that collisional deactivation becomes more rapid, and

| therefore not all of the increased reservoir vibrational energy
is realized at the nozzle exit. Another disadvaﬁtage is increased
heating of GDL components. However, increasing T° is certainly
a viable means of increasing output power per unit mass flow,
and high temperatdres are therefore a major characteristic of
second generation‘GDL's. Because the nozzle exit temperature
should be low (Texit

population low, then increasing T automatically implies

«300°K) in order to keep the lower laser level

increasing Ae/A*. For GDL's that exhaust to the atmosphere with

a fixed diffuser efficiency, this also automatically implies

- increasing Po- Therefore, in 1ight of the above discussion, the

reasons are clear for choosing the conditions which contrast the

Prp—
St

first and second generation technology in both Figures 49 and 50.

The purpose of this section is to discuss the results

Fr—
(=,

of a numerical experiment which indicate the advantages of increasing

[P
| IS

To. These results are shown in Figure 55, where Go and €rax 2"e

B plotted versus T . For each numerical point shown, Ae/A* is

different; the area ratio is increased as To increases in order

to maintain T t=300°K. For the sake of consistency, the reservoir

exi
pressure is held fixed at 30 atm for these points, i.e., the GDL

is assumed to exhaust to a variable back pressure generally less

than 1 atm.
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Examining Figure 55, the improvements brought about by
{ncreasing To from 1200 to 1800°K are clearly seen; peak Go is
dramatically enhanced, and €nax {ncreases by a factor of five.

This is tyﬁica1 of the improvements incurred with second generation
technology.

Now, let us postulate a third generation technology where
To is further increased to 2400°K and Ae/A*~100. Here, the
improvments are not so striking; Go s beginning to plateau due
to increased collisfonal deactivation, and the increase in e, .,
is less than a factor of two between T, = 1800 and 2400°K. Also,
recall that all the points shown in Figura 55 are for p, = constant =
30 atm. If our postulated third generation GDL exhaust{ to ! atm,
then p, would have to be higher than 30 atm to overcome the {ncreased
total pressure losses assocfated with higher Mach number flows. An
increase in Pgs by itself, causes increased collisional deactivation
in the flow, and therefore the actual improvenents of tnird generation
GDL's will be less than those shown in Figure 55. On the other
hand, for GOL's that exhaust to pressures less than 1 atm, the full

advantages shown in Figure 55 might be realized.

In 1ight of the above discussion, the following conclusions
are made. By increasing To much above 1800°K, only moderate improvements
(factors of 2 or 3) are possible. 'However. these improvements can be
important. Therefore, 2 third generation, very high temperature
GDL may be worth further consideration. In the procass, many important

questions will have to be answered; for example, are there appropriate
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| fuels that yield a 3000°K conbustion temperature, and how difficult
will it be to mintain the critical elements of GDL hardware at

these temperatures?

D. BINARY SCALING
1

Gerry' and Greenberg et a]SO have pointed out that

current GDL's can be scaled according to the parameter poh*. This
i :J is anticipated because two-body collisional deactivation dominates
i L the kinetics. The purpose of this section is to examine in more

{l detail the implications of binary scaling on GDL flows.

% ) Figures 56 and 57 contain numerical results for peak G,
E L] and €rnax’ respectively, plotted versus poh* for a set of GDL

nozzle flows with the same mixture ratio, nozzle contour, T° and

= Ae/A* = 20. Figures 58 and 59 contain similar results, except

that Ae/A* = 50. In each figure, only Po and h* are varied as shown.

Clearly, the peak Go and € nax are unique functions of the poh*

product, thus explicitly demonstrating the binary scaling. 1In

addition, several trends are important to note, as follows.

*
(1) The variation of G° and €nax with poh is not

tinear, i.e., halfing the poh* does not necessarily double the gain

i s

"‘”-”T-Wm

*
or ey This is particularly true for G, at low values of Poh <1 atm-cm,

as seen in Figures 56 and 58.

(2) Figures 56 and 58 show that poh*ul atm-cm 15 a

reasonable value of the binary scaling parameter for high gain. This

ot o i

value has been stated earlier by Greenbergso. In the same vein,

e

Gerry’ has pointed out a criterion for adequate freezing of the

el s U s
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nozzle flow, namely, that poh*‘z(p73ff)T*u* This criterion is simply

a statement that, in the throat region, the flow residence time,

h*/u*, should be less than the effective relaxation time, (pféff)T*/
pﬁz(peff)T,lo.Spo. For the flow conditions in Figures 56-59,

2(p73ff)T*“*’]'25 atm-cm; hence, a value of poh*=1 atm-cm satifies the

above criterion.

(3) Major increases in G, can not be obtained by reducing
poh* below 1 atm-cm. This is cleariy seen in Figures 56 and 58, where
Go essentially reaches a plateau for poh*<l atm-cm. The basic reason

for this behavior is that, for low values of pon*. both the upper and

D8 e A SR v

lower laser levels tend to freeze in the nozzle expansion. In fact,
in the theoretical limit of Po * 0, hence poh* = 0, both the upper and

lower laser levels .would freeze at their equilibrium reservoir values,

o et s e
ke | r

no population inversion would exist anywhere in tae flow, the gain
would be negative and €nax would be zero. These trends are illustrated ;z
in Figure 60, which gives tie vibrational and translational temperatures ;
for poh* = 0.21 atm-cm (solid lines) and 1.2 atm-cm {dashed 1ines)

as a function of distance from the nozzle exit. First, consider tne

solid lines. For poh* = 0.2]1 atm-cm, the tendency for T]00 to

"hang up" is quite evident. Indeed, a downstream distance of more than

Lo ol

30 cm is required before T]00 equilibrates with T. At 30 cm, the peak

o Tt

gain of 1.28 m"’I is finally achieved. In comparison, consider the

bl W

dotted lines for poh* = 1,2 atm-cm. The upper level vibrational
temperature, TOO]. is less than the previous case; by itself, this

will reduce Go‘ However, TIOO has relaxed quite rapidly and is
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.

essentially equilibrated near the nozzle exit; this will favor the

— = [ g

gain. For this case, a peak Go of 1.2 m'1 is achieved near the nozzle

exit.
With these trends in mind, there appears to be little benefit

in striving for exceptionally small values of poh* in gasdynamic

lasers. Indeed, it appears to be sufficient to satisfy the criterion,

Poh*<2(Prgee)rat™.
E. CARBON MONOXIDE GDL

In our discussion of modern advance in gasdynamic lakers, ve

would be remiss not to mention specifically the pioneering work of McKenzie6]

with carbon mnoxide. A1l previous sections of these Hotes have dealt

exclusively with COZ'“Z'HZO or COZ-NZ-He mixtures, with the lasing
transition at 10.6u. However, tnis is by no means the only possibility
for gasdynamic lasers. IicKenzie has reported independent experimental
and theoretjcal results for population inversions and laser power

extraction {ﬁ*rapidly expanding CO-HZ-Ar mixtures. The details are

clearly explained in Reference 61, and hence no elaboration will be g

given here. However, the following important points are emphasized.

The molecular kinetics of CO-NZ-Ar mixtures rely npon the freezing

of vibrational energy in H, and CO, both of which have unusually :

long relaxation times. Furthermore, vibrational energy is pumped

from Nz(val) to CO(v=1), similar to the conventional COZ-N2 system. ;
£ However, the similarity stops there, because tne vibrational energy i

is rapidly distributed upward to the higher lying levels of CO due

e
LIOTRECR RN BN SRR
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\' to rapid vibration-vibration (V-V) transfer. The anharmonicity

of these upper levels promotes the rapid V-V transfers, as discussed
’ by Treanor et a154. The net result is a non-Boltzmann distribution

; of molecules among the upper CO vibrational levels. This distribution

may lead to a vibrational population inversion in the usual sense (more

T T BT W €T o g

particles in an upper vibrational level than a lower level); or

more 1ikely it will result in a partial inversion for a given rotation-

vibration transition, even though a total vibrational inversion does
iJ not exist. Moreover, the CO gasdynamic laser generally emits
} simultaneously at a number of wavelengths in the 5u range. All these
points may add up to an order of magnitudé improvement of CO over
K conventional COZ-N2 GOL systems in terms of power output per unit

enthalpy flux of the flows].

The CO gqsdynamic laser suffers from one practical
disadvantage -- the requirement for high Macl number flows. The
population inversions in CO are enhanced by very low translatinnal
temperatures of the gas, on the order of 63°K. In order to achieve

such a low temperature, the flow must be expanded in supersonic nozzles

with area ratios (exit to throat area) on the order of 1000 -- a

factor of 20 larger than conventional GDL's. To an aerodynamicist,

this implies high Mach number flows with large total pressure losses. §

Since many practical applications of GDL's involve exhausting the gas

to the atmosphere, thon either extremely high reservoir pressures are :

required, or a dramatic breakthrough in supersonic diffuser technology ;

5 is necessary. This amounts to a serious limitation on the practical

ek il

use of such lasers.
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F. DOWNSTREAM MIXING GASOYNAMIC LASERS

How do we squeeze the most out of the g. .dynamic laser
concept? The answer to this question may rest in some recent work on
downstream -mixing GDL's, which represents the frontier of gasdynamic
laser research today.

Consider a conventional €0,-R,-H,0 or He GDL as discussed in
these llotes. Emphasis is made that the primary reservoir of energy

for laser extraction is in the vibrationally excited Ny, even though

the laser emission itself occurs via the C0, molecules. Of course,

one purpose of the supersonic nozzle expansion is to freeze as much of
this vibrational energy as possible. gggg_Nz has an extremely long
relaxation time; hence it readily freezes in a rapid expansion. However,
in a conventional GDL where both €3, and H,0 (or He) are present in
addition to ”2 in the nozzle expansion,such molecules act as a contaminant
to the "2? As a result, the COZ-NZ-HZO or He mixture relaxes faster
than pure 7Y giving lower vibrational temperatures, hence lower
available laser power. This is shown schematically in Figure 61. In
addition to this consideration, to obtain maximum laser power, the
reservoir temperature, To' should be made as high as possible. The
higher the temperature, the more vibrational energy is present in the
gas and subsequently more laser power can be obtained. However, in
conventional GDL's, T, is limited to values around 2300°K; above this
temperature, CO2 begins to chemically dissociate, and laser performance

begins to deteriorate. This is in contrast to the disscciation of o,

which occurs above 4000°K.
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In light of the above, the rader can clearly see two major
advantages in constructing a gasdynamic laser which expands pure
Ny through a supersonic nozzle, and then mixes CO2 and H20 or He
downs tream of the nozzle exit. Here:
(1) Reservoir temperatures can exceed 4000°K, and
(2) More efficient freezing of the N, vibrational energy is
obtained.

Such a device is called a downstream mixing gasdynamic laser, and is

shown schematically in Figure 62. If the ideal situation of instantaneous
mixing is assumed, then for the conditions shown in Figure 62, a non-
equilibrium calculation using the method of Reference 62 indicates a
maximum available power of over 300 KJ/lbm. This 1s an order of magnitude
improvement over the existing Z"d generation GDL's discussed in Section
II above. In fact, this number is corpared with other laser concepts

in Figure 63, which clearly indicates why there is current interest in
such a device.

However, there are obvious problems. lixing does not occur
instantaneously, and throughout the finite mixing region of a real fiow,
vibrational deactivation will constantly decrease the available power.
The question is: Does enough deactivation occur during mixing to negate

the whole concept? Work is being done to answer this question, as

described below. There are other problems. For example, can the
nozzles be made of materials that can withstand such high temperatures
in the small nozzle throats? How can we produce “2 at 4000°K on a

continued, practical basis? Also, recall that high llach number nozzles

12
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flJ are required to insure that the gas translational temperature

(hence the lower laser level population) in the cavity will be

? LJ low. Hence, can diffusers be developed that will allow exhausting the

! | flow to the atmosphere? Can the flows be mixed without inducing
strong shock waves or major turbulence in the laser cavity that degrade

beam quality?

: The advantage of high power output obtained in a downstream

; L mixing GDL encourages work on this concept, even in the face of the
above problems. Some early experimental work has been performed by

; Bronfin et a165 using arc-heated nz withlcoz-He injected vertically

; L into the supersonic flow in the cavity. Their results were the
first to demonstrate the potential of the downstream mixing concept.
However, this work was not pursued, presumably due to cnncern about

1 ig shock waves, hence poor beam quality, in the cavity. ore recently,

: downs tream mixing GCL experiments using tangential mixing have been

j Lf reported by Milewski et a166 in a shock tube, (!lote: Reference 68

! contains more recent data than Reference 67.) Also, Howgate et a]sz

’ report some similar measurements with CO2 injected both at the nozzle

‘ !; exit and upstream of the throat. ilowever, the most complete

investigation by far has been conducted by the team of Borghi and

! Charpenelsg. who have performed detailed vibrational nonequilibrium

e i, 4

fiow field calculations of tangential downstream mixing using a finite- 1
difference solution of the turbulent boundary layer equations, and of
Taran, Charpenal and Borgh17o, vho report a systematic series of arc- ]

tunnel experiitents complementing the theoretical predictions. Some
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of the results of Taran et alm are shown in Figures 64-68. They
examined mixing downstream of the nozzle exit (Figure 64) as well

as mixing in the throat region (Figure 65). Theoretical results for
gain profi]es are shownlin Figure 66 for mixing downstream of the
exit, and in Figure 67 for mixing in the throat region. Clearly,
mixing in the throat region shows higher gains by an order of
magnitude. This should not be construed as a general result; rather,
it is due to the investigator's chuice of mixing a high Mach number
stream of N, with a low Mach number stream of C0,, as shown in
Figure 64. As a result, a considerable amount of the high total
temperature of the Nz stream was recovered in the cavity, leading to
high static temperatures (800-1000°K) , hence low gains. This choice
of mixing high and low Bach nuwber streams was made to enhance the
mixing process. Such a high temperature recovery was nnt obtained
in the scheme shown in Figure 65. These theoretical results were
reasonably confirmed by arc-tunnel results, exenplified by the
experimental data shown in Figure 68. 7The reader is urged to study
References 69 and 70 for a full exposition of these studies. They
represent the frontier of the state-of-the-art. In fact, for the

reader's convenience, Reference 70 is reproduced as Appendix C of the

present lotes.
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111 OPTICAL CAVITY CONSIDERATIONS AiD
FLUID DYWAMIC PROBLEMS

A, INTRODUCTION
To this point we have discussed the many facets of GOL's

which bear on population inversion, small-signal gain and maximum available

power. To a lesser extent, some of the aspects of power extraction were

considered in Section 1C. However, power extraction is more than just

solving the radiatfve transfer equation, dl/1 = G dy between mirrors in

the cavity, coupled with the nonequilibrium supersonic flow. It is also

a matter of considering the optical design of the cavity, taking into

account the actual path of the 1ight rays (geometric optics), mirror
losses (such as absorption), diffraction (physical optics), and the
density inhomogeneities of the flowing gas which cause phase distortions
in the laser beam.  In essence, the basic philosophy of optical cavity
design is stated by C1ark71: "Achieve the maximum output power in a

beam with minimum divergence, 1imited only by diffraction." Such

considerations are the subject of this section.
Also, emphasis is made that the optical phase distribution

across the output beam from a laser cavity should be constant (uniphase),

and that the beam divergence angle should be as small as Nature allows

(1imited only by diffraction through the output aperture)., For these

conditions, the laser beam can be focused to a spot of minimum diameter.

Any deviation from these conditions will reduce the beam intensity in

the far field.
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oty e R L e i e



| B. CAVITY TYPES

1. Amplifiers
| _The first generation of GOL's have extracted power by using

the cavity as an amplifier, such as shown in Figure 69. Here, an

independent beam from a CO2 laser (usually a “conventional* electric

discharge laser) is fed into the GUL cavity through an input aperture.

This €O, laser is called the Master Oscillator (M0). The beam is then

reflected back and forth inside the GDL cavity for several passes,

' j being amplified by the laser medium on each pass. On the last pass,
the beam leaves the cavity either through.small holes in the output
mirror or through some type of window. At present, extracting the
last pass through a solid window is impractical because current window
materials can not tolerate the high heating loads imposed by the high

power beam. This leads to the use of aerodynamic windows, to be discussed

later. Referring again to Figure 69, the cavity is acting as a power
% if amplifier (PA), and the whole arrangement of oscillator and cavity is
1 called the Haster Oscillator Power Amapiifier (MOPA). The number and
t : arrangement of passes through the cavity depend on the designer's

intentions; several possible geometries are shown in Figure 69, which

TR

js taken from Neference 71.

There are three major advantages of the MIPA for extracting

power:

(a) The imput beam from the Master Oscillats-, assuming ]

o O T e e e e

it is properly designed, is already in constant phase. Hence, if the
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amplifier medium in the cavity is homogeneous, then the output beam

should be of constant phase also.

g [‘ (b) The power level of the output beam of a MOPA can be
E - readily increased or decreased simply by controlling the input beam
al from the M. This adds a certain flexibility to GOL operation.
LJ (c) The timewise (temporal) variation of the output beam can
also be controlled in a similar manner.
.j Referring again to Figure 69, a disadvantage of the MOPA is

that most of the power available in the cupersonic gas in the cavity

iJ is extracted only during the last beam pass; the role of the other passes

fi is simply to buildIUp the intensity so that the last pass reaches

saturation intensity. At saturation intensity, the beam is extracting
f‘ energy from the CO2 molecules just as fast as the ”2 can pump energy

into the upper lasér level (001) of C0,. In the meantine, during the
. earlier beam passes that cccur upstream of the last, saturating pass,

H available laser energy in the gas is being lost due to collisional

deactivation of the molecules. Hence, a !PA arrangement is in general
an inefficient way of extracting the available laser energy.

2. Resonators

A resonator is a self-contained extraction device, where the

laser radiatiun is initially triggered by random spontaneous emission

and then vapidly increased by stimulated emission in a direction ]
perpendicular to mirrors on both sides of the cavity. Three types of ]
resonators are shown in Figure 70, taken from Reference 71. Resonators !

have the advantage of rapidly building up saturation intensity within ;
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the cavity, hence being more efficient in general than the MOPA

‘j discussed above. They have the disadvantage of allowing no intensity

T T ——

control, and the optical alignment is more difficult than 11OPA's.

P
h

[

However, their efficient operation, which is related to their ability
to extract energy in a short flow length, makes such resonators of
extreme interest in GDL design.

There are basically three types of resonators, and they all

have been used at one time or another on a GDL. These types are

]
L ’ shown in Figure 70. The major distinction between them is that
& 1ight rays which are s1ightly off-axis tend to “walk out" of the

plane-parallel and unstable resonators, but are contained by the

.

stable resonator.

Diffraction plays a very important role in determining what

type of intensity pattern exists in the output laser beam which emerges

from the output mirror. As stated by c1ark7], to produce a phase

—————
[ S ——

coherent beam, all parts of the laser cavity should share energy through

=3

diffraction. In this way, the optical phases of all the emitting rolecules
5% are locked together through cross-coupling within the cavity, and a
laser beam of the lowest order transveise mode will be produced. Some J

; cavities do this job better than others. For example, a number of

laser transverse modes can oscillate within a cavity, each producing
a different intensity pattern in the output beam. The intensity
patterns associated with twelve of these modes are shown in Figure 71,

which is taken from Reference 72. The best quality laser beam is one
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where a single mode is operating, with that mode being the lowest order

TEM,, mode. (TEM means transverse electromagnetic mode.) This node
produces the single spot seen §n the upper left corner of Figure 71.
Unfortunately, it is very difficult to obtain single mode operation;
{ndeed, most GOL's have in the past operated multi-mode.

What {s the problem that causes multi-mode operation? First,
consider a stable resonator, and define the Fresnel nunber, NF' as
Ne = rzldx, where r = mirror radius, d = distance between mirrors and
) is the laser wavelength. Stable resonators with high and low Fresnel
numbers are shown in Figure 72. Diffraction effects in the long cavity
(the low Fresnel number cavity) are stronger; this can be seen by

inspection of Figure 72 where 2 slightly off-axis ray effectively has

a long enough distance between mirrors to cross-couple with large regions

of the cavity.

| OfF-q e — CFPtys e
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Fig. 72

Hence, a low Fresnel nunber cavity has a good chance of operating

with the lowest order mode. On the other hand, again looking at
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Figure 72, the opposite is true of a high Fresnel number cavity.

This is also seen in Figure 73, taken from Reference 71. For a large
NF. the stable resonator can set up several independent modes of
operation, with 1ittle cross-coupling by diffraction. Unfortunately,
to handle the large mass flows characteristic of GDL's, the cavity
has to be a fairly high Fresnel number cavity. A partial solutfon
is to use an unstable resonator as shown in Figure 73. Even though
NF may be large, the rays of an unstable resonator spread out

within the cavity, and provide the desirable strong cross-coupling.
Hence, in an unstable resonator, it is more difficult for the

higher order transverse modes to oscillate. For more details, the
reader is urged to consult Reference 71.

8. CAUSES OF CEAM DISTORTION I GOL's

A1l of the above discussfon has assumed that the laser medium
(the supersonic flow in the cavity) is homogeneous. If the medfum is
not homogeneous, then additional sources of phase distortion are
present. These additional sources are examined in the present section,

1. Shock llaves

There are two principal sources of shock waves in the GDL
cavity, and these are shown in Figure 74, taken from Reference 73.
The nozzle of a GDL is really a bank of small nozzles in a row --
small nozzles to promote vibrational freezing in the expansion. This
is shown in the top sketch of Figure 74, which looks down on the top

view of a GDL. Here we see the minimum length contour of such nozzles,
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(c) UNSTABLE RESONATOR, Ng >>|

Fig 73 Transverse mode selection for
various resonator configura-
tions.
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as well as a diamond shock pattern comin§ from the nozzle tips.
Flow is from left to right, and the laser beam is transverse to the flow
as shown. The flow at the exit of each nozzle is not exactly parallel;
this is due to truncation of the nozzles to obtain structural strength
at the tips, and due to the boundary layer growth along the nozzle walls
as well as the wake growth downstream of the tips. Hence, a diamond
shock pattern is always a characteristic of such multi-nozzles,
and was observed long before the advent of gasdynamic 1asers74. A
detailed survev of tnese disturbances, as well as other fluid dynamic
aspects of gasdynamic lasers, can be found in the recent, excellent
survey by Russell in Reference 75.

This diamond shock pattern is generally weak. Horeover,
if the laser beam cuts across these shocks in the direction shown
in the top of Figure 74, then the optical path will essentially be

the same for each ray and phase distortion will be minimized. Hence,
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i the shocks emanating from the nozzle tips are not a major problem.

This is not the case for the shocks that come from the top

and bottom walls of the nozzle array. Such shocks are shown in the

f bottom sketch of Figure 74. Here we are looking at a side view of the
| GDL, where the nozzle entrance, throat and exit are shown as the
vertical lines. Flow is still from left to right. Consider the
expansicn in the nozzles. The pressure, density and temperature drop
so rapidly in the nozzle throat region that the boundary layer displacement
thickness on the flat top and bottom walls experiences an almost discontinuous
fncrease. This appears as a compression corner to the flow, and triggers
the two oblique shocks emanating from the top and bottom walls shown
in Figure 74, Here, the rays of the laser beam are parallel to the
plane of the shocks, and the optical length of the rays can vary
substantially across the beam, depending on the density of the different
‘regions of the shock pattern. As a result, these top and bottom
shocks can cause substantial phase distortion.

There are two solutions to tnis problem. One is gasdynamic,
and is discussed by Simons73. It involves the simple aspect of
contouring the top and bottom walls in the nozile throat region in
such a fashion as to cancel the displacement thickness growth. This

is f1lustrated in Figure 75, taken from Reference 73. However, precise

contouring of the top and bottom walls is a serious fabrication

complication for the construction of GOL's. A compromise is discussed

76

by Director’", wio shows experimentally that the oblique shock waves

can be sufficiently mitigated by simply diverging the top and bottom
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walls by a constant small angle on the order of a degree or s0.

The other solution is optical. Hoffman and Jones77 have suggested

L L the phase cancillation optical configuration shown in Figure 76.

| This is characterized by a symietric beam path arrangement wherein each
| ray cuts the shock waves an equal number of times and each pass traverses
7 l the flow at the same angle. St an arrangement applies, of course,

: to the MOPA type of optical cavity design; it is not really applicable

to resonators. This phase cancellation idea has led to an order of

magnitude improvement in beam qualityn, and is i1lus trated in Figure 17,

obtained from Reference 75.
As a result of both the above solutions, the serious beari

quality problems originally encountered with the cavity shock waves have

gradually been minimized. In fact, in 2 properly designed "clean flow"
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nozzle and cavity, random turbulence in the flow may be the 1imiting

factor on beam quality instead of the shock waves,

ST PHASE ot
NCELLATION

b i IR hna s

T
pL~cmogat-m

Peak far field intensity at
10.6u calculated from 0.7u
interferograms (from Refer-
ence 31).

2. Turbulence
There is not much that can be safd about turbulence at the

present time, and its quantftative effect on pnase distortion. Given
the extent and cpectrum of the turbulence of the flow in the cavity,
the analysis of Sutton78 allows a calculation of its effect on the

beam in the far field. However, a prediction of the turbulence level

generated within the boundary layers and wakes, and that which propagates
downs tream from the reservoir and subsonic po.iions of the nozzles,

is difficult tu obtain. However, ve can catagorically state that

random turbulence will always create a temporal phase change distortion

in the beam, and that such turbulence can be the fundamental limiting
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i factor in obtaining the best beam quality .

i L 3. HNon-uniform Gain Profiles

Recall that small-signal gain in a GDL varies with distance

as shown in Figure 33, and as sketched in Figure 78 for cases with and

without power extraction. Cleariy, gain varies through the cavity and
across the laser beam, Such a non-uniform gain profite ultimately
L leads to a non-uniform intensity variation across the output beam.
This is shown in Figure 79, obtained from Reference 71. Here, the
intensity distribution of the input beam in a MOPA (a Gaussian profile)
{f is compared with @he corresponding output intensity distribution. Iilote
that the upstream edge of the output beam (where gain is high) peaks
to a very high value. These results clearly show the non-uniformty
of the output beam as caused by a non-uniform gain profile.

The resﬂlts shown in Figure 79 were computed based on geometric
] optics. However, in the region of peak intensity on the upstream
side, diffraction is important. Figure 80, also obtained from Reference 71,
shows the same case, except a more complicated, physical optics
calculation is used to obtain the output intensity distribution. The

effect of diffraction is to smooth out the sharpness of the peak as

predicted from geometric optics in Figure 79. However, Figure 80 stil
shows a very non-uniform intensity distribution across the beam.

The amount of power contained in a focused beam in the far ;
field does not seem to be materially reduced by a non-uniform distribution ;

in the near field. llowever, the peak levels of the non-uniform intensity

distribution may cause local overheating of the cavity output mirror i

e Sl T
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3 or window, which could cause major problems. Therefore, such non-

» | uniform peaks as shown in Figure 80 must be accounted for in mirror
| and window de<1gn,

: C. AERODYNAMIC WINDOWS

The preceding paragraph suggests that problems may arise with
mirrors and windows in high power lasers. In fact, how do we physically

extract the high intensity laser beam from the cavity, and ailow it to

pass to the surrounding atmosphere? One technique was mentioned in
Sections IC and D, namely, to have a number of holes in the output mirror
through which a portion of the radiation can pass. This is effective

in extracting raw power, but causes majof problems with beam quality.
Incidantally, air leaks from the outside into the cavity through these
holes can have a deleterious effect on the supersonic flow in the cavity
and diffuser. An alternative technique is to simply extract the beam
through a solid window. However, a certain arount of the laser energy
is always absorbed by the window material, and for high energy lasers,
the window heating causes a rapid deterioration of iis transparency.

In fact, at present there are no existing solid windous for practical

: use on high energy lasers.

A third technique, and the one which is most viable for
present high energy lasers of all types -. electrical, chemical and

gasdynamic, is tc extract the beam through an aerodynamic window.

i
|
i
{
i

To understand the principle of such windows, recall that expansion

and shock waves in supersonic flows can support substantial pressure

é differences. This is illustrated in Figure 81. In a GDL, the cavity

b ST . i et ik

prescure 1s generally 0.1 atm, and the outside ambient pressure is 1 atm.

ol WL Sl i
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Referring to Figure 81, expansion and compression waves can clearly act
as a boundary between such pressure ratios, where P and Py represent
the cavity and ambient pressures respectively. This is the underlying

fdea of the aerodynamic windows shown in Figure 82, obtained from

Reference 79. Here, three types'of windows are illustrated. A1l three
use a convergent-divergent nozzle to expand the flow to supersonic
speeds. In the expansion window, an expansion wave is formed at the
nozzle 1ip on the cavity side. In the compression window, an oblique
shock wave is formed at the nozzle 1ip on the ambient side. The
shock-expansion window combines both of the above wave systems. In all
three, the laser beam propagates out of the low pressure cavity,
through the expansion and/or shock waves, and into the ambient air

at 1 atmosphere. Since air is almost transparent at 10.6u, the laser
intensity is not attenuated. Of course, with the aerodynamic window,

there are no material heating problems.

A drawback of aerodynamic windows is that they require high

79

mass flow rates of dry air or ”2‘ Parmentier’” has shown that the mass

flow is proportional to the square of the aperture diameter, D {see
Figure 82). His results are shown in Figure 83 for the compression
window, and in Figure 84 for the expansion and shock-expansion windows.

Clearly, for meaningful aperture sizes on the order of 10-20 cm, large

79

mass flow rates are required. Parmentier’” points out that the shock-

expansion window requires the smallest mass flow of any of the three

types.
There are density variations in the beam direction through

an aerodynamic window, hence there are phase distortions introduced
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by the window into the beam, For the expansion or compression windows,
the phase distortion is linear which results in simple beam s*earing,

but no degradation in the far field. The density distributions through

a shock-expansion window calculated by the method of characteristics

are given by Parmentier79, and are shown in Figure 85. The corresponding
phase distortion is shown in Figure 86.

Parmentiqr has conducted experiments with a shock-expansion
window which are reported in Referunce 79. Among these tests, an independent
COZ laser beam from an electric discharge laser was passed through a 4 cm
aperture aerodynamic window, as shown in Fig. 87. The results for the
output beam intensity distribution are sﬁown in rigure 38, vwhich indicates
only a small effect of the flow on the beam.

The results of Parmentier clearly show the feasibility, indeed

the necessity, for'aerodynamic windows on high power gas lasers,
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IV EPILOGUE

It is the author's hope that a serious student Qith no prior
familiarity with gasdynamic lasers can, by studying these Notes and by
examining the cited references, bring himself to the forefront of
GDL understanding and the state-of-the-art. However, the technology
of such lasers is developing rapidly, and what is the state-of-the-art

today can become "classical" tomorrow., Therefore, the reader is
encouraged to build on these Hotes by keeping up with the modern literature,
- and indeed making his own contributions in the laboratory or in the

theory of lasers. In the pressing energy conversion problems of today,

high energy lasers will have a mltitude of applications. We have

{E just scratched the surface so far.
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ABSTRACT

Recent data for the vibrational energy ex-
change rates associated with COZ'NZ'“ZO gas lasers

are compared with previous compilations. From
this, current uncertainties in the rate data are
established. Using an existing computer code, a
study is made of the sensitivity of gasdynamic
laser performance to these uncertainties. The
results show that present-day calculations of
gasdynamic laser gain and maximum available power
are subject to at least a 25 percent inaccuracy
due to such rate data uncertainties,

I. INTROOUCTION

The first successful demonstration of a
COZ-N2 gasdynamic laser took place in 1965, as

described by Gerry ! . Since then, the state-of-
the-art has blossomed and matured at a rapid rate,
as surveyed in References 2-4, In particular, a
number of gasdynamic laser experiments have been

carried out in arc tunnels(5'7). shock tunnels"'g)

and combustion driven devices( 10-12) 1, many
of these experimental investigations, comparisons
have been made with theory for small-signal laser
gafn and/or laser power extraction, Fair agree-
ment has been obtained in so.e but not all cases.
With the rapid development of such lasers, there
is an increasing need to obtain closer agreement
between prediction and experiment; indeed, it is
desirable to calculate gasdynamic laser perform-
ance as accurately as possible -- ultimately to
within a few percent,

At present, there 13 an {nherent limitation
to the accuracy with wnich such calculations can
be made, namely, the uncertainty in the pertinent
vibrational kinetic rates. The heart of a gas-
dynamic laser is the nonequilibrium nozzle expan-
sion in which the population inversion is created,
and the laser cavity downstream of the nozzle exit
wnere power is extracted, In both these regions
the computed nonequilibrium flow {and hence the
theoretical laser performance) is dependent on a
complex finite.rate vibrational energy exchange
mechanism which is still not yet fully understood.
For the COZ-NZ-HZO mixture common to most gas-

dynamic lasers, at least eight distinct vibration-
al kinetic rates must be utilized in the calcu.r«
tions. In turn, uncertainties in these rates will
cause inaccuracies in the computed gasdynamic
laser performance., Hence, two questions irmedfi-
ately arise: (1) what are the present uncer-

tainties in the measured kinetic rates, and (2)
how sensitive are calculations of gasdynamic laser
performance to these uncertainties? The purpose
of the present investigatfon is to answer these

- questions,

In particular, the rates, their uncer-
tainties, and some details concerning their
effect on gasdynamic laser small.signal gain and
maximum available power are discussed in Section 1I.
The quantitative sensitivity of gasdynamic laser
calculations to each vibrational kinetic energy
exchange reaction is defined in Section 111, and
bar charts are presented which graphically
demonstrate the absolute uncertainties which
currently exist in such calculations. Finally,
those particular reactions which have the most
influence on gasdynamic laser gain and maximum
available power are clearly delineated.

The calculations of gasdynamic laser perform-
ance in the present paper were made with an
existing computer program described in Reference
13. This computer code is based on the time-
dependent nonequilfbrium nozzle flow analysis
discussed in References 14 and 15, and applied to
gasdynamic Yasers in Reference 16.

11. RATES AND UNCERTAINTIES

The vibrational kinetic rates pertinent to
COZ-H2 gas lasers were cxamined and compiled by

Taylor and Bitterman, first in 1967 (Reference 17)
and slightly updated in 1969 (Reference 1¢).

These references are timely and excellent surveys,
and have become a standard source for laser cal-
culations, However, in 1969, References 17 and
18 clearly show that a large scatter existed in
much of the data; moreover, ‘or a few rates, only
one set of data were available. Hence, in the
present paper, additional COZ-NZ-HZO vibrational

rates measured or calculated since 1969 are pre-
sented along with the standard Taylor and Bittermar
data; this is an effort to assess uncertainties
which currently exist in these rates. (Some of
the rates measured since 1369 have been recently
catalogued in an unpublfished memorandum by D, W.

Ha!l(lg). The present author gratefully ack-
nowledges the help of this memorandum as a refer-
ence source.)

The reactions that must be included in the
calculation of small-signal gyvin and maximum
available power in gasdynamic lasers are:

*his research was supported by the Air Force Office of Scientific Research under AFOSR Grant
No. 74-2575, with Captain Lloyd R. Lawrence, Jr. as Program Manager. A portion of the computer time
was kindly provided by the Computer Science Center of the University of ilaryland,

*Member, AIAA
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1. co; ("2) + uzozcoz + Hy0 (2) Tne solid curves delincate the rates used
by the present author in earlier calculations of

; 2. "; + W0 H, + H,0 gasdynamic laser properties(z"' 7,16, 23, 24)
e DR D et e
L aeemEae R
f 5. C0p (v;) + CO,TX200, Toors coiraTations were oeiqinatiy obtained froe

* e the "best fits" given in the 1967 report of Taylor
6. €0 + N, 7200 +N

g (vy) # 1T, (vy) + My and Bitterman( 7}, uhich for some reactions differ
7. ¢, (,3) + COZ#COZ (vp) + €O, from the results shown in the 1969 paper by the

same authors(‘e).

3) The dotted lines fast and slo
i For such calculations, the pumping rate between ex- rateg 2hosen for performin;ezz;:$?§al unc:rtaint;
' cited N, and C0,(001), as well as the Fermf tests, to be described later. In those figures
resonance between coz (100) and coz (020), are where only one dotted 1ine appears, the reference
curve is used for the other 1imit on the rate,
cons {dered to be sufficiently rapid that local Note that the dotted curves are for numerical
equilibrium is established between N, an< CO, experimentation only; they do not necessarily

("3) as well as between coz (v‘) and °°z ('2)‘ reflect the actual uncertainty that exists in the

i Hence, the rates for these reactions are not con- data.

j ! sidered here, However, it should be noted that (4) The solid and open symbols are new data
T :::e?gcl?fggﬂ?%:::in;sn;:;::gy‘:?:ugggsgzg::e:b::: published after the appearance of the 1369 paper
€0, (vq) and €O, (v,) modes. Specifically, Rosser, by Taylor and Bitterman' "’

- Hoag and Gerry(zo) present data which indicate that Finally, 2 note is made that the rate con-
such equilibrium may not exist for all laser con- stants and their effects on gasdynamic laser

ditfons. This contentfon is further supported by performance which are examined in tne present
paper are also discussed in depth in Reference 25;

LR .

i Bulthius(z‘) who presents 3 measured rate for hi f
phy A anlier f e e (100) to (020) Tevel this reference snould be consulted for more details,
which is an order of magnitude slower than previ- 1. COZ (vp) + I CO, + Hy0

' ously reported values, and prompts a comment that
! the vibrational temperatures of the co, (Vl) and

The rate data for this reaction is compiled

Coz (“2) modes are not always the same, particu- in Figure 1, which gives the constant as a function
larly during peak power extraction, On the other of temperature. The wide scatter in the data
i (22) demons trates the large uncertainty which still
i hand, De Temple et al countered these conten- exists in this rate; indeed, even the terperature
' tions by presenting measurerents for the decay dependence of the rate constant is not clear. The

rate of Co2 (100) which are an order of magnitude
(20) experimental data of Bulthius et
faster than those of Rosser et al . De Temple (28) ,
et al feel that their measurements are more repre- Buchwald and Bauer , and the calculations of
sentative of the intrinsic V-V relaxation process, sharma(??) are shown along with the original spread i
whereas those of Reference 20 are more character- (18)
istic of a V-T process under the influence of a of data from Taylor and Bitterman® "'. At the
present time, the reference rate (solid line) ]

perturbing radiation field. This matter, albeit )
an important one, fs still in a state of flux; appears to be as good a representation of this rate

al(26'27).

until it is resolved, the assumption of local as any other. 3

equilibrium between the CO (v‘) and CO (vz) modes
2 2 Using the computer code described in Reference

appears to be the only logical recourse for gas- 13, gasdynamic laser calculations have been made s

dynamic laser calculations, alternately employing the fast and slow rates ;

shown as the dotted lines in Figure 1, Some H

The effect of H,0 on the laser process fs corresponding results for small-signal gain, Gy, 1

governed by reactions 1-3 above, The role of "20 are shown as the dotted curves in Figures 2 and 3. |

is quite important; indeed, the deactivation of In these calculations, only the rate for C0; i

the lower laser level by H 0 has been considered in (VZ) + uzo';gcoz + H,0 s varfed; all other rates f

the past to be the pivotal reaction for C0,-N,-H,0 are held fixed at their reference values. The

?,;dyn,mfc lasers. The rate data for this reaction solid curves in these figures are the results

s compiled fn Figure 1. In this and other figures obtained using the reference rates only. In 5

to follow, the lines and symbols are identified as particular, Figures 2 and 3 {llustrate the peak !
small-signal gain as a function of reservoir

follows:
s temperature, To. for the following cases respective-
] (l)1 The ;ertical bars delincate the scatter 1y, , 3
of experimental data shown in the 1969 paper by i
:1 tio nozzle with throat height
Taylor and Bittcnnan(ls'. (1) 20:1 area ratfo nozzle wit roat heig ;
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—

A" © 1.0 m, 75 CO,, 13 Hy0, 928 N,.

(2) 50:1 area ratio nozzle with . 0.365mm,
75 €0,, 3.53 H,0 and 89.5% N,.

Cases (1) and (2) are typical of "first and
second generation” gasdynamic lasers respectively,

as described in References 2-4. In Figure 2, the
results for the fast and slow rates differ apprec-
{ably. In Figure 3, which is a case with 3.5% H,0

content in the gas mixture, the difference fs not
large at low temperatures, but increases at higher
temperatures. For this case, the relatively high
water content promotes rapid equilibration of the
lower laser level with the translational tempera-
ture, and tends to swamp the effect of a factor of
3 difference between the fast and slow rates,
Additional results are presented and discussed in
Reference 25.

From the results shown in rigures 2 and 3, a
titative measure of the sensitivity of gas-
namfc laser gain to uncertainties in the rate
constant can be established. Such quantitative

*sensitivity factors” and “absolute uncertaintics®

are discussed in Section {11 of this paper. More-
over, the trends shown in these figures clearly

indicate that the reaction 00, (v,) + H,0 & C0,
+ HZO plays an important role in the gasdynamic

laser process, a fact that is well known, However,
there are other reactions which are equally as
fmportant; these will be discussed in the following
paragraphs. The importance of all the reactions
will be corpared in Section I1l.

2. Mty + H0 T2ty + B0

The rate constants for this reaction are given
in Figure 4 as a function of temperature. The
symbols and curves have the same meaning as before.
The post-1969 experimental data of von Rosenberg

et al 30) and Evans(3 are shown, Comparing all
the data in Figure 4, a wide discrepancy exists
at the higher temperatures.

The effect of fast and slow rates on peak gain,
gain profiles, and maximum available energy, €rax®

is shown in detail in Reference 25, and will be
summarized in Section 111 of this paper. However,
from these results, the conclusion is made that the

reaction N; + HZO = “2 + nzo is very important to

the gasdynamic laser process, especially for tne
case of a 50:1 nozzle with 3.5% H,0 (typical of

possible second generation devices). This reaction
fs somethiig of a “sleeper” in that (to the
author's krowledge) fts importance has not been
fully appreciated in the past.

3. 00y (w) + B0 T2€0,"" () + HYO

The rate constants for this reactfon are
plotted in Figure 5 as a function of temperature.

The data of Rosser and Gerry(Jz). and Heller and
Hoore(33) are compared with the single set of data

from Taylor and Bitterman 18 . Aqain, there exists
a definite uncertainty in the data, even with

A-3

regard to the correct temperature dependence.

The influence of uncertainties in this rate
on gasdynamic laser gain and maximum available
energy are shown in detail in Reference 25, As
1n'the case of the p:sviOus two rates, the reaction

»
co, (v3) + nzo z.’COz (vz) + H,0 exerts a strong

fnfluence on laser performance, as will be dis-
cussed in Sectton 111,

The rate constants for this reactfon are
plotted in Figure 6., For this rate, Taylor and

Bitterman 13 show no actual data, hence no bars
are shown in Figure 6. Instead, they recommend a

rate which {5 0.2 times that for CO, (v,) + 0=
zcoz. The reference rate » Shown as the solid
tine, uses & factor of 0.25. However, data from
Shields, Warf and Bass'3*), Merrill and Ame(35),

and Bauer and Schotter are now available, and
are plotted on Figure 6. From this recent infor-

mation, it appears that the rate for co; (vz) +
NyT=C0, + N, is closer to 0.5 times that for

€03 (vp) + C022:2'2C02. As will be snown in Sectic-
111, this rate does not have a strong influence on
gasdynamic laser performance.

»
5. €O, (v,) ¢ co,_':_’zco2

The rate constants for this reaction are
plotted in Figure 7 as a function of tempcrature.

The recent data of Eckstrom and Bershader(37)

are also shown. This rate appears to be well-
known; moreover, as will be shown in Section III,
it has a very minor influence on gasdynamic laser
performance. Hence, any uncertainty in this rate
is of little consequence,

* L 2 1]
6. €0, (v3) + uzz.*coz (v) + M,

The rate constants for this reaction are given
fn Figure 8 as a function of temperature, The dato

of Rosser, Wood and Gerry(38 are also shown, There
appears to be a reasonable uncertainty in tnis pratc,
which, as will be shown in Sectio 111, has a strong
influence on gasdynamic laser performiance.

» tew
1. €O, (vy) 4 CO, T2 C0, (%) + €O,

The rate constants for this reaction are given
in Figure 9, along with the more recent data of

Reid et a](39) and Seery(4). The uncertainty is
not severe; moreover, as will be shown in Section
111, the laser performance is insensitive to un-
certainties in this rate. Hence, this rate is of
little importance.

»
8. f"’ *N, 22 2N,

This is by far the least irportant rate in the
gasdynamic laser process, as will be shown in
Sectfon III. Hence, the uncertainty in the rate

e 5 e
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shown by Taylor and Bittennan(ls) is of no conse-
quence in laser performance,

111, SEASITIVITY OF GASDYNAMIC LASER
PERFORMAICE TO UNCERTAIWTIES IN RATES

In this section, the aforementioned rate
3 proce:ses, their uncertainties, and their effect
1 on the gasdgnamic laser process are quantified and
- compared., Specifically, the vertical distance
51J between the dotted lines (or dotted and solid
f 1{nes) shown in the previous figures for the rate
constants, k, define a “change in rate constant®,
o ak. In turm, this change, Ak, causes a correspond-
4 Lj ing change in small-signal gain, AGO. as shown for

example in Figures 2 and 3. Hence, a sensitivity
factor, S, can be defined for each rate as:
S Ss= (AGOIGO)/(Ak/k)
] Here, ak 1s specified on the previous figures, and
] ‘Gb is calculated from the results of gasdynamic

; ( laser calculations(13). as shown in Figures 2 and 3.
L/ Therefore, S physically represents the uncertainty
in gain per unit uncertainty in rate constant.

l‘i The sensitivity of gasdynamic laser gain to

: the various rates is clearly shown in Figure 10
for & low nozzle area ratio case typical of first
generation devices.. Here, the sensitivity factor
S is plotted as a function of reservuir temperature,

8 To; a curve is shown for each of the rates con-

sidered in the present investigation, For the case
shown, the laser gain is most sensitive to re-
actions 1, 3 and 6, and least sensitive to reaction
8, In fact, for T_ = 1200°K (which is typical of
first generation ggsdynamic lasers), the rather
remarkable observation is made that the reactions

*
S
€0, (vp) + H0 2200, + HO
L ] £ 2 1]
* ik

all exert equal and maximum sensitivity on calcu-
lations of gasdynamic laser gain,

Similar results are shown in Figure 11 for a
case typical of high area ratio, hign HZO content,

1 second generation devices. Here, in addition to
reactions 1, 3 and 6, reaction 2 is seen to be
important, In fact, at To = 1800°K (which is

3 typical of second generation devices), the re-
£ I actions

*
—»
COZ (vz) + H20<—-C02 + HZO

3 Ny + H0 221, + Hy0

£ . —

: { exert the most sensitivity on calculations of gas-
3 [ dynamic laser gain. Reflecting on Fiqure 11,

eTphasis is made of the importance of the reaction
“2 + Hy0 ::!ilz + Hy)0. The effect of this reaction

i . previouzly has not been fully appreciated by the
present author, nor presumably by other workers {n
the field as well,

A-4

Considering maximum avatilable energy, LT |

sensitivity factor can also be defined analagous

to that for gain, This factor {s shown in Figures
12 and 13 for the first and second generation laser
cases respectively. Curves for the rates involving
deactivation of the lower laser level are not shown
because they have a minimal effect on Cmax®

Comparing Figures 12 and 13 with 10 and 11, the
reactions that exert maximum and minimud
sensitivities on Cnax 2T the sam. that e.ort

maximum and minimum sensitivity on Go.

The results shown in Figures 10-13 are un-
certainties in performance per unit uncertainty
in rate constant, hence they indicate the
sensitivity of gasdynamic laser calculations to the
Individual rates. Howaver, as previously discussed,
some rate constants are known more accurately than

others; hence, the question is now posed, what

are the absolute uncertainties in Go and B due

to the existing absolute wncertainties in rate
constants? These existing absolute uncertainties
are given below, and were obtained from examin-
atfon of the data scatter shown in Figures 1,4-9.

Reaction Uncertainty in
data, ak/k
: 3
—p
*
=»>
2 "z" H,021, + Hy0 5
L 11 ]

*
5. €0, (v,) + €0, 200, 0.5
6. COy (vg) + Kp22C0, (vp) 48, 5.0
7. €0y (vy) + COZCO," (v)) + €O,  0.25

8. ::; + R 2 0.5

In establishing tne values of tk/k shown above,
some weight has been given to the recent data.

In addition, in reactions 2, 3 and 6, which effect
the deactivation of the upper laser level, more
weight has been given to the data scatter at the
higher temperatures because a large part of the
upper level deactivation in a gasdynamic laser
occurs in the throat region of the nozzle, where
the static temperature is still reasonably high.

When the sensitivity factors shown in Figures
10-13 are multiplied by the above absolute rate
data uncertainties, 8k/k, the overall uncertain-
ties in Go and € ax 27 obtained, These results

are shown as bar charts in Figures 14 and 15 for
Go and €max respectively. In these figures,

reservoir temperatures of 1200°K and 18J0°K are
chosen as typical of first and second generation
gasdynamic laser. respectively. The irportant
conclusion apparent from Fiqures T4 and 15 1§
that qasdyramic laser calculations of oiin and
maxinum available enerny, based on_present-day
knowTedne of rates in tne existing literature,
appear to be subject to at Teast a 25 percent

uncertainty,
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IV, COMPARISO{ WITH EXPERIMENT

Based on the above study, the rates that are
used in the existing computer code of Reference 13
appear to be reasonable, with the exception of

] *
N, ¢ H,0 SN, ¢ H0 (Figure 4) and €0, (v,) ¢

N, 30, ¢+ N,O (Figure 6). Ir Figures 4 and 6, the
t-dashed clrve represents a modification to the

reference rates; these modifications are prompted

by the post-1969 rate data, When these two rates

are {improved as shown, the computer code of

Reference 13 yields the results shown in Figure

16, which 11lustrates Go as a2 function of H,0

content for the given conditions. Two curves are
shown. one using the old rates and the other using
' the improved rates. These are compared with ex-
perimental data obtained from the shock tunnel

measurements by Vamos“‘ The good agreement
obtained between the theory utilizing the improved
rates and the experimental data seems to sub-
stantiate the two modifications whicn are independ-
ently based on Figures 4 and 6.

For convenience, the rates used in the gas-
dynamic laser computer code of Reference 13,
modi fied by the two improved rates discussed above,
are given in Appendix A of the present paper,

V. CONCLUSIONS

From the present study of the sensitivity of
gasdynamic laser performance to uncertainties fin
the vibrational rate data, the following conclu-
sfons are made:

{1) Recent data have been compared with the

rates com{lad by Taylor and Bittennan(le) in 1969,
This comparison shows that an inordinately large
uncertainty sti)l exists in many of the important
vibrational rates used for the calculation of

CO2 - ”2 - HZO gasdynamic laser performance,

(2) As a result of these uncertainties,
present-day calculations of gasdynamic laser gain
and maximum available enerqy are subject to at
least a 25 percent inaccuracy.

(3) Because the existing rate data are not
sufficient to canfidently calculate gasdynamic
laser performance to within a few percent, new
efforts should be made to more accurately measure
the COZ-HZ-HZO vibrational exchange rates. Of

particular importance are the rates for
*
-—tp
1 2 4]
2 lug) + H0
* tte
00, (v3) + N 32 €O, vp) + 1y

(.a; (vq) + H,0 €0

Ny ¢ Hy0 2 hy + 11,0
along with their proper temperature dependence.
(4) The rate of deactivation of excited

"2 by "20 is important, particularly for second

generation gasdynamic lasers., In fact, it is
equally as important as the effect of H,0 on C°z'
This fact has not Leen fully appreciatcs in the

AS

T < T P T TR T T - .
b S - " ’ y g WL R ML e Lo g oo o B

past.
APPENDIX &

The vibrational relaxation times used for
generating the theoretical curve (improved rates)

n Figure 16 are given below. They are the same as
appear in Appendix A of Reference 23, witn the
exception of the two improvements mentioned in the
present report. The nomenclature is the samz as
References 23 and 24,

CaPleg,-n, = 1.3 x 10° (11349

(raP)co,-co, * 0-27 (u")coz.uz
(:,p)wz h0 = 55 % 1072

‘°9(‘b°)nz- ty - 93 (171/3) .

(pr)-‘ _co - (pr)uz-u
toglryPly, o * 2765 (13 - 32405
log(t p)co coz «17.8 (1713 - 1.808

(v.p) = 2(7.p)
[4 c02' uf Cc COZ-COZ

. -1/3
‘°g(‘cp)C02-H20 -20.4 (T ) +0.643 (Fg:600°ﬂ¥

Toglx P g, o = -20-4 (600°1/%) + 0602
272 = constant {(For ¢00<T¢630°%)

In the atove correlations, (tp) is in (u sec -
atm) and T is in °K.
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at the throat or slightly ¢ mstrean offors a reasona=
dle canprecise (Fige 3). Incotion on the axis is pre=
forred hore, rathor than injection through the wells,
in order to avoid the presence of coz in the boundary

layers § this is of icportance 4f the laser bean is te

truverce these boundary layer, as in e multiple para-
11e]1 pozgls eystex for instance, A eirilur syston has

'boen doscribed recontly by Croshko and coworknm(9).
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Mgure 3 = Dicgraz of s nozzle with injection
ot the throat.

The injection plot is located et a point whore the
"2 Yach muzber is of the order of 1,2, Cold prozixnd
002 and Fe are introduced at scnic velocitiee irto tle
)"2. The near equality cf the preesures ¢f both flows
vill minicize the oncot of shocks and thoirlow wlodties
perzdt thoir goooth mirdirg. Down to ths polut whore
the injcction ie zale, the Nz cozing frou the eteina=

tiop chamber retains stout §0% of ite initirnl vilrne
tional onorgy osing to its long relarxation tize in

the absance of ths Es and (‘.02 ocntn:.smnt-(lo o In

the mubseguont porticn of the flow, trs larpest fruo-
ticn of the collirional decctivation of thn )-‘2 is

caussd by the C(J2 and P, in the fr=siinte vicirnity

of the injeotor, whore the atutio te=z;erature is still

high. A fev contimeters downstreas of tha throat,
most Of the initial l‘2 vibrational epergy has besm

frozms mhthocoz+nomtbl2unoecpw
their nixing., The lz has ehared {ts vitcational
snergy with mode \’; of coz. causing ¢ high popu~
lation inversion and crsating & larges optical gain.

It should be stressed that other advantages
are alsc seen in the injection ¢f roon tesporsture
(!0z and He, Firstly, it reprecents a seving in initial

onthalpy, and tharefore an increass in thermo-
dynanic efficiency § secondly, as the 002 and He

expand, their texporature is lovered further, thus
lovering the lz static tezpersture as they d4iffuse

into it. Smallsr aree ratio noecsles can then be
sslocted for a given final atatic tempo-ature.

These qualitative understandings have been
substantiated by moorical calculations, vhich were
conducted in order tc charscterite warious nozzle

* dooigns in terms ,f mixing effiolency, guin conoe
tant and optical pover avaible.

II1, Fumerical cnlculatiors

The progran tresta the case of stealy atate two-
dipensional turbulent supersonio mixing in a fushion

ainilar to the Patankar and Spalding mothod (1) for
subeonio flovs. Modifications have been redein orcer
sccount for ths suporsonio nature of ths flows ezd

the divergence of the nozzle, Neverthelsse, instae
bilities rencer calculations st the throat icpos=

oidble,

Tne equatioms of rotion include corrorvation cf
axia) pozentuz, syecien, and total enthalry 3 the
terzs of mon ntuz, aprcies and enthalyy tresafor
resultiag froz turtilence are sxpressed according

t¢ the gicple Pranitl threory & and depord on an

experirental dotercanation of a rixieg lerg.h conoe
tant, In aidditicn, equations gre provided {or the
vibrationel encryy exciange bot en the various
wolecular npecies, For that purpose, a vitraticral
nodel inspired froa the model proposed by N.G. Easov

st al (13 for the (:()2 and !\'P rolecules has been
ajdopted (14 o Tores vibrational modes are corsidered,
psaely v, (for !2). V) of CO,, and tha group of

nodse vy and “'2 of 002 vhich are known to te

tightly couplod, The ensrgy crchanpre beotwner the
vibrational modes and translation is deccrited Yty
the oquaticus of Nef, 13, while the rate oonstarnte
are takon froa Taylor and Bittormsa'e ruview

poper g o It has 2lno teco assumed for sizpli-ity
that trere are no fluctuaticzs ip trese terzs r<-.le
tirg froa turbulence, and tlrerefore tlre cean valuss
of the parazsters (concerntration, texzperuture, etc.
can Le taken at each jarticular location,

The bourdary corditions ere thooe that reign the
supernonic etreazs, vhich rave equal etatic pre:nsures,
and vhich coce into contact at the injocticn ylize

the Vach ) 002 + Ip flow 48 supponed to te in ejul-

libriuc at rooz terporcture, while ths solocity,

b
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denaity, static and vibrational tewperatures for the
.8 £1ov are supplied by a progran developed for

prexized lz -coz- Be flovs trpical of standard CDL u)

! ‘with the €O, and Be concentrationa being set at
, 870, Integration of the von Mises transforced partial
diffetential equations {s then carried out from the

' injectivn plane dcwnstrean, with an fmwplicit mumorical
3 schere. The corputing time is spproxizately 12
- ainutes on an IR 360-50 computer for an arial

distanoe of 15 a. Note that Spencer and oovorkers

also worked out a similar progrea for their EF
laser, The main differencee lio in thoir erplicit

soheme axd their constant prossure assuzption.

(M

Typical results for the arrangement in Pig, 2 are

presented in Pig, 4 and 5, Aa expected, a large
teaperature insreass {s found in the mixirg region,

and the gains ave small aad unevenly distributed.
/, %Ma//_éd
IM 600° 900°

!4 é//w

wo0"
i s oo e s A e s e s e, e e e | e
xlem
: Figu' ; 4 - Temperature distribution faor suporsonio
mixi - of a Yach 5 K, flovw at 500 °Kk with a Mach
; 1, ¢ . °K, pue COZ flov, liote ths x and y ocales
are difforent,
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Figure 5 « Caln dimtribution for superscoice
wixirg of a ¥Yuch 5,75, 400°% static texjorature

and 1930°K vitraticnal tecporsturs N? {low with

a 105 €0,, 90F Es flov at uch i and 250%, Cadn

was enlculatod for the P 30 line (cptimum gain 10
slightly larcer for liree P 22 - F 2i),

On the ocontrery, larse gains are sot up acrose
the flov for ths nrrar.vovnt of 14g. 3. Ono can aee
i (Fig. 6) that the dintribution is quite uniform ard

! that tho gnin doce not fall cff along tha flevw
d4reotion, Tho calculatiorns further indicats thaet tle

L

I A it

“oftictency € ¢y of &,

c.3

TR
- L S P —

freesing efficiency o approaches BOF, with a pet

ylcm) catN (dem )

Tateml
Plgure 6 » Cain distritution on the P 16 line for

mixing at the throst., The stasnation conditions
for N, are 2500°K and 15 ata. Toe 305 €o,, 70% Ee

zixture is-at room tecpurature § the half slot
height of the injector is 0,3 ea. The throat
betght for the §, (tetveen the injector and ome

pozzle wall 1s 0,7 £=). Plov proportions are
4& 5, 395 T, 175 CO,0

IV, Frperirental :omults

Both types of mixing nozzles were teeted, 4 4.0,
2 ¥ arc beater provided a 100 g/s flov of Fye nt

tuzperatures ranging froz 2000 to 400K, ¥We falled
to dstoct any eprrociable opticel gain with the
firat type of arrangroent 1o a 4 ¢= vido tvoe
dipensional channol, a3 had bees anticipated,

The mixing espendly for the otner arrargemnt {e
sketcred in Fig. 7. TLo thrcat Lsight for the Nz is

approxizately O.& & on either sids of the injector.
Varicue iriectorn ware tosted, with 0.8 r= dirneter
injecticn loles orionted eitner on axis as in Fig. 7
(injoctor 1), or slternately up cod dovr ot r3 argle
of 22° froz tre mid plane for a better rizirg
{injector 11) j all the holes wero spaced at 1,2t

apart,

Mpouowe 7 « Sketeh of a Vach 5 nozzle with CO2
dnjoction at the thrcet § tho dnitial miporroni
exjcroion 1rslo 46 709, e nozzle hao a 10 ex
long diver,unt jrofiie ;lus erotrer 10 c= dong
parallsl paction,
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The xixing of the two flovs was investiguted,
Sasples were taken simultanecusly at various positios
13 the flov and ~uvsequently analysed with a gas
chromatograph, Plgure 8 gives a typical profile versus
position y ecrosa nozele for injactor 1I at a distance
! 2 » 19 cu from the nossle throat.
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' Pigure 8 = €0, mole fracticn 19 ca dovnstress

fron the throat, for the injection at the throat
(the He concentration is proportional to that of

002). The N, stagzation tecpersture is 2000°L,

vith pean proportions of 46% By, 15% €o, and
39% Ea.
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Ortienl horarenaity

Schlieren pictures of the flov have been takmn
with 1 (s expozure tizes, revealing the absonce of

' shoclkn ; the turtulence lavol of the rixcd flovs
vas not fo:nd 1tz exceed eirmificantly that of the
pure heated Nz with the irjector rezoved froa the

! throat.

Cain ronsuyr-nnts

The gain ceasure:ente werv carricd ocut vith tha

' squipoant cescrited in Ref. 14, The moasureczcnts
wore eale with the prote boas parsllel to the noztzle
throat, at x = 15 ¢33, No significant chargos in the
profiles could bo fousd frox x = 10 ¢2 tox = 19 cm,
The lownr halves of the gnin profiles are plottod in
Mg, 9 vorsus the distaence y froz tbe mid-plere, For
injector 1, ths erjerizental points (open circles)
cozpare vell with thoory (s0lid curve), essuzirg
eoffective throat hajghts of 0.8 ca for Nz and 0,15

for CO.‘, + Bo, vith respective stegration texjeratures

of 2000°L ani 300°E, The rixing corstant was taken

} a8 a fittirg parsznter, and a value of 0.03 wes
sslectod for it, Injucted ecorstitusnt proportions

(nz/coz/uo) are, in roles, (€C/15/25), tut local

proportiors in the flov vary froz theae figures, A
contral dip appenrs on tha experizontal gain

diatridution i\n y = 0), tut lezs earkedly than on
the thooretical jrnfile § this can bo attrituted to
the diffurnrce Yotwver the actual irjcctor deriym,

alit injector colel taken for tha calculation, The

T

which 48 couposed of a nories of holes, and the cincl

C- 4

actual injector permita Ky to psvetrate into the
mid-plans betwesn the injéction holes.
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Pigure 9 = Cain distritutions across the nozrle,
at x = 15 ca downatrean froa the
throat.

Yor injoctor II (heavy dots), ops can ese that
the mixing is more efficient.Ths data (taken for
the cond{tions of Figure 8) corfirm that the ciring
is pear satiofactory for |y| <15 ra, The atasmation
tenporature is 2000°L, the Sreezing efficicncy is
of the order of B0%, mwan injected conatstuent
proportions (46/15/39) being adjusted for raximun
gain | tho stagnation prescures are 9 and 14 atm for
Nz and CO2 + Fo respoctively. The slightly higher

atagnation pressure for coz + Be pornits desper
penstration into Nzo Data token with the saze inlector,
but with a 3000°K stagnation tezperaturs, 80 g/a 5,

pass flov rate end a (45/12/43) pixture are presented
in Fipure 10, The largs Fairns cne obtecerves carn te
painteined up to 4000°H tezjarnture, provided thre

(:02 pole fraction is lowerod to 10. arproxizately,

g% em

y{mm)
PMgure 10 ~ Cain dietritution for a 3000°K Nz

stasmation terjorature with a lowor
coz nole fruction,

Oncillintor extmrirvints

A laser cavity was slso opersted, with a utadle
resonator confifirntiop, ™ rirrors tad to be
recesred scoewtat from the flcw, 4n order to evoid
dazngs bty the nmur-ruus osolid particulee from the
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,are=beater carried by l.‘,. Varicus output mirrors were

‘tested, including Ce or doudle RaCl flate, and kole
ooupled reflectors. A cv powver of 2 k¥ vas obtained
with the Ce, in a vell collimated 2.5 ca dia deax,
for a atagnation tezpsrature of 2800°K, Rough
ealoulations, based on the 120 k¥ enthalpy f~d to the

.2 which astually flows through the cavity and

contritutes to the optical powver, givs an efficincy
«0f 1,65 and ‘a epocific power of 25 k¥ per kg/s. “hese
figures corpare well vith values of 0 4% and 4 k¥ per

'Xg/s reepsctively obtained by Cerry

¥, Conclusiog
Extrevely procieing results have boen obtained

#Ath a mixing coz GDL. Nevertheless, a pucber of v

experinents remain to be done op this aysten,

1) A comdbustion powered aystem is preferadls, eince
the arc heatsr is not very efficient, One might
use the conbustion of cz llz and nz 04. wvhich gives

lﬂxhﬂoflzandcon’:w°lfor2l1

proportions, Although CO ° not expected to ruin
the officivccy, sons loss may occur through
collisional deactivation of coz ip the mixing rone,

2) Even though the Fe mole fraction 1s quite low, it
asexs proferable to replace it by BZO or Ez for

reduced operatirg codte.

7) Tha otagnation pressures miat bte rained for
diffuser exiaust into the ateiophers. With a Kach
puzber of 5, a otagnation preasure of 30 atm is
peeded for Nzo
Pioally, this rixing techrique r.ight alno prove

useful for cre=ical cix:rg and electrical mizirng

lasers (1.8, 16) » by allovirg larger gas precsures
«ud better optiml homoguneitiea,
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