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I. SUMMARY

Under joint ARPA and Navy sponsorship the United Aircraft Research Laborato-
ries under Contract N-C0921-T1-0-0279 has conducted a series of analytical and exper-
imental investigations to establish the feasibility of Lhe magnetohydrodynamic
laser concept for high power laser applicaticns. [he work conducted under
Contract N-60921-71-C-0279 represents an extension of the investigations of the
MHDL concept initiated under Contract N-60921-71-C-0213, and was embarked upon
because of the promising results obtained from this initial work. Under the
initial program, a self-consistent theoretical model of the nonequilibrium MHD
expansion including all the key collisional interactions and the effects on the
medium of power extraction was developed. From this modeling the most favorable
conditions for production of a population inversion in a nonequilibrium MHD
plasma medium to which small quantities of CC, are added were established.
Supporting these theoretical studies smell scale experiments were used, where
possible, to verify the qualitative trends predicted from the modeling. Based on
the findings of these investigations, an experiment was constructed to evaluate in
detail the MHDIL concept.

In order to obtain a meaningful experimental evaluation it is deemed
critically important to establish experimertal operating times on the order or
several seconds so that all the commonly encountered MHD boundary layer heating
and electrode interaction phenomena are dev:zloped to the same extent as would be
encountered in an operating high power MHD laser device. Under this program, the
experimental capabilities were develoged to operate a nonequilibrium MHD system
at stagnation temperatures up to 2800 K and pressures of 20 atm. The high tempera-
ture-high pressure experimental capability developed under this program still far
exceeds any other MHD experimental capability presently in existence. Tests with
this system conducted on a 20 cm optical path length laminated genersator-cavity
configuration have confirmed the major predictions of the theoretical modeling.

The most important of these predictions which has been confirmed through controlled
experimentation has be=en the observation of ignition of the MHD medium without the
use of a preionizer in the presence of CO, concentrations determined from theoreti-
cal and analytical modeling studies to be sufficient to produce attractive high
power MHD laser performance.

Under the present contract major emphasis has been placed on the development
of a generator-laser cavity configuration having a high degree of medium waiformity
and in obtaining power extraction measurements with this configuration. A high
degree of medium uniformity has been achieved through the use of a smooth wall
generator configuration which is electrically conducting in both the Hall field
and transverse current flow directions. BRased on the significant improvements in
medium uniformity achieved with this configuration power extraction tests were con-
ducted on a smooth wall generator configuration naving a 55 cm optical path
length. These tests, despite the fact that all the optical systems in the generator-
laser cavity performed as expected did not result in extraction of optical power
from the medium. To establish the potential source of difficulty, gain measurements
on the medium in the 55 cm generator-laser configuration were conducted. Contrary
to the earlier results obtained with the 20 cm optical path length configuration
significant absorption rather than gain was detected. This occurred despite the
fact that increased magnetic field intensities were employed which allowed

ignition to be achieved in the MHDL medium at significantly higher COp concentra-
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tions. High speed motion pictures and visible laser medium quality measurements
indicated a strong attenuation was being produced due to the presence of small
concentrations of particles being introduced into the flow from the decomposition
of the insulating material in the high temperature-high pressure heat source used
in the experiments. This problem which was not present in earlier measurements on
the 20 cm optical path length generator configurations in which positive gain
signals were detected is not an inherent drawback of the MHDL concept, but rather
a correctible difficulty with the experimental apparatus that has arisen due to
the large number of tests conducted with the system. TIn addition, further
simulation measurements conducted with an electron beam sustained plasma, in which
the drift field of the sustainer was operated at levels corresponding to typical
MHD conditions, confirmed the presence of gain in the medium at levels theoretically
predicted by MHD modeling programs. More importantly. the observed dependence of
gain on electron density and electron energy for the range of conditions tested
was also found to be in good agreement with the predictions of the MHD modeling
program. In addition to these results from supporting experiments, the wvast
Change in the operating characteristics of the large scale generator configuration
(55 cm optical path length) with regard to mass flow, test times, etc., has revealed
several factors which now allow a more Ilufinitiwve Interpretatics & ‘e wede of
earlier gain measurements. In particular, it is no longer felt that there is any
ambiguity associated with the earlier gain measurements due to the findings of the .
mere recent tests clteined with the large scale (55 en) gererator eonfiguration. A
Based on these results, and a clear understanding of the factors which caused the 1
failure of the power extraction measurements it is strongly recommendcd that an
Jtiom] sortes 0T the power extractiins tests be condmeted sfter the problenms
associated with the insulating material of the high temperature-high pressure heat
source are corrected. This recommendation is based on the fact that no inherent
basic limitations can be found with the MHDL concept which would preclude achieving
the performance predicted from modeling studies after significant experimental
testing and critical evaluation of results. Further, power extraction testing is
also reing recommended because of the overall potential of the MHDL concept for
many high power laser applications.
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IT. INTRODUCTION

The United Aircraft Research Laboratories hasg
and experimental investigations to establish the fe
laser employing nonequilibrium electron kinetics in
energy transfer in a molecular laser System,
illustrated in Fig. 1. The MHDL concept invol
electrical energy in a nonequilibrium MHD gene
Maximum electron energy dissipation in the gas
provide efficient excitation of the asymmetric st
is based on the fact that the cross section for

asymmetric stretch level of COo shown in Fig. 2 as determined by Andrick, Danner
and Ehrhardt (Ref. 1) is large compared to that for excitation of the symmetric
stretch level in the 0.2 to 0.3 eV range typical of nonequilibrium MHD generator
operating conditions. Further, when the cross sections for direct electron excita-
tion of tle bending and asymmetric stretch modes of COp are weighted by the energy
exchange associated with these collisions, namely 0.083 and 0.29 eV, respectively,
the electron energy transfer collision frequency to the asymmetric stretch level
dominates over that for collisions to the bending mode for electron temperatures in
excess of approximately 25009K as shown in Fig. 3. Detailed calculations, as
described in Ref. 2 which also appear as Appendix I of thisg report. show that
significant optical energy at 10.6 pm may be extracted from an optical cavity
located in the MHD generator section. In addition, the MHDL concept, which requires
10 external source of electrical power., takes advantage of the naturally high level
of internal dissipation of power commonly encountered with nonequilibrium MHD
devices. The abvility to internally dissipate on the order of 20 to 30 per cent of

the thermal power available when combined with the calculated electrical-optical
conversion efficiency for this system which is estimated to be between 15 to 20 per
cent promises overall MHDL therm

al to optical conversion efficiencies of approximately
3 to 6 per cent. Moreover, by not extracting the electrical power from the non-
equilibrium MHDI, medium, but rather. by direct pumping of 0. in a short circuited
generator configuration it is possible to circumvent the eleGtrode boundary layer

irteraction problem which has plagued the performance of nonequilibrium MHD power
generators for years.

conducted a series of analytical
asibility of a magnetohydrodynamic
order to provide efficient

The concept under investigation is

ves conversion of thermal energy to
rator, short circuited to provide

- The energetic electrons, in turn

retch mode of CO,. This concept
direct electron excitation of the

Initial program efforts under Contract N-6
the development of analytical and e
feasibility of the MHDIL concept,
sumnarized in Section IIT
nonequilibrium MHD generator in the presence of a suffici
produce :ttractive MHD laser performance.

generator performance on COpo concentration,
studies. has been experimentally observed in
measurements although not interpretable in an
time these measurements were initially obtaine
configuration indicated positive results,

25 cm optical power extraction configuratio
0279 in which test times and mass flow rate
the small scale tests have revealed that pr
gain measurements in a completely unambiguo
seéquence errors rather than any inherent di

0921-70-C-0213 were directed toward
xperimental techniques needed for evaluating the
The results of these investigations which will be
indicate that it is possible to produce ignition in a

ent concentration of CO0s to
In addition, a strong dependence of

as predicted from the theoretical modeling
these investigations. Lastly, gain
entirely unambiguous fashion at the

d on a small scale laminated generator
Subsequent measurements on a large scale
n conducted under Contract N-60921-71-C-
S were significantly different than in
ior difficulties in interpreting the

us fashion have been due to timing
fficulties in the measurements.

The objectives of the present MHD investigations conducted under Contract

3
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N-60921-71-C-0279 have been to demonstrate MHDL concept feasibility by conducting

a series of power extraction tests on an MHD generator-laser cavity configuration
designed to optimize MHDL performance. In order to achieve as close to optimum
performance as possible, considerable emphasis under the present investigations

was devoted tc the development of a generator-cavity configuration which would
yield high medium uniformity. To this end, a smooth walled generator configuration
with a 20 cm optical path length was developed in which both the transverse

current and Hall fields are electrically shorted. While shorting the generator in
the Hall field direction as well as the transverse current direction results in

a small loss in generator performance, this loss is more than compensated for

by the significant improvement in aerodynamic performance and medium uniformity
which results.

As a consequence of the very promising results obtained from small scale
smooth walled generator testing a 55 cm optical path length generator-laser cavity
configuration was constructed and utilized in optical power extraction tests. In
addition. in these tests the magnetic field capability of the experiment was
increased from 2.2 to 3.3 Tesla to increase the ¢perating CO, concentrations at
which ignition could be achieved. Lastly, boundary layer injection was employed
in the supersonic diffuser section of this larger configuration to improve the
aerodynamic performance of the system under high gencrator loading conditions.
Despite the fact that the generator operated as predicted with the onset of
ignition occurring at higher CO concentrations, and with the optical power
extraction system operating wel? within desired limits. no optical power was
extracted from the medium. From subsequent tests conducted on the generator medium,
it was rmuaa from gain measurements at 10.5 um and medium uniformity measurements
obtained with a HeNe laser system that the insulatingz material surrounding the high
temperature-high pressure bed used as a thermal enerzy Eourge in these experiments
was introducing small concentrations of particles (n~10 /cmj) into the flow medium
of the generator. The presence of these particles was found to be sufficient to
yroduce signifieart albgcrpticn 1n the mediws at toth 19.6um and at visible waves
lengths. This effect which was not present in the eerlier series of measurements
on both the laminated and solid wall 20 cm optical path length generator configura-
tics resultel feom- 8 ‘deecmpositicn of insulating fiaterial pruduced by thie exlended
number of tests (on the order of several hundred) that have been conducted with
this experimental system.

An additional series of experiments conducted with the 55 cm system, as will
be described in Section ITI. definitively established that decomposition of the
insulating material was the cause of the strong atscrpticn in the nedium cbserved
in the most recent optical power extraction experiments. Because it has been
found that it is not possible to completely eliminate this problem with the present
experimenial oorPigiretic: withcut repnir Of 'the insulatinz matcria¥ 4% bas not
been possible to confirm the feasibility of the MHDL concept by extracting power

from the MHDL medium in the 55 em generator-laser configuration. However, the
additional understanding of the nonequilibrium generator performance attained

with tests on the 55 cm configuration has served to strengthen the interpretaticn
that can be placed on earlier zZain measurements. Furthermcre, enalysis of all

the more recently available data for low energy electron-CO, collisional processes
by Lowke, Phelps and Irwin (Ref. 3) essentially confirms th& vibrational excita-
tion crosm:sestic date of Pig. 2 Furthor, & more Mecet neasuremert obtained
by Bulos and Phelps (Ref. 4) suggests that if anything the excitation to the
asymmetric stretch level of COp is more favorable at low energies than would be
predicted by the date of Fig. 2. In simulation measurements of MHDL: medium con-
ducted with an e-beam sustained discharge, as described in Section III, the
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measured gain levels and trends with the electron temperature and electron density

follow closely the theoretical modeling predictions further supporting MHDL con-
cept feasibility.

Based on the large amount of experimental information on MHD generator
performance characteristics with C02 added to the medium, and the results of several
supporting simulaetion experiments., as well as 4 recent critical review of the
entire concept there appears to be no inherent fundamental factors which will limit
the feasibilily of the concept. Therefore, despite the failure to extract optical
power from the most recent series of tests because of difficulties associated with
the supporting experimental apparatus, it is felt that the MHDL concept holds
sufficient promise for high power laser applications to strongly recommend an
additional series of experiments to demonstrate concept feasibility,

i Gt et e e bt g oo s e
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TII DISCUSSION OF RESULTS

A, Theoretical Modeling

Under the initial investigations on the MHDL concept conducted under Contract
N-60921-70-C-0213 an analytical model of a one dimensional nonequilibrium magneto-
hydrodynamic expansion was developed for the purpose of establishing and evaluating
conditions favorable for the development of an efficient high power MHD laser using
€O, as the active medium., Quantitative analysis of the MHDL concept illustrated
in F'ig. 1 requires a coupled formulation of electron and molecular kinetic processes
and the fluid mechanics of the magnetohydrodynamic expansion. Illustrated in Fig.
4 are the key features of the internally self- consistent analytical model which
was developed to treat the above outlined processes in detail. The individual
elements of this modeling procedure which were first described in Ref. 2, for the
sake of clarity and consistency of presentation, are attached as Appendix I to
this report.

The coupled set of MHDI equations developed in Ref. 2 forms the basis for
a numerical computer analysis. For a specified set of initial conditions tkhe
governing differential equations are integrated along the channel to provide a
streamline history of medium properties. The initial conditions are adjusted to
correspond to various physical situations. For example, one computational
procedure relies on specification of the gas conditions in the stagnation region
4 and subsequently traces the fluid properties through the nozzle and generator
. sections. Joule dissipation in the supersonic MHD generator region provides an
3 elevated electron temperature and subsequent additional ionization of the seed.
F 0Of major importance in this modeling has been the molecular quenching channel for
vibrationally excited CO,. FEarlier calculations of similar processes in
vibrationally excited ni%rogen by Fisher aznd Smith (Ref. 5) suggested that this
process can significantly influence the population of the asymmetric stretch level
of CO, in the MHDL medium, Subsequent direct measurements by Benson, Benerd and
Walker (Ref. 6), howeer, have shown this loss channel not to be of major impor-
tance for typical MHDL medium conditions.

One of the most critical parameters in MHDL operation is the maintenance of
the electron density at the proper level. The importance of maintaining the
electron density at an optimum level is illustrated by the predicted variations of
zain and saturation intensity obtained from the MHDL modeling analysis shown in
Fig. 5. Presented in this figure is the dependence of CO, vibrational temperatures
(vibrational populations). small signal gain and small signal gain-saturation
intensity product on electron density for typical MHDL operating conditions. The
elestron temperature and gas translational temperature in this example were held
constant for the purpose of illustration. For generatir channel pressures on the
order of 0.1 atm and electron density values below lOl em™3 the asymmetric stretch
level temperature in COL(T 'l) is elevated only slightly above the gas translational
temperature and the small s{gnal gain as a consequence is relatively small for the
conditions considered in Fig. 5. However, as the electron density increases into
the 1012 to 1013 cm=3 range thi small signal gain rises and exhibits a maximum of
epproximately 0.2 per cent cm™~. This condition results because of the efficient
electron pumping of the CO, asymmetric stretch level and because selective relaxation
of the symmetric stretch level (Tygg) of the CO, system occurs due to the high hellum
concentration in the medium. As the electron density is increased beyond the
10 ) range, the He im the mixtnure can no longer relax the symmetric stretch
level of CO_ at a rate commensurate with the rate at which it is being pumped by
electron co%lisional processes. As a consequence, it is no longer possible to
maintain the symmetric stretch level temperature near the gas translational tempera-

6
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ture. Once a significant populati on of the lower laser level of the COp system
occurs a corresponding decrease 1Euoverall gain results. TFor electron densities
in excess of approximately 5 x 10 3 the pumping of the lower laser level is
so significant that the gain is effectlvely zero for the conditions typical of the
MHDL operating environment.

Efficient MHD conversion of flow kinetic energy to electrical energy is the
second most important consideration that enters into the design of an optimum
MHDL configuration, if a system with reasonable overall conversion efficiency of
thermal energy to optical energy is to be developed. To achieve sufficient
electrical conductivity in the MHDL medium to produce attractive MHD performance,
electron densities in the range of 3-5 x 1013 em-3 are required, In this range, as
indicaled 1a ¥ig. D,the gain has dropped Lo approximately one half its peak level.
Although this gain level is only on the order of .05 to 0.15 per cent em~1 for rea-
sonable guneratur-lasur cority configomatious t6 should te possible £o actiove condi-
tions optimal for optical power extraction. The second important point to be noted is
that even though the gain is lower in this electron density regime the gain-
saturation intensity product actually peaks in this region which suggests the
maximum optical power output will be achieved from a nonequilibrium MHI} generator
which is operating in its most efficient range.

Jron the initied phases of the progran predicticns of the theoreticsl modeling
of the MHDL laser conditions indicated that several factors assoclated with the
development of the plasma in the generator-laser cavity are crucial to the
aevelopmert of ptimal Lc,lI"urLuu.u\..E witis ‘1;511 LlielTial- Lu-ui.:{.u..pa.:l. culivelsiui
efficiency. As would be expected,and has been experienced in other MHD devices,
the aerodynamics associated with the expansion of the flow t P¥ewh the power
extraction region of the gcnerator are critical to the perfo of the system.
Nonuniformities in the flow field impact several key generator and laser performance
rarenetors. Opecifieally, the stotie tenperature ord preesure nuet be natnteired
uniform across the generator-cavity tc maintain a uniform gain prefile across the
medium. Furthermore, nonuniformities in the flow field produce noruniformities in
the WD 4nveractton, As & cousequenice, these potential nonwnilurndties in Lhe
flow field can result in strong aerodynamic effects such as the development of
shocks through the laser cavity region which are highly undesirable for high
power laser applications. Lastly, channel wall roughness plays an important role
in influencing not only the aerodynamic performance of the generator-laser channel,
but it also influences plasma arc phenomenon at the electrodes and in the channel
boundary layers. As will be shown in Section III-B of this report, channel wall
roughness actually produces enhancements in arc phenomenon which allow gross
heating to occur at electrode surfaces. This heating of the electrode surface
results in a runaway phenomenon in which a region of high electrical conductivity
is produced that then propagates out into the flow field of the generator. As a
consequence, a strong MHD interaction 1s produced and a runaway effect occurs which
results in choking and overall deterioration of the flow prcperties of the medium,

A second major area of prime importangoe $m anployitg & vorenildtrdwum
generator for laser appllcatlons is the influence that preionizatlon has on the
overall medium wniformity. Prior results obtained from MHD generator testing
irdicated that the use of arn upstreenm preicuizer tc enhance the elcctrical
conductivity of the medium to levels satisfactory for production of efficient
conversion of thermal to electrical energy usually results in also producing a
l;iéh \lcgl ve of thTIuifumdt.y 1n the medium. lliel t:l.'u.lt:, 1. Lhe E.X'yel.:.mtlhTJS Lo be
described it was decided based on theoretical modeling predictions not to employ
preionization, but rather, to rely on a "boot strap" type of ionization phencmena
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which is only dependent on the plasma conditions at the throat of the MHID nozzle.

Tn addition to the factors deseribed above which can influence generator
performance, it was expected that the introduction of molecular specles such as
€O to the MHD medium could also result in the development of additional non-
uniformities in the medium unless the dispersal of the COo, was highly uniform.

This occurs because the electron coupling to the vibrational levels in Co, is so
highly efficient in comparison to the other collisional processes which are

tuking place in the generator medium. An additional consideration was also
potential ces:‘n.um—CO2 chemical reactions. To prevent the formation of undesirable
cesium-COy compounds the injection techniques employed in the measurements that
will be described in the subsequent sections were designed to produce uniform
dispersal of CO,, and also, to minimize the interaction time petween the cesium

and CO, as it passed through the generator-laser cavity region. Also, aS pointed
out in the previous paragraphs, the various deactivation processes associated with
cesium and CO2 vitrationally excited states as well as CO deactivation of cesium
excited states, was given careful consideration prior to eémbarking on any experi-
mental measurements. AS indicated in Appendix I these interaction channels have
been considered in detaill in the MHD modeling analysis employed under this program.
Tn addition to the supporting experimental information that is available on these
reactions, probably the most direct confirmation that it is possible to achieve MHDL
3 operating conditions in which these processes du not grossly influence performance is
the fact that as described in the experimental section of this report ignition in
the MHDL medium was achieved without having to resort to the use of preionization.
Furthermore, this ignition occurred in the presence of CO, at the concentrations
predicted from +he theoretical modeling studies.

1, Supporting Experimental Confirmation of Concept Feasibility

In order to confirm the predictions of the MHDL modeling studies, three

3 different supporting experiments were conducted. Tnitially, tests were conducted

_' on the MIT nonequilibrium MHD generator (Ref. 7) to confirm that it was possible
to add a significant molecular loading to a nonequilibrium MHD generator medium
without extinguishing the plasma. Results of these investigations, which were
condustel in CO rather than COs, indicated that it was possible to maintain
ignition of the plasma in the presence of significant loadings of CO while
producing an elevation in the vibrational population. Direct measurements of

cO vibrational populations in these experiments were made using a radiometer.

With this technique it was also possible to determine the change in the vibrational
population of the CO system under various generator sperating conditions. As
predicted by the MHD modeling results, it was found that indeed it was possible to
pump CO to levels corresponding very closely to vibrational temperatures that
were near or equal to the electron temperature in the nonequilibrium MHD plasma
medium. Due to the MIT MHD facility limitations on magnetic field intensity and

: operating Mach number, 0 with a lower electron energy exchange collision

. frequency than CO, was employed in these experiments.

Also, to confirm the predictions of the MHDIL modeling, namely that direct
pumping of 002 with low energy electrons typical of those encountered in
nonequilibrium generators ig feasible. experiments were conducted in a fast
flowing gas mixing-type discharge as depicted in Fig. 6. In this system ‘
typical laser mixtures to be investigated were passed through a fast flow :

\: (~100m/sec) coaxial type discharge configuration. Just upstream of the entrance ;
N 8 port of the gases to the laser discharge region cesium was injected with a

vapor boiler configuration as shown in Fig. 6. With this type of discharge }
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configuration, it was possible to decrease the E/n ratio, i.e. the characteristic
electron energy by approximately 60 per cent while increasing the measured overall
gain of the system by as much as 30 per cent. These results tend to substantiate
the fact that it was Possible to operate a laser discharge on ionization processes
other than those directly associated with ionization of the Np, CO,, He and also,
while lowering the characteristic electron ener
tional pumping of the upper COo laser level.
Np as well as the CO, vibrational excitation ¢
Fig. 2, it is realized that what is happening
electron pumping of the COo upper laser level
at lower energies. This set of measurements
Possible to introduce cesium into an active 4
significant reaction of the cesium and COp fr
residence times investigated.
ment were much longer than thos
this experimental information

ross sections, as shown in

in this experiment is that direct
dominates the collisional processes

also served to confirm that it was

ischarge with COo» and prevent

om occurring within the discharge

Furthermore, since residence times in this experi-

e encountered in the typical MHDL configurations

emical reactions between the cesium and 002 could be

brevented by the proper design of the cesium and 002 injector systems,

Lastly, information supporting the feasibility of
available from tests conducted with a transverse laser
employing e-beam augmentation of the ionization process. In this experiment it is
pPossible to achieve operating conditions which closely approximate the MHDI
environment,i.e, gas temperatures and densities, and characteristic electron
energies. In particular, as shown in Fig., 7, operating pressures in the system
were 50 Torr with 0.5 Torr C02 and 49.5 Torr of He which is representative of the
actual operating conditions investigated in MHDL tests. Shown in Fig. 7 is the
measured dependence of gain on electron density and electron temperature, As can

be seen from this figure, the trend is quite consistent with the theoretical
predictions of the MHDIL modeling studies.

the MHDL concept has become
discharge configuration

2. Detailed Predictions of MHDL Performance

Employing the MHDL model dev
Appendix I, it is Possible to pre
as a function of position downstr

eloped as described in Previous sections and

dict the detailed Prorerties of the MHDL Plasma
eam from the throat of the generator nozzle.
Presented in Figs., 8 thru 11 are the results of a detailed computation of plasma
broperties as a function of position for operating conditions which are typical of
the type of operation achieved in the experimental phase of the program., Shown in
Fig. 8 is a calculated spatial response of key characteristic temperatures
associated with the MHDL Plasma medium. As the high temperature-high Pressure
Plasma is expanded from the throat of the nozzle g reduction of all key tempera-
tures in the system is experienced. However, Joule dissipation in the supersonic
portion of the MHD generator region provides a rapid ele¢vation of the electron
temperature as can be seen in Fig. 8. As a consequence of the high degree of
coupling between the electron gas and the asymmetric stretch level of COo the
population, and therefore, the temperature of

increases and approaches the electron temperature. 1In contrast the temperature of
the symmetric stretch level which is the lower laser level remains closely coupled
to the gas temperature. This is both a consequence of the electron pumping
conditions existing in this region of the generator as well as due to the effective-
ness of He relaxation processes. If reference is made to Fig. 9 it can be seen

that in response to the rapid electron temperature rise the electron density also
increases in the downstream direction,

with this system the increase in the electron density is less rapid than the
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gy produce significant direct vibra-
When consideration is given to both the

the asymmetric stretch level gradually

However due to the finite kinetics associated
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response of the electron temperature. At the 30 cm point for the conditions
investigated a rapid rise in electron density occurs and a near runaway condition
results. 'To prevent the electron density from increasing beyond optimal values
required to achieve reasonable gain in the system an optical cavity is clamped at
the 30 cm point and optical power is extracted. As a consequence of extraction of
power from the system the electron temperature drops and the electron density
runaway situation is prevented. It is important to note that the runaway electron
density condition must be prevented if medium uniformity is to be achieved and
choking of the flow in the generator channel is to be prevented. As shown in Fig.
8, in response to the extraction of optical power. both the electron temperature
and also. the temperature associated with the vibrational population of the upper
laser level decreases. Correspondingly, the population of the lower laser level
increases and as can be seen in Fig. 8, the temperature associated with the
vibrational population of this level rises above the gas translational temperature
of the system even for the extremely high He loadings considered. For the condi-
tions depicted in Figs. 8 and 9 the total cumulative optical power that can be
extracted from the system is significant as shown in Fig. 10. Presented in Fig. 10
is the optical power available for extraction as a function of the position and the
specific optical power that can be achieved., From this data it can be seen that
even in the small experimental generator-laser cavity configurations under investi-
gation, the MHD type device is predicted to be able to achieve significant optical
power outputs at impressive specific optical powers. Lastly, and most’ importantly,
if consideration is given to the fractional power transfer which is occurring in
this type of system as depicted in Fig. 11, it can be seen that the overall con-
version of electrical to optical power achieved results in an efficiency of
approximately 20 per cent which compares quite favorably with the” conversion of
electrical to optical power in conventional electric discharge type lasers. Also
shown in Fig. 11 is the fractional power transfer to the upper laser level as well
as to the other combined levels of the COp system and the losses associated with
other collisional channels found to be of importance from MHD modeling studies. It
should be emphasized that the attractive feature of the MHDL concept is that it is
possible to directly pump the CO, upper laser level with low energy electrons
typical of those obtainable in nonequilibrium MHD devices. Moreover, the highly
efficient nature of this pumping process permits conversion efficiencies of
electrical- to-optical power on the order of 20 per cent to be achieved.

B. Experimental Results

Under Contract N-60321-70-C-0213 initial measurements were carried out with
a laminated generator configuration which was composed of alternate copper bus bars
which served to short out the transverse current flow and insulating segments which
were used to electrically isolate the bus bars so that measurements of the Hall
field developed in the generator could be obtained. 1In the initial phase of the
program this configuration was thought to be the optimum from the standpoint of
producing maximum dissipation in the plasma while maintaining medium uniformity.
However, as will be shown in subsequent paragraphs a more optimum generator con-
figuration was developed as a result of small scale testing under Contract
N-60921-71-C-0279 whicli insured that optimum medium uniformity could be achieved
for optical power extraction tests. This generator configuration was a solid copper
wall generator in which both the transverse current and the Hall field were
shorted. With this configuration studies have been conducted which show a high
degree of medium uniformity is achieved. Lastly, the third configuration upon
which optical power extraction tests were conducted under Contract N-60921-71-C-
0279 was a 55 cm solid wall configuration. Since there was a wide variation in the
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mass flows associated with the small scale generators which had 20 cm optical

path lengths and the 55 cm optical path length solid wall configuration, a signif-
icant range of test parameters was spanncd in these investigations, 1In addition to
the optical power extraction tests. the magnztic fields employed in the experiment

were increased from 2.2 Tesla to 3.3 Tesla i.1.zn endeavor to enhance the 002 loading,

and thereby, the gain that could be achieved in the optical medium.

Depicted schematically in Fig. 12 is the experimental configuration emplnyed
in these investigations. A graphite core high temperature heater bed was used to
provide He mass flows in the range from 0.8 to 2.5 1lbs. per second at the throat of
the generator-laser cavity. The helium gas flow was heated by passing through a
multi-passage graphite core which was operated in the range from 2,000 to 2,800°K.
Prior to introduction of this high temperature flow of He into the generator-laser
cavity cesium was injected into the flow by a positive displacement injection
system. Complete mixing was achieved in a mixing plenum specifically designed to
optimize the uniformity of cesium in the flow. This was achieved by flash
evaporation of the cesium upon injection into the high temperature bed and through
the use of a long mixing region which extended upstream of the throat of the nozzle
as shown in Fig. 12, Immediately adjacent to the throat of the nozzle,C02 was
injected into the flow stream through a multiplicity of small fine nozzles. By
locating the injection point for the CO2 in the region immediately adjacent to the
nozzle it was possible to minimize the interaction between the cesium in the flow
Stream and the COs to reduce chemistry effects.

In order to adequately analyze the properties of the MHDL plasma for the
purpose of obtaining valid comparisons with the MHD modeling predictions, several
different diagnostic approaches were employed. All diagnostic information was
obtained on a time resolved basis so that from one experimental test run a wealth
of information over a wide range of test parameters could be obtained. The proper-
ties of the flow field were determined from detailed static pressure maps of the
aerodynamic performance of the generator. The relative location of these static
pressure taps in the generator-cavity is shown schematically in Fig. 12. 1In
addition to the use of static and total Pressure measurements, measurements were
also made of medium uniformity by observing the deflection of a Helle beam which was
Passed through the generator-laser cavity region at a point located 10 em downstream
from the throat of the nozzle. The properties of the plasma produced within the
generator were determined by several independent measurements. The measurements
included direct determination of the transverse current and Hall field in the
laminated generator configurations as depicted schematically in Fig. 13. By
employing a segmented bus bar it was possible to determine the current flowing in
the segment. TIn addition, measurements of the potential developed on selected
electrodes in the downstream flow direction provided an estimate of the Wall.
field that was produced in the generator. From these measurements it was possible
to infer the electron density and electron temperature. Secondly,measurements of
the two body cesium recombination continuum at four selected wave lengths at the
10 cm diagnostic port allowed direct determination of the electron density and
temperature and provided a cross check on the electron density estimates inferred
from the transverse current and Hall field measurements. In this manner, two
independent techniques were employed to determine electron densities as a function
of the CO, concentrations and various other generator operating parameters. To
analyze the bulk medium uniformity both low and high speed motion pictures were
employed at diagnostic ports located in the downstream region near the exit plane
of the generator. As shown schematically in Fig. 12 the viewing angle for the
motion picture information was such that it was possible to view a large bulk of
the plasma near the 10 ecm diagnostic port as well as the electrodes and sidewalls
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of the generator-laser cavity in this region. Optical measurements of the laser pro-
perties of tl = MHD plasma were obtained by using a COp probe laser located at the 10
cm point, and in the larger 55 cm generator configuration optical power extraction
measurements were conducted in this region of the generator-laser cavity. With these
diagnostic techniques, it was possible to obtain a rather comprehensive sssessment of
the characteristics of the nonequilibrium MHDL plasma.

Initial experimental measurements of the properties of the MHDL plasma were
obtained with a laminated copper and supermice generator as shown in Fig. 14.
This configuration was designed with bus bars employed for electrically shorting the
transverse current. Also, as shown in Fig. 14, selected bus bars were split and elec-
trically isolated so that measurements could be made of the transverse current which
was flowing in these segments. The diagnostic port shown in Fig. 14 was located approx=
imately 10 cm from the throat of the nozzle. This generator configuration was also
carefully instrumented with numerous static Pressure taps to determine the overall i
aerodynamic performance of the generator-laser cavity configuration under various €0y
loadings. The hypo-tubing employed for the static Pressure measurements is shown
attached to the nozzle which is located directly in the center of the photograph in
Fig. 14. The overall dimensions of this channel were 20 x 20 cm. Tests under Contract
11=60921-71.-C-0213 were limited exclusively to investigations of this configuration,
Under the follow-on efforts under Contract N-60921-71-C-0279 an improved version of
this laminated generator with vastly improved diagnostics was employed to determine
the precise characteristics of the MHDL plasma., These tests were conducted with mag-
netic field intensities of up to 2.2 Tesla and are described in the following paragraphs.

Depicted in Fig. 15 is the predicted electron density variation that would
be expected to be obtained with the generator configuration shown in Fig. 1hk.
Orerating conditions for these tests were stagnation temperatures of 2400°K and
stagnation pressures of 19.7 atm with an applied magnetic field of 2.2 Tesla. As
indicated previously, the diagnostic port for determination of electron densities
and temperatures from two body recombination continuum measurements was located at
a point 10 em downstream from che throat of the nozzle. Therefore, attention
should be focused on the predicted electron density variation with CO, concentration
that occurs at this point. As can be seen in Fig. 15, an extreme sensitivity of
generator performance to CO, concentration is predicted from the theoretical
modeling studies for concentrations ranging from 0.5 to 1.25 percent, For con-
centrations below approximately Oiﬁ per cent a rapid increase in the eiectron
density to levels in excess of 10+* em-° occurs. Under thic condition, such a
high electrical conductivity is produced in the plasma that the MID interaction is
enhanced to the point that the flow chokes and it is not possible to maintain
optimum test conditions. in contrast, as the CO, concentration is incressed the
electron density level which is achieved at the 10 cm point decreases in = rather
abrupt fashion. With concentrations of 1.25 per cent CO2 the electron densityis
frozen a! the value achieved as a result of the expansion through the nozzle. }
Presented in Fig. 16 are the experimental results obtained for the generator conditions i
depicted in Fig. 15. As can be seen from this data which was obtained from two i
body recombination continuum measurements it appears possible to achieve ignition
in the generator at electron densities of approximately 8 x 1012 am~’ and CO, con-
centrations of approximately 0.68 per cert. As the COp concentration is decreased the
electron density rises as pre Eted by the modeling data of Fig. 15 up to density
levels of approxi-ately 5 x 1 em™”, At this point, as mentioned previoucly,
pressure rises occur in the generator channel so that it is no longer possible to
maintain optimum conditions for the production of a highly uniform plasma and the
flow becomes choked thereby limiting further enhancement of the MHD interaction.
The important point to note in this data is that it is possible to achieve ignition
with significant CO loadings without having to resort to Preionization and to
maintain this igniticn in the proper zlectron density operating range for efficient
thermal- to-electrical conversion efficiency in the generator medium. In addition,
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these conditions, as suggested from the electron density data also pass through the
optimum region fcr achieving gain in the MHDL medium., Depicted in Fig. 17 are the
theoretical predicuions of the electron temperature variation with CO, concentra-

tion for the same test conditions as described in Figs. 15 and 16. Again, as
predicted theoretlcally there is a sensitivity of the electron temperature to CO
concentracion. At 'the 10 cm point for concentrations of COs ranging from 0.6 per c»nt
to 1.25 per cent the electron temperature varies between 1500 and 3000°K. A direct
measurement of the value of the electron temperature obtained from two body recombina-
tion continuum measurements is indicated in Fig. 18 for these test conditions. As
shown in this figure. ignition occurs at a CO, concentration of approximately 0.6E€ per
cent and the electron temperature increases from 2000 to 3500°K as the CO, concen-
fration is reduced from this level. Because an absolute rather than a relative meas-
urement of the recombination continuum at four selected wave lengths is required in
this measurement the electron temperature data exhibits a greater amount of scatter
than that experienced in the density measurements. Despite this scatter there is

a definitive trend established with varying 002 concentration. Furthermore, it

should be noted that the data both from the electron density and electron tempera-
ture measurements succinctly points out the strong sensitivity of MHD performance

to CO, concentration. In addition, this data indicates as predicted, it is

p0531§le to achieve optimum plasma medium conditions required to produce a popula-
tion inversion in the C05 in the working medium of the generator.

As mentioned previously, one of the diagnostics included at the 10 cm loca-
tion was a direct measurement of gain. Because of the rather hostile environment
the MHD experiment represents,considerable development had to be carried out to
insure that it was possible to obtain meaningful gain measurements. In particular,
techniques had to be developed to insure that the optical properties of the windows
which are used to isolate the laser channel from the atmospheric pressure environ-
ment surrounding the experiment could be maintained throughout the course of an
experimental test which was on the order of 15 to 20 seconds in duration. In
addition, techniques for shielding the windows from the flow field and the cesium
seed contained in the flow field also had to be developed in order to insure
unambiguous gain measurements, Shown in Fig. 19 is a typical small signal gain
measurement obtained with the laminated generator configuration. 1In order to
conduct this measurement, a small portion of the main laser probe beam was split
off and sent to a reference signal detector so that it would be possible to monitor
laser probe beam stability throughout the course cf an experim-ntal test. In
addition. in order to lengthen as much as possible, the signal path length a multi-
pass configuration was employed in these investigations in which the beam traversed
from the probe laser through the MHD generator laser channel to a corner cube and
returned back through the plasma to a signal detector. With this configuration
two salt flat windows were employed to isolate the MHDL plasma from the surrounding
environn®nt. However, it was found in the course of the experimental investigation,
that the complete isolation of the salt flats from the cesium environment was not
possible unless shutters were employed on the windows to protect them from the
high pressure pulses associated with the start-up and shut-down phases of the
experimental sequence. At these times in the experimental sequence czsium contact
with the windows occurred because the generator channel was operating subsonically
at above' atmospheric pressure. However, as indicated, the use of shutters on both
windows served to minimize the problem of cesium contamination at least in the
initial portion of the experimental run.

Depicted in Fig., 19 is the data obtained from a typical small signal gain
measurement. The CO, probe laser beam level prior to the start-up of a test is
shown on the far side of the figure. At this point the shutters are closed across
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both windows and the blow-down procedure is initiated. Upon successfully estab-
lishing supersonic aerodynamic performance in the generator section it is possible
to then open the shutters and measure the properties of the MHDL medium. The se-
quence employed to achieve these conditions was to mix CO, with the He but not
introduce the cesium into the system prior to the establishment of supersonic flow
in the laser channel. By this technique it was possible to preclude the deposition
of cesium and its subsequent attack on the salt windows used in the optical train.
Upon injection of cesium into the already established supersonic He-CO» flow, igni-
tion occurred in the generator. The timing sequence associated with this procedure
is depicted on the lower portion of Fig. 19. As can be seen from the timing sequence
indicated in this figure prior to introduction of cesium into the channel the probe
laser signal level was comparable to the signal level measured prior to the start of
the run. Upon introduction of cesium ignition occurs and a positive increase in the
overall signal level of the probe laser beam is detected indicating gain. Tt is
also important to note that the output signel level of the probe laser as indicated
by the reference signal level on the top portion of this figure did not change
during this period. Therefore, any changes in detected beam intensity could only
be produced by changes occurring in the measurement arm of the optical system fur-
ther reenforcing the interpretation that positive gain was present in the medium.
From the time that the cesium is introduced into the MHD channel until the first COp
off signal, the CO, is ramped in a continuous fashion to smaller CO, concentrations.
Therefore, as Shown in the experimental data, maximum gain occurs at the higher COp
concentrations and gradually the overall measured gain decreases with decreasing

COo concentration, Upon removing the COp completely from the flow a runaway situa-
tion as described previously occurs in the generator in which an above atmospheric
pressure plasma is produced. This results in severe degradation of the salt windows
due to cesium attack, and also produces a deflection of the CO, laser beam because
of the aerodynamic nonuniformities that are produced under these operating conditions.
Upon reintroduction of CO, into the system an increase in signal level is experienced.
However, interpretation o CO2 probe signal levels once Cs attack of the salt windows
occurs is not possible. By comparing the measured probe signal level after the end
of the experimental test with the measured probe signal level prior to the test and
noting the variation in the reference signal levels both before and after it can
definitively be e.tablished that Cs attack on the salt windows is responsible for
the decrease in signal level in the later portions of the experimental measurements.
Therefore, the most important aspect of the gain data obtained in Fig. 19 is the
information contained from the time the shutter is opened with He and COo only in
the supersonic flow to the point at which the COp is first removed from the flow
stream. Earlier interpretations of this type of gain information were somewhat
embiguous in that the timing mark for the introduction of cesium into the laser
channel diJd not precisely correspond to the point at which ignition and an increase
in gain was observed. However, subsequent experiments in the large scale 55 cm
optical path length generator configuration have shown that the cesium actually
enters the tlow tieid prior to the timing signal due to ilash boiling in the injec-
tion tube. gain values established from these measurements range from 0.05 to 0.15
per cent cm™,

Based on the above measurements, it would eppear optimum conditions have been
achieved in the MHDL laminated generator configuration to provide a medium suitable
for optical power extraction measurements. Kwever, Ligh speed moticn pletures o
the properties of the flow in the generator-laser cavity revealed a high degree of
nonuniformity as shown in Fig. 20. In perticular a highly structured plasma was
observed in the motion pictures with arc spots present on the walls of the genera-
tor. TFurthermore, the locaticit of the arc spots appeared to be relatively fixed.
This data tended to suggest that the plasma medium in the generator was highly
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nonuniform with electron pumping occurring only in selected regions. While this
condition could produce relatively uniform gain because of the wide range of elec-
tron densities over which gain can be achieved in the MHDL medium as shown in Fig. 5
it would not be expected that the same would be true for the saturation intensity
of the medium. Again, based on the data contained in Fig. 5 it would be expected
that the regions in which the electron densities were low, saturation intensities
would be correspondingly low. As a consequence, it would not be expected that high
optical beam quality could be achieved with this medium.

Careful examination of the high speed motion pictures revealed that the arc
spots were attached at the electrode walls. In particular, this attachment
appeared to occur in regions where small amounts of the insulating material
immediately adjacent to a shorting segmentwere nissing due to ablation. As a
consequence, in this region a recirculation zone of hot gas was produced which
enhanced the electron emission processes at the electrode surface and forced the
formation of a large arc channel which extended out into the bulk of the plasma
medium. Further examination of the laminated generator configuration revealed
that ablation was taking place on all insulator surfaces because of the inability
of these surfaces to remove heat. As a consequence the surface conditions along
the wall of the laser channel were quite rough., This situation is not uncommon in
MHD power generating configurations. An analysis of the fluid dynamics of the
situation indicated that the type of roughness that was being encountered especially
after prolonged periods of operation suggested that the velocity profile as shown
in Fig. 21 was quite nonuniform across the channel, More importantly, the non-
uniform velocity profile of the type indicated for a wall roughness of 0.1 inch
resulted in regions immediately adjacent to the wall where the gas temperature was
significantly higher than the centerline temperature of the channel. As a
consequence the medium in this region could actually become absorbing. Also, as
indicated in the gata contained in Fig. 21, it is possible to achieve a relatively
. uniform velocity profile, and therefore, temperature profile by resorting to a
11 smooth wall generator configuration. To do so, however, requires not only
shorting the transverse current flow. but also,the Hall field. To understand
why it is possible to achieve optimum MHDL performance in this type of completely
shorted generator configuration consideration has to be given to the expression
for the Joule heating in a nonequilibrium magneto-plasma which has been developed
in detail in (Ref. 2). I+ 8 2
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In a laminated generator configuration it has been established experimentally
that Bepr is approximately 1 and Bapp is approximately O.4, Therefore the term !

15

G

it i g i Ml it < somes & e it e
L Vo L T D e e b g o il sl L Bhteb i




N-921308-4

2
'+ Bapp 1.16
|+ Beft” 2 )

for the laminated generator without the Hall field shorted. With shorting of the
Hall field i.e. EH=O,Bapp=O and
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Thus, it would be anticipated that a small penalty would be incurred by operation
of the generator with the Hall field shorted,as well as the transverse current.
Experimental confirmation of these modeling predictions has been obtained with
the laminated generator configuration shown in Fig. 1L by placing shorting busses
in the flow direction to compietely short out the Hall field. The variation in
plasma performance was determined by measuring the electron density achieved for
a specific COp loading as presented in Fig. 22. As can be seen a comparison of a
shorted and nonshorted Hall field generator operation results in approximately a
25 to 50 per cent variation in electron density. This slight degradation in generator
performance with the Hall field completely shorted was deemed not to be of
sufficient significance to prevent pursuing small scale tests of a solid copper

wall configuration to determine the actual improvements that can be achieved in
medium uniformity.

To evaluate smooth wall generator performance characteristics a small scale
20 cm optical path length solid copper walled generator-laser cavity configuration
was constructed and tested. As shown in Fig. 23 this small scale generator con-
figuration was instrumented with a myriad of Pressure taps and diagnostics ports
to insure that detailed experimental information on the properties of the plasma
medium could be obtained. Aside from the removal of the insulating segments in
this solid wall configuration the overall geometrical configuration and size of
the generator precisely approximated that of the laminated configuration. The
most important result obtained from tests on this generator configuration in
addition to determination of the plasma properties, which were in good agreement 3
with the earlier results obtained in the laminated generator with the Hall field k.
shorted, was the fact that the medium uniformity was significantly improved. High ;
speed motion pictures, a frame of which is shown in Fig. 24, indicated a :
relatively high degree of uniformity was achieved in this medium and also that 4
arc spots along the walls of the generator channel were minimized in size and did y
not attach to localized areas to promote the formation of larger arc channels. ;
Based on these quite promising results, the power extraction phase of the program b
was embarked upon with a solid wall generator configuration with an optical path
lengthof 55 cm, The schematic of this experimental configuration is shown in Fig. ;
25. In addition to employing a completely solid copper wall generator configuration i
the 55 cm optical power extraction generator-laser cavity was equipped with 5 i
diagnostic ports spaced in the flow direction. A supersonic diffuser was employed ;
on this configuration with boundary layer injection, as well as the subsonic i
diffuser in order to improve the overall aerodynamic performance of the laser '
channel. TIn addition, the magnetic field intensity was increased from 2.2 to 3.3
Tesla for the purpose of increasing the CO2 concentrations that could be introduced
into the medium while still maintaining plasma ignition. Shown in Fig. 26 is a
picture of the two segmented portions of the generator-optical cavity along with
the location of the diagnostic ports. As with other generator configurations this
configuration was well instrumented SO that both the aerodynamic performance as
well as the plasma characteristics of the medium could be measured. The overall
simplicity of this type of MHDL configuration and an avppreciation for the
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relative simplicity of the other components of the system can be obtained from the
pictures of Figs. 26-28. Shown in Fig. 27 is tue 302 injection system and the
subsonic and supersonic diffuser configuration employed in these measurements is
shown in Fig. 28. Tt is important to note that the CO, injector system was designed
so that a variable position injector tube could be empfoyed. It was also possible
to change the diameter of the injection holes in the injector so that the
penetration of 002 into the flow stream could either be enhanced or reduced
depending on experimental results.

The initial phase of experimental investigations conducted with this large
scale generator were directed toward establishing the operating characteristics
of the system with a 2.5-fold increase in mass flow which was required for
operation of the 55 cm configuration over the 20 cm configuration. In addition to
this, complete diagnostics of the plasma medium were carried out to insure that
performance obtained on the small scale laminated and solid wall (20 cm) generator
configurations was being reproduced with the larger scale generator configuration.
One of the more apparent, gratifying results obtained with this larger generator
was that it was possible with the increases in applied magnetic field to operate
at higher (0, concentrations. 1In the course of the experiments the full extent
to which the CO, loading could be increased was not completely investigated.
However, ignition at significant electron densities occurred at COo concentrations
greater than 0.75 per cent in all tests conducted.

Optical power extraction measurements were conducted with this system by
placing an optical cavity at the diagnostic port located 10 cm from the throat of
the nozzle. This location was picked because a majority of the information
obtained on both small generators as well as the earlier phases of the experimental
testing on the 55 cm generator-laser cavity configuration was obtained at this
location. The optical cavity for these tests was comprised of a mirror system in
which the mirror located on the top of the generator was partially transmitting so
that power could be extracted from the system rather than measuring power deposition
into the mirrors. The generator configuration with the optical cavity in place and
with additicnal diagnostics which were located cownstream of the optical cavity
ports is shown in Fig. 29. 1In these tests mirror reflectivities were measured
directly before conducting the experimental measurements and immediately upon
completion of the experimental MHD test the mirrors were removed and reflectivity
was again checked. To insure mirror alignment was being maintained throughout the
course of the test, HeNe lasers were reflected onto the back surface of each
mirror and the location of the retrospots reflected from these surfaces was
monitored on TV cameras to insure that no misalignments were occurring within the
optical cavity. The bench for the optical cavity was the pole face of the magnet.
In the series of tests conducted in an attempt to extract optical power, it was
found that no power could be detected even though detector sensitivities were on
the order of one mW. In addition, with the proper shuttering and protection
devices on the mirrors themselves,it was possible to maintain degradations in
mirror reflectivity well below those required to insure that total cavity losses
were less than the total gain predicted.

In an endeavor to determine the cause of the difficulty in the power
extraction measurements the optical cavity on the system was removed and the system
was again set up to conduct 10.6 um gain measurements as well as to conduct
measurements of the optical properties of medium with a HeNe beam. The diagnostic
configurations employed in these measurements are shown in Figs. 30 and 31. 1In
addition in these measurements the gain path for the 10.6pm beam was carefully
shielded with He filled propagation tubes to insure that any environmental problems
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associated with changes in the ambient environment in the MHD test cell would not
influence the determination of the gain characteristics. Quite contrary to the
results that had been obtazined earlier and as shown in Fig. 19, gain measurements
on a large scale generator indicated that complete attentuation of the 10.6um beam
was occurring at the time determined to be the optimum for the establishment of
gain in the system. A typical 10.6pm transmission measurement is shown in Fig. 32.
In contrast to the results presented in Fig. 19 it can be seen that complete
attenuation of the beam occurs. Post-run window calibrations as shown in this
figure indicate that this degradation is not due to either misalignment of the
diagnostic laser system itself or due to window degradation problems. Visible
laser propagation through the medium indicated that the visible laser beam was not-
deflected from its original position but exhibited similar near total attenuations
as shown in Fig. 32 for the 10.6um beam. At.er careful consideration of the
various possibilities which can be producing this gross attenustion it was found a
small amount of decomposition of the insulating material of the high temperature-
high pressure bed used as a thermal source in these experiments (Fig. 12) was
responsiblehfor groducing this attenuation. Micron size particle densities cr the
order of 10" cm™ were found to be sufficient to produce the attenuations typical
of the data of Fig. 32. Several additional experiments were conducted in

‘addition to the measurements presented in Fig. 32 in an attempt to establish the

actual mechanism for the introduction of small micron sized particles in the
channel flow. It was found that the outer insulating blankets of the high temper-
ature bed were gradually decomposing and this decomposition which was produced

by the large number of hours that this experiment has been operated at elevated
temperatures resulted in this decomposition. Attempts were made to remove this
material through various processes such as changing test operating sequence or by
introducing other chemical species to combust these particles in the throat

of the nozzle. Although these attempts were partially successful. it was not
possible to completely achieve a uniform clean flow as had been done in earlier
measurements, After careful review of the entire problem associated with

the decomposition of the insulating blankets on the high temperature-high

pressure bed it was found that the most expsdient way to eliminate this problem,
which is an artifact of the experimental configuration employed in these tests and
would not be an inherent problem in an operational MHD laser configuration, was to
remove the existing insulating material and replace it with a higher temperature
graphite type insulation. 1In addition, it is recommended that modifications be
made to the flow paths through the high temperature-high pressure bed to insure
that it is not possible in future experiments to allow any of the gas flow which
passes through the generator-laser cavity configuration to come in contact with
this insulating material in the bed. These modifications while being rather minor
in nature do, however, require a general rebuild of the outer insulating material
on the high temperature-high pressure vessel. As a consequence further .testing
has been terminated until these repairs can be made.

C. Summary of Results

In the series of tests conductec with three different generator-laser cavity
configurations under Contract N-60921-70-C-0213 and N-60921-71-C-027% it has been
established that it is possible to achieve thermal ignition without the use of
preionization in a nonequilibrium MHD generator configuration suitable for high
rower laser application., Indicated in Table I is a comparison of the properties
theoretically predicted and experimentally observed from these experiments.

18
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TABLE I
MHDL PERFORMANCE CHARACTERISTICS
B = 3.3 TESLA
Torag = 2400°K
THEORY PREDICTS THE ONSET OF TGNITION WITHOUT PREIONIZATION
FOR THE FOLLOWING CONDITIONS
CO, CONCENTRATIONS 0.5 - 1.0%
J 1 - 10 amp/ en®
EyaL, 1 -5 Kv/m~.
n, 25x105E"
Te >2200°K
GAIN 0.1 - 0.2% cm™L

IGNITION OBSERVED EXPERIMENTALLY WITHOUT PREIONIZATION FOR FOLLOWING CONDITIONS

CO, CONCENTRATIONS 0.75% AND GREATER

J 10 - 50 amps/cm2

ET 3.5 - 5kV/m

n_ 1x10%3 - Mxlolu/cm?’

T, 1800°Kk - 3800°k
1 GAIN 0.1 - 0.2% em™t

;
:
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As can be seen from this data, the modeling of the MHDL systew accurately reflects
the actual conditions which have been achieved experimentally. With the exception
of the extraction of optical power all properties of the MHD plasma either meet

or exceed theoretical predictions. In addition, it appears perfectly feasible to
achieve operating conditions in the generator portion of the system which allow
efficient conversion of thermal energy to electricel energy. This suggests that
the overall conversion efficiency from thermal-to-optical energy for an MHD laser as
as predicted by the theoretical modeling is in the rang= of between 3-6 per cent.
More importantly, the experimental results and technology which have been developed
wder this program have resulted in the producticn of a highly uniform plasma

which does not require the use of a preionizer, and therefore, additional electrical
energy input to achieve desired operating conditions. As a consequence, the
overall MHD configuration for high power laser applications based on this data

would appear to be a relatively simple, compact system with minimum requirements
for auxiliary power sources.

20
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IV, CONSIDERATIONS PERTAINING TO THE USE OF OTHER GASES IN THE MHDL MEDIUM

Consideration has also been given to ti.e operation of the MHDL device on
molecular species other than CO,. Potentially a large group of other species
based on existing collisional information can be pumped by low energy electron
collisional processes. Specifically, gases such as N,0, CO, HCl, HBr, HF and
DF are possible molecular species which can be pumped,wlth the high electron
pumping rates typical of the MHD environment. The key in determining which of
these species would be the most optimum to produce other wavelength operation
with an MHDL system is erucially dependent on the electron pumping mechanism. For
efficient operation of the MHD generator high thermal-to-electrical conversion
efficiencies only occur for electron densities of 10~° cm™ and above. As a con-
sequence, the vibrational distribution is therefore determined by electron-molecule
pumping times and is not influenced by anharmonic pumping effects. As a conseguence
of these considerations it appears that N,0 based on the collisional information
that is available would be pumpeua as effectively as CO, and would produce attractive
performance. The output of this system would be at 1078 um rather than 10.6 um.
Furthermore, the use of HCl and HBr as an alternate molecular species appears to
be quite attractive for MHD applications because of the fact that vibrational
temperature distributions of 2500°K produce population inversions in these two
species. This vibrational temperature corresponds closely to the electron
temperatures that can be achieved with nonequilibrium MHD generators. In these
systems V-T relaxation rates are much less favorable than other diatomic species
but the high pumping rates of the MHDL configuration make operation with these
species quite attractive. It should be recognized that one drawback to this type
of operation is the relatively fast chemistry associated with cesium-HCl or HBr
type interactions which would require a completely different configuration for
injection of HCl into the medium to prevent chemical reactions from influencing
performance. However, in favor of operation with HCl is the fact that this material
can be introduced in the form of hydrochloric acid rather than hydrogen and chlorine
which from a logistics point of view has many attractive features.

R R T

A

T
Vi A

o S AT

ageaiy

N S

: Consideracvion has also been given to the use of CO in the MHD device.

i Unfortunately, because anharmonic pumping will not be effective in an MHDL device
: and because of the fact that vibrational populations corresponding to vibrational
temperatures of 5000°K are required to achieve gain, CO does not appear to be an
attractive alternate candidate for use in MHDL systems. Lastly, consideration

has been given to operation with HF and DF. In this case extremely rapid vibra-
tional-translational rates tend to suggest that operations with these species
would not be as attractive as with HCl and HBr. However, preliminary experimental
data from pulsed electric discharge laser work tends te suggest that it is possible
to pump both of these species under electric discharge conditions, and therefore,

; it is suspected that if a true 1lirect electron pumping is being achieved in an HF
S or DF electric discharge laser configuration it would be possible to pump these
species in an MHD configuration which operates at much higher electron densities

£ to achieve similar type performance.

S
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V. RECOMMENDATTIONS

Based on the experimental data that has been presented in the preceeding
seccions of this final report and the overall evaluation of the predicted and
experimentally observed operational characteristics that have been obtained from
the MHD generator testing it appears that the collisional processes which serve
g 7} to govern the performance of MHD lasers are well understood. As a result of these
.§ findings it appears feasible to achieve population inversions in the MHDL medium

%
‘
1

and to produce an operating laser system which has the potential for achieving
high specific powers and attractive overall thermal-to-optical conversion efficien-
cies. Unfortunately due to failure of the insulating material of the high tempera-
ture-high pressure bed used in these experiments, attempts to extract optical power
have not been successful to date. However, since the failure to extract optical
power is not a fundamental difficulty associated with the concept, but rather a
specific problem peculiar to the heat source employed in the rneasurcmerts it is
recommended that a further series of power extraction tests be conducted. These
tests should be conducted with the experimental configura’ jons which are

Presintly svaileblc 1 Wniteld /dreralt Goscarel laborstordies toe the problieus
assoclated with high temperature-high pressure heat source have been corrected,
This recommendation is also being made on the basis of the fact that considerable
ffcrt and rescurces have Leen expended on this program and signiticant progress
has been made in establishing the pPrecise properties of the plasma that can be

. produced in the rather complex MHDL envirirm.-t. Tr addition) tlds sceinmerdstion

b S S

rld

to conduct a further set of power extraction tests is being made because of the

& potential of this approach for high power laser applications coupled with its
¥ relative simplicity,
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ELECTRON CROSS SECTIONS FOR VIBRATIONAL EXCITATION OF CO2 AND N2
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FIG. 6
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COMPUTED AND MEASURED VALUES OF SMALL SIGNAL GAIN FOR
MHDL SIMULATION (P = 50 TORR, 1.0% CO2—99.0% He)
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MHDL NOZZLE-GENERATOR CONFIGURATION
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N921308—4 FIG. 15

CALCULATED VARIATION OF ELECTRON DENSITY WITH CO2 CONTENT

(TYPICAL MHDL EXPERIMENTAL CONDITIONS)
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FIG. 16

MEASURED VARIATION OF ELECTRON DENSITY WITH CO2 CONTENT
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1

RELATIVE FLUID VELOCITY PROFILES AS A FUNCTION OF WALL ROUGHNESS 7"‘1
IN MHDL CHANNEL - 7.6 cm DOWNSTREAM OF NOZZLE THROAT E:
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VARIATION OF ELECTRON DENSITY WITH CO; CONCENTRATION

(SHORTED AND UNSHORTED CONDITIONS)
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An analytical model of a one-dimensio
dynamic expansion has been developed for the pu
conditlons favorable for the development of an

CO2 as the lasing medium. Quantitative analysis of the MHDL concept, illustrated

ﬁ schematically in Fig. 1, requires a coupled formulation of electron and molecule
kinetic processes and the fluld mechaniecs of a magnetohydrodynamic exransion.

Figure 2 illustrates the features of the internally self-consistent analytic model,

the individual elements of which are described in detail in subsequent sections.

nal, nonequilibrium magnetohydro-
rpose of establishing and evaluating
efficient high-power MHD laser using

Magnetohydrodynamics

g Gas Dynamicg

Self-consistent evaluation of the MHDL concept requires simultaneous
solution of the fluid mechanical MHD conservation equations and the microscopic
electron and molecule energy transfer equations. The ges dynamic analysis used
& for the present study 1is based on the following assumptions: (a) one-dimensional,
' steady, inviscid, non-heat-conducting flow, (b) gas dynamic properties sensibly
uniform over a channel cross section with induced magnetic fields taken to be
small, and (c) transverse pressure gradients due to axial current flow (Hall cur- 3
1 rent) are assumed to be insignificant. With these considerations the applicable 3

b
) state and conservation equatiors for the fluid are of the form, i
R 3 i’f"
| § STATE ; - =R (T+aT) p (1) ]
: 4
i
;; £ g
1 ' dP 1 du | da -'?
¥ SS: Tt +——:=0 ,
1 MASS P dx U dx T & X ? (2) ;
&
E du dp
MOMENTUM: Pl # ax - UyB 5 (3) §
¥ 1 .'
dh du -
ENERGY : PUGe HPUR g = ol + 0.k ) (&) ,
% :
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CALORIC EQUATION OF STATE (assuming primarily a monatomic fluid):

h = —521 §T+a?€<§ Te+Tion)+ AT . (5)
|

These expressions are the usual equations for an MHD expansion2 with the
exception of the term gI which represents the volume

tric rate of energy removal from
3 the flow by the radiation field of intensity I. Elimination of common variables
' in Egs. (1-5) leads to the following expression for the rate of change of the fluid
‘ kinetic energy, '

T e T ety

dx W7ag -1|a dx  p 52 R(T+aT, on dx & dx

d Wy - Y% U dA u <~_ da _ dei)
U= (U72) ez T ) RT; 2 ,

where agl = % R (T+aTe)

(6)

i The source terms appearing on the right-hand side of E

q. (6) are discussed in detail
in subsequent sections.

Joule Dissipation

In order to evaluate the electron Joule dissipation term (Je/d)
‘ in Eq. (6) it is necessary to consider the so called "generalized"
4 an MHAD plasma.
: written,

appearing
Ohm's law for
The steady state-mean free path representation of Ohm's law can be

where B = y Te is the Hall parameter. The generalized electric field F is defined & 4
by the relations, ’

€:E'+ Vpe/nee ’ (8)

m
L1}
mi
+
i
X
[9e]]

v The approximations inherent in the development of E
¥ 8 ) 60<
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in detail by Kruger, et al.3 Ignoring electron pressure gradients in comparison with
the MHD electric fields, and taking the total current J as equal to the electron cur-
rent J, (ignoring ion slip) Eq. (7) takes the form,

J: oE' - BIxb (9)

nonuniformities common to MHD plasmas, while

retaining the Simplicity of this equation, it is convenient to write an equation

analogous to Eq. (9), i.e.,

J = Ooff E' Befr IXD
" (10)

The quantities O.pp 80d B , are "bulk" plasma properties which effectively describe
the reduction in the average currents and fields in the plasma due to small scale
disturbances in the conductivity, In a cesium seeded helium plasma, ionization

urce of such small scale disturbances. The

Typical
In this figure < c >
and B calculateqd using the mean values

theoretical results taken from Ref. 5 are shown in Fig. 3.

and < B > are the microscopic values of a
of T¢ and ng .

Solbes shows? that to a good approximation A

£F and Beff can be written
in the following form,

A
[>]
\%

I

B crit A
Berit 1

and (11)

‘ <B> . <B>< By

Beff =
(ﬁmh v <B>2 Berit

In these expressions, Bcri
which disturbanczes larger Eh
minimum wavelength is the va

represents a critical value of the Hall parameter above
an a given wavelength are amplified and grow. This
lue below which electron thermal conduction and radiative
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transport ame effective in damping perturbations .
the plasma Properties, andg is &pproximately one for

of o which are being used in the p

The value of B _.
) eﬁf/< o >and g ..
Fig. L.

it depends on
cesium seeded helium, Values

resent analysis re shown in

For the coordi

nate system shown i
compenent form in the fo

nFig. 1, gq. (10)
llowing way,

can be written in

Teff [ | . _Teif
S e— E- E] Wy Bl
+Borr2 LEx Bett E

Y 14 Betf? [EW'B"”EX} , (12)

=Ey-UB, and J_ = g, By defining the quantities g = | E_mt ]
y Y z ) ) o) e i
and using Eq. (lE),an €Xpression for the Joule dlSSlEg%lon is
obtained, i,

- Ceff z 1+8; pE

Yo :=7.F - 2g2 - K _—-—J1}~

Yo -7 <o>U?B s s T+ Betr
""-———-l-\-""—'lll--..-'

L ,  (13)

where the quantity ¢ Tépresents the comb
generator effects B )

by Solbes ang Kerrebali‘]ggk;r

ined influence of electrical loading (x),
and instabilities (8

re)- This is the expression used
to describe the elec%ron temperature rise in an MHD plasma,
As discusseq in Ref,
electric fielg in the r

» B is defined ag the ratio of the average
coordinates,

a
low directionpgo that in the transverse direction, in gas
Its magnituge can be influenceqd by the generator 1oading, and by

s but it cannet be larger than Berp. The
or loading in the transverse direction,
ration it ig desirable to have K o o and Ba ~
efy " In principle, this can pe 8ccomplished by using segmented electrodes so QE
to "recover" ag much of the Hall fie

i > énd by providing a shopt
circuit for current flow in the "y" g i i
sipation, The problem of obtaini

an effective load factop f

In order to maximize the Joule dissi

he conditiong B
However, as is well krown,
€ penalty 8ssociated with e
dy, the values K =

B&pp =0, 1is only a factor of two.
where Beff = B there is considerab]
For the burposes of the Present sty
B&pp = 0.5 Bepr) have been used,

app = Beff and
in the stapie region

lectrode shorting .
O and Bapp = 0.5 (i.e.,

i st
+ s T W T
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Electron Kinetics

Energy Conservation

i The one-dimensional electron énergy conservation equation for a CO

:-:. '
! loaded MHD plasma mey be expressed in the form,

18 E% k d KTy s e - m 3

; Ady 72 VANeKTe) ~U g (nekTe) = 070 ”eZzSJVj Nj vej 3/2k (Te-T)

: j

(1-x22)(1-x5)2 L
" NeNco, €3 Ves (2|-x3) d "eXp[‘%(E'i)] (1)

(I - x3) € (1 | _
~NeNco, €2 vep (l-x:) I-exp _Tz (T_zT‘e) = Ng €jon

In the development leading to Egq. (14) it has been assumed that electron energy
transport due to electron heat conduction and diffusion is negligible, and that
radiation losses (i.e., electronic excitation) are insignificant. The convection,
Joule dissipation, and elastic-rotational energy transfer terms in Eq. (14) have
the usual form for an MHD plasza expansion.3 The third and fourth terms on the
right-hand side represent the net effects of e-CO collisions rcsulting in energy
1 transfer to the asymmetric stretch vibrations and the coupled bending and symmetric

stretch vibrations, respectively. The effects of nonequilibrium ionization of the

Cs seed are accounted for by the term Oy €ion- ' ]

Electron Collision Rates

Self-consistent solution of Eg. (14) in connection with the molecular
kinetic and gas dynamic equations requires knowledge of +he electron temperature 1
dependent COE vibrational excitation rates vep &nd Veg and the momentum transfer E

collision rates y ,. These rates are averages over the Maxwellian electron energy
distribution function ang may be expressed,

e %
vei = (2e/m)72 (kTe/e) ¥2 3‘/‘7? que.'(u)e'e“/kTe du (15)
i
4

b4

vej = (26/m)"2 (k1o f0) %2 -
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where Qei(u) and Qmj(u) are the electron molecule cross sections for vibrational
eéxXcitation and momentum transfer, respectively. For cesium seed concentrations
below approximately 0.1 percent, COo concentrations below 10 percent, and velues
of fractional ionization below 3 x 10'5, electron collisions with helium atoms
dominate momentum transfer in the 2000 - 4000°K electron temperature range. The
electron-momentum transfer cross sectign for He is nearly constant9 at low energy
with a value of approximately 6 x lo"l cm2, and therefore V3 1s easily evaluated
&s a function of electron temperature. The low energy cross sections Qei(u) for
vibrational excitation of CO2 by electron impactlo are shown in Fig. 5 which
indicates that in the 0 - 2 eV range excitation of the CO, 010 &and 001 levels
dominates. Also shown in Fig. 5 are the energy loss fiuctors for each mode of
vibration. It is important to recognize that the influence of electron-molecule
energy exchange processes depends effectively on the cross section~energy loss
product. Thus, near 0.5 eV where Qe1(010) ~ Qg1 (001), energy transfer to the
asymmetric stretch vibration is approximetely 3.5 times greater than energy
transfer to the bending mode. Electron cross sections for excitation of higher
levels (020, o002, etc.) are estimated to be very much smaller than those for the
010 and 001 levels, as is also the case for all levels of the symmetric Stretch
vibration for electron energy below 2 eV. The precise details of low energy elec-
tron excitation of COo are discussed by Claydon, Segr.l, and Taylor,ll

Using the cross section data of Fig. 5 with Eq. (15), CO5 vibrational
excitation rates were evaluated. These data are shown in Fig. 6 along with
similar results for molecular Species common to CO. laser mixtures.
the rates for CO2 vibrational excitation are relatively large in the 2000 - L40o0°K
range when compared with those of typical diatomic molecules such as Np and Hy.
Further, the electron temperature dependence of the CO,(001) rate is fairly strong
favoring operation at Te values of 3000°K and above. Although water vapor is an
attractive additive for lower laser level relaxation in other laser systems, the

date of Fig. 6 show that if present in quantity compae

rable to COo, parasitic
energy loss to vibrational excitation of HpO is likely to be excessive. On the

other hand, the relatively low vibrational excitation rate of H2 (~,l/3o that of
COo(001) at 3000°K), and its effectiveness as a lower laser level relaxant suggest
the possible usefulness of Ho as an additive in MHD lasers,

Clearly

Tonization Kinetics

In order to determine the electron density and evaluate the effects of
charged particle production on electron énergy conservation, the electron con-

tinuity equation must be solved Simultaneously with the electron energy equation,

The one-dimensional electron continuity equation mey be written in the form,

dix (NeUA) = figA (16)
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The present discussion will consider the effects of various collisional and radiative
processes on the net charged particle production rate ng which may be expressed,

Ne = NeNegS(Ne, Te, €g) = ¥ (Te)ne3 : (17)

McGregor, et al.12 have calculated the effective cesium ionization rate § in the
presence of radiation escape and have shown that § can be determined as a function

of ng and Ty once the resonance radiation escape parameter ¢g is specified. Shawt3
has shown that the predominant effect of resonance radiation escape 1is depression

of the population of the first excited state of cesium which in turn tends to depress
the high energy portion of the electron energy distribution. The following empirical
expression for § is found to fit the McGregor results within approximately a factor
of two for n, 2 5 x 101 em=3 and 0 < eg <1;

A S (Te)¥(Te) (18)
S =
|+ 2XI013 +10%¢
Ne ne>/

where S(T,) is the Saﬂa function and v(T_) is the Hinnov-HirSchberglLL recombination
coefficient given by,

Y(Te)= 3.4% 10722 (1o /103 72 (19)

The quantity eg in Eq. (18) is the radiation escape parameter, which will be discussed
in more detail below.

Mnatsakanyanl5 has recently shown that quenching of electronically excited
alkali levels by collision with molecules plays a role similar in effect to that of
radiation escape. By considering the rate equation for the first excited level of
cesium, it can be shown that molecular quenching collisions can be included in the
expression for §, is an approximate wa é by defining an "effective escape parameter"

A

€. The resulting expression for ¢ is,

N:k; [ €0 | |
ot e[ 2 ()]

fe ]

T 20
oy e T T T ’ i
j nekecs k TVJ Te

65<
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which for conditions typical of the

present application can be simply approximated
by the expression,

A.o | (21)

5 " Thus, it can be seen that molecular quenching plays a ro}e exactly analogous to
: radiation escape in reducing the lonization coefficient §. 1In fact, for conditions

typical of this investigation the second term on the right-hand side of Eq. (21)
dominates,

Based on the previous discussions, it is possible to define an effective

; ionization time 1 = (Nog §)' and an effective recombination time R = (v nee)'l.
With these definitions it is then possible to determine an icnization length £ =

UTI and a recombination length tp = Ury. The ionization (recombination) lengt

may be interpreted as the length scale (or distance down the channel) over which

ionization (recombination) proceeds to its equilibrium value at a given T and N. .

Both 41 and YR 8re strong functions of Te and for n_ < 1013 cm‘3, these quantities

also depend on Ng - Values of LI and tr for typical MHD plasma conditions are shown
in Pigs. 7 and 8.

e B e et

Molecular Kinetics

Kinetic Model

The heavy particle kinetic wmodel required for this investigation considers
three basic collisional brocesses. These include:

CO2 (v3) +M — CO; (v v2) + M

II CO2(v2) +M = CO,+ M

III CO2 (¥)) +M==C0; (2up) + M

2

where the symbol M refers to electrons,He, CO
v, denote the symmetric stretch, bending,
of COp, respectively.

os @nd/or other species, and v s Vo, and
and asymmetric stretch vibrationai mode s

Vibrational degrees of freedom are represented by harmonic oscillators while
internal equilibrium within a mode is assumed to be achieved on & time scale short

in comparison to time constants characterizing processes (I) and (II), making
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possible the assumption of distinct vibrational temperatures. The total vibrational
partition function for COo is written as the product of partition functions for each
vibrational degree of freedom, i.e.,

Q= Q(T)) Q2(T2) Q3(T3)
where Qi (Ti) =(1- %)™

(23)

and Xi=exp(-€;/kT)) d,=dz=1, d,=2

Spontaneous radiative decay processes are known to be slow and are therefore ignored
in the present analysis.16 Collisions of type III coupling the bending and symmetric
stretching levels are very effective,l7 and therefore these modes are assumed to be
in mutual equilibrium. The equilibrium condition

N d
020 - —L exp(-AE/KT) (2k)
Niopo  d» ’

yields the following relationship between the vibrational temperatures of the bending
and symmetric stretch vibrations,

| €)
T2

2
262'(262‘€|);% (25)

Reported values of the time constants for processes (I) and (II) are
presented as functions of gas translational temperature for several species in Figs.
9 and 10. Mixture rate constants are calculated from these data using the relation,

_ X
PKi * p% (PT)jj

(26)

It should be noted that for both H2 and He at room temperature the deactivation of
the bending mode (lower laser level) proceeds about an order of magnitude faster
than the parasitic decay of the upper laser level.

Energy Transfer Equations

The assumption of a harmonic oscillator and the use of Hermite polynomial




e D T e T R I e ¢

N-921308-4

recursion relationships yields macrogcosic vibrational rate equations similar in
form to the landau-Teller equation.l A9 por e multiple quantum process such as (I)
the resulting expression is complex, but reduces to the exponential Iandau-~Teller
form when the vibrational temperature of the bending mode is close to the ges
translational temperature, a necessary condition for maintenance of the population
inversion. Further low energy electron excitation of CO, vibrational modes proceeds
by way of a dipole interactionll and consequently the mAcroscopic rate equations
for V-'I'e processes are analogous to those for the V-T processes. Based on these

considerations the complete set of vibrational rate equations, with terms for
Ooptical power extraction, is of the form,

ey 1 _Es

- pK3,[e3(T)-e3(Tsﬂ + neKes[es(Té)‘eiTsﬂ TP g 9l )
D(ej+ez) _ . J =
—0or °© PK2j [eg(T)' eg(Tg)] + NeKeo [e2 (Te) - e2(T2)] + P €s-€ gl

where . (27)
e = =22 €ixi (1-x;)”

The electron rate constants K , for the V-'I'e processes are related to the electron
collision rates Ve i (Eq. 15, Fig. 6) by the relation,

Kei = vei exp (€, /kTe) (1- exp (-€;/kTe)) . (28)

It is apparent from the form of Eq, (27) that the production of a CO
vibrational population inversion in a nonequilibrium MHD generator will depend
upon the competition between electron excitation and heavy particle de-excitation
of the COs lasing levels. Comparison of the electron and heavy particle rate con-
stants of Figs. 6 and 9 reveals that electron excitation of the 001 level will not
become competitive with parasitic deactivation until the fractional ionization
o = ne/N reaches a value of approximately 10-6. If the fractional ionization
is raised much more than an order to magnitude beyond this value, helium collisions




b o T e yr—, - R o

N-921308-14 :

alone will be insufficient to relax the bending mode, and significant excitation
(and population of the 100 level) will occur. Thus,
inversion between the 001 and 100 states requires that the fractional ionization

be maintained in the 107° - 105 range. For electron temperature in the range

2000 - 300(°K and generator static conditions of 0.1 atm and 300°K, this range of 4
fracticnal ionization corresponds to electron density values in the range 3 x 1012 . ;
3 x 1013 cw=3. The addition of Hp, which relaxes both lasing levels more rapidly

than He, will shift this operating region slightly upward, depending on the amount
added.

maintenance of the population

Gein Coefficient 3

The local value of the gain coefficient for the 1
is calculated directly from the

001 and 100 levels, viz:20

0.6 micron laser transition ]
populations of rotational states belonging to the ;

| A2 < [Z+ . ]
90 = i Moo Pl (535 ) Moo Fli+1) ’
3
with Nog) = NCOZQ-IX3 Nigo * NCOZQ-lxl (29)
J
| 8 ar.
and Fii) = (2j+) =2 exp(-j (J+|)9R%) . ;

The CO, rotational state factors, F(j), are assumed to follow a Boltzmann distribution
at the heavy particle translational temperature. This assumption is justified by

the fast (~ 10710 gec ATM) rotational relaxation times for 00221 and the relatively
sme1l (10™° - 10'5) mole fraction of electrons. Electron exci ation of COo rotational
levels should not be competitive with heavy particle relaxation.

Under typical generator static conditions, p ~ 0.1 ATM and T ~ 300°K, the
transition lineshape should be essentially Lorentzian,

with an optical broadening
frequency given by:

2 RT
By = — ¥ Niogo,.| i (30)
i HCOxi ’

where the summation i is over all colliding species.

Examination of Eqs. (29) and (30) shows that the density (pressure)
dependence cancels out of the gain expression in the pr

essure -broadened region.

69<
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The relative magnitudes of the optical broadening cross sections are those reported
by Patty and are summarized below:

_b 0coy- b /0co,-c0,
€Oy 1.000
Re 0.240
H, 0.342
Ar 0.583
Ny 0.660

The optical brosdening cross section 0coj-co, 1s calculated from reported values
of the spontaneous radiative lifetime 7 ~ 4.7 sec and the pure CO2 absorption
coefficient of 1.81 x 1073 cm~l (sTP).23

Optical Power Extraction

The analysis of optical power extraction is appropriate to an optical
resonator with planar mirrors aligned transverse to the flow. The energy transfer
equations (Eq. (27)) are solved for the optical field intensity in the cavity in
which the loaded gain of the medium just balances cavity loss., Effects of
diffraction and cavity mode structure are not treated.

Following Rigrod,zl'L the optical field intensity at a given point "x"
in the cavity is written in terms of plane waves propagating in the "y" directions;

+ -
[=1+1 , (31)
with the equation of radiative transfer expressed as:
A )
oy ‘Toy 9 (32)
Integration of Eq. (32) yields,
I = I’(O)exp(foygdy)+ I' (W) exp (-j“yl gdy) (33)

Adding the mirror reflectance conditions,

Iw) _I7(0)
Tw) 27 T " , (34)

70<
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leads to the relation,

2{? gdy = -in (rro) (35)

Further algebraic manipulation with Egs. (33) - (35) shows that the ratio of minimum
to maximum total intensity at a given position in the cavity is given by,

Imax 1+ ’ (36)
where r is the smaller of ryy T,. For values of r down to .70, T and T will

i
be identical to within one percent, and the total intensity (and [o&dea ga?n? will
be independent of the "y" coordinate, viz:

Qosc © "é@g In (r rp) (37)

At the leading edge of the cavity the gain of the medium will adjust from its free
stream value to the steady-state oscillation value defined by Eq. (37). The con-
straint dg/dx = O is then used to solve Egs. (27) for I(x) and the cumulative
optical pcwer at any point "x" is computed from the relation,

P(x) = j: [(l~r|) I‘(0)+(|-rg)1’(W)] dx (38)
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LIST OF SYMBOIS i

a - mirror absorptivity
ap - gas sonic speed

A - channel cross sectional ares

Alo - Einstein coefficient for spontaneous decay of first excited state
of Cs

B - @&applied magnetic field

b - unit vector in direction of magnetic field, © =

Il
w)
~
td

c - gas specific heat at constant pressure

dy - degeneracy of the i'th state or mode of CO2
/ e - electronic charge

e, - vibrational energy of the i'th mode of CO2

E - electric field

F(J) - Boltzmann population factor for j'th rotational level in COs
g - optical gain coefficient

h - ges enthalpy

H - total thermal energy input per unit mass

I - optical field intensity

J - rotational quantum number

current density
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k - Boltzmann constant

keCs - electron-Cs de-excitation coefficient : ;
\ kJCs - effective de-excitation coefficient for the j'th molecular species
L - MHD generator length in flow direction

LI(R) - effective ionization (recombination) length for Cs

m - mAass flow rate
M - mass of the j'th heavy particle

ﬁ’ - average molecular weight of the gas mixture

? N, - number density of the j'th species j
i n, - electron number density ;
%- ‘ Ne, - inlet electron number density }
; ﬁe - net electron production rate |
.% P - gas static pressure §
_Z ' Pe - electron pressure i
?: P - cumulative optical power ‘

Qi - vibrational partition function of the i'th vibrational mode of COo

Qei - electron cross section for vibrationel excitation of the first level
of the 1'th mode of 002

E er - electron momentum transfer cross section for the j'th species
.i r - mirror reflectivity ;
4 R - universal gas constant i
R - gas constant for the mixture, R/M 4
NTg - temperature difference corresponding to flow enthalpy of the gas :
; T - heavv rArtircle transiational-rotational temperature Q
1 .
. 5< 7
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- vibrational temperature of the i'th mode of COp

- electron temperature

- temperature equivalent of Cs lonization energy

§ - effective cesium ionization rate
» S(T,) - Saha function, (2mmk Te/h2)3/2exp (-e,  /¥Te)
- on’ €
? u - electron energy
U - gas flow speed
v - channel volume
W - channel width in the T x B (optical flux) direction
' Xj - fractional concentration of species j, NJ/N ;
> - exp (-eq{/KT1) ‘
X - coordinate in flow direction
4 y - coordinate in U x B and beam propagation direction {g
Z - coordinate in direction of magnetic field '
3 a - degree of ionization, ng/N
_‘ B - Hell parameter
3 :
Baps - effective Hall parameter
Bapp apparent Hall paremecer
< p > - spatial average of microscopic Hall parameter )
Y - effective three-body recombination rate for cesium
. 83 - effective energy loss paramweter for the j'th species (§ = 1 for atoms ) 3

€4 - characteristic energy of the i'th vibrational mode of COE

€01 - energy of the firgt excited state of cesium
¢ {
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€ion cesium ionization energy
€q - radiation escape parameter for cesium
é - effective radiation escape parameter in the presence of molecules

{

X C - effective joule dissipation factor
erot - characteristic temperature of 002 rotation
A - wavelength of CO, laser transition
vy - fundamental frequency of the i'th vibrational mode

{ Ve - normalized electron collision frequency for vibrational excitation
b of the first level of the 1'th mode of COp

1 vej - ??rmalizeé electron momentum transfer collision frequency for the
3 Jj'th species
: 1 Avr, - optical broadening frequency
0 - gas density
i o - electrical conductivity
%- <@ > - spatial average of microscopic electrical conductivity
4 ]
1 Cerr = effective electrical conductivity
é copt - optical broadening cross section
T -~ Spontaneous lifetime of 002 laser transition
Te - effective electron momentum transfer collision time
! TI(R) effective ionization (recumbination) time
] mc - electron cyclotron frequency, eB/m i
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CALCULATED VARIATION OF ogff AND Beff WITH <B>
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< FUNCTIONAL FORM OF oeff /<o> AND Beff USED IN THE PRESENT STUDY
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