
fy   /.P-IJ.J»«^»IJWWI,;"»V1U"J!W   I      ' B^^—^^^^—^iM 

AD-78i 997 

INVESTIGATION OF THE FEASIBILITY OF A MA6NET0- 

HYDRODYNAMIC LASER 

UNITED AIRCRAFT RESEARCH LABORATORIES 

PREPAR£D FOR 

NAVAL ORDNANCE LABORATORY 

ADVANCED RESEARCH PROJECTS AGENCY 

31 MAY 1974 

DISTRIBUTED BY: 

um 

' 
i 

National Technical Information Service 
U. S. DEPARTMENT OF COMMERCE 

J 
um i :r,liicaa^^wiJ.^   ■..-:-,..-■.     ,..„^..J,^,.^.4t.„..-     iMr'iiiihfMftiiiiriiiifiiiiMmiaittiiiiirtii 



T ^^^^*m i . .1 ,i iMiium,nii.4,ji>wiH,i*y^aJluLii"?w™K>™Jw™^^^^ 

TTnclasslfied 

N 
SECU^FTHT^SIFICATION OF THIS PAGE (When D,l. Enl.fd) 

^ REPORT DOCUMENTATION PAGE 

ffhlVl 9?7 

fS^REPORT NUMBER 
2. GOVT  ACCESSION NO 

IITTOSnGATION'OF THE FEASIBILITY OF A 
MAGNETOHYDRODYNAMIG LASER 

READ INSTRUCTIONS 
RKFORE COMPLETING FORM 

3.    RECIPIENT'S CATALOG NUMBER 

7.    AUTHORfäJ 

Robert H. Bullis 
Thomas L. Ghttrchlll 
William L. Nighan 

Peter 0. Erlandsen 
Elliot R. Schulman 

5.   TYPE OF REPORT & PERIOD COVERED 

Final Report, June 3, 1971 to 
April 30, 197^ 
6. PERFORMING ORG. REPORT NUMBER 

™«iuw*t(.liuu«Ui)!LU-il!li 

B. CONTRACT OR GRANT NUMBERfs) 

K 

9  PERFORMING ORGANIZATION NAME AND ADDRESS 
United Aircraft Corporation Research Laboratories 

hOO  Main Street 
East Hartford, Connecticut OblOo  

N60921-71-G-0279 

10.    PROGRAM ELEMENT, PROJECT, TASK 
AREA & WORK UNIT NUMBERS 

ARPA Order Number 2032 

Code 313 
11.    CONTROLLING OFFICE NAME AND ADDRESS 

Supply Officer 
U. S. Naval Ordnance Laboratories 
White Oak, Silver Springr., Maryland 20910 ^_^ 
U    MONITORING AGENCY NAME 5  AüJMESS^Wr.n, „o^On.ro.Mn« 57^3 

Commander Naval Ordnance Laboratories 
White   Oak   . „       -,      ^   onmn Silver Springs, Maryland 20910 

12.    REPORT DATE 

May 31, 197^ 
13.    NUMBER OF PAGES 

15.    SECURITY CLASS, (ol this report) 

Unclassified 
15a     DECLASSIFICATION   DOWNGRADING 

SCHEDULE 

Code 313   
16.    DISTRIBUTION STATEMENT (ol Ihl* Report) 

Approved Jj'or Public Release; Distribution Unlimited. 

17.    DISTRIBUTION STATEMENT (o, ** s^ct Z^Tä ,n Bloc. 20. li äUlerent Irorr Report) 

SAME 

18.    SUPPLEMENTARY NOTES 

NONE 

19.    KEY WORDS rCon^nu- o . reverse side li necessary and läentlty >>y tlock number) 19.    KEY WOKUS (i-oniinut> u i .»'-■  

Magnetohydrodyneinic Laser (MHDL) 
Molecular Lasers 
Carbon Dioxide Lasers 
Nonequilibrium Ifegnetohydrodynamics 

High Power Lasers 
Supersonic Plasmas 
Plasma Physics 

Reproduced   •-' ...^.. 
NATIONAL TECHNICAL 
INFORMATION SERVICE 

 II s nopnrtmpnt of Commerce 
 .  ij. ii „.,-«,««rv and identify by block number) SDrincfielcl  VA 22151 

Vrin^sSaUo^Ts'-dlTecreTT^rds the evaluation of th^ feasibility 
of a iagnetohydrodynamic laser concepc  (MHDL) employing nonequilibrium electron 
kinet^! to p?ovldrefficient energy transfer in a molecular laser system. 
To achieve this goal comprehensive modeling of the MHD plasma which has been 
based upon a detailed knowledge of electron and heavy particle kinetics has 
beefd^eioped.    Experimental investigations conducted on small scale laminated 

ax.d solid wall generator configurations have ;?nfl™f n^°f ^f ^S^for 
predictions and Indicate the potential attractiveness of the MHDL concept 

DD , ^NRM73 1473 EDITION OF  1 NOV 65 IS OBSOLETE| Unclassified 9^ 
SE-   RITY CLA5SI, ICATION OF THIS PAGE fWhen Dala EnleredJ 

  - JHtmimtM, ununrr i i .nr, .r n in! .1   ri n   n-m  rl,- 



l,,..iI,.HlllllWillJ.UPII!llll,IWl«lllUJ •WM ■Mwi»JMniniuniaLiw*|iuiPHi.iMM wtmrnm^mmm^^mmmm SBWWPW^PfWWiWpSWf? 

^  -- ■ - 

■ »»»iUJMIMMM»«!..»»»!»!,! ***„*... 

Unclasaifled 
SECURITY CLASSIFICATION OF THIS PAGEfWun Dmla EnItrtd) 

oJgthr^^f-SeriaPPliC^i0f'    ^0r emphasls ln this rePort has been placed on the additional experimental information obtained tram small scale generator 

suitable for optical power extraction investigations. 

Id 

SECURITY CLASSIFICATION OF THIS PAGEfMien Data Entered) 

- ^ .•^- ^■'■.- ■■■-<-■■■■- >-:.,^.^.^^- ■.-...,...,- ...,. ..^■...  
... .   th     ,. 1 . H 



'•'^TOWIBRWfajTWaP^^ 

..... ..-..^ ,.-. nMiirniwiwii iw ii iiiiiiiimiiijiiuimiiini<iiiii,iii.iiiiirniiiiiwi—wwiwi>wi*i u«» n i n n niiiiiininMiiiHUii'nrir —f—^ 

N-921308-U 

INVESTIGATION OF THE FEASIBILITY 
OF A MAGNETOHYDRODYNAMIC LASER 

Final Report 

June 3, 1971 - April 30, 197^ 

May 31, 197^ 

Sponsored by 

The Advanced Research Projects Agency 
and 

The  LI,   S.   Naval Ordnance Laboratory 
under 

Contract N60921-71-C-0279 

R. H, Bullis 
Principal Investigator 

(203) 565-70U6 

Project Scientists 

T. L. Churchill 
W. L. Nighan 
P. 0. Erlandsen 
E. R, Schulman 

"■■■: :■■ \ —"" 

UNITED AIRCRAFT RESEARCH LABORATORIES 
East hartford, Connecticut 06108 

It 

fc>u.i^..-A-J«1JjJ.M,.jMfc^i>a.«.. ..^<^ ., .. ■■■»■.^.-.^..■i.;i;i_^„.,..^,.- .,.. .^t,--—m-^t—:'-- ■■■.■■-"--^■^^.^■.t ■.f±~-...^„......,, ...v  ^,:.^^,.,r.,.J:i.,  ;s .,,,,.■.,..■.~^liJ..A^.M..,^»iJiJm^.,...i^^t^.U,.^:^.iJ 



N-921308-U 

Investigation of The Feasibility 

Of A Magnetohydrodynamic Laser 

TABLE OF CONTENTS 

Page 

I. SUMMARY  1 

II. INTRODUCTION   3 

III. DISCUSSION OF RESULTS  6 

A. Theoretical Modeling   6 

1. Supporting Experimental Confirmation of Concept 
Feasibility  8 

2. Detailed Predictions of MHDL Performance   9 

B. Experimental Results   10 

C. Summary of Results   18 

IV. CONSIDERATIONS PERTAINING TO THE USE OF OTHER GASES IN THE 
MHDL MEDIUM  21 

V. RECOMMENDATIONS  22 

REFERENCES  23 

LIST OF FIGURES   2k 

FIGURES   26 

APPENDIX I  AI 

it. 

a.;:a-ai^.,.,..,i.^/. .>.1.inij|<.L;f.1,|H|if.|^,vJ^i^J. ....L^t^v...^...-:,  1, ..-■...^,;..,..^..i.,...^,.. „L^.. ^...,. ,.. . .^......f***.^,,....   a..*...^,....^«.,,,^^....„«..,.     "-■"^■■■•^'^»^"Ba.aj 



illlBIHIIRI    I   «I   U 

-mswir/t MaMMMVHMBMm ■ 

N-92I3O8-U 

I,   SUMMARY 

Under joint ARPA and Navy sponsorship the United Aircraft Research Laborato- 
ries under Contract N-60921-71-G-0279 has conducted a series of analytical and exper- 
imental investigations to establish the feasibility of the magnetohydrodynamlc 
laser concept for high power laser applications.  The work conducted under 
Contract N-60921-71-G-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 CO2 are added were established. 
Supporting these theoretical studies smsll 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 MHDL concept. 

In order to obtain a meaningful experimental evaluation it is deemed 
critically important to establish experimental operating times on the order or 
several seconds so that all the commonly encountered MHD boundary layer heating 
and electrode interaction phenomena are developed to the same extent as would be 
encountered in an operating high power MHD laser device.  Under this program, the 
experimental capabilities were developed 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 generator-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 b?en the observation of ignition of the MHD medium without the 
use of a preionizer in the presence of COo 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 uniformity 
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.  Based on the significant improvements in 
medium uniformity achieved with this configuration power extraction tests were con- 
ducted on a smooth wall generator configuration having 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 CO2 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.  In 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 vast 
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 definitive interpretation to be made 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 
more recent tests obtained with the large scale (55 cm) generator configuration. 
Based on these results, and a clear understanding of the factors which caused the 
failure of the power extraction measurements it is strongly recommended that an 
additional series of the power extractions tests be conducted after the problems 
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 being recommended because of the overall potential of the MHDL concept for 
many high power laser applications. 

I 
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II.     INTRODUCTION 

nie United Aircraft Research Laboratories has conducted a series of analytical 

electrical energy in a nonequilibrium MHD generator,   short circuited to SovfL 

prT^r emlr.6"^ äiSSiPati- - "-'gas.     me eSget c Sectrons! in tJrn 
pro/ide efficient excitation of the asymmetric stretch mode of CO        This con^t 

anf^rh^dfr^f ut f     2       ^ ™ Fig'  :- aS dete^neä by Andrick,  Danner 
s?lt o? ff    i (      Zu  ^ o large ^^^^ t0 that for excitation of the symmetric 
stretch level in the 0.2 to 0.3 eV range typical of nonequilibrim MHD aerator 
??onaofntSl COnäi^0nS- ^e*' ^en the cross sections ?or dire^ Secfron excita- 
tion of the Dending and asymmetric stretch modes of COo are weighted by the enerev 
exchange associated with these collisions, namely O.O83 and olfeY, respectlvelf 

doMnat foverSf^8^ COlliSi0n freqUenCy t0 the asymmetric kretchlevef' 

pesfol Z^^tl^Z l^r^-rtt^etc^Srt63 " 
described in Ref.   2 which also appear as Appendix I of Sis reSrf show that 

^fat d^'thfiS^:"^;  ^ 10;6Mm ^ be eXtraCted from an^ticlfLStl oTJLnii generator section.     In addition,   the MHDL concept,  which requires 
0? int^nS ^Ur-e 0J electrical Powe^   ^es advantage of the naturkly high l^vel 
devx'ces    Ihf abllili0? 0f 1°^^^ encountered with nonequilibriL lS> 
de/ices.     The ability 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 Sl^er 

Tfo 6rZSeS r^f' mDL therrnal t0 0ptica:L inversion efficiencies of approximately 
3 to 6 per cent.     Moreover,   by not  extracting the electrical power from the ncn 
equilibrium MHDL medium,  but rather,  by direct pumping of C0o in a short circled 

inS^L^^r^ " iS P0SSible t0 ci—nt the electrode bo'dary l^ef 
Jenera^ors for^ars ^^ ^ perforraance of nonequilibrium MH^ power 

Initial program efforts under Contract N-60921-70-C-0213 were directed toward 

eLibmtToTthf ™ytiCal r' ^erimental tec^S needed ^of^atinHhe teasibility of the MHDL concept.     Ihe results of these investigations which will be 
summarized in Section III    indicate that it is possible to produce ignition S a 
nonequiUbrium MHD generator in the pre3ence of a sufficient concentration of cSQ to 
produce attractive MHD laser performance.     In addition,   a strong dependence of    2 

'"Se' ""hafb rmanCe 0-   C0? —nation,   as predicted from the thLeticafmodeling 
studies,   has been experimentally observed in these investigations.     Lastly    sain 

n'TheS L311110^/0' interpretable - - entirely unambiguous fash on'at tL 
time these measurements were initially obtained on a small scale laminated generator 
configuration indicated positive results.     Subsequent measurements on a large sSe 
nl^am-0V tCai Power extraction configuration conducted under Contract N-60921-71-C- 
^.llulZ   T J^f and maSS fl0W rateS Were ^gnificantly different Chan in 
the small scale tests have revealed that prior difficulties in interpreting the 
gam measurements in a completely unambiguous fashion have been due to timing 
sequence errors rather than any inherent difficulties in the measurements. 

Ihe objectives of the present MHD investigations conducted under Contract 

*-i,^,lM^it.i.i*^ 
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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 to 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 operating C0? 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 generator 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 well within desired limits, no optical power was 
extracted from the medium.  From subsequent tests conducted on the generator medium, 
it was found from gain measuremencs at 10.6 Um and medium uniformity measurements 
obtained with a HeNe laser system that the insulating material surrounding the high 
temperature-high pressure bed used as a thermal energy source in these experiments 
was introducing small concentrations of particles (n~10 ycm3) into the flow medium 
of the generator.  The presence of these particles was found to be sufficient to 
produce significant absorption in the medium at both 10.6[Um and at visible wave- 
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- 
tions resulted from a decomposition of insulating material produced by the extended 
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 III. definitively established that decomposition of the 
insulating material was the cause of the strong absorption in the medium observed 
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 
experimental configuration without repair of the insulating material it has not 
been possible to confirm the feasibility of the MHDL concept by extracting power 
from the MHDL medium in the 55 cm 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 interpretation 

that can be placed on earlier gain measurements. Furthermore, analysis of all 
the more recently available data for low energy electron-C0? collisional processes 
by Lowke, Phelps and Irwin (Ref. 3) essentially confirms the vibrational excita- 
tion cross section data of Fig. 2. Further, a more direct measurement obtained 
by Bulos and Phelps (Ref. k)  suggests that if anything the excitation to the 
asymmetric stretch level of CO2 is more favorable at low energies than would be 
predicted by the data of Fig. 2. In simulation measurements of MHDL medium con- 
ducted with an e-beam sustained discharge, as described in Section III, the 

J 
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measured gain levels ajid trencis 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 MI-D generator 
perlorraance characteristics with C02 added to the medimiu and the results of several 
supporting simulation experiments, as well as a recent critical review of the 
entire concept there appears to be no inherent fundamental factors which will limit 
the feasibility of the concept,  'therefore, despite the failure to extract optical 
SIL^nvt       recent series of tests, because of difficulties associated with 
the supporting experimental apparatus, it is felt that the MHDL concept holds 
S^f* Pr0raiSe ?r hish power laser applications to strongly recommend an 
additional series of experiments to demonstrate concept feasibility. 

■ 
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III 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- 
hydro dynamic expansion was developed for the purpose of establishing and evaluating 
conditions favorable for the development of an efficient high power MHD laser using 
C0o as the active medium.  Quantitative analysis of the MHDL concept illustrated 
in Fig. 1 requires a coupled formulation of electron and molecular kinetic processes 
and the fluid mechanics of the magnetohydrodynamic expansion.  Illustrated in Fig. 
1+ 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 the 
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 
and subsequently traces the fluid properties through the nozzle and generator 
sections.  Joule dissipation in the supersonic MHD generator region provides an 
elevated electron temperature and subsequent additional ionization of the seed. 
Of major importance in this modeling has been the molecular quenching channel for 
vibrationally excited COp.  Earlier calculations of similar processes in 
vibrationally excited nitrogen by Fisher and Smith (Ref. 5) suggested that this 
process can significantly influence the population of the asymmetric stretch level 
of COo in the MHDL medium. Subsequent direct measurements by Benson, Ben&rd and 
Walker (Ref. 6), however, 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 
gain and saturation intensity obtained from the MHDL modeling analysis shown in 
Fig, 5,  Presented in this figure is the dependence of COo vibrational temperatures 
(vibrational populations), small signal gain and small signal gain-saturation 
intensity product on electron density for typical MHDL operating conditions.  The 
electron temperature and gas translational temperature in this example were held 
constant for the purpose of illustration.  For generator channel pressures on the 
order of 0,1 atm and electron density values below lO11 cm"3 the asymmetric stretch 
level temperature In C02(T001) is elevated only slightly above the gas translational 
temperature and the small signal gain as a consequence is relatively small for the 
conditions considered in Fig. 5-  However, as the electron density increases into 
the 1012 to lO13 cm-3 range the small signal gain rises and exhibits a maximum of 
approximately 0.2 per cent cm" .  This condition results because of the efficient 
electron pumping of the CO2 asymmetric stretch level and because selective relaxation 
of the symmetric stretch level (T100) of the C02 system occurs due to the high helium 
concentration in the medium. As the electron density is increased beyond the 
1013cm"3 range, the He in the mixture 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 collisional processes.  As a consequence, it is no longer possible to 
maintain the symmetric stretch level temperature near the gas translational tempera- 
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ture. Once a significant population of the lower laser level of the CO2 system 
occurs a corresponding decrease in, overall gain results. For electron densities 
in excess of approximately 5 x 10  cm"3 the pumping of the lower laser level is 
so significant that the gain is effectively 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 lO1^ cm"3 are required.  In this range, as 
indicated in Fig. 5»the e;ain has dropped to approximately one half its peak level. 
Although this gain level is only on the order of .05 to 0.15 per cent cm"1 for rea- 
sonable generator-laser cavity configurations it should be possible to achieve 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 MHD generator 
which is operating in its most efficient range. 

From the initial phases of the program predictions of the theoretical modeling 
of the MHDL laser conditions indicated that several factors associated with the 
development of the plasma in the generator-laser cavity are crucial to the 
development of optimal performance with high thermal-to-optical conversion 
efficiency. As would be expected,and has been experienced in other MHD devices, 
the aerodynamics associated with the expansion of the flow thMpMi the power 
extraction region of the generator are critical to the perfonH^s^ of the system. 
Nonuniforraities in the flow field impact several key generator and laser performance 
parameters.  Specifically, the static temperature and pressure must be maintained 
uniform across the generator-cavity to maintain a uniform gain profile across the 
medium. Furthermore, nonuniformities in the flow field produce nonuniformities in 
the MHD interaction. As a consequence, these potential nonuniformities in the 
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 is produced and a runaway effect occurs which 
results in choking and overall deterioration of the flow properties of the medium. 

A second major area of prime importance in employing a nonequilibrium 
generator for laser applications is the influence that preionization has on the 
overall medium uniformity. Prior results obtained from MHD generator testing 
indicated that the use of an upstream preionizer to enhance the electrical 
conductivity of the medium to levels satisfactory for production of efficient 
conversion of thermal to electrical energy usually results in also producing a 
high degree of nonuniformity in the medium.  Therefore, in the experiments to 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 phenomena 
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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 
runawav 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 l-ig. 
8, in response to the extraction of optical power, both the electron temperature 
and also, the temperature associated with the vibrational population of ohe 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 m 
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 GOg system and the losses associated with 
other collisional channels found to be of importance from Mffl) modeling studies.  It 
should be emphasized that the attractive feature of the MHDL concept is that it is 
possible to directly pump the G02 upper laser level with low energy electrons 
typical of those obtainable in nonequilibrium MID 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-60921-70-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.  In 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 developfid as a result of small scale testing under Contract 
W-60921-71-C-0279 which 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-6092I-7I-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 spanned in these investigations.  In addition to 
the optical power extraction tests, the magnetic fields employed in the experiment 
were increased from 2.2 Tesla to 3-3 Tesla in.an endeavor to enhance the C02 loading, 
and thereby, the gain that could be achieved in the optical medium. 

Depicted schematically in Fig. 12 is the experimental configuration employed 
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 lbs. 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 2,800oK. 
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, GOp 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 CO2 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 stabic 
pressure taps in the generator-cavity is shown schematically in Fig, 12.  In 
addition to the use of static and total pressure measurements, measurements were 
also made of medium uniformity by observing the deflection of a HeNe beam which was 
passed through the generator-laser cavity region at a point located 10 cm 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 aegmented bus bar it was possible to determine the current flowing in 
the segment.  In addition, measurements of the potential developed on selected 
electrodes in the downstream flow direction provided an estimate of i:he Hall 
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 C02 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 bo view a large bulk of 
the plasma near the 10 cm diagnostic port as well as the electrodes anf si^ls 
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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 CO2 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-C02 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. It is 
also important to note that the output signal 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 bepm 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 C02 
off signal, the CO2 is ramped in a continuous fashion to smaller COg concentrations. 
Therefore, as fehown in the experimental data, maximum gain occurs at the higher COg 
concentrations and gradually the overall measured gain decreases with decreasing 
GOg concentration.  Upon removing the COg 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 GOg laser beam because 
of the aerodynamic nonuniformities that are produced under these operating conditions. 
Upon reintroduction of COn  into the system an increase in signal level is experienced. 
However, interpretation of GCU 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 established that Gs 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 COg only in 
the supersonic flow to the point at which the CO2 is first removed from the flow 
stream. Earlier interpretations of this type of gain information were somewhat 
ambiguous in that the timing mark for the introduction of cesium into the laser 
channel did 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 flow field prior to the timing signal due to flash 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 appear optimum conditions have been 
achieved in the MHDL laminated generator configuration to provide a medium suitable 
for optical power extraction measurements. However, high speed motion pictures of 
the properties of the flow in the generator-laser cavity revealed a high degree of 
nonuniformity as shown in Fig. 20. In particular a highly structured plasma was 
observed in the motion pictures with arc spots present on the walls of the genera- 
tor. Furthermore, the location of the arc spots appeared to be relatively fixed. 
This data tended to suggest that the plasma medium in the generator was highly 

Ik 

^^""^^MmrriiiiMmimliii^iyiffift^^  '-■ -..■~-.-^"«"'-:-«~.--'w..:. .-..■■-...■.■,-:,i ...^„iJ.,J...»^<iMa,>..i.t<.J.,...,.^.i.^>>.^.ij.ai^.^E.j.»"^.'--"■-■.■■■ 



^^jai^iui!Mpi.4uuji.ii^^ 

■.. ■,     ■ ^ -■■ ■■■'.■ .,-.;,....-,,, ..... 

N-921308-i+ 

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 missing 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 (Jata contained in Fig. 21, it is possible to achieve a relatively 
uniform velocity profile, and therefore, temperature profile by resorting to a 
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), , 4. o  2 

'eff I+/3 
where 

eff 

Ä ■iJ 

and 

eff 

'app 

11 J 

'-H 
UB 

(2) 

(3) 

In a laminated generator configuration it has been established experimentally 
that ßeff is approximately 1 and ßapp is approximately O.k.    Therefore the term 
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l + fl app 

(h) 

for the laminated generator without the Hall field shorted.     With shorting of the 
Hall field i.e.  E^Cß^O and   ! + ^      2 

'app 

I + Ä eff 
(5) 

Thus, it woxad 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. Ik  by placing shorting busses 
in the flow direction to completely short out the Hall field.  The variation in  ,, 
plasma performance was determined by measuring the electron density achieved for 
a specific CO2 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 
with the earlier results obtained in the laminated generator with the Hall field 
shorted, was the fact that the medium uniformity was significantly improved. High 
speed motion pictures, a frame of which is shown in Fig. 2h,  indicated a 
relatively high degree of uniformity was achieved in this medium and also that 
arc spots along the walls of the generator channel were minimized in size and did 
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 
was embarked upon with a solid wall generator configuration with an optical path 
length of 55 cm. The schematic of this experimental configuration is shown in Fig. 
25.  In addition to employing a completely solid copper wall generator configuration 
the 55 cm optical power extraction generator-laser cavity was equipped with 5 
diagnostic ports spaced in the flow direction, A supersonic diffuser was employed 
on this configuration with boundary layer injection, as well as the subsonic 
diffuser in order to improve the overall aerodynamic performance of the laser 
channel.  In addition, the magnetic field intensity was increased from 2.2 to 3.3 
Tesla for the purpose of increasing the C02 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 MDL configuration and an aDpreciation for the 
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TABLE I 

MHDL PERFORMANCE CHAMCTERISTICS 

B =  3-3  TESLA 

TSTAG = 2k00°K 

THEORY PREDICTS THE ONSET OF IGNITION WITHOUT PREIONIZATION 
FOR THE FOLLOWING CONDITIONS 

C02 CONCENTRATIONS 

J 

EHALL 

n 

e 

CAIN 

0.5 - 1.0% 

1-10 amp/cm" 

1 •- 5 KV/m'-. 

äSxloif" 

S22000K 

0.1 - 0.2^ cm-1 

IGNITION OBSERVED EXPERIMENTALLY WITHOUT PREIONIZATION FOR FOLLOWING CONDITIONS 

C02  CONCENTRATIONS 

J 

EHALL 

n 
e 

re 

GAIN 

0.75fo AND GREATER 

10 - 50 amps/cm 

3.5 - 5kV/m 

IxlO13 - i+xlO1 /cm3 

l800oK -  3800OK 

0.1 - 0.2f0 cm-1 
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As can be seen from this data, the modeling of the MHDL systeiu 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 electrical energy.  This suggests that 
the overall conversion efficiency from thermal-to-optical energy for an MKD laser as 
as predicted by the theoretical modeling is in the range of between 3-6 per cent. 
More importantly, the experimental results and technology which have been developed 
under this program have resulted in the production 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 MUD 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. 
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V. RECOMMENDATIONS 

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 
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 
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 measurements it is 
recommended that a further series of power extraction tests be conducted. These 
tests should be conducted with the experimental configurations which are 
presently available in United Aircraft Research Laboratories --nee the problems 
associated with high temperature-high pressure heat source have been corrected. 
This recommendation is also being made on the basis of the fact that considerable 
effort and resources have been expended on this program and significant progress 
has been made in establishing the precise properties of the plasma that can be 
produced in the rather complex MHDL environment. In addition, this recommendation 
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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ELECTRON ENERGY TRANSFER COLLISION FREQUENCY IN CO2 
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FIG. 7 

COMPUTED AND MEASURED VALUES OF SMALL SIGNAL GAIN FOR 
MHDL SIMULATION (P = 50 TORR, 1.0% CO2-99.0% He) 
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CALCULATED TEMPERATURE RESPONSE PROFILES 
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THERMAL IONI2ATION CAL^ JLATION 
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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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MEASURED ELECTRON TEMPERATURE VARIATION WITH CO2 CONTENT 
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FIG. 21 ■ i ■ 
■a 

RELATIVE FLUID VELOCITY PROFILES AS A FUNCTION OF WALL ROUGHNESS 
IN MHDL CHANNEL-7.6 cm DOWNSTREAM OF NOZZLE THROAT 
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VARIATION OF   ELECTRON DENSITY WITH CO2   CONCENTRATION 

(SHORTED AND UNSHORTED CONDITIONS) 

I 
■ 

e-. 

I RUN 209 
(GENERATOR  SHORTED) 

>RUN 210 
(GENERATOR UNSHORTED) 

c" ::i 

HK 

CO2 

47< 

aMtt.:...;. ,,.:.- 



n 
m ■ 

N921308^ FIG. 23 

o 
o 

a: o 
h- 
<c 
cc 

cs 

a. 
Q_ 
o 
o 

o 

< 
I- 

UJ 
Q: 

=) 
I/) 
111 
a: 
a. 

< 

<* rr - 
W S *- 1- ui O <o ►- 

^ K 0 ?? 

i 
a: 
=) 
o 
I- 
z 
o 
u 

■""?■*»- 

i- « 
z 
o 

U 
LU 

o 
ö 

UJ 
u 
z 
< 
a: 
h 
z 
UJ 

48< 

fMim^M .;. »^MM^>-«»«)!WI|W«W«ltW^M«Wl^ 



""■■— 

N921308-4 FIG. 24 

5 
UJ 

-i 
Ü 
I 

LL 
O 
w 
LU 
cc 

z 
o 

Ü 
LU 
111 
Q- 
W 

I 

Ja 
co 
ü5 
UJ 

< 
CC 
u- 

s o 
IT) 

> 
< o 

I 
er 
O 
(- 
< 

LU 
o 
9 
_J 

o 
C/3 

49< 

i 

'•''MiWf'riM MÜMM^^Mi  "»—-  ^ *~~^ja*~im 



l"lill.i)llll.imil«'»«»»"f««Ä^I«"l«l u lilMiWHlP»"il«JHH «  ..iimni   iij, luiimww«.. in iB.ii.«aii.j   jiiaimiui   m»mm   I l^HLlllllwiui lliMi>v,l.i.'<»«>w  lllllill   III  II    llljlllim^ 

C:.:j 

N921308-4 
FIG. 25 

-: 

<c 
or 
=3 
C3 

O 
O 

O 

cr 
UJ 

o 

<C 
o 
h- 
a. 
o 

i«^B4Hu=t,l«, 
liiiigiWA'ii^^w»#^fi'-'^^ 





K.i.J.IUiiJIll^Mlili^HWlHIIWJ^'u»!;»«!! TW!I!nmrawT^.i^^W5WaB5»™ppp!I!f!ll^^ 

N921308-4 

LU 
I- 
>- 

o 
I— o 

CSI 

o 
o 

■• --■•.■....   ■■ ■ --^■J--,.~.....——.-i^.;.-..-—.— —.    ■«-'■— ■-- ^-^-—..-        -  . . _.. ■.■■.■„ i nun ilBiB 











pigiqnnnflllkUiM.i«P!iMJ!>lM>iU I u ..iL|ii.Bi|iiuwiMii|ijgi.wllH|i^UH.liii )l!lM;UI|J41«iWJJlimJ,(IJ^l!UJ,l|WII^«*w^u|li»IJ|IUipip 

N921308-4 FIG.32 

m 
Z 
=) 
c 

o  " 
Q. 

CO 
I- z 
111 

Ul 
oc 
D 

LU 

z 
o 

w z 
< 
oc 

(- 
ir 
< 

o 
h 
D 
< 

CO 
2 
O 
h 
5 
z 
o 
u 

s 

E 
a. 

CO 

d 

_J 
< 
z 
o 
CO 

F 
a. 
(O 111 CN 

o ;> z 
i- 3 

57< 

2 
O 
</) 
cr 
o 
h 
U 
LU 

z 

? u 

■i..J.....^^..1^..   ....-,.-,..„■., ...- 



Mii.wiiijjimni.iuji IHUquWWI IIMLMIIHWIIUIUIW^WWWW IUIM»'.WWW»..WllPlW|lllHWI*IP«)»WtW"l J   I, II. ll.l|IU*«OT«WM*IP»H«l«->liniliWi WW «mw 

N-92I3O8-4 

::: 

v 

APPENDIX I 

Formulation of MHDL Analysis 
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FORMULATION OF MHDL ANALYSIS 

An analytical model of a one-dimensiona], nonequilibrium magnetohvdro 
dynamic expansion has been developed for the purpose  of establish" and e^lua'tin, 

CO    a    tT    aVOrable/0r the development of an efficient high-powe^ 1 ^r u ^ 

cLmticam i^r    r*    Quantitatlve ™^ of the MDL concept,  illustrat d^ 
schematically in Fig.  1, requires a coupled formulation of electron and molecule 

Fto ^TC^fthh%flf' meChaniCS 0f a ^^odynamic expanlion    ' 
tTZ*    ^f rfeS the features of the  internally self-consistent analytic model 
the  xndxvxdual elements of which are described in detail in subsequent sections  1 ' 

Magnetohydrodynamics 

Gas Dynamics 

solution o
S

f
e
t

1':C°"S f en\evaluation of the MHDL concept requires simultaneous 
solution of the fluid mechanical MUD conservation equations and the microscopic 
electron and molecule energy transfer equations.    The gas dynamic analysis used 
for the present  study is based on the following assumptions:    a    one^nsioml 

TZL r13^ —^-^ng flow,   (b) gas dynamic pLirt e!""    biy  ' 

In   and ? ^ t      nel CrOSS SeCti0n With indUCed magnetic fie^ ta^n to be ' small    and  (c) transverse  pressure gradients due to axial current flow (Hall cur- 
rent    are assumed to be  insignificant.    With these  considerations the applicable 
state and conservation equation, for the fluid are  of the form ^l^tie 

IT ATE J = R(T+aTe) 
(1) 

MAS^ _L d^      i   du     _^ dA 
^ dx      u  dx + A "dx = 0 

(2) 

MOMENTUM: PU 
du       dp + 
dx      dx JyB 

(3) 

ENERGY: yOU-lH^^dU 
dx dx gi + j^E (V) 
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CAHDRIC EQUATION OF STATE (assuming primarily a monatomic fluid 
): 

h = - RT + a^(|Te+Tion)+X (5) 

' These expressions are the usual equations for an MHD expansion2 with the 
exception of the term gl which represents the volumetric rate  of energy removal from 

in E s"r^f^ TT1™ ^^ ^ intenSity ^    E^^ion of commofva^aTleV 
kinftJ; eL'riy f0ll0VinS eXpreSSi011 for the -^ of change  of the fluid 

where 

dx 
U^(u2/2)   -.  -^ Wt? 

U   dA J%-            u 
A dx p       5/2(*(T+aTe) 

"fJ = y R (T+aTe) 

RT ion 
da 
dx -I de 

dx L) 

(6) 

The  source terms appearing on the right-hand side of Eq.   (6) are discussed in detail 
m subsequent  sections. ueuiij. 

Joule Dissipation 

.    v       ,^In 0rder t0 evaluate the electron joule dissipation terra (j2^) appearim^ 

an ^  {,1 1S "eCeSSary t0 COnSlder the  SO called  "generalized" Ohm's law for 
an Mffl plasma.    The steady state-mean free path representation of Ohm's law can be 

Je = cr£ - /3je x b 
(T) 

where ß = „ Te  is the Hall parameter.    The generalized electric field  £ is defined 
by the relations, 

£ = E'+Vpe/nee (8) 

E  =E+UXB 

The approximations inherent in the development of Eqs. (7) and (8), are discussed 

AI-2 
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J-- o-E'- /3Jxb (9) 

analogous to Eq.   (9),  i.e  /        equatl0n'  ^  1S convenient to write an equation 

J : o'eff E'- /3eff Jxb 

•    ' (10) 

": s:u:rt:^eaife X'r:nn^rrrh
les which *tte^ —- 

disturbances In the ocnäuctlvl^   ? ln    he p:LaSma due t0 sma11 =«le 
instabilities ane tbe ^ost llte^ , "f1" '"'^ hellUm ^SMl'  lonlzation 
effect cf ionization iLtbi 1 il n"!0 frt'.8"" "^ "st-b— The 
has been studied theoretical^ a^ e"«rL«t:ilv'bvP " T™*** f?^^ 
theoretical results ta.cn rZ ^TZTl^V^T ^Tu nl   ^^ 

o": 1:rthe ^^—- -^ ^ =—*- u ^ e
f rra

<iLs> 

in the r n0"" Sh0"s5 that t0 a g00d apP'oxlmtion „ m the following form. 'eff and ßeff. can be written 

0
I       -    </3><   /3crit 

) AJcrit 

and 

ßelf 
I  <^>  ,     </3></5crit 

(/3crit    ,     <i8>>y8crit 

(11) 

In these expressions,  ß renresentc; „  nT,-! + -i„0n 
which disturhan.es larä^^hlnT. . ^^  0f the Hal1 P^^eter above 

—.w is s -r^rh^rtsrirtf^^^^^^ 
61< 
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transport are effectIVP I„ A*     ■ 
the plasma properties    and T^ ^rt^^ons.    The value of ß . 
of a      /< rr ^ Q  r      ' 1S aPProximately one for n.o- ßcrit dePends on 

-Po.. ?-- ^ixr:;;^ - ^- ^ ^- ^ -. wltten in 

;5 

i 

/^eff E, 
Ey+/3effEx] 

where E ' = F      P »      r. 
and K =  MR   /rm •'»„J »._.   ' z      u' 

(12) 

and K =
X| E ^B(yan-d r^ ^ ^ = 0      By defining the quantities ß        -  , E 

o^taxned,  Ä., ^    ^   (I2),an expression for the Joule dissfgtiol ii =  |  E   /E •   I 
■;„„_.?     V    ' 

J2/(T = J-r = <0->U2B2^II 

,     (13) 
where the quantity r  r*™^ 
generator effects  ^fi      f     fS the combined influence of elPnt   •     . 

=- t:HSr::r::r="= •' =H= ■Sr"": 

in J^/, bat«a  * h 1""   f abSe"- °f '""«lütte1:    "Lt L    th 
S.h0rt^ iS 

ß        - n  . situations correspondinfr fn fu s'  the difference 
ßapp - 0, is  only a factor of two      u V ming to the  conditions RH       _ R        n   "

Ce 

; - ßeff = ß ttere ls conLtawf ^:j' \?S "" kn0™' ^-^ r^on 

Papp      0.5 ßeff) have been used. K - o and ßapp = 0<5  ^.^^ ^ 
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Electron Kinetics 

Energy Conservation 

i™. . un-nTh! 0rie-äimensional electron energy conservation equation for a CO 
loaded MHD plasma may be expressed in the form, 2 

^(5/2UAnekTe)-U^(nekTe) = j2/a.neZ2S.m /^^^ 

j J 

"eNcOi^s^es 

neNco2
e2^e2 

(i-x2
2)(i-x2)2 

(I-X3) 

X3) 

(I-X2) 
exp 

exp 
L     k \ T3     Te / 

' MVle) 

(U) 

-   Ha 6 e eion 

llT 'ff T11' leadinS t0 Eq-   {lk)  " haS been ass™eä ^at electron energy 

Ci!^ !       ( ' ele^ronic excitation) are  insignificant.    The convection 
oule diss.patxon, and elastic-rotational energy transfer terms  in Eq    (7)  tele 

the usual form for an MHD plasma expansion.3    The third and fourth tL    on the 

trl ^nt   T rePreSent the net effeCtS  0f e-C0
2 

C0llisi-S - suing in energy 
transfer to the asymmetric stretch vibrations and'the coupled bending LTsZXic 
stretcn vibrations, respectivelv     The Pffpn+s nf> „^     -n-^   • symmetric 
Ps  SPP^ n^ o I =    i*;t-;lveiy-    ine effects of nonequilibrium ionization of the 
cs seed are accounted for by the term n  ei    . 

Electron Collision Rates 

kin.f        f ;Lf-c°nsistent  sol^ion of Eq.   (lli) in connection with the molecular 

d Send nt COSaS-byTiC T^™ ^^ ^^ 0f ^ ^™ temperature 
conis    n rale ^/"T'1011 ^^ ^ ^ ^ ^ the momentum transfer 
distribution fL.?^        T    ra!eS ^ aVeraSeS 0Ver ^e Maxwell^n electron energy ais-criDution function and may be expressed 

^2 ^ei -   (2e/m)/2 (kTe/e)^ _^ | uQe|.(u) e-eu/kTe du 

''       o 

z/ej = (2e/nn)l/2(kTe/e)-5/2-fr|u2orTlj(u)e-eu/kTedu 

o 

63< 
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where Q    (u) and Q     (u) are the electron molecule  cross  sections for vibrational 
excxtatxon and momentum transfer, restively.    For cesium seed coLe'trat ons 

of fractional ionization below 3 x 10-5, electron collisions with helium atoms 
dominate momentum transfer in the 2nnn      konoOTr ^    ±        ). ae^^ atoms 
electron-momentum transfer cros section forK ? temperature range.    The 
with a value of approximately 6 xlo"^      2    He is nearly constant9 at low energy 

as a function of e^r^tiL    ^^^Z^C^ Z^T 
yxbratxonal excitation of C02 by electron impactlO aJe  ZZ   n F g    5 ^ ch 

do^:::: thrisfsro. - .vv ranse excitation of the ^ ~ oo zi 
vibration'    tt  . ^    Fig-  5 are the enerSy l0SS fact^s for ^ch mode of 
vibration      It is  important to recognize that the  influence of electron molecule 

roduct'^r6 PrOCeSSeS äeiÄndS effec^ o- the cross se t on- ne^y ^ s 
acetic 3t

U!'tr:^
0,VV ^^ Qel(0l0) «Qei(001),  energy transfer to the 

trZfer to .r f If^1011 iS -PProxirmtely 3-5 times greater than energy 

eve        0 0    002    e^ ^ T' ^^ ^ ^^ ^ ^^^ of ^^r 
So and on^      1   etc-)iare estimated to be very much smaller than those for the 

vLration for ILV "        ^ ^ " 'u d11 leVelS  0f the s™tric stretch vibration for electron energy below 2 eV.11   The  precise details of low energy elec 
tron excitation of C02 are discussed by Claydon, Seg..l, and Taylor.ll 

Using the cross section data of Fis.  5 with Vn    (ic\    nn      -u    *.• 
«citation rates „are avamated.   Thasa data'ara' Zl^ ^.'ellZ^ 
s«lar raaulta for molacular apaoiaa co.mon to Cop lasar mlxturas llafny 
tha ratas for C02 vlbratlooal axaltation ara ralatLaly larga In tha 2000     Uonno^ 
ranga „ban aon.parad with thoaa of typjoal dlatomlo mclaonles s c\ a   1 aJ H 
Fnrthar, tha alaotron tamparatura dapandanoa of tha CO (001) rata is S,^v If 
favoring operation at Te ™iuaB of 3000°K and ahova      I 14   „t r ml^l   aT 

da a of1;:     f\iVe f0r l0"er laSer leVel -la»tlon In otha^ Wr sXs    tha 
data of Fig   6 sho» that If praaant in quantity oomparabla to CO,, paraTmo 
en rgy loss to vibrational exaltation of H20 Is likely to be eS s^T   On the 
other hand, tha relatively low vibrational exaltation rate of H   ^ 1^^ th»!    ,- 
02(°01) at 3000»K), and Its effectiveness as a lower la    r   avI^eiaLn   " 1st 

the possible usefulness of H2 as an additive In MBE lasers. ^g 

lonization Kinetics 

chafed nartl.T' ^ d!termine the elfcctron äens^y and evaluate the effects  of 
charged particle production on electron energy conservation, the electron con 
txnuity equation must be solved simultaneously with the ele tron    ngy equation 
The one-dimensiona:  electron continuity equation my be written in the form 

^(neUA) = neÄ (16) 

64< 
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The present discussion will consider the effects of 

processes on the net  charged particle production rate   n,  which may be expressed, 
various collisional and radiative 

e 

tig = neNCsS(ne, Te, €R) - y(Te)ne3 

(IT) 

i McGregor, et al.   " have calculated the effective cesium ionization rate S  in the 
presence of radiation escape and have  show« that S  can be determined as a function 
of n   and Te once the resonance radiation escape parameter eR is specified.    Shaw^ 
has shown that the predominant effect of resonance radiation escape  is 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 
express on for S  is found to fit the McGregor results within approximatel^a factor 
of two for ne :> 5 x lo11 cm-3 and 0 s eR «yj 

S(Te)y(Te) 

l+
2xl0l3 + 

1035 6 

n05/2 

(18) 

where S(Te)  is the Saha function and Y(Te)   is the Hinnov-Hirschberg1^ 
coefficient given by. recombination 

y(Te)= 3,4xiO-22(Te/l03)"9/2 

(19) 

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

Mnatsakanyan15 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 S,   is an approximate way    by defining an  "effective escape  parameter" 
e.    The resulting expression for g is,1^ 

 L 

Njkjcs 

A io 

j 

NJkjcs 
nekecs 

- exp 

exp 

_foi 
k ] Tvj     Tg / 

£Qi/J l_\ 
k   Uvj " Te/ 

(20) 
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which for conditions typical of the present application can be simply approximated 
by the expression. 

j        AI0 
(21) 

Thus    it can be  seen that molecular quenching plays a role exactly analogous to 

WcaH/tTf-111 ^^^ the i0nization Efficient ^    In fact, for conditions 
typical of this investigation the second term on the right-hand side of Eq    ^21) 
dominates. H'  ^     ' 

Based on th^ Preriof äiscussions,  it  is possible to define an effective 
lonization time TJ = (NCs S)"1 and an effective recombination time Tp = (v n ^^ 
With these definitions it  is then possible to determine an ionization len^thV  =* 

ml T^T0TTti0ri length ^ = UTR-    The ionlzati°n (recombination) lengti 
may be    nterpreted as the length scaleK(or distance down the channel) over ^ich 
lonization (recombination) proceeds to its equilibrium value at a giien I    and N 
Both ij- and ^R are  strong functions of T    and for n    < lo^ cm-3    theoo    e    r . Cs' 

Molecular Kinetics 

Kinetic Model 

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

II 

C02(z/3) +M — CO2 (l/|l/2) + M 

C02{U2) + M  — CO2+ M 

(22) 

III C02(z/|) +M = C02 (2i/2) +M 

where the symbol M refers to electrons. He, C02, and/or other species, and .  ,   Vo 

.    denote    he symmetric stretch, bending, and'as^etric  stretch vibiational'mot^. 
o^ 

and 

C02, respectively, 

internal I ntn !feeS  ^ ^^ *** rePresenteä ^y harmonic oscillators while 
internal equilibrium within a mode  is assumed to be achieved on a time  scale  short 
in comparison to time constants characterizing processes  (l) and (n), making 
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possible the assumption of distinct vibrational temperatures. The total vibrational 
partition function for C02 is written as the product of partition functions for each 
vibrational degree  of freedom,  i.e., 

Q = Q|(Ti)Q2(T2)Q3(T3) 

where Qi{Ti) =(l-Xi)-dl 

and Xj = expi-ei/kT, d, = d3=l 

(23) 

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,^ and therefore these modes are assumed to be 
in mutual equilibrium.    The equilibrium condition 

N020        di 
rP --J- exp(-AE/kT; 
N|00 0 2 

(2k) 

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

T2        2€2-(2€2-6l)^ (25) 

Reported values of the time constants for processes  (l) 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, 

pKj Pi" "J 

J (PT)ij 
(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 

67< 
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recursion relationships yields macroscopic vibrational rate equations similar in 
form to the landau-Teller equation.10^   For a multiple quantum process such as  (I) 
the resulting expression is complex, but reduces to the exponential Landau-Teller 
form vhen the vibrational temperature of the bending mode  is close to the gas 
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  interaction11 and consequently the macroscopic rate equations 
for V-Te processes are analogous to those for the V-T processes.    Based on these 
considerations the complete set of vibrational rate equations, with terms for 
optical power extraction,  is  of the form. 

£63 

Dt pK3j[e3(T)-63(13)]+neKe3[e3(Te)-63(13)] - j—■   gl 

0(61+62) 
Dt 

pKgj e2(T)-e2(T2)]+neKe2 [e2 (Te) - 62(T2)] +j 
P   €3-6, gi 

where 
X COz 

(27) 

äjf  ei*i(i-Xi) 

The electron rate constants Kei for the V-T    processes are  related to the electron 
collision rates  ve.   (Eq.  15, Fig.  6) by the relation. 

:ei= ^ei exP (€i/kTe)(i-exp(-€i/kTe)) (28) 

It is apparent from the form of Eq.   (2?) that the  production of a C09 

vibrational population inversion in a nonequilibrium MHD generator will depend 
upon the competition between electron excitation and heavy particle de-excitation 
of the CO2 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 
a = 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 
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alone will be  insufficient to relax the bending mode, and significant excitation 
(and population of the  100 level) will occur.    Thus,  maintenance  of the population 
inversion between the  001 and 100 states requires that the factional ionization 
be maintained in the  10"^  - 10"5 range.    For electron temperature  in the range 
2000 - 300C0K and generator static  conditions of 0.1 atm and 300oK, this range  of 
fractional ionization corresponds to electron density values  in the range 3 x 1012 

3 x 10 -^ cm-i.    The addition of H2,  which relaxes both lasing levels more rapidly 
than He, will shift this  operating region slightly upward, depending on the amount 
added. 

Gain Coefficient 

The local value of the gain coefficient for the 10.6 micron laser transition 
is calculated    directly from the populations of rotational states belonging to the 
001 and 100 levels, viz:d0 

g(j) 
STT-TAZ/L N00lF(J) ■(1^ lOoFlj + l) 

with 

and 

NOOI  :  Nco   Q-'xj       N|0o= IWCT'X 

F(j)=  (2j + l)^0T    exp(.j(j + |)ÖR2L| 

(29) 

The C02 rotational state factors, F(j), are assumed to follow a Boltzmann distribution 
at the heavy particle translational tem^rature .    This assumption is  justified by 
the fast   (~ lO"10 sec ATM) rotational relaxation times for CO^l and the relatively 
smsxl  (10      - 10 ?) mole fraction of electrons.    Electron exci ation of COn rotational 
levels should not be  competitive with heavy particle relaxation, 

Under typical generator static conditions, p ~ o.l ATM and T ~ 300oK, the 
transition lineshape  should be essentially Lorentzian, with an optical broadening 
frequency given by: 

Ai/i 
77- 

I NjC C0z-'\, 
2vRJ 

MCOri 
(30) 

where the  summation i  is  over all colliding species. 

Examination of Eos.  (29) and (30) shows that the density (pressure) 
dependence cancels out  of the gain expression in the  pressure-broadened region, 

G3< 
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The relative magnitudes of the optical broadening cross sections are those reported 
by Patty22 and are summarized below: 

Oco7- h/Ozo7-co2 
1 .000 
0 .2^0 
0 .3^2 
0 .583 
0 .660 

b 

co2 

He 

H
2 Ar 

No 

The  optical broadening cross section CTco2-co2   is calculated from reported values 
of the  spontaneous radiative lifetime T ~ 4.7 sec and the pure 00^ absorption 
coefficient of 1.8l x 10"3 cm"1 (STP) .23 2 

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,      the    optical field intensity at a given point 
in the cavity is written in terms of plane waves propagating in the 

"x" 
"y" directions; 

I = IT+I- 

with the equation of radiative transfer expressed as: 

(31) 

dl_+ 

r+ ay "FT7 = -TXT = 9 
ar 
dy (32) 

Integration of Eq.   (32) yields, 

I * r+(0)exp//o
ygdyW r(w)exp/-/y gdy) 

Adding the mirror reflectance  conditions, 

(33) 

rtw)       no 
nw) 2" Tiß) r| (3^) 
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leads to the relation, 

2/0
Wgdy In {(^2) 

(35) 

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

^max 1 + r (36) 

where r is the smaller of r1, r . For values of r down to .70, I and I will 
be identical to within one percent, and the total intensity (and loaded ga?nj will 
be  independent of the  "y" coordinate, viz: 

»osc 2W 
In (r,r2) (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 = 0 is then used to solve Eqs.   (27) for l(x) and the  cumulative 
optical pcrfer at any point   "x"  is computed from the  relation. 

P(x) = /'[(i-r,) no)+(i-r2)I+(W)]dx (38) 
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LIST OF SYMBOIS 

a -    mirror absorptivity 

A 

A 

B 

"b 

- gas sonic speed 

- channel cross sectional area 

10  " E:i-nste:i-n coefficient for spontaneous decay of first excited state 
of Cs 

- applied magnetic field 

- unit vector in direction of magnetic field, Tä = B/B 

c          - gas specific heat  at  constant pressure 

di        - degeneracy of the  i'th state or mode of C0p 

e - electronic charge 

e. - vibrational energy of the  i'th mode of CO 1 2 

E - electric field 

F(j)    - Boltzmann population factor for j'th rotational level in COj 

g - optical gain coefficient 

h - gas enthalpy 

H - total thermal energy input per unit mass 

I - optical field intensity 

j - rotational quantum number 

J - current density 
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k 

veCs 

k 
t 

L 

I 

• 
m 

M. 

M 

NJ 

n„ 

jCs 

I(R) 

ne 

P 

Pe 

P 

^i 

Q ei 

Q ej 

R 

R 

T 

; 

- Boltzmann constant 

- electron-Cs de-excitation coefficient 

- effective de-excitation coefficient for the  j'th molecular species 

- MHD generator length in flow direction 

- effective  ionization (recombination) length for Cs 

- mass flow rate 

- mass of the j'th heavy particle 

- average molecular weight of the gas mixture 

- number density of the  j'th species 

- electron number density 

- inlet electron number density 

- net electron production rate 

- gas  static pressure 

- electron pressure 

cumulative optical power 

- vibrational partition function of the  i'th vibrational mode  of CO2 

- electron cross section for vibrational excitation of the first level 
of the i'th mode of C02 

- electron momentum transfer cross  section for the   j'th species 

- mirror reflectivity 

- universal gas constant 

- gas  constant for the  mixture,  R/M 

- temperature difference  corresponding to flow enthalpy of the gas 

- heaw mr-Mclp t.ranRlational-rotational temperature 

?5< 
Ai-17 

litmmmumeiimmmiiMMm ■•'■"■"aMMi-^"-;— -'■ ^^-.■■^.--■^..•.-^.■^-■■■■■^^„ -, 1 ,.„,lll„-.-~~.^-^.-.^ 



.   —    ~.^,r^^^^ 

N-92I3O8-H 

T -    vibrational temperature  of the i 'th mode of CO2 

Tion 

S 

S(Te) 

u 

U 

V 

w 

ß 

ß, 

ß, 

eff 

app 

< ß > 

V 

5J 

ei 

c01 

I 

electron temperature 

temperature equivalent of Cs ionization energy 

effective cesium ionization rate 

Saha function,  (2TTmk Te/h2)      exp (-eion/M]e) 

electron energy 

gas flow speed 

channel volume 

channel width in the TT x 5 (optical flux) direction 

fractional concentration of species  j, N*/N 

exp (-ei/KCi) 

coordinate in flow direction 

coordinate in U x B and heam propagation direction 

coordinate in direction of magnetic field 

degree of ionization, ne/N 

Hall parameter 

effective Hall parameter 

apparent Hall paramtoer 

spatial average of microscopic Hall parameter 

effective three-"body recomhination rate for cesium 

effective energy loss parameter for the j "th species (6 = 1 for atoms) 

characteristic energy of the i'th vibrational mode of COg 

energy of the first excited state of cesium 

;i? 
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ion 

'R 

cesium ionization energy 

radiation escape parameter for cesium 

effective radiation escape parameter in the  presence  of molecules 

Q -    effective  joule dissipation factor 

'rot 

\ 

vei 

v   . 

AVL 

< a > - 

'eff 

'opt 

T 

T, 

'I(R) 

U) 

characteristic temperature  of C0p rotation 

wavelength of C02 laser transition 

fundamental frequency of the  i'th vibrational mode 

normalized electron collision frequency for vibrational excitation 
of the first level of the  i'th mode of COp 

normalized electron momentum transfer collision frequency for the 
j 'th species 

optical broadening frequency 

gas density 

electrical conductivity 

spatial average of microscopic electrical conductivity 

effective electrical conductivity 

optical broadening cross section 

spontaneous lifetime  of C02 laser transition 

effective electron momentum transfer collision time 

effective ionization (recombination) time 

electron cyclotron frequency,  eB/m 

77< 
AI-15 



■■■■■■■■•" ■       .■  .:,:-■ -      •. 

N921308-4 FIG. 1 

DC 
O 
h- 
< a: 

CD 

Q 

O 
I 

o 
oo 

C3 
Z 

=3 

O 

X 

UJ 

78< 

'■u:; 

„^ ^.„...^ ,.,^.- -,. 

  

■ tour ■-......■■^^^...■■^■„■^-..■^..^ ^■»■-^i 



N921308-4 

■ 

LU 
Q 
O 
3E 

o 
I- 
>- 
—I 
< 

<c 
u. 
o 

en 
CD 
< 

FIG. 2 

z 
o 

z 
< 
a 
x 
ID 

E < OS 

^ y ^ 
«o I- o 
o 0- Q. 
— O 

79< 

i.vat.i.^i,^. ■,.-.^-,,.:.a^^....-^^-....,.....-,...„^„,. ..^,......    .. ;........^,J,.J,.r.:„:.,-^   ^-.., iitftiih^lii-i'-i'iiriftrw 



rrv*ws*wMKi^^r*****m*'W!^ 

. — -':.-     .,.:    F.   ...     ,    _ 
.-.--...w..:.^,    ..,;:-,..,   -,...- 

N921308-4 

»I   II HillmilllllllllMM MMIIi« IIIIIHHIIIIMIIHHII 

CALCULATED VARIATION OF aeff   AND   /5eff   WITH</5> 

FIG. 3 
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FIG. 4 

FUNCTIONAL FORM OF aeff   /<a> AND ^ff     USED IN THE 
PRESENT STUDY 
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CROSS SECTIONS FOR VIBRATIONAL 
EXCITATION OF CO2  BY ELECTRONS 

FIG. 5 
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ELECTRON-MOLECULE VIBRATIONAL EXCITATION RATES 
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VARIATION OF I0NIZATI0N LENGTH WITH PLASMA CONDITIONS 
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FIG. 8 

VARIATION OF RECOMBINATION LENGTH WITH PLASMA CONDITIONS 

(SAME AS IN FIG. 7) 
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TIME CONSTANTS FOR DEACTIVATION OF UPPER LASER LEVEL 
FIG. 9 

CO2 (1^3 ) + M  ^ CO2 (U) 1^) + M 
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TIME CONSTANTS FOR DEACTIVATION OF LOWER LASER LEVEL 

CO2 (1^2) + M   ^± CO2 + M 
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