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1. INTRODUCTION

The cw Optical BRasonance (pumped) (collisional) Transfer Laser (ORTL) has
been proposed as a device for improving high power lasers operating at HF or
D* wavelengths. These lasers have bdeen studied experimentally by Warng et
a1, 1-6 In oprical resonance transfer lasers, photon energy frcm a high flux
optical source is resonantly absorbed on vibrational-rotational transitions by
a passive, nonreazting, molecular gas. A pcpulation in the upper astate is
rapidly created. Collicional steps follow to access the part of the internal
energy manifold in the excited molecuie favorable to population inversions and

high gain.

The ORTL device is unique in that Wang et al. have concentrated on HF or
DF as the optical acceptor of pumping photon flux. They have introduced the
idea that the lasirg molecuiar species need not be the same as that of the
optical acceptor if rapid collisional transier axists. They have consegiuiently
invented many new lasor devices. They have also found that the HF (or DF;
ORTL, in whick the acceptor and lgsing species are the same, has a potential
for high overall efficlency. Namely, a large fraction of tha photon {lux from
a pumping HF laser can be converted efficiently into HF ORYL power. This
potencial high efficiency combines with features attractive to chemical laser
systems. Properties conducive to better beam quality performance include pre-
mixed operation, laminar subsonic flow, and ORTL issing ou predominantly one
vibrational-rotational transition under Wang's conditions of demonstration.
As one attractive feature, the ORTL medium is recyclable.

The object of this report is to examine the crucial iesue of HF ORTL
efficiency prospects under ressonable conditions of operation. These condi-
tions uasy differ wmarkedly from those of the laboratory demonstrations. The
focus will be »n the applicabilit, :f ORTL as a bean improvement device for an
HF high power laser system. It should be utressed that the results and
conclusions in this report will not necessarily apply to DF CRTLs, or to
wdium and low power applications of the concapt.
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The performance of the ORTL medium depends on a detailed understanding of
the individual collisional transfer mechanisms involving BF(v),J;) + LF(vy,J))
energy transfer on a channel-by-channel basis. This 1is Decause the pump
radiation is quite state specific on such an HF(v, J) basis. In one sense, \
this curreut study is then an extension of the previous kinetic studies of
Wilkins and Kwk,7'8 in which aspects of these classes of laser mechanisas
have been closely examined theoretically and experimentaily and in which code

simulations of past experimental studies have been conducted using the appro-
priate developed kinetic rate data. The objective of these code studies has
always been the improvement of vital cross seaction data needed for laser
modeling.

In Section 2, the ORTL model code development vill be described, includ-
ing validations of the listed rotational-rotational (R-R) and vibrational-
vibrational (V-V) kinetics packages by comparisons with selected nomrORTL ax-
perimental results. In Section 3, the simulation of the rcportedz ORTL medium
is presented as a further illustration of our model validations. Successful
comparisons of HF number densities, static temperature, and zero—-power gains
are made. The important relative contributiona of V=V and R-R transfer in the
production of inversions are also examined ia Section 3. 1In Section 4, we
carry out paramstric studies comparing various regimes of HF pumping laser
flux distributions whiie varying medium initial conditions. For reasona of
code simplicity and economy, our principal diagnostic in these sectious will
be the small signal gain computations. Parametric regimes suitable for an
ORTL wedium as well as the linitations of the concept as a high power BHF

device are discussed. The conclusions are summarized in Section 5.
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2. MODEL DEVELOPMENT

Ir sudbsection A, we will discuss somes fundamental concepts needed for an
underrtanding of an HF (or DF) ORTL. Central to our studies 1is the
collisional energy transfer processes ir the ORTL. The state-t/-state rate
cor.fficients cowputed by Wilkins for use in the modeling will be briefly
sammarized in subsection B. In subsection C we will provide a description of
the HF ORTL wodel.

A. FUNDAMENTJL CONCE?TS

A cw HF ORTL system consists of the following elements:

a. Source of pumping laser radiation

b. Premixed medium (He/HF) in transverse flow

¢+ Mirror structure for coupling the pumped laser into the medium
d. ORTL resonator and beam extractor

6. ORTL gas handling systems

An important feature of an HF ORTL asdium with no chemical reaction is that
the sams active HF aclacules can be used more than ounce (recycled) within the
mirror etructure of the pumped laser. The effective number of cycles has
sigonificant influsnce on the overall ORTL efficiency. From a system view-
point, the reusability of the axhaust gases appears attractive.

This model describes aspects of the firs. three listed elements of an
ORTL system. The model predictions, which will be cowpared to experimental
results, are small signal gains of selected spectral lines, HF(v,J) number
densities, and medium static temperatures for appropriate spatial locations.
The advantage of a model, of course, is to enable us to make excursions eco-
nomically ir chcices of paramaters that are difficult to execute experiien-
tally in a short time.

The current version of the model will not fully assess the effects of
recycling. However, evidenca for that behavior will be seen in our computa-
tions and cgupporting analysis. To fully simulate the effects on power

11
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extraction from the medium end from recycling, one needs, at least, a lager
model with Fabry-Perot amirrors.

1. THE ORTL CYCLE

An HF energy level diagram is shown in Fig. 1 describing the (v, J)
levels ot the molacules in the ground electronic state. HF molecules are
rsised from the v = O state by the resonance absorption of Py, ,(J) photons
from the numping luser. The HF(v = 1, J) molecules can then be excited to the
v = 2 gtate by a second resonance absorption of P,,1 (J) laser photons from the
pump laser or by the following V-V collisional energy transfer process:

Hl‘(vl - l,Jl) + u(V2 - I,Jz) hd H!(vl' - O,Jl') + “(Vz' - 2,J2') (Rl)

Successful ORTL operation requires that lasing occurs at wavelengths

longer than those of the pumping transitions. A partial inversion with a sig- .

nificant gain must be developed. In the steady state under proper conditioms,
the ORT]. transitions being optically pumped shculd be nearly saturated without
appreciable gain, The collisional de—excitation of wmolecules to lower J
levels (or shorter wavelength regimes) luads to other HF transitions with
absorption. These transitions would tead to have populations in the lower
state larger than those in the upper state because of the inclination of the
medium toward rotational equilibrium. The collisional excitations of mole-
cules to high J states occur as a result of V-V processes [Eq. (Rl)] or rots-
tional-rotational, transitional {R-R,T) transfer processes [(Eq. (R2)] or
combinations of both types:

HP(v), J;) + M+ BR(v), ;") +8;  (J)' =J)) = +1, +2, +3, +4 (r2)

At higher J, the partial inversion has the best chance to develop. The cross
sections for collision channels represented by Eqs. (Rl) and (R2) should be
large for an efficient ORTL.

After ORTL stimlated emission has occurred, the HF molecule must be
recycled to (v,J) states whera optical or collisional pumping can again

12
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occur. Important channels for this behavior are the backward reactions of Eq.
(R2) and perhaps the backward reactions of Eq. (Rl) if the v = 1 state is
involved after the ORTL lasing on the PZ(J) transition. The R-R,T processes

are favored since they are exochermic.

The backward processes of Eqs. (Rl) and (R2) can also be construed to be T
1058 mechanisas affecting the efficiency of the ORTL lasing transitions 1if
they influence the populations cf the upper states. Other secondary state-
scrambling or loss mechanisms might e V-V processes involving vy~ ! and vy =
2 (or vy = 2 and vy = 2) and ¥-R,T »rocesses:

EF(VI,J]‘) + M EF(VI',JI') +M (R3)
where
M = HF(v,,Jy), diluents
‘and .
vl-VI' - +1,2,000,V1

The V-R,T processes will generally be too slow to be of great importance in an
ORTL cycle. In contrast, these mechanisms would be quite noticeable in a
chemical laser description.

Ideally, pumping flux rates and collisional ratea should be sufficiently
large so that one characteristic cycling time 1is considerably less than the
time for an ORTL fluid element to pass through the flux fields of the pumping

laser.

2. DEFINITIONS OF EFFICIENCIES

] ‘-_*l

5¢ Three efficiencies have been defined to describe ORTL performance.? The
‘J-'«.;: ORTL input efficiency 1is:

% %

b = pover absorbed by ORTL medium

i Ny incident pump power (R
S

o This quantity is highly dependent on the optical thickness of the transitions
in the medium absorbing the pump laser lines., The power conversion efficiency

a is: . |
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- coherent ORTL power
* e power abscrbad by ORTL medium (£2)

and the outcoupling efficiency is

~ outcoupled ORTL power (E3)
o coherant ORTL power

n

The overall efficiency is

Mp 2Ny X0 xM (E4)

3. THE SIZE OF AN ORTL DEVICZ

An estimate of the size of an ORTL device compared to that of a chemical
1cser device can be made by assuming a steady state condition and an input

. efficiency ny of unity. For a hypothetical chemical laser at 1000 W and
stated values of the laser power per unit area of the nozzle face, §, and the

specific power, o, Table 1 presents estimates for the minimum required HF

Table 1. ORTL Size

Chemic:al Lasex (1 kW) ORTL (80 Torr, 0.05 HF Fraction)
1 cycle 100 cycles

Photon flux (aec'l) 1.5 x 1022 §gF flux(aec'i) 1.5 x 1022 1.5 x 1020

§ (W/ca?) 50

o (kW sec/kg) 300

n (gm/sec) 2.5 2 yora1 (gm/sec) 2.5 0.025
v (cm/sec) 10° V(cm/sec) 103 103
A(cn?) 20 A(cn?) 125 1.3

15
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flowrate, total mass flowrates, velocities, and nozzie size for both the pump
chemical las¢r and the ORTL. It is also assumed that the ORTL is operating at
80 Torz sith a 0.05 HF mole fraction and a 0.95 He mole fraction.

Table 1 illustratea that for an average 100 recycles of ORTL HF molecules
within the pump laser flur, the ORTL nnzzle will be about the same size as
that of a chemical laser nozzle. By this thinking, an increase in the number
of effactive cycles will correspouadingly reduce the ORTL nozzle size and the
flow requirements compared to the pump laser.

The overall efficiency nqp of ORTL will typically be less than 0.50 so
that in this situation, only about half the power will be produced. On the
other hand, the operation of ORTL at high prussures makes the exhaust recovery

problem much easier.

A similar cxamination of size of the ORTL system reported by Hughes
ylelds the data in Table 2.

Table 2. Hughes HF ORTL

Chemical Laser ((Q.8 kW) ORTL (80 Torr, 0.05 HF Fractionm)
Photon flux (sec”l) 1.2 x 1022 HF flux (ser")) <1.2 x 102}
n (gn/sec) nom. 5 n (gm/sec) 0.2
V (cm/sec) “10° v 5x 103
A (cmz) nominal 10 A (cmz) 1.8

It is apparent that a recycling chain on the order of 1-10 must be operating
when the fluxes are compared. Input efficiencies as high as 0.35 were report-
ed by the experimentalists; therefore, the number of cycles is around three at
best. For the approximate 0.38 tm width of the laser beam in the direction of

16
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ORTL flov at this ORTL velocity V, the single cycle time is on the order of
20 ucec. The comparison of the pump laser nozzle exit area with that of the
ORTL iz somewhat misleading because the ¢ of the pump laser is not high.

For Hughes' operating condition, estimates can be made of the character-
igstic time for radiative and collisional processes. These can then be com~
pared to the so-cilled cycle time. Typically, the pump laser flux Iph on a
eingle spectral line 1s 200 w/cnz gnd the radiative croes section g .4 on the
absording lirne 18 5 x 10'17cn2. The characteristic time Trad (for radiative
pumping) is then

-1

L 4 I
- (_rad gh -~ -6
Trad ( o ) 7 x 1079 sec

Single channel V=V or R-R,T collision processes will have cross sections
ranging from one to five collisions in probability. At pressures of HF at &

Torr,
- -] - -

Characteristic times for ORTL lasing would be on the order of cavity life-
times_sutidcroseconds. It seems clear that the limiting process of an ORTL
cycle in this experiment was the radiative pumping process because the photon
fluxes were too low.

B. COLLISTONAL ENERGY TRANSFER STATE-TO-STATE RATE COEFFICIENTS FOR HF + M

The state-to-state rate coefficients used in the model have come from two
basic caleculations: the classical trajectory studies by Wilkins? and recent
computations by WilkinglO using the surprisal analysis approach. To date,
there are no known measured absolute cross sections on single channel HF(v,J)

+ M processes which include some knowledge of the product (v,J) states. This

17




degree of refinement is necessary in the modeling of an optically pumped

medium in which the pumping fluxes excite very specific (v,J) states. To
validate the computed state-to-state rate coefficients, the best availabla
experiments were modeled using versions of the ORTL model code. Some couwpari-
son vith experiments is, of course, necessary to determine the surprisal para
peters when using the information theoretic technique.

A full listing of the kinetic equations used is given in Appendix A. The
details of state-to—state rate coefficients computed by the surprisal analyses

approach and théir applications to modeling will be the subject of another

paper. 19

Soma indications of the complexity of the kinetics asre summarized in
Table 3 where che types of H¥{v;,J;) + HF(v, +J2) processes are described. The
number of channals possible for each type of process is also given. For the
simple V-V energy transfer processes represented by HF(ve=l) <+ HF(v=l) »
HF(v=2) + HF(v=0), an astonishing number of channels is possible when all pos-
sible initial and final J states less than 15 are considered for near-resonant
conditions |AE| < 400 cm~l., To ronder the ORTL model manageable, we event-
ually limited the charnels listed to |AE| < 100 ca™l. The subtleties of the
many channels of the V-V type of process would seem to be extremely important
in an ORTL medium model since the rate coefficient of each channel is typi-
cally quite large. There are fewer specific channels for the R-R,T processes,
but they are also extremely important for particular ranges of J because the
rate coefficients are also quite large [order of (1014 cod/wol"lsec™1)].

To properly write equations for V-R,T processes some product J values

greater than 15 were considered.

In FPig. 2, the BR-R,T endothermic state-~to~state rate coefficients are
plotted as a function of initial J for v = 1, J'-J = +] through +5. The wide
range of valvces for the coefficients can be seen. Implicitly, one can see
that thers is a limitation to pumping very high J levels in an ORTL medium

because the rates become too slow.

18
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Table 3. HF + M Collision Processes v < 2, J < 15

Type Equation Type Channels Order k |
R-R, T ;r(vl,Jl) + Er(vz,Jz) + El(vl,.ll') + nr(vz,.rz) cad/(mol sec)
Jy'=3) = £1,42,1,3,54 225 1014
v-v EF(v;=1,d)) + HP(vy=1,J))
» HF(v,'=0,J;') + HP(v,'=2,J,"), |aE[<500ca™! 30000  10!3 - 104
v-v |aE|<100em™! 426
v-R,T BP(v,J;) + HF(vy,J,) + HR(v,',J,") + HF(v,,J,) 340 1012

1. VALIDATION OF R~-R,T STATE-TO-STATE RATE COEFFICIENTS

The validation of the R-R,T state-to-state coefficients is performed by
simulating the exparimental results of Hinchen and Bobbl,u'u in which an
HF(v;=1, J;) state was excited by photon pumping from a short pulse HF .
laser. The cubsequent collisional excitation of neighboring m’(vz-l,Jz)
levels was carefully observed by them. Using the kinetic equations developed
for the ORTL wmodel, we initially placed an amount of HF(v,J) population out of
Boltzmann equilibrium into an HF(v=1,J) state. The density was determined
with the aid of reported pulsed laser properties in a manner similar to that
to be discussed later. The results are shown in Fig. 3 for the case in which
the photolytically pumped state is HF(v=l, J=3). These results are further
susmarized in Table 4. It can be seen that our kinetic simulation is quite
good for J'=J = %1, +2, and +3 over a range of photolytically pumped initial
states. The agreement for J'-=J = 4 is not as successful. These slower rates,
however, are not as important in an ORTL simulation. Details of this work

will be given later in another paper.13

2. VALIDATION OF V-V STATE-TO-STATE RATE COEFFICIENTS

The V-V state-to-state rate coefficients have been validated by simu-

lating the experimental techniques reported in the works of Osgood, Sackett,

14

and Javan'  and Bina and Joneel.15 Neither are really highly senaitive tests

20
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of the rate scheme since the results of the former study have already been
synthesized by us with a much less dotailed scheme, and the latter work was
really preliminary. Nevertheless, the V-V kinetics are sufficiently success-
ful in duplicating all the reported quantitative features, as shown in Figs.
4a and 4b for the two experiments with quite different initial coanditicns.
Figure 4a shows the growth and decay of HF(v=2) ae reported in the Osgood et
al. work with the decay being twice that of HF(ve=l). Bina and Jones reported
two decsy regimes, as showmn in Fig. 4b, with the slower HF(v=2) decay being
tvice that of HF(v=l). A large number of experimsntal results can be compared
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with our theoretical resulte in Table 5. In these experiments it was not
possible to seperate the V-V and V-R,T parts of the empizical quonching HF(v)
+ El'(vz-O).

PP ety - cC

C. HF ORTL MODEL

i

The HF ORTL model is built upon the NEST codo“. which handles nooaqui-
1ibrium chesistry problems with one dependent variable, time t or distevce x.
The original code provided for photolytic excitation us a function of time by
seiacted speciec in a fixed optical voluma. The code accounted for the energy
input by the photoa flux into the gas volume, but it did not provide informs-~
tion on the spatial variation of the flux within that volume as a result of
optical thickness. The need to study individual HF(v,J) states required a
significant expansion of the NEST code and the photolytic excitation or
"flashlasp™ cption. Crucial to the ORTL simulation is a consistent expression
of the interaction of laser radiation with the gaseous HF species within the
context of the code's flashlamp option. This development is described below.

L
-

P

_"‘—, y

l. CODF EXPANSION

4 For this work an expanded version of NEST, designated NESTE, has baen
‘\fj developed. The version includes the capability to handle 1100 kinetic equa~

PO 8 YRRl AL IR S

5 tions, 125 species, and the appearance of a species in 250 equations. It also
i can handle eight flashlamps (or laser lines). Recently the code has been
\ further upgraded to 2000 equations and 16 flashlamps. This additional
capability would provide an opportunity to study more complex ORTL systems,
such as the cw DF ORTL. The flashlamp option has also been modified to accept

H 23
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Fig. 4. (a) Excication of HF(v=l) and HF(v=2) by the HF pulse laser pumping
of HF(v=]) and V-V transfer to HF(ve=2). (b) Excitation of HF(v=2) by
direct pulse laser pumping.
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analytical functions as a function of t or x. These include sinusoidal
functions, aquare or rectangulsr functions, the Gaussian fuvaction, end step
functions.

2. ORTL MODEL

The ORTL model describes the changes in cho.OR‘rL medium as & function of

x, the direction of subsonic flow. As a simple one—dimensicnal flow the trans-
formation between x and t inrvolvea U, a defined velocity of the flow,

- X
t=9

The ¢ Jdel is schematically illustrated in Fig. 5. It has been assumed that
the ORTL sedium is a cnnstant ares, constant velocity flow. Necessarily in a
one~dimensional flow, this medium has & constant density as a function of x.
Changes in the gasdynamic paramsters of this flow are not great because of the
large amount of diluent eaployed. '

The initial conditions of the medium are static pressure, p, static
temperature, T, average velocity, U, gas composition of the 1th species (He
and HF) a,, and dimensions d x W of the flow cross secticz. The imjtial
conditions for photon excitation include the spatial and spectral line distri-
butions of the pump laser fluxes as well as the absolute values of that power
distribution.

For the current work, the rectangular flux profile with dimengsions a and
b will be used. The coupling of the pump lzser into the ORTL medium includes,
in these cases, a double pass configuration, as shown in Fig. 5. The one-pass
interaction length is L.

The important ORTL model outputs as a function of x include:

1. gain coefficient at the spectral line center of HF 2 + 1 and 1+ O
P=branch lines

2. HF(v,J) nuaber densities

3. atcotic temperature

4, stai’.c pressure

5. Voigt line shape und parameters.
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There are conventional NEST code outputs of secondary importance to this prob-
lem. The formulation of the gain covefficient and line-shape expressions are
summarized in Appendix 2.

3. INTERACTION OF RADIATION WITH MATTER

Some discussion dealing with resonance absorption within the spectral
line is necessary in entering the proper initial conditions for the photolytic
excitation. It can be assumed that the pump laser is homogeneously broad-
ened;17 then the lasing mode of the pump laser has a high probability of being
near the spectral lins center. It can be assumed that, on a given spectral
line, the lasing occurs on one mode at line center. Large Fresnel number
medium pressure flowing lasers, such as cw HF lasers with unstable resonators,

generally will fit this assumption quite well.”

In the cw pump laser used in the early reperted work at Hughes, the cross
section of the lasing zone in the directicn of the resonator is around
(1.2 x 2.3) cm? and the stable resonator is far from confocal (300 cm radius
of curvature mirror and flat mirrcr 70 cm apart). The Fresnel number is
around 150 >>1. In this stable cavity, the chemical laser is operated on a
number of high order transverse modes and "geometric” modes, thus providing a
large number of modes within the spectral linewidth of a lasing transition

with fairly uniform spectral arnd spatial distributions of radiant f£lux.

It is assumed that the ORTL medium is pressure broadened or homogeneously
broadened. The entire population of a specific BF(v,J) state is then avail-
able to participate in the resonance absorption or stimulated emission pro-

cess, There are no so~called hole burning effects.

From real cade computations using the linewidth formulae in Appendix B,
the pressure broadening width is found, in the Hughes work, to be about equal
to the Ilinewidth for lioppler broadening. This calculation for pressure

broadening is conservative because the effects of elastic or inelastic long
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range or grazing collisions have not been included.

With these idealizations in mind, one can formulate the photon inter—

action as

BRRR ¢ L e
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dN“ I(v“l; x)
Vg ™ TR {1~ Wl-k(vu:!) L)}

ar“(\’)
for a differential interaction volumes of ares a x - (c-z). sad length L

(cm), as defined in Pig. 5. The rate of change of N (wele/cn}, sa upper
dF(v,J) state due to the photons, is given by chis expreseion. Ths fimx of
pumping laser photons for the transition is I(x) iu W/ca? at O°TL epactral
line center frequency v ul while h is Planck's constant and N, 18 Avogadro's
number. The absorption coefficiert at liaa center k(vu) (cn'l) 1o related to
the radiative cross section by

“1 "u
k(V,)) = 9 adVur) G 's—u')

wvhere g, and g; are respectively the rotational statistical waights of upper
and lower states of the- transition. The derivation has assumed no 8stIjag
. spatial dependences by N; or N, in the propagation or L direction and very
parrow laser mode widths compared to ORTL medium line widths. An identicsl
interaction expression arises if I(x) versus frequency is nonzero across part
of the absorption line, and k(vul,x) is assumed ccnstant within this range.
Then I(x) represents the taotal photon flux across the linme. If I(x) lies
within the absorption 1linewidth, the error i1is not great; the average
absorption coefficient within a Gaussian linewidth is 0.79 k(vul,x).

Table 6 presents a typilcal set of inputs for modeling the Hughes ORTL.
The double pass coupling of pump laser radiation into the ORTL wmediur is
estimated by wmultiplying the incoming flux by factor M. The factor is
determined by estimating the flux after the first passage through the lengch L
of the medium. Alcthough it is assumed that spatial dependences in that direc-
tion are weak, there are noticeable adjustments so M is not quite equal to 2.

The density NI averaged in x i3 determinec in an iterative process.
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3. MODEL VALIDATION AND SIMULATION OF HUGHES URIL

Pl

o The exparimentel studies ¢n the HF ORTL raported by Bailey ex al. of the
Hughea Corp:.*f;al:ionz form the basis for uvur simulatioa validation. In their

P

report a careful parametric study was made of a typical ORTL wedium. Number
densities, atatic temperatures, and small siznal gains were reported. The

CALE

principal variation was in the partial fractica cf HF. The obdjective of our
velidation study 1is to synthesize as many details as possible of the Bailey et
al., aexperimentri studies.

A. NUMBER LENSITIES

Comparisun of the oim. model csa be made with the Hughes exper’mental
nuaber densities. The pump laser conditions are summarized in Table 6. In
terms of Fig. S, the dimensions of the flux beam are given by a = 2.3 cm and
b = 0.38 cm, while the dimensions of the ORTL flow are w = 0.3 cm and d = 6
cm. This geometry yields an effective L = 0.78. The initial temperature is
300 K and the centerline velocity is 7500 cm/sec (for a parabolic profile with
an average velocity of 5000 cm/sec)., The model densities of the ORTL medium
are dotermined at the center of the pumping laser beam in the direction of
flow (i.e., x = 9.19 cm). Individual HF{v,J) porulations were summed over J
for each level. The corresponding model results are shown in Fig. 6a along
vith experimentel results repsrtad by Bailey et al. The independent variable
is the HF initial mole fracticz. It is apparent that the agreement is very
good. Similar agreement is achieved at Xgp = 0.0l and for HF(2) at Xgp = 0.03
in Fig. 6b, for the higher pressure (and higher HF density) ORTL wedium
condition. It would appear that the most apparent reason for the disagreement
is a nominal HF loss (or a smaller than nominal HF flow) in the experiments at
78 Torr. A summation of experimental HF densities for Xyp = 0.03 yields

PIRIPIRNL — W STEFRENCRE Y A FPLALNRRcEEP. IS RLRLI VLT b gt b | PRl A

4.3 x 1016 particles/cn3. A calculation using nominal pressure data gives 7.5
x 1016 pnrticles/cm3 at 300 K or 400 K under the constant density assumption.
The latter temperacure is the value computed by the ORTL model during laser
pumping. The experimental density of HF is 0.57 of nominal value, which was
used in the computer runs. If the experimental data were translated to Xyp =
0.017, equivalent to 0.57 of nominali Xup, agreement would be greatly improved.
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In agresment with experimental results, rotational nonequilibrium effects are
not evident at these time scales on the centerline of the pumping bean.

B. STATIC TEMPERATURE

The model results are shown in Fig. 7 for static tamperature in the 4l
Torr cases. The model static temperature data are likswise extracted from the
x = 0.19 cm position. The comparison with experimental results is slso given.
Generally, the model temperatures are from 5 to 10X lower than observed rota-
tional temperatures. Unlike the vibrational number densities, which rise to a
nearly uniform condition, the static temperature steadily rises in the flow
direction throughout the pumping laser flux field due obviously to the absorp-
tion of laser power. The positioning of observation for comparison with model
calculations is therefore crucial. It is possible that this is the basis for
slight disagreement.

C. SMALL SIGNAL GAINS

Model predictions are in general qualitative agreement with reported
observations of zero power gain coefficients. In Figs. 8a and 8b, plots are
shown of the gain coefficizints g, at spectral line center of positive gain HF
transitions as a function of flow directicn through the pump laser beam. Thease
plots are for the flux of 660 H/cnz of the pump laser with the pump line dis-
tribution tabulated in Table 6. The initial total pressure is 41 Torr, and
the initial static temperature is 300'K with 0.03 HF in He. The largest gain
coefficients for our mode!. are in general agreement with the Hughes observa-
tions between 0.012 and 0.06 cam~l at the centerline of the pump beam. Since
the Hughes data are computed from chemiluminescence number densities on the
centerline of the pump beam, the comparable result with our model is 0.01 ™!
on Py(8) at x = 0,19 cm(t = 36 usec). The model gain coefficients are seen to
rise virtually linearly with distance from a threshold. This behavior sug-
gests that the radiative pump flux levels are too low in these early exper-
imants. On this basis, one projects inefficient recycling of HF molecules
and extremely inefficienf ORTL lasing. Indeed, the overall efficiency was
obse ~ved to be around 2Z. Aliternatively, if the velocity were slowed so a
fluid elewent could spend more time within the beam and reach pumping
saturation, a recycling condition can occur, thereby improving greatly the
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efficiency of the ORTL. Later Hughes results showad ~hat a factor-of-4
slowing in velocity leads to an crder of magnitude jmprovement in efficiency. .

A further cowparison of experimantal and model r.ahlts is given in Table
7 vhere the 1lasing results are compared with wmodel small signal gain
results. The normalization of results is made to one of the better cases,
i.e., 440 W/ ca? case with P)(4) and P,(4) pumping at 78 Torr total pressure
and 3X HF. The model l-lll.cignal gain coefficients for this tadle are taken
at the x = 9.38 ca position. The largest gain coefficient at this positiom
is used, This is because some gain plots exhibdit the triangular structure in
Figure 8 while others do not, depending on conditions. In reality, the ixis
for the experimental lasing may be at sowe position equivalent to smaller x.

Table 7. Observed Lasing Compared to Model Gain Coefficient

Normalized
Lasing Normalized
Pump Lagers Pressure (From Fig. 4 Model .
Case (W/cm (Torr) ) of Ref. 2) Gain Coefficient
j 1. 440 78 0.03 1.0 1.0
i 2. 440 78 0.01 1.0 0.9
) 3. 440 78 0.06 0.0 0.0
4, 660 78 0.01 0.5 0.2
S. 660 78 0.03 0.8 0.6
: 6. 660 78 0.06 0.0 0.0
7. 660 41 0.01 <0.05 0.2
8. 660 41 0.03 0.5 0.9
9. 660 41 0.U6 0.75 2.2
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The agreement 1is fairly good even on a quantitative basis. Case 7 must
describe & case too close to experimental threshold where lasing output is
quite sensitive to slight variations. In Case 9 the mddel gain coefficient,
at P2(10). ic somevhat overpreadicted. Since aost relevant ORTL studies will
concentrate on the xm regime less than 0.03, this deviation is not considered
sarious for present applications.

The spatial behavior of the gain coerficients in the direction of flow
can be summarised using th: conditions equivalent to Casea 7, 8, and 9 at 4l
Torr, variable Xgp at fixed laser puaping flux. As shown in Fig. 9, at Xgr =

0.01, a steady state in gain is resched rather rapidly after the fluid element -

enters tha beam. However, the steady state small signal gain coefficients are
quite low. The Xge = 0.03 condition exhibits triangular behavior beginning at
the upstresam edge of the pump beam, x = 0, in Fig. 8. The Xgp = 0.06 condi-
tion shows the same behavior, except the threshold of gain 1s halfway through
the beam, x = (.19 cm, and the growth of gain is steeper to larger final
values. The condition is vary far from achieving final steady state. Similar
model results are producad at 78 Torr. VYor a given radiative flux level of
pumping and for a given density of HF, it is appsarent that there is an optimum
characteristic time for the gain on a given line to reach empirical steady
state. This is not surprising. What is important is that this characteristic
time may be unexpectedly long although individual chacnel processas may have
time estimates shorter than 10 uysec, as notad in the previous section. Obvi-
ously, a fluid elemant shouid remain in the beam at least as long as this
charactevistic time, and the effective time for an ORTL "cycla" would be
greater than or equal to this cnavacteristic time, which reflects the efficacy
of the radiative and collisional pumping processes of the ORTL. The para-
matric depandent 0of this characteristic time will be examined later.

D. SENSITIVITY OF ORTL TO COLLISIONAL PROCESSES

The simplest, global assessment of the relative importance of the R-R
and V-V processes 1s by directly removing those particular cross sections
in the modeling code -ind running a particular case. If one chooses the case
described in Fig. 8, also labeled No. 8 in Table 7, and removes the R-R cross
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sections, one produces no positive gain greater than 0.001 ca ! at x = 0.38 ca
in P;(6) and P;(7). This illustrates that the R-R collisional processes are
important in w=l or v=2 in producing ORTL gain at higher J states than those
that are pumped by the laser. This observation is further supported by the
wmodeling results in Fig. 10 for the same ORTL case (660 H/cnz. 41 Torr, Xup =
0.03) vhen the V-V processes sre removed. Gain coefficients on the P, , , (J)
branch are unaffected (see Fig. 8). In fact, they are larger because the
HF(vel) states have not been depleted by collisional V-V pumping to HF(v=2),

' However, gain coefficients on the Py, 1(") branch are greatly affected by the

absence of the 1 + 1 + 0 + 2 V + V collisional mechanisms. Since one of the
potential benefits of ORYL 1is the conversion of mltiline chemical laser
operation to near single-line ORTL lasing at an elevated v level, such as v=2,
the V-V processes are likewise crucial in producing the relatively large gaias
on important lines of the P, , (J) branch of HF.

A limited sensitivity study of the R-R and V-V rate sets has also been
attempted with an earlier version of the model in which the number of pumping
laser lines was five, and the number of kinetic channels available was one-
third. This limited us then to an incouplete expression of the V-V processes.
The general outcome of these eurly studies indicated that if the current R-R
cross sections were reduced a factor of 3, positive gain would be extinguished
on P,(8). If the R-R cross sections were increased arbitrarily tenfold, not
much change occurs to P,(8) gain. Thus the ORTL provides a lower bound
experiment in establishing the sizes of R-R coefficients. The sensitivity of
P; 4 1(J) to the V-V processes wvas observed even in this early work.
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4. ORTL MODEL PARAMETRIC STUDIES

The objective of this section is to explore regimes of ORTL operation in

!
A3

~

3 which good overall efficiencies might be expected and short “"effective cy:le”
%é tires might be realized with regard to the sizing of ORTL. Accordingly we
53 will examine the effects of

}g a. Flow velocity variation (variation of the time that a fluid element
¥ spends in pump beam)

:%{'E b. Changes in the J-distributions of pump beam

Ny

c. Pump flux variation

d. Initial static temperature variation and temperature control.

Since our comparison will deal with small signal gain coefficient;, we estab-
lish as a baseline case that reported by Hughes as 20 W ORTL output at 78
Torr, Xgp ™ 0.019, pumping input at 300 W or 440 W/ cn? with a P,(4)--P,(7),
Py(4)==P,(7) pattern. ‘The input coupling efficiency was 0.41, the conversion
efficiency wae 0.18, and overall efficiency was 0.053. For that case our mod-
eling yielded a maximum gain coefficient [on P2(7) or P,(8)] of 0.05 em ! on

. the downstresm edge of the beam. At the centerline of the beam, x = 0.19 cm,

KMPIRIISIIRE.  LACCRLMORETRTLS

s the gain is around 0.020 cm 1.
:§ If one assumes that ORTL is a homogeneously broadened laser in which the

spectral line with dominant gain will lase relatively independently of other

branch linee¢, the maximum extractable power P at optimized coupling is given
18

by

W

2
SAT e
P= T ( GO - 60 )

2

WsAT c
T 0

bl
L DS SuPC I

S X s s e

where WgaT 18 the saturation energy inside the cavity, T is one round trip
time within the cavity, Gy is the round trip zero power gain (obviously pro-

LRI <
- o,
-

portional to the gain coefficient), and 60 is the round trip internal cavity
X loss. In HF lasers, Gp 18 usually much greater than §g- The parameter WgaT
X depends on pumping and quenching parameters (such as cross sections) which are
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quite similar for the high J lesing lines of an HF P-branch. Therefore P is
approximately proportional to Gy at high levels of gain, and we shall utilize ‘
this dependence.

A. FLOW VELOCITY . |

One principal flow adjustment is the velocity of the flow. Basically
this variation adjusts the time that any fluid eiement spends within the pump
lagser beam. 1In Fig. 11, the PZ(J) gain coefficients are shown as a function
of » for a case in which the velocity is a factor of 4 slower than cases
pteviouély discussed, 1.e., 1300 cm/sec. The pump flux level is 440 W/ co?
with a P(4)--P(7) pattern, and the other flow parameters are an initial
pressure of 78 Torr, initial temperature 300 K, and Xyp = 0.03. A concurrent
set of P;(J) gain coefficients at half the values shown is also generated.

It is quite clear that there is considerable improvement in peak gains

around 0.095 cm}

or a Gy ~l.2. This is a four—fold to five-fold improvement
on the original Hughes reported results on gain. Using the proportion cne can
estimate that overall efficiency should improve from 20 to 26X with the 3ig-~
nificant chénges iu the conversion efficiency. In fact, this advance has been
experimentally reported 1ian unpublished Hughes results, in which overall
efficiencies between 25 and 302 were observed. The dominant P5(J) spectra,
according to the model, would shift to higher J states than P,(8) under these

conditions.

The results in Fig. 11 also serve to reinforce the previous remark that,
for a given pump flux level and HF density, there is a minimum characteristic
time for the fluid element to remain in the beam. In the depicted case, this
minimum time appears to be 30 usec and the number of possible HF molecular
“"cycles” might be 5 or 6, out to 150 usec,

B. PUMP J-DISTRIBUTION

The pattern of pump HF chemical laser lines is crucial to the potential
succeas of the ORTL concept. Accordingly, a modeling study has been conducted
in which the flux input pattern has been varied in J in the following manner.
The input flux intensity pattern in Table 6 is maintained; however, the J
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pattern on both the P, , ; and P; , o branches will be shifted. The lowest J
in the P(J) branch will be designated Jp as an identification of the nattern,
i.e., J = 2 represents a ?;(2), P)(3), Py(4), Pi(5), Pp(2), Py(3), Py(4),
P,(5) pettern. For a total flux of 660 W/em? at 41 Torr, 300°K, the results
are exhibited in Fig. 12. The maximum achievable gain coefficient is plotted
as a function of J_,. It can be seen, unsurprisingly, chat an ORTL medium can

P

work very well at low J_  pumping patterms and would probably approach very

high overall efficiencies? This is the result of high densities for resonance
absorption at the nearly-Boltzmannized lower J HF states and also the result
of very fast R-R,T rates at these low J patterns. At bigher J, middle Jp
around 5 or 6, the peak gain coafficient appears to settle above 0,08 em~! for
Xgr = 0.03 and 0.06. This is equivalent to possible overall efficieuncies
above 20%Z, everything else held equal. The peak gain has been driven down
mainly by the steady increases in static temperature shown in Fig. 13. These
temperatures at the downstream side are large, and therefore with the given
positive gain, the inversions (ratins of upper state density to lower state
density) are quite high. These great inversions must be partly due to the
match of pump spectra with the near-Boltzmann distribution in HF population at

the elevated temperatures zbove 1000°K.

Fig. 14 illustrates that the P,(J) line of peak gain moves to higher J as
Jp, the lcwest pumy line, iacreases. This peak gain line always occurs at J
greater than Jp. It reflects the fact that the inversions are found at higher
J where the lower state densities are initially dropping. 1In this sense, the

peak P7(J) lasing line in ORTL depends on the pump laser desigm.

It should be noted, as in Figs. 8 and 11, that significant gain coeffi-
cients are generated on lines that are similtaneocusly pumped by the chemical

laser at all patterns of J This behavior would tend to lower the input cou-

pling efficiency as certaix’; strong pump lines are effectively enhanced in pas-
sage through the ORTL medium and are not sbsorbed. Too thick an ORTL medium
in the direction of the pump laser beam propagation will obviously convert. the
ORTL medium to an inefficient amplifier for some lines. At Tow Jp, where the
gain coefficients are large, this problem will have a great influence in

lowering the coupling efficiency.
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The steady temperature rise (Fig. 13) is due to the overall absorption of
large smounts of pump radiation. Needless to say, the overall efficiency of
ORTL is not unity, and the pump power which is not extractable as ORTL lasing
will eventually heat the gas. As the size of the medium grows in larger
devices such that the characteristic times for a fluid element within a pump

~ beam become longer, heating mechanisms become more important. On these time
scales, this gas heating results from the R-T rates and may be a sensitive
indicator for the correct rate scheme here. The gas heating problem is
aggravated at intermediate J patterns since the energy gaps in transferring
from J to (J-~1) on a given vibrational level are increasing proportional to
J. From this model study, it seems clear that gas temperature control is an
important consideration in ORTL. At the elevated temperatur2s above 1000 K,
it must be noted that the kinetics scheme is no longer completely accurate
becauge literally tens of thousands of V-V channels with energy defects below
1000 cm~! have not been included. Some slight adjustments on V-R collision
partners ohould also have been made. Nevertheless, the model still reflects -
the general qualitative behavior of the ORTL medium.

C. PUMP FLUX VARIATIONS

As shown in Fis 1, it is quite clear that the total pump fluxes of the
early Hughes studies were too low to be efficient. This limitation was also
discussed in Section 2. If the flux is raised to 50,000 W/cm2 for the
case in Fig. 11, the peak gain coefficient is attained in 40 usec rather
than 150 psec. Thie should also improve the effective cycle time on a micro-
scopic basis since radiative pumping times are much faster. 1In Fig. 15, the
effect of flux increases or ~eak gain coefficient is shown. For an optimum
ORTL condition, 7: .nzars .. .. the pumping flux should exceed 5000 W/cm2 or
600 W!cnz per pump lasing spectral line. At sufficiently elevated fluxes,
there is the additional advantage that the peak gain 1s attained before gas
heating becomes a serious prol - in the flow direction. Typically the static

temperature does not exceed . K at the peak gain in these cases. For the
cases with Jp = 4, Fig. 15 shows that an ORTL could operate with 50% overall
efficiency.
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D. TEMPERATURE

Temperature emerges as an important variable in any cw HF ORTL device.
Two aspects of temperature effects have been studied with this ORTL model.
The effect of initial temperature of the flow has bdeer examined. Then the
possible control of gas heating by the pump laser beam is briefly discussed.

Setting the initial temperature can have two effects in an ORTL. The
temperature can be raised such that the initial distribution of HF(v=0, J)
densities better matches the pump laser spectral distribution. The obvious
practical limit is reached quickly, however. PFor Jp = 6§, an initial ORTL
medium temperature around 2000 K would have to be produced for good match-
ing. Even if the practical linit was not a factor, the gain cosfficients
wvould genaerally be lower because of their adverse dependence on temperature.
Further, as Jp increases such that the pump laser spectral pattarn moves to
higher J patterns, one encounters slower R-R,T collisional cross sections, as
depicted in Fig. 2. )

The second effect of initial temperature is more sudbtle., In Fig. 16,
small signal gain coefficients are plotted as a function of x or t for & case
{n which the initial temperature is slightly elevated. Tha case is identical
to that shown in Fig. 8 except for the initial temperature. The temperature
dependence of the R-R and V-V rate cosfficients is such that the coefficients
are faster at elevated temperatures. Steady state is apparently reached quite
quickly slthough the peak gain is about half that reported with the initial
temperature at 300 K. The temperature rise is under 100 K. The reaching of a
peak gain condition In 1 to 2 usec at such low fluxes is important in estab-
lighing an effective "cycle time” for the kinetics, and this charscteristic
time will determine the ultimate size of ORTL flows relative to pump chemical
laser flows. Thue the slight heating of the ORTL medium may be beneficial, at
the cost of some of the gain.

Control of gas heating by the pump beam can occur in two ways. If the
overall efficiency of the ORTL is unity, there will be no gas heating. Thus
power extraction from ORTL lasing is important in moderating the effects of

gas heating. The current model examines the worst case, in which no
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that shown in Fig. 8.
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laser powaer is extracted.
can be effected dy adding a high C

in small quantities.

added. The results are presented in Table 8.

¥ - S
..............

A manipulation of the specific heat (:p of the gas )

P

For a 78 Torr cass, some 15 Torr of SF; has been
One can obtain 70X of the peak

gain while temperature is nearly halved.

species, but poor HF quencher, such as SF,

.............

Table 8. Increase in ORTL Medium Heat Capacity
— Conditions Without SFg WIth SF

Initial total static pressure (Torr) 78 93
Initial static temperatura ( K) 300 300
Mole fraction of HF 0.03 0.03
SF¢ pressure (Torr) 0 15 )
Pumping laser .

flux (V/cm?) 660 660

J~distribution PI(S)-Pl(S) PI(S)—PI(B)

Po(5)~P,(8) Po(5)-Po(8)

Final static temperature 1501 815

(at exiting pump beam) ( K)
Peak gain (em”l) 0.098 G.070
Peak gain line Pz(ll) PZ(IO)

K. BEST REGIME

In evaluation of the ORTL medium as a gain generator, this modeling study
has established that the most attractive regime for a cw HF ORTL might be
total pump fluxes in excess of 5000 W/cnz, pump spectral pattern with Jp < &4,
total pressures up to 78 Torr, Xgp between 0.01 and 0.03 (for a double pass
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coupling mirror system), slightly elevated initial temperatures, high heat
capacities in the flow, and fluid element times in the pump beam no longer
than 200 uysac. An attractive regime is defined us that with s peak gain
exceeding 0.2 ca”!

» wquivalent to an overall efficiency of 0.5.
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5. CONCLUSION

A model has been developed to study the gas flow of an optically reso-
pantly pumped transfer laser as an efficient gain generator. A criterica of
0.20 ca~! for the peak gain coefficient has been used as equivalent to an
overall cfficiency of 50 percent. The equivalence was aestsblished in this
model of small signal gain by simulating reported Hughes experiments. This
evaluation has been conducted to determine if the ORTL device =aight effi-
ciently couavert the beam of a high power cw BF chemical laser into a laser
beam of the highest quality.

A regime has been found by the model in which the 0.20 cl"l criterion is
net and axceedead. This regime requires the pump laser to produce:

a. GCrester than 5000 W/ca? flux (1000 W/ca? in one spectral line)

be A pumping patterm with JP €< 4 where tha lasing lines are

PI(JP-‘)’ Pl(-‘-)a P1(6)n P1(7) and
Py(Im4), Py(5), Py(6), Py(7)

and over 80X of the power is in the P(5) and P(6) lines of both
branches.

The ORTL medium, He and HF, should operate at

a. Total pressures up tc 80 Torr

b. Elevataed initial temperatures up to 600 K for proper flow sizes

ce HF mole fractions between 0.0l and 0.03 for a double pass coupling

nirror system for the pump laser.

For a multiple-pass coupling amirror system the mole fraction would be propor-
tionally reduced (10 passes, one-fifth the mole fra:tion liated). The optical
depth for the pump laser beams totsl passage through the wedium should be
unity.

To achieve an attraciive ORTL sizing relative to cw cheamical laser flows,
tha ORTL wedium velocity should be around 10‘ cm/aec‘l. Any fluid element
should be in the pump bean for a period exceeding 100 usec. In this way, the
typical HF molecules can be “reused” cyclicly many times, The minimum cycle
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time is, of course, determined by the flux level, concentrations, and the
effect of elevated static temperature on rate coefficients. In this identi-
fied regime, the ORTL flow at a higher velocity could be a fraction of the
size of the cw chemical laser nozzle area, 18 suggested in Table 1. it should
be noted that this discussion does not include systeme considerctions such as
reservoir tanks and exhaust systems. |

The principal problems and limitations of rhe ORTL medium have also been
observed with this simple model. The favorable spectral line distribucion
required for high efficiency tends toward lower J P-branch lines at or below
P(5) and P(6). This distribution 1is not typical of mosi efficient cw HF
lasers, which tend toward higher J lines.

Elevated initial temperature operation appears to be not important in
achieving 0.2 em~! peak gain operation. However, this condition is important
in sizing the ORTL. It is an additional operational complication.

The ORTL medium is possibly limited in two of three dimensions by the
following considerations. In the direction of propagation of the pump laser,
the model has showm that in & multiple line pumping patterﬁ in rotational nomr
equilibrium, gain can be generated on transitions on which pumping laser lines
exist. For too large a dimension (or optical depth), significant amplifica-
tion will occur. This effectively lowers the input coupling efficiency (and
therefore the overall efficiency) and directs power away from improvement in
this beam quality. Therefore the shape of the ORTL medium has constraiats
important to an ORTL resonator designer.

Significant gas heating by pump laser radiation is generated by the small
signal gain model at longer time scales in the flow direction. Practically,
this effect could limit the extent of the ORTL medium in the fiow directiom
1 (within the pump beam) to characteristic times below 300 usec. ORTL lasing

would moderate this effect. Additives such as SF; augmenting the specific
heat of the flow are also helpful in controlling gas heating.

4

N

g The ORTL coucept for improving beam quality could continue to merit
N serious consideration if the pump laser line distributions ever reach the
Q appropriate medium-to-low J P-branch positions. It is alsu evident that a
i
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pro{:er evaluation of un actual device will require experiments at the proper
scale and size of pumping and ORTL devices. From our flux variation study, it
is apparent that a greater than 5000 W/cm2 pumping laser with an adequate pump
beam cross section (i.e., 10-20 cm?) 1is needed to evaluate simultaneously the
optimum overall efficienc- and true ORTL size relative to the pump laser. The
pump device should have a Jp < 4 pattern; otherwise the benefits of such an
experiment may be limited. Current experiments at smaller scales are limited
in value in that they will have difficulty exhibiting satisfactory overall

efficiencies or sizes.

Our current model of an ORTL device can be further improved. Further
definitive parametric studies should be made. The major model improvement
would be the conversion of the current code to a lasing model, at least at the
conventional level obtained by using Fabry-Perot mirrors. Then the defined
efficiencies of an actual ORTL can directly be estimated. Since parts of the
ORTL medium .experience large elevated temperatures, a8 reexamination of R+ T
mechanisms and an expansion of the V-V manifold would seem useful. Modeling
of the pump laser coupling can be improved by converting factor M into a
. density—dependent variable in the flow direction such that pump lines can

experience gain as well as absorption. In the current work, M ~ 2 because the
medium is thin, and any errors have not been large.

Finally, we note that an ORTL device seems an excellent, relevaut, empir—
ical test for EF(v,J) + M kinetics and laser modeling of cv HF lasers because
of its basic simplicity.
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APPENDIX A

KINETICS EQUATION LISTING:
(Photo Reduced)

. l Rate Equatioa

T R e e e

! cn3/ (nokfe sec)
1 IHF(ZOO), + Ml = HF(201), + M1 |

A n E
l ] cal/mole

KF = i «418E19 | - .8108| - 2565

k, = AT exp (E/RT)
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LABORATORY OPERATIONS

~he Luboratory Operations of The Aerospace Corporation is conducting exper- i
iaental and theoretical investigations necessary for the evaluation and applica- %
tion of acientific advances to nevw military space systems. Versatility and 1
flexibllity have been Jleveloped to a high degree by the laboratory personnel in
dealing with the many problems encountered in the nation's rapidly developing
space systems. Expertise in the lctest scientific developments is vital to the
accouplisheent of tasks related to these problems. The laboratories that con-

tribute to this research ar=:

Aerophysics Laboratory: Launch vehicle and reentry aerodynamice and heat
transfer, propulrion cheaistry and fluid mechanics, structural mechanics, flight
dynamics; high-temperature thermome:zhanics, gas kine.ies and radiation; research
in enviromaental chesistry and contaminatior; cw and pulsed chemical laser
developeent including chemicsl kinetics, spectroscopy, optical resonators and
bean poirt.ng, stmospheric propagation, laser effects and countermeasures.

Chemistry and Phvsics Laboratory: Atmogpheric chemical reactions, atmo-
splierlc cptics, light scattering, statc-specific chemical reactions and radia-
tion transpor: in rocket plumes, applied laser spectroscopy, laser chemistry,
buttery elactrozhemistry, space vacuum and radiation effects on waterials, lu-
brication and surface phenomena, thermionic emisuion, photosensitive materials
&nd detectore, atomic frequency standards, and bioeavironmental research and
monitoring.

Electronics Research Laboratery: Microelectronics, GaAs lowv-noise and
powcr devices, semiconductor lascrs, electromagnetic and optical propagation
phenomena, quantum electronics, laser communicatiouns, lidar, and electro-optics;
communication sciences, applied electronics, semiconductor crystal and device
physics, radiometric imaging; millimeter-wave and aicrowave technology.

o Information Sciences Research Office: Program verification, program trans-
<. lation, per.ormance-sensitive system design, distributed architectures for
2 apaceborne computers, fault-tolerant computer systems, artificial intelligence,
and microelectronics applicatious.

¥
44-.1-

1
i

Materials Sciences Laboratory: Devalopment of nev materials: wetal matrix
composites, polymers, and nev forms of carbon; component fajlure analysis and
reliebility; fraciure machanice and stresu corrosion; svaluation of materials in
rrace enviromment; materials performance in space transportation aystems; anal-
yeis of systemn vulnerabil.ty and survivability in eneay-induced environments.

1

P

Space Sciences Laboratory: Atmoapheric and isnospheric physics, radiatien
from the stuosphere, deusity and crmposition of the upper atmosphere, aurorae
and airglow; magnetaspheric physics, coemic rays, generation and propagation of
plasna waves 1ia the magnetosphere; solar physica, infrared astronomy; the
effects of nuclear explosions, Daznetic stcrms, and solar activity on the
earth's atmosphere, ionosphere, apd wmagnecosphere; the «ffects of opticsl,
electremagnetic, and particulate radistions in space on space gystems.
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