f (;ANADIAN THESES ON MICROFICHE -

A

'THESES GANADIENNES SUR MICROFICHE

A \_\;v

l* - National Library of Canada
‘Collections Development Branch
N3
Canadian Theses on
. Microfiche Service sur microfiche
. Oftawa, Canada = - - o

K1A ON4

B

NOTICE

The quallty of this mlcroﬂihe is heavuly dependent uporr the
quallty of the original thesis submitted for mrcrofll.mmg Every

effort has been made to ensure the highest quality of reproduc-

tion possuble

If pagjes are mlssmg, contact the umversrty whrch granted the

" degree. I -

‘Some pages may have mdlstlndt print especiallyif the original

_pages were typed with a poor typewriter ribbon of rt the univer-

stty sent us an inferior photocopy

Prevrousty copyrighted matenals (journal articles publrshed

~..tests, etc.) are not filmed”

N

' Reproductron in full orin part of this ftlm is governed by the
Canadian Copyright Act, R.S:C. 1970, ¢. C-30. Pidase read
the authonzatron forms whtch accompany th|s thesis.

THIS DISSERTATION .
' HAS BEEN MICROFILMED .
EXACTLY AS RECEIVED

NL 339 (r. 85/09)

Bibliothéque nationale du Canada

,Serwce des théses canadrennes

Direction du developpement des collections

~

4l

AVIS e

La qualute de cette microfiche dépend grandement‘ dela quahté
de'la thése soumise au microfilmage. Nous avons tout fait pour

' assurer une quallté supé}leureQ‘e reproductnon

S'il manque des pages veuillez communlquer avec Iunlver-

. sité qui a conféré le grade L #
: ST hl

La qualité dlmpression de certaines pages peutggsser a -
désirer, surtout si les pages originales ont été dactylogréphiées
a l'aide d'un.ruban usé ou si l'université nous a falt parvenlr
une photocopie de’ qualite inférieure.

Les documents qui font déja I'objet d'un droit d’auteur (artncles
de revue, examens publiés, etc.) ne sont pas microfiimeés.

. Lareproduction, méme partieile, de ce microﬁlm est soumrse

4 la Loi canadienne sur le droit d'auteur, 'SRC 1970, ¢c. C-3p.

- Veuillez prendre connaissance des formules d’ autonsation qui

accompagnent cette thése. o L8

LATHESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS REGQUE



| o . A8 N0
.* National Library Bibliotheque ne'Lirohale- o g - S
of Canada du Canada“ L - :

@ Canadian Theses Divisjon Dwasuon des theses canadlennes I o

Ottawa, Cariada o o
iAo 57328 | .

. PERMISSION TO MICROFILM — AUTORISATION DE MICROFILMER

[ a : - ' '

- & Please print or type — Ecrire en lettres moulées ou dactylographier

Full. Name of Author — Nom complet de l'auteur -

David fV\ithe \ AA"’OAIM—k

i

Date of Birth — Date de naissadce ,
Sept. 19, 1955

Permanent Address — Resvdence fixe “
[0620-15 st.
Edmsnton Albef ta B ' o
. TeA 229 o : S

Title of Thesis — Titre de la these
- . .

Country of Btrth — Lneu de nalssance .
Can a o{ Qa ' \

A A ~ma3-n<tojioesolyr\wfg APPrchL\ +o Lase y

L Discharge [ Stabllization "

»

University — Université : ‘ o - "
u,r\fueer-‘H >f A {beff"\v’ ,
Degree for which thesis was presented — Grade pour qu’ueJ cette thése fut présentée

DO(_"\D(& te . '

I3

Name of Supervisor — Nom du directeur de these
. H.3.T Se&f““) Or. (;E- Q«ﬂjack

7
/ .
/ >~ .

L'autorisation est, par la présent-e. azz_/cordée a la BIBLIOTHE-
QUE NATIONALE DU CANADA de mitrofiimer cette thése et de

Year this degree conferred — Année d’ obtentlon de ce grade

1983 o

P(ermission is hereby granted to the NATIONAL LIBRARY OF
CANADA to microfilm this thesis and to lend or sell copies of

the film.

The author reserves other publicationirights, and neither the
thesis nor extensive extracts from it may be printed or other-
wise reproduced wuthout the author's written permlssmn

.

i}

préter ou de vendre des exemplaires du film.

_ L'auteur se réserve les autres droits de publication; ni la thése

ni de longs extraits de celle-ci ne doivent &tre imprimés ou
autrement reproduits sans 'autorisation écrite de I'auteur.

. Date

Sngnature

ek A, %W

NL-81 (4/77)



[ A
EeS

o N
THE UNIVERSITY OF ALBERTA Y
| SN .
A MAGNETOGASDYNAMIC APPROACH
TO LASER DISCHARGE STABILIZATION .
h m., . L s . >
by = - S

David Michael Antoniuk

.‘\

A THESIS .
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES“AND RESEARCH

IN PARTIAL FULEILMENT OF THE REQUIREMENTS FOR THE DEGREE OF

- " DOCTOR OF PHILOSOPHY

-

AY

DEPARTMENT OF ELECTRICAL ENGINEERING -

1

-

\~ . 5 o
- /\ . ‘ "

-
EDMONTON, ALBERTA
. w

SPRING 1983




. ) .l
- Y.
[

YEAR" THIS DEGREE GRANTEDf ..??T??9.1983

THE UNTVERSITY OF ALBERTA

¢ “ RELEASE FORM

,NAMEﬂOF:AUTHOR DaV1d M1chaeT Anton1uk

--------------------------------------------------------

EiTLE‘OF‘IHESISE " A Magnetogasdynam1c Approach to Laser D1scharge

. SN . : : .
DEGREE FOR WHICH THESLS'WAS PRESENTED' ..D°Ct°r of ph‘1°s°p“y

-----------------------------

TS e
S

and to ]end or se]] such cop1es for p f ate; schp]arly s

or sc1entHf1c research purposes only. .. : ‘
o ’ ' 3
The author reserves .other pub]1catzon r1ghts, and _
ne1}her tﬁe thes1s nor extensive extracts from 1t may be .
. - L

pr1nted or otherw1se reproduced w1thout the author S writtep

perm1ss1op : : ' f .

c_----...-.--.-- ----------

PERMANENT ADDRESS
10620 - 75 Street"

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

.-...-.--.....-.-.-....-.....-.J.




. . ;
; ;HE yNivsriSm OF ALBERTA
eff;'A f;_FACULTY OF. GRADUATE,STUDIES AND RESEARCH
i o F e SR h
5 if | »;74'§$:° _ e : : .
e E S The unders1gned cert1fy that they have read, and recommend to
“*? vthe'Facu1ty of Graduate Stud1es and Research for a:ékgtance, a”thes1s
1 (- a '.. D ;;A . . . N B ‘ oo ‘ . T
T MAGNETOGASDYNAMIC APPROACH = C
70 LASER DISGHARGE STABILIZATION S

':ﬁafsubm1ttéd by DaV1d M1ghae1 Anton1uk in part1a1 fu1f11ment of the

J{requ1rements for the degree of Doctor of)Ph11osophy 1n g]ectr1ca1
£ :

,'Ehgwneer1ng L N ~
' o o e, R >
r . ’ L.
v s

/' .

$ o ' /22§ZLnal'EXaminer




// - ’ N
I " -
' ' . E . » - . ‘_ )
N <
\’. "‘ »
: < v '
I ’ - '
»
¥ ; o
a F‘
/
[ N !
| N 4
N
- _
. DEDICATION ' L
. - . ‘ i ' e . h \ P ] a
To Penny, for encouraging. me in my endeavors. AR
| - b
g ' - L .
: v, ) g
. 3 ( &
SR N
. . » - : /,/
- 7 ]
; vl
\ . o,
. ; 5
: . ’ s
] : e
- y
. v 2

«



S *Theoret1ca1 1nvest1gat1ons of this new techn1que were - carr1ed

P

2

o oy
! % - o “

o BMBSTRACT.. . i#
S et RS S _ "';:{ ' .
. (:{' - : ., -' S ‘ . " Y . - - . ’ \“ v

, . e . B B - 'éhw
- a o A new.: method ofﬁstab111z1ng 1aser gas d1scharges through the
LA

e ntse of-a spec1a]1y prof11ed magnet1c f1e1d is descr1bed The magneto-»’

fgasdynam1c (ﬂGD) stab111zat1on techn1que yt11;zes crossed e]ectr1c
and magnet1c fields to create and ma1nta1n ‘a rap1d1y rotat]ng plasma

of 1arge volﬁme Th1s rap1d rec1rcu1at1on creates a homogeneous normal
= 5]

g]ow d1scharge wh1ch suppresses ‘the bu]k thermal 1nstab111t1es In

eadd1t1on, 1arge secondary f]ows were found to exist wh1ch serve to )
‘ 1
uf'convect the hot neutra1 gas out of theﬁact1ve d1scharge volume. Sig-

n1f]cant 1ncreases in spec1f1c d1scharge power ]oad]ngs have been
aq\1eved w1thout the benefit of externa1 gas convect1on The gas dis—
charge performance was’ found to be 1arge]y 1nsens1t1ve to the gas

% w3 L :

'compos1t1on and~pressure A‘ ' S . )

[ ;-

Pf

~out in order to pred1ct the comp]ete f]ow pattern and tr~\gas d1scharge

~)

‘/%character1st1cs Th1s ana]ys1s was based upon a one- ~fluid MGD mode]
A’
<A computer code MAGLC has been deve]oped to numer1ca11y so]ve this.

system of tame dependent, non11near coup]ed partra] d1fferent1a1
-equat1ons The algor1thm used‘to so]ve the compress1b]e MGD equat1ons
is based upon an 1terat1ve,' a]ternat1ng d1rect1on 1mp11c1t (ADI)
tempora] advancement sche .__Th1s method: avo1ds the 11m1tat1on in

'J
- - —

time step s1ze imposed by exp11c1t methods thereby substant1a11y

w

4

reduc1ng computational cost. : ) %
Numerical results. from the computer code revea]ed a h1gh speed

rotat1ona1 f]ow dependent upon the applied Lorentz dr1v1ng force

o
I4

N
N



Furthermore the secondary f]ows formed a convect1ve ce]] for the
neutra] gas. Finally, the one -fluid MGD mode1 1nd1cated that the
spat1a]1y nonun1form electr1c and magnet1c fields w1th1n the gas
discharge caused the p]asma and neutral gas velocities to be strong]y’
sheared w1th1n the cathode fa]] and positive co]umn reg1ons This |
;sheared rotation serves to m1n1m1ze p]asma micro- 1nstab111t1es near

' the cathode surface | These resu]ts were conflrmed by direct obser-i

vation and by deta11ed d1agnost1c measurements

vi
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vy, electron-electron energy exchange collision frequency
il average collision frequency for momentum exchange between
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ﬁs partial pressure tensor of the s species
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INTRODUCTION

»

1.1 PROJECT MOTIVATIONQv x B | o

The study of naturally occurr1ng and laboratory created p]asmas '

‘presents an enormous cha]]enge to our fundamental know1edge of ‘this
| fourth state of matter. Various successful investigations have 1ed to
the- ‘modern day deve]opment of high, voltage thyratron sw1tch1ng dev1ces,
jmagnetohydrodynam1c (MHD) power generat1nglsystems, and many other '
d1scharge dev1ces In add1t10n, the ana]ys1s of 1on1zed gases has
prepared a background for theoret1ca1 fu51on stud1es

In recent years, gas d1scharges have a]so prov1ded an efficient
'pump1ng mechan1sm for a new generation of high powered gas lasers.
Exper1ence has shown that. the performance of these electric d1scharge
1asers is h1gh1y dependent upon the qua11ty of the g]ow produced wi®hin
the laser. - The demand for ]arger vo]umes, h1gher pressures and comp]ex
".gas m1xture; has p]aced severe 11m1tat1ons on present day aas d1s-
charge technd]ogy Spec1f1ca1]y, an 1n1t1a11y un1form1y d1str1buted
d1scharge is observed to -undergo ‘a g]ow—to -arc trans1t1on whenever the
1nput power density exceeds a certa1n 1nstab111ty thresho]d ]eve]
Numerous other plasma 1nstab1]1t1es can also produce 1oca1 current

constr1ct1on which 1h turn results in a very nonun1form exc1tat1on and

excessive local’ gas heat1ng Due to these circumstances, the sca11ng

of ]arger dev1ces to higher energy dens1t1es has become 1ncreas1ng]y

d1ff1cu1t : -



In order to circumvent these laser discharge stability problems,
various.new stabilization techniques'haVe been deve]oped Most of the
attent1on has been focused upon the basic pr1nc1p1e of . convect1ve gas

coo11ng and 1ts effect upon a glow, susta1ned by an aux1]1ary ioniza-

B <t1on source. Dev1ces emp]oy1ng both these techn1qUes s1mu1taneous1y,

have proved to be most successful thus far. However, these procedures
vhave st111 been unable to overcome the scaling problems assoc1ated w1th‘
the development of large vo]ume high power lasers.

| The major obJect1ve of this research endeavor is to continue the
Astudy of 1aser d1scharge 1nstab111ty processes In an attempt to
e11m1nate the effects of these undesired processes, a new magnetogas-
“dynamic (MGD) stabilization approach has been devised.

In this chapter, a brief history of -high power lasers fs presented.

Included are ‘'some of .the fundamental physical processes which_determine
;usefu1 laser operation. Some initiai concepts, concerning a plasma
onder the inf1uence of a magnetic fier,’arefa1SO discussed so as to
provide the necessary'background material for this project. |

Y

1.2 'BACKGROUND HISTORY . | ST ™

: Ear]y desfgnsf of e]ectrica]]y excited_molecu1ar lasers,. con-
sisted of either sealed off tubes or long tubes containing slowly
fTowing gaS'mixtures‘[l 1]. These gas discharges were cooled by

ﬁmo]ecular d1ffus1on and consequent]y, vibrational energy was 1ost to
the tube walls. For this type of 1aser discharge, the energy balance

or resulting power density can be approximately expressed as



F o= - 2
3 E K TvrT

- Here J 1s the gas d1scharge current density vector, B is the app11ed

’ax1a1 e1ectr1c f1e1d and T is the resu1t1ng gas temperature Th1s
t

1equat1on clear]y shows the thermal constra1nts 1mposed upon the gas

‘discharge. ' Since He is the major. const1tuent in €0, lasers, the thermal

conduttiVJty,“KT , of the gae mixture 1s.effect1ve1y constant. ‘As a/
result, higher power densitieé could only be ettainedeby haintaining-d
" very cold walls and by 1imitipg.the tube radius to about 1 cm.
Ihpthese dtffusion cooled lasers, #he maximum power level is
determined by the rate at.which waste Heatﬁis removed from the system.
‘For a discharge column of diameter 4, the characteristic diffuston~

time is

»where A 1s the mean free path of the CO2 molecules and ¢ is the

ftherma] mo]ecu]ar Speed Since the achievable power is 1nverse]y pro-

port1ona1 to the character1st1c coo]1ng time, it can be shown that

Amc
P, = p—
Dr " g2

where p is the gas density. Consequent]y, this axial flow de§1gn could
0n1y produce power densities of a few tenths of a watt/cm 3 thus‘.
forcing the construction of very long discharge tubes. Any further
incregses in input power led to higher gas temperatures‘apd a sub-
stantial reduction in gaip [1.2, 1.3].

Recognition of the important role played by -gas temperéture and’

transport processes led to the development ot‘a convectiVe Taser. In

»



° th1s des1gn, excess heat is removed convect1ve1y by the rap1d f]ow of
the gas mixture. If the gas is f10w1ng at a speed v, then the character-

istic cooling. tfme is g1ven by
‘Tc=d/v .

The flow o% fresh material intb'the active region provides more efficient -
1asér pumping and reduces the thermal poeu]ation of the lower laser level.

In order to describe the factors which promoée higher pd&érbléve]s
and system scaling, the translational and vibrational energy equations

were examined.' The resulting studies revealed an enérgy dependence upon

gas density as well as f]ow'velocityi“ In other words,

Q

\A comparison of achievable power levels between a diffusion codled
‘laser and a convectively cooled laser,; with equa] active volumes, was
‘ simply proportional to the ratio of thé1r Lharacteristic cooling times,
i.e. ’ ‘
| | _ X
‘ ' ' v\’

\ ’ -~

\\

N

~ Q"UIU'U
Q,

~

Since-the ratio was much smaller than uﬁ?f&, it was gbvious that con-.
vective coo]ing was a superior désign for a laser. b

A]though the utilization of convect1ve cooling 1ncreased laser
d1scharge power dens1ty by a factor of ten, most h1gh power molecular
lasers could on]y operate at 1evels substantially below those dictated
by thefmai cqnsiderations. This was.bhimaﬁi}}'dhe'to thefohset'of

plasma instabilities. . . .



As closed- cyc1e lasers became commonp]ace, it was found that
instabilities limited the d1scharge power to Tevels s1gn1f1cant1y below
those characteristic of open-cycle Tlasers. A new technique involving -
the app]ication of RF power to the DC djscharge was then introduced
[1.4]. It was observed thét the radio frequency source improved
discharge uniformity and hence stability. In‘addition; the enhanced
uniformity kept the current density to a minimum, which in turn,
‘minimized the 1oca] ouildup of arc-like fi]aments.v The RF supply was
also thought to produce a rotation in the current‘density vector. This
produced a damping of unstable uave modes, provided the RF subp]y fre-
. quency exceeded the growth rate of the unstable wave. This process -
increased thevdischarge power density to some extent. However, as the
RF power increased further,-the app]ied'DC power peaked and then |
decreased due to thermal loading effects in the gas. Hence,.this pro-
-cedure has only Timited capability.and use. ,

Further improvement in gas discharge stability was obtadned
through the use of external control of the electron density. This led
to the development of the electron beam sustained laser discharge [1.5].
In this technique, uniform preionization is created throughout the
active vo]ume by a powerful electron beam. The external ionizing agent
decouples charge production in the discharge from ‘the electric field.
This,decouo1ing reduces a primary source of instability caused by the
loss of electrons due to volume recombination:of e1ectron—ion oajrs.
Though effective, the electron beam controlled laser has some ]ihita-
tions with regards to gas discharge current, pulse duration, and the

frequent occurrence of fo11 damage by energetic electrons.



2

Ny

V
'\\// t .
//)z’\Another common technique for cond1t1on1ng the d1scharge is the
~Ase of photo1on1zat1on [1.6-1.9] in the form of uv Tight sources. In
th1s conf1gurat1on, the high energy electron beam is rep]aced by. an

1ne5pens1ve Tow energy photon pre1on1zat1on source. Here, the applied
electr1c f1e1d no longer sustalns the plasma, and the ratio E/n can be
1ndependent1y adJusted in order to optimize vibrational exc1tat10n of

the upper ]aser 1eve1s Th1s method can a]so provide a spat1a11y uni-

form background-for avalanche development in the main discharge. How—

ever, if the preionization electron density is less than the equilibrium
electron density- produced by the avalanche discharge, the preionizer
loses oontr01 after the avalanche develops. The stabi]ity of the main
discharge plasma is then.again restricted by the occurrence of a g]ow—.
to-arc transition.

A unique technique that has had some success deals with- aero- «
dynamic gas conditioning [1.10, 1.11]. The introduction of turbulonce
upstream from the gas discharge has a noticeable stabi]izing effect at
Tow pressurés Turbulence affects the plasma in two important ways.

F1rst, it can change microscopic properties such as the particle

- velocity, energy, and density distributions. ASecond]y, macroscopic

features can be altered such as the overall plasma shape. Experiments
have shown that a weakly ionized p]asmaAcannot significant]y‘a]ter the
turbulent field of the neutral gas, although ion-neutral collisions
readily transfer turbulent motions from the uncharged to the charged
species [].]1]. As a result, these sma]]—sca]e eddies of turbulence
enhance neutral particle and p]asma transport processes Suchvenhanced

transport properties cause the critical wavelength of most instability

-1



modes fb ﬁncrease. This é]1ows more time for the gas flow to convect
vany‘cdrreht f{lamehts:put ef the'dischargexregidn;

Associated with this turbulence is an increase in parficTe loss
~and a rise fh’electfon ‘temperature. Under certain conditions this can
favourab]y alter the conditions %er an instability occurr1ng in the
negative-ion and. 1on1zat1on modes. However, the observed improvements
in d1scharge stability-have been difficult to interpret becauee of a~
Tack ofrdetailed measuremenfs and‘by comp]ications created by.othe}
_possible effects.

Even with the\;uécesses achieved throegh the use of such inno-
~vative techniques,‘prqglems still remain which prevent the development
of even larger vo]Qme, higher energy lasers. In part1cu1ar ma1nta1n1ng'
a stable, uniform plasma of high optical quality with dependable long

term qua$7t1es has been difficult to ach1eve Consequent]y, the need

- for new dynam1c, uncomplicated methods of stab111z1ng d1scharges exists.

1.3 POSITIONAL STABILIZATfONfOE_A PLASMA COLUMN

Arc positional tontrol aﬁd extinction techniques by meane of
magnetic fields have been considered for several decades [1.12, 1.13].
These typical interactions considered between arc, g§§ flows, and
magnetic fields usually dea]t with two situations: those in which
the arc was moved through a gas by an externally applied magnetic field,
and those in which the arc was held stationary by>é'ba1ance of forces.
Such ba]anced-arcs-inyo]ve.a_match between.aerodynamic and magnetic

forces. - Initial experiments determined that the magnetjc;fieldA



.....

" Suchs stud1es shave Fed to -a techn1que of magnet1ca11y stab111z1ng
-the. pos1t1on of ‘a 1ow dens1ty plasma co]umn In»ear]y_]ow-pressure h
conVect1ve1y coo]ed ax1a1 discharge 002 1asers, the p1asma column was
pstrong]y bowed downstream due to the 1nf1uence of the transverse gas
-f]ow For¢e¥f1c1ent 1aser 0perat1on, the d1scharge has to be stra1ght-
ened and a}1gned w1fh the opt1ca] axis of ‘the 1aser resonator.  The work
done by Buczek ‘et. ‘al. [1.14], 1nv01ved-the~use of a tapered transverse
magnetic field mutually perpend1cu1ar to the axial e]ectr1c field and
. the gas flow ve]ocnty Pos1t1ona1 stab111zat1on ‘of the dwscharge columnA.
’ewas accomp11shed by. the ba]ance between gas f]ow ve10c1ty and the dr1ft
-ve10c1ty of.the p]asma caused by the resu1t1ng Lorentz force Theﬁ
. 1nteract1on of the transverse magnetrc f1e1d and the charged particle .
) dr1ft ve10c1ty vd ) created a force wh1ch counters the f]ow veloc1ty
- force. Thus, the pos1t1on of the d1scharge co]umn cou1d be accurately :
" placed. | | . |

A tapered magnetic field was designed so that it would force'the

d1scharge to f]ow on..the des1red ax1s Essent1a11y, th1s created a e e

potent1a1 wel] 1n wh1ch the d1scharge was he]d aga1nst ve1oc1ty and o
current f]uctuat1ons Thews1ze and depth of th]S we11 was dependent
upon the shape and strength of the transverse magnetic field, andvupon,
collisions with f]odﬁng neutral molecules. Thus, using a properly ,: |
designed magnetic'fie1d, the plasma column could be confined. By
aligning the potential well with the laser's optical axis, most of the
electric energy deposited in the plasma column Was available for laser

h s

output.



These and other studied have 1nd1cated that for.Tow. dens1ty gas
~discharges, the magnet1c f1e1d necessary for pos1t1ona] stab1]1zat1on
: -varied 1Inear1y w1th pressure and fTow ve10c1ty These 1mportant facts
allow the idea of system sca11ng to be cons1dered Thus, it shou]d be
poss1b1e to scale. up the power dens1ty by 1ncreas1ng gas flow ve]oc1ty
and magnet1c field proport1ona1]y, and still maintain a high operational
efficiency.
Present day convective lasers utilize a-transverse electrode
design rather than the cross;fiejd electrode design of Buczek. In
“these new laser devices, the gas diScharge is transverse rather than‘
,para11e1 to the optic axis. Sjnce the distance between electrodes is

now much shorter in the transverse design, the problem of the discharge

boying downstream is significantly reduced.

1.4 ROTATING PtASMAS
. I
Recent investigations of magnetized;fluids have‘exploredhpds—
; sible applications of rotatihg p]asmas [1.15, 1.16]. Various studies
f‘hayehprgqb;ed‘a.hea1th‘of‘ihformation dealing with plasma confinement

”7aha"m3mentdm baTance”of such<rbtating'p1aSmas 'Severa1’research‘1ab—l“v

.'quorator1es are. studywng the strong centr1fuga] force created by the

»

- rotation. and are exp]or1ng its poss1b1e uses. They have found that
-*th1s force can be externally contro]]ed and used to simu1ate the effect ..
of a large therma] pressure. It also seems Tikely that special rotating
plasma devices could 1& bu11t to predict various transport coefficients

in a magnetic field. Rotating‘p1asmas are also important in fusion

-3
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research since the“centr1fuga1 confinement shou]d he]p reduce the end
Tosses in magnet1c m1rror devices. |

Ionized partic]es, within a gas discharge, begin to gyrate Gnder
the influence of an e1ectrddynamic force J x g, produced when en
~electric current flows through a magnetic field. This:force produces
a torque only when the-current'densify and magﬁeticufie1d compoeente
are mutually orthogonal. Thus, macroscopic fluid motion is created.
Such motions may also arise fromm-interaction of time;dependent
electric and magnetic fields.

The most}significant_aspect of a rotating plasma is the abiljty
of the 7 x B force toﬂbroduce a strong'transmissioe ef ﬁomentumﬂin a -
~direction orthogonal to the magnetic field, thereby creating a Lorentzg o )
force. In addition, this ]arge force haszproven fo be an effective |
:method for remov1ng 1mbur1t1es from within the plasma bulk. This idea
_vled to the development of - p]asma centr1fuges for e]ement and isotope |
separat1on {1.17-1; 21]. In such a dev1ce, 1on1zed part1c1es are sent
| 1nto rotat1on by the Lorentz force Most dev1ces of this type use two
, i ,
' r1ng e1ectrodes of d1fferent rad11, thereby creatlng a.radial eJectr1c~;’? < A

field. Rotat1on can be observed when th1s rad1a1 currenf dens1ty is |

:.Acombnned w1th an axma] magnet1c f1e]d Plasma centr1fuges can atta1n
rotat1ona1 velocities several orders of magn1tude h1gher than the1r
'}mechan1ca1 counterparts. Consequent]y, light and heavy ionic and
| atom1ch]§qtopes can be separated‘more effiéientlyju

These proposed‘p]asme'centrifuges ean uti]fze one of fwo types
of working fluids, a low density Ed11ision1e$s p]asﬁa or a high density

collision dominated plasma. The low pre§sure, fully ionized plasma

<
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requ1res a 1arge e]ectr1ca1 power input to produce ‘the high degree of
1on1zat1on ~necessary for practical iscdtope separat1on However, the _
h1gh}y ionized gas centrﬂfuge has reduced velocity losses at its walls
due to the.absence of ordinary hydrodynamic boundary layers. Th1s
- accounts for the extreme]y high rotational velocities observed

- In- the high dens1ty gas centrqfuge on]y a small fraction of the —
1sotop1c part1c1es need be ionized. The- Lorentz force dr1ves the ions
which in turn dr1ves the -neutral particles through 1nter component
viscous forces Thé 1arge number of co111s1ons and the v1scous -boundary ‘i
layers at the conta1nment wa11s 1nteract to reduce the rotat1ona1
“velocity somewhat Due to the 1ower “input energy, the gas temperature
w111 be substant1a11y ]ower .and th1s w111 have a favourab]e effect on .
1sotope separat1on Th1s will a?soﬁdead to a more energy efficient
device. . | :., . F.i‘

At present these centrifuge devﬁces are being built and theor—

etica11¥ ana1yzedl The ana1ysis of these gas discharges are based upon .

o vmagnetogasdynamic equations Thus far, on]y s1mp11f1ed two d1mens1ona1

so]ut1ons have been attempted W1th these f1rst attempts some progress

has been made to conf1rm the usefu]ness of these types of dev1ces



.o Ea . .
1.5 MGD STABILIZAIION CONCEPT .
‘As reported ear]ier,fgas dischargés operating’fh high powé:‘
lasers suffer from numerous types of bulk and micro-instabilities. It
was proposed ‘that a laser gas d1scharge cou]d be subJected to a Lorentz

force to Create a h1gh velocity rotat1ng plasma. Th1s’techn1que.wou1d

" then be employed to rapidly convect thermd] instabilities out of the

diSchaﬁge”volume by reducing the,characteris i¢_gas cooling time Tc.'

The viability of this concept would only prove successful.pro-E_ﬂ g

vided that a proper magnetic field prOfiletbe attaiped. In addition toh
a rotational driving force- a theoretical mode] for a confining»force i
was deveioped “With the-proper conf1gurat1on of magnet1c field, an
 e1aborate magnet1c potent1a1 we]] cou]d be constructed to conf1ne a

) rap1d1y rotat1ng d1scharge p]asma In»th1s_mpnner,wthe tendency “for a

0 L
g]ow-to-arc transition at the electrode extremities could be Suppressed.

Thus, the need for épecia]]y spaped or-profiled electrodes would be
e11m1nated - h v F
; It is expected that v1scous forces will effect1ve1y coup]e the -
fast moving fonized particles to the slower moving neutral part1c]es.
",However, at]the'buter,edges.of.the potential well, the driving force
terms would be weaker. This would then allow a decoupling of these

particles and result in more free.movement for the neutral particles

in this region. The neutra]s, now only under the influence of a cen-

tr1fuga1 force, shou]d tend to f]y off tangent1a11y Th1s concept wou1d

create an 1dea1 s1tuat1on in .which 1on]zed part1c]es are captured by,
"'.the magnet1c field, wh11e neutral particles wou]d be free to travel

through the conta1nment reg1on

”
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:The goal of this projecf ié to produce a highTy stabi]ized 1aserv
\‘, eischarge, utiTizing the”conceptsedf a rotating plasma within a pot- |
| ential we]]._'This new dynamic stabi]iiation system should be much

simpler than any other existing anroach. If ﬁhe rotating gas flow
veib;ity is sufficiently high, there should be little or no heed‘for
an external blower system. With the appropriate heat exchanger deeign,
the gas may be e]1owed>fo circulate on its own accord.

 This unique approach to gas discharge stabilization seems to -
satiéfy the necessary requirements for producing a uniform glow dis-

, \

";harge‘;hat,should be ﬁighly immune to various types of instabilities.

7 g

1,6 THESIS PROLOGUE
'The'primery objective of this thesis is to define the fundementa]
principles for a new'generatien of high power gas distharge<1asers ’
,“bqsedzupon g;MGD,stabiﬂi;ation;cqncepﬁ. wIt<ha§h]Qng:beeq'kpoﬂngtbatfﬂv
magnetic fields ean significantly elter phefcharaeteristics of a plasma.
Ferfhermbre, it 15 evident that such fields c6u1d be utilized to
provide a stabilizing mechanism in which a uniform glow discharge eou1d
be maintained. It was then essential that the different types of gas
discharge instability processes be analyzed eo deteﬁmine their signifi-
cance and role. As will be explained in Chapter 2, a gas discharge
.;&JgontaiQSAQ“wjdelvarietyfof;instabjlity modesﬁphetvqap;deye]qplwith'timez
'f‘ﬂ;féach mode hasvits own-part1?u1ar“driving meehenism and characteristic -
‘critical wave1ength. Many of theseﬁmodes are coupled tQ one another,

- “thereby complicating ‘a detailed analysis.

13
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Some of the major components used tos test the theory of MGD
stab111zat1on will be d1scussed in Chapter 3 Due to the harsh oper-
at1ng env1ronment found within a high power 1aser, the phys1ca] com-
ponents are forced to undergo severe therma] and structura]ltests. In
addition, the water-cooled electrode and electromagnet assemblies are
required to operate within a'Vacuum chamber. Usino proper materials,
these problems were overcome’ However, to achieve a uniformly distrib-
uted glow d1scharge the e]ectrode structure underwent several des1gn
changes before a satisfactory system was deve]oped

. In order to understand the complex processes occurring w1th1n
the gas discharge, a computer code has been deve]oped The computer
program MAGIC (MAgnetoGasdynamic Implicit Code) is designed to evaluate
"timelvarying changes in pres;ure and ye]ocity. In"MAGIC, a system of
MGD equations was solved by the alternating direction implicit (ADI)
techn1que on a variable Eu]er1an mesh. Chapter 4 deve]opes the MGD
equations necessary to form an accurate mode] of a part1a]1y ionized.
glow d1sqharge Furthermore, the gas transport coefficients, found 1n‘
these equations are described.

The MGD equations are finite differenced in orthogonal curvif
linear coordinates to a]]ow_program symmetry and to accommodate a
variety of coordinate systems. The ADI method descr1bed 1n Chapter 5
. .allowed -the-use of longer t1mesteps, reduced computing costs, and
1mproved program stab111ty After time and spat1aT differencing, the
nonlinear- set of’ MGD equat1ons are s1mu1taneous1y solved using a Newton-
:Raphson iterative. procedure:. The set of equat1ons are 1terated unt11 a

convergence cr1ter1on is satisfied.



The resu]ts of tpevcomputer Simf1ation on a transverse electrode

‘geometry are resented in Chapter 6. | These computed va]ues are then

compared w1t previously detbrm1ned mode]s and exper1menta1 data. In
4add1t1on,
a un1form1§ d1str1buted d1scharge is eva]uated by us1ng h1gh Speed
mot1on pﬂctures. To demonstrate the 1mpr3§ement in discharge power
density, the MGD‘stab111zat1on techn1que is compared wWith convent1ona1
.gas d1scharge systems The resu]ts are graph1ca1]y 1]1ustrated for a-

variety of parameters

A. deta11ed exp]anat1on,of the physical processes occurr1ng w1th1n "

T a gas d15charge is d1scussed in Chapter.7. Also analyzed are the changes

_,1n the structure of. the glow'discharge under the’ianUehce of .a mag-

netic field. Furthennore, an explanation of the role that the non-

uniform magnetic field performs in the MGD stab111zat1on concept is
carr1ed out. B

NThe final chapter also summarizes the many ofﬁer possible aspects

that need to be explored. Moreover; it describes some problems stil]

remaining to be resolved before the potent1a1 of this new d1scharge

dev1ce is maximized.

*

e performance of the MGD stab1]1zat1on techn1que in produc1ng

5



CHAPTER 2

PR

IS

el " DISCHARGE. INSTABELITY. ANALYSIS

.1\2;1'4§NIRODUCTIQN:" -

------

g]ow d1scharge 1s an extreme]y comp]ex prob]em wh1ch 1nvo]ves a series

o ”‘of energy” transfer and part1c]e conservat1on 1nteract1ons Exam1nat1on

of these 1nteract1ons is of spec1a1 1nterest to those 1n the 1aser d1s-fv
c1p11ne who scrut1n1ze 1nstab111ty processes The1r efforts have been
" focused upon d1scern1ng the roles played by d1fferent gas m1xtures,
externa] 1on1zat1on sources, temperature and density f]uctuat1ons, and
gas transport processes Th1s chapter will attempt to examine some of
the roles and determine how they affect g]ow d1scharge behav1or

P]asma 1nstab1]1t1es are the resu]t of sma]] amplitude pertur-
bat1ons that occur w1th1n the gas discharge. These f]uctuat1ons in
‘temperature and/or electron dens1ty exc1te a number of d1fferent wave

’modes These modes and the1r stab111ty have been thorough]y analyzed

by‘Haas [2.1]. Assoc1ated w1th the 1nstab111ty modes are character1st1c
A

I

‘t1mes which co]]ect1ve1y span the time sca]e 10710 to 1072 Instab-
Silities produced in a 1arge vo]ume high energy discharge plzsﬁa\are
strongly connected to- these modes and are easily exc1ted by 'a variety . \\
_of mechan1sms A comprehens1ve }1st of all processes and character1st1c.
times Tj can be found in Table 2. 1 The symbo] n. represents the

particle dens1ty of the gth species. Also represented are the rate

coeff1c1ents of the gth c0111s1ona1 process k . Th1ssterm is defined-

16



as’ the normalized eiectron-moﬂecu]e collision frequency, that is

K, = -2k * K
J on. ) :
MR

The maTn processes that can occur~w1th1n the d1scharge can. be
--f‘Q. grouped anto four categor1es ; space charge ;elaxataon, p]asma k1net1c,p"
‘ processes transport processes, and~co111s1ona1 energy transfer " An
ana]ys1s of the space charge re]ahat1on process by Haas [2 1] has
” determ1ned that th1s mode poses no overa]] stab111ty prob]ems »The‘b‘ o
'rema1n1ng groups w111 be briefly examwned in order to 1nvest1gate
: 1 the1r re]at1ve strengths “apd’ cumu]at1ve contr1but1ons to the onset of
1nstab111t1es l

2.2 PLASMA'KINETIC PROCESSES .

The character1st1c t1mes associated with the plasma k1net1c
processes measure the. tempora] evo]ut1qhvof partlcle product1on and
,u;¢1055 processes, and are typ1ca]]y in the 10 6—10 S range. These
modes along with their 1nd1v1dua1 rate coeff1c1ents are: e]ectron.
jmpact ionization of mo]ecules (ki)‘and etectr1ca]1y excited species
(kz), e]ectron—mo]ecu]e.attachment (ka), detachment by neutral .impact
, (kd), e]ectrontc‘excitation (k:), quenching of electric species (kq),
two-body electron-ion recombination (ki); and positive—ion‘negative-ion
recombination (ki). | ’ |
Working from the Boltzmann eqpation, an-enengy balance can be
obta1ned for e]ectrons within a spatially uniform gas in the presence

of a steady electric f1e1d E. This e]ectron energy equat10n compares
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the .rate of energy deposition from the eTectric field. (e]ectron Jou]e vluff""
heating) with” the rate ‘at. wh1ch electrons exchange enérgy through ~
collisions w1th mo]ecu]es The resulting norma11zed eTectron moTecuTe

'?vc0111s1on frequency v /n vcan»then;bevdef1ned.a5’[2.2]-;~

y =L [m— y £Q (€) a-- - (2.)
T e o

U; AR _ R
Here, the various’ rate coeff1c1ents are determ1ned by’ averagwng the
.proper.cross sect.ion Q (g) over the e]ectron energy d1str1but10n
funct1on f( ). The symbo] g represents the eTectron energy 1n eV
through the def1n1t1on |
S 2
- = T
i 57 e
Other charged particle collision frequencies or rate coefficients are
determined by a similar analysis using the appropriate distribution

funct1on

S1ncedthe e]ectr1c field prov1des the force wh1ch accelerates =~
the electrons; the ratio &/n becomes proport1ona] to the e]ectron
energy} Thus the rate coeff1c1ents descr1bed in EQn 2.1 are strong]y_
dependent upon the parameter E/n. |

In a subsequent chapter, the effect of a magnet1c f1e1d on both
the g]ectron d1str1but1on “function. and the rate coeff1c1ents will be

investigated.

T Due to e]ectron impact dissociation of CO2 and N, » a variety
of m1nor1ty molecular spec1es are created: The;formatidn_of such
products as CO, 0, NO and a host of positive and negative ions have

little effect on electron-molecule vibrational coupling or on
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vibratjonalrtranslationaT'relaXation However they can 1nf1uence the

product]on and 1oss of electrons through recombwnat1on, attachment

- and detachment These dwssoc1at1ve products can accumu]ate to s1gn1f—"-

’1cant 1eve]s, even exceed1ng the e]ectron dens1ty w1th1n typ1ca1 f]u]d “

'res1dence t1mes Some of ‘the’ more stud1ed react1ons occurr1ng in CO2 :
e e S

laser dlscharges are 11sted in Tab]e 2 2

L T

of the pr1mary species found in most CO2 1aser m1xtures CO2

has the largest rate coeff1c1ents for e]ectron 1mpact 1on1zat10n and -

°

d1ssoc1at1ve attachment Since both these coeff1c1ents are strong]y
\
' fdependent on e]ectron temperature the e]ectron CO2 k1net1cs dominate
“ionization and attachment processes in 1aser d1scharges For'
compar1son, several 1mportant CO2 rate coeff1c1ents are-plotted

aga1nst electron temperature 1n F1g 2. 1 Through exper1menta1

ana]ys1s, N1ghan [2. 4] has determ1ned that most distharges are

3’;wdom1nated by detdchrient effects, Accord1ng1y, the 1nd1cated dJscharge S

operating conditions were found to be quite insensitive to the e]ectron .
energy distribution, fractional ionization, or positive-ion species.

2.2.1 Effects of Detachment Kinetics

A survey of'the‘]iterature has -revealed that detachment kinetic
processes are ]arge]y respons1b]e for determ1n1ng the behav1or of a
se]f susta1ned gas d1scharge In part1cu1ar,-if the density of CO is'

~ large, then the reaction

+e,

07+ €0~ 00, N



";T iII: D1ssoc1at1ve recomb1nat1on k

hd e e N

- g s
e P N
. . A - .
o < >

uvaszﬁéﬁéﬁfdn”type{<f g§2}?{;3$'_ Rate coeff1c1ent R

SR IS Ion1zat1on k i"]'”’f"j’ R

. :'*e . COZ + C02 + ze .., AR

. e Ng -1+ Ze S B [ R

Ry

h I D1ssoc1at1ve attachment k S A o

"'e + co2 S0+ 0T rl,ﬂ, .}m §“13~§;19fﬁ3;£i£-iOi%sza o

e+ co2 5 co + o '?"i.~:~.a 7 ‘-'Am6 x 1078
e+ 0,>0+0 + a8
e+N* >N+ a7 x 1078

v '\v ; ) 7:
V. Ton-lon recomb1natjon;~kr-

’ ) o + o2 + 0 + o2 T x 1077

0TFNT S0 N, H.95007 r e e e
NO, + NOT - NO, + NO 5.1 x 107

V. Associative detachment, k, e

0" +CO - 002 te o ' 73 x -]0.—10
0+ Opre 2 x 107

FNO>NO, +e IR 5 x 19710

o, +0+e L <gx 072

[@s)

+ CO2

07 + Ny > N,0 + e o <107*2

TABLE 2.2 Important Chem1ca1 React1ons1n C02 N2 -He D1scharges and
their Rate Coefficients [2.3, 2.4].
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- will keep the- negat1ve -ion dens1ty small and pos1t1ve ion negat1ve 1on

recomb1nat1on will be overshadowed by detachment k1net1cs As a result,
the character1st1c t1me for the negat1ve 1ons to respond to a dlsturbance
is much 1ess than the t1me for the e1ectron dens1ty to respond Hence, |
dur1ng an effect1ve detachment process eYectrons are released from'

negat1ve 1ons S0 that n /n PO R Consequently, for th1s case, negat1ve-

jon k1net1cs w111 have 11tt1e or no' 1nf1uence on. e1ther steady state

or trans1ent e]ectron product1on and loss processes An exam1nat1on

Q‘t of the e]ectron cont1nu1ty equat1on then reveﬁls that 1on1zat1on - h;:_f

“balances e1ectron DOs1t1ve ion Tecomb1nat1on, that 1s, T
k. = (n /m)k® .
p’

7

In this situation, the discharge can noramlly be sustained at a lower

- value of e]ectronatemperature as indicated by point B in Fig. 2.1.

Examination of the situation when detachment processes are
negligible, revea]s that under self-sustained operating conditians,

the electron production due to 1onization.nust.oa]ance electron loss

" due to attachment, that'is, ki = ka,. Th1s occurs for an e]ectron

temperature of 1.7 eV (point A) for the cond1t1ons of Fig. 2.1. In.
thﬁs sjt%atjon, the negative-ion density can become comparable to the
electron density [é.4];- Such a coup]ing,of'electron'and“negative-ionv ’
kinetics will likely lead to an attachment induced ionization
instability.

The normal region of operatlon for a se]f sustained gas d1s— |
charge, ]1es between points A and B of Fig. 2.1. Since CO is an

effective detach1ng species, easily produced by dissociative
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recomb1nat1on or attachment [2 3] the d1scharge ooeratﬁng point is
's1gn1f1cant]y 1nf1uenced by its fract1ona1 concentrat1on .For the
9 > in whichICO
haszhéd‘SUfficient time'to accumu]ate detachment processes are

. case of sealed or s]ow;f]ow discharges containing co

common . Thus, negative-ion processes are Tikely. to be 1n}1gn1f1cant

:

»However, in fast flow convect1on domlnated d1scharges, the br1ef gas o.:

residence time (< 10 s) does not a]]ow the CO-fraction to become

-

”wsubstant1a1s Consequent]y, the negat1ve ion dens1ty starts to r1se _ S

'Ttand thereby beg1ns to 1nf]uence plasma stab111ty w1th1n these non-

-rec1rcu1at1ng systems

\..
\\

2.2.2 Ionizatjon Instabi]dties‘"

Tonization instabilities involve the prodoctﬁohAof tmo possible
modes. The first is identifiable with the electron production and Toss
kinetics (ionization mode), and the second is associated with the pro-
duction and loss of negative jons (negative-ion mode). DiStJ\Eances \
in the electron and negative-ﬁon densittes are normally controlled by
electron-ion recombination dﬁd byqnegative ion detachment processes.

Both these effects exert a damping 1nf1uence, recomb1nat1on reduces

the magnitude of e]ectron dens1ty fluctuations, and detachment reduces -
the negat1ve ion concentrat1on However, these damping processes are
not always successfu] in their attempts to e11m1nate ionization instab-

ilities. As illustrated in Fig. 2.2, severa] d1fferent scenarios are

possible depending upon the dominant rate process.
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As shoun in F1g 2.2, an initial local pos1t1ve d1sturbance in
electron dens1ty is accompan1ed by a drop in electron temperature.
This effect is the resu]t of the e]ectron temperature dependence on the
«energy exchange c0111s1on frequency v, o be1ng.stronger than its
dependence on the momentum transfer,co]1i$ion frequency .- Hence;-'ﬁv‘
e]ectron energy transported%byxmomentum out of a_disturbance regidn ie
'sha1] compared to the e1ectronjenergy loss due to collisions [2.4].
) when:negative ions are absent, ionization and recombination
kinetics dominate electron production and loss (case A). For ‘this

*

‘particular case,'Fig. 2.1 reveals that within a self-sustained plasma,
ki <<.ki . Therefore, the.e1ectron density will decrease since
recombination effects have‘admuch stronger influence on electron
density than due to ionization. Consequently, the e]ectron—ion
recombination process describesan effective local e1ectron 1055

which exerts a stabilizing influence 'on the gas discharge. Sub-
sequently, it can be concluded that the ionization mode, in the
absence of negative ions, is stable.

When negatfve ions are present (case B), an ionization instab-
ility will occur provided that k‘ > k’ and that the electron
attachment rate -increase w1th e]ectron temperature [2 1] S1nce the
ionization and attachment times are comparab]e in magn1tude, the
négative-ion density will increase. Natura11y, recombination processes
will become less significant in favour of detachment. . The instability
occurs because the electron density and temperature fluctuations are
out of phase. In this circumstance, the electron production rate due

0— .
to ionization and detachment, exceeds the loss of electrons by

27 -



recoﬁination and’ attachment during an electron temperature decreaSe.

As a consequence, this mechanism wi]] produce a Tocal electron density
increase which will create a positive feedback 1nstabi1ity prdcess as
i]Tust}atea.in,FjgfiZ.Z. Nighan [2.4] has shown that the growth rate&
of this 1nstab111ty is strongly peaked in the direction of the app]1ed

e]ectr1c f1e1d This exp]a1ns the str1ated and/or constricted man1fest-

at1ons so often seen within gas discharges.

2.2.3 Effects of External Preionization T

Kinetic processes which involve electran temperature dependent

ionization and attachment rate coefficients, produce micro-instabilities"

which are indepehdent of the discharge power density and gas bressure.
One’ common technique to overcome this problem is to utilize an exferﬁa]
ﬁonizatioh épproath in the form of an é]éétron-beam or photoiqnization
source. - With this method, charge production in the p]aéma is decoupled
from the applied e1eétric field. This decoupling can significantly
reduce the effect of electron temperature variance on electron aﬁd
negati%E-ion density F]uctuations.v I'n cher words, the indepéndent1y
controlled ionization source allows the electron temperature to be
adjusted to a value in&ependent of electron production and losses.
However, for this method to be successfu], the confribution to the
ionization rate due to direct low energy electron impact by dr1ft1ng
electrons, must be neg11g1b1e compared with that prov1ded by an
aux111ary 1on1zatlon source, that is, s > k . Thus for optimal
performance, the ratio E/n is 1owered such that the d1scharge operates

in the externally susta1ned_reg1on as shown in Fig. 2.7.

28
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The e]ectron product1on mechan1sm is highly dependent upon the
dom1nant detachment process. Since the presence of detachment processes
has a stabi]izing 1nf1uence, 1ess external 1ont?ation is required.
Consequently, the discharge can.be sustained at a higher value of
electron temperature. However, if detachment processes are less sig-

A .

nificant, the electron temperature must be maintained to the left of

point C in F1g 2.1 in order to avo1d excessive negat1ve ion formation.

In this manner, the plasma will be dom1nated by the stab111z1ng 1nf1uence

of recombination, provided the cond1t1on ka << (np/n)ki can be satisfied.

The growth tﬁmes for the 1onjzation"and negative-ion modes are

"~ short compared to the characteristic times for other modes. Con-

\

sequently, when they occur, the ionization and negative-ion modesk
-dominate plasma behav1or The subsequent app]1cat1on of -an external

‘p1on1zat10n source he]ps(to control the plasma ionization mechanism and

thereby reduces’ their destabilizing effects.

' 2.3 TRANSPORT PROCESSES

Neutral gas processes have somewhat longer character1st1c times

than the time assoc1ated with charged part1c]e dynamics. Changes in gas

temperature and dens1ty can cause f]uctuat1ons in neutral gas properties”

wh1ch can couple to the charged particle k1net1cs and e]ectron energy
transfer processes The coup11ng that does occur pr1mar11y depends upon

which rate coefficients are dom1nant [2.1].

A

The presence of megative ions can trigger adverse effects with

regards to discharge stapility-prﬁcesses._ Since ‘detachment is strongly

" temperature depeddent, a local gas temperature increase leads to an

Y
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increased-e]ectron production rate. Under these conditions, a ]argg |

é
~local 1ncrease in e]ectron dens1ty causes add1t1ona1 _heating o ‘the

vgas by way of e]ast1c co]11s1bns Th1s further stimulates the. etach—.f_

ment process - and theré’by prov?des ﬂ"pgﬂtwe feedback mech 'nfsm“.

necessary. for th1s process to~be unstab]e Thus, an initial’ dlsturb—

|

ance in gas temperature w111 ]%ad PO ¢an 1nstab111ty growth. prov1ded

'dtherma] conduction does not d1ss1pate the resu1t1ng 1oca1 concentrat1on

°_'6

of heat

- 2.4 COLLISIONAL ENERGY TRANSFER PROCESSES -

Some of the other important. co]]isfona] processes that‘occur

are the. therma] and the vibration relaxat1on modes Theee modes are
created by perturbat1ons in Ioca}» as temperature and dens1ty which
'coup1e to the e]ectron1c and vib P:?Bﬁa1 propert1es ‘of the gas An
unstab]e thermal mode is deve]oped mhen v1brat1ona1 re]axat1on causee?
1oca1 gas heat1ng The rise in temperature forces the v-T relaxat1on
;t1me TV to decrease ThlS process,prevents a rap1d energy re]ease L
w1th1n the, gas and the stab1]1z1ng 1nf1uence of therma] conduct1on w111
be unab]e to tnansport this energy away from its p01nt of or1g1n The
net effect is a runaway condition 1n which the gas temperature cont1nues
to rTse The ~gas density will then begln to decrease and the 1oca1 J

electrical conductivity- qu1ck1y rises to create a high concentrat1on

of current flow. The time constant- for ®he evo]utlon of thlS arc11ke

current filament is «, typ1ca1]y 10731072 ’ '

T 3
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This 1nstab111ty mode 1s Tikely to occur for all typical high
- power dens1ty d1scharges with some degree of 1on1zat1on and a large
electron temperature to gas temperature ratio. This mode also has a
characteristic,maye]ength such thatvif A ?*Acriticali’:thé thermal mode
is unstable. 'As the perturbation.in temperature grows, the ability of e
thermai Conduction to dissipate local hot spots decreases. Coﬁsequent]&Q

the critical wavelength decreases and current filaments become narrower,
thus promoting the formation of an arc.

The thermal modes are insensitive to externa] 1on1zat1on sources '

since they are re]at1ve1y unaffected by charged part1c]e k1net1cs
" However, 1arge transport processes can be used successfu]ly if the.
cr1t1ca1 wave1ength is not too .large! This necess1tates the use of '
‘h1gh flow velocities to pr0v1de heat removal and_to convect ]oca]]y
unStab]e f]u1d e]ements from the d1scharge region. These effects must
occur in a time less than that required for a glow-to-arc transition.
< The resu]ts of Nighan [2.6], have 1nd1cated that a convect1ve 1aser
hav1ng a power density of 10 W/cm3 *will requ1re a gas residence t1me

below 1 ms. Only in this manner will convective type CW gas lasers

operate properly.



© CHAPTER 3

SYSTEM DESIGN.
3.1 INTRODUCTION

The main features of the experimental apparatus used.1n the MGD
stab111zat1on concept are 111ustrated 1n ng 3.1, It cons1sts of five
maJor components. a vacuum system, a thyratron pulser, an appropr1ate]y
designed electrode, several types of e]ectromagnets and a 3—phase
'power supply. The overa})_szstem was des1gned with suff1c1ent f]ex-

1b111ty to'accommodate a wide variety of gas d1scharge exper1ments

/ PR

These 1nc1uded the test1ng of various e]ectrode and_magnet designs.
The apparatus was not designed to operate as a ]aser but rather as
an experimental device used to test new 1deas and components neces-
sary for a more advanced ]aserr

o .

3.2 VACUUM SYSTEM

<

Us1ng ava1]ab1e material, the gas discharge chamber was built
from a PVC pipe 40 cm in diameter, 130 cm long, with a wa]] thickness
of 2 cm. In order to-allow easy assembly, operation, and mod1f1cat1on
of the vacuum system, demountable seals were employed. The open ends
- of the chamber were covered with clear plexi-glass plates to allow. good
visual observation of the gas discharge. In order to seal the system,
Viton A e]astomer O-rings were installed where necessary. Addfttona1-
,plexi—g]ass access and diagnostic parts were added at a later date to

- allow experimental gain and temperature measurements.

32 t
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P

To evaouate the vacuum chamber, a Welch rotary mechanical vacuum“
pump, with a free air displacement of 500 1/min, was attached to the
| system. After several hours of pumping, the 1owest attainable pressure,
‘with this roOthng'pump,mhas only been 2 x 10 3torr. At this‘point,,
the chamber was then back- fiiled With the appropriate gas mixture. A
mechanicai diaphragm gauge was then used to measure the partial pressure

: of each gas speCieS”introduced into the vessel.

3.3 ELECTRODE MATERIALS AND DESIGN )

To initiate an electric discharge, two méta]]ic electrodes,
each at a different potentia], are required. Experience has shown {
that electrode materials and their configuration play an important {
ro]e in determining the stabiiity and general overall performance of
an e]ectric discharge. For a numbet of years, TEA lasers have relied
upon the uniform electric field aspects of their Rogowski profi]eo
.eiectrodeé.‘mHowaer, unlike TEA laser systems, the uniform field
characteristics of a CW laser does not play a dominant role in discharge
stability.  Of more importance are the dynamic parameters such as;
f]om uniformity, boundary layer effects and gas reéidenoe time be-
tween the e]ectrodes. Conseouentiy, a variety of e]eotrode shapes and
materials have been evaluated for each CW laser system. It is common
practice, however, that in most realistic devioes care be taken to
eliminate sharp edges and other prominent surface irregularities.

Such imperfections can create high electric field concentrations and
' promote discharge instabilities.
“In an attempt to arrive at an efficient device design, several

different electrode materials were examined; most notably aluminum,
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- graphite, steel‘ and copper: In order to faci]itate the.choice of an
optimum-material, a survey of each was performed, with respect to its
.durability; work function (both_photoe]ectric and thermionid) and
behavior in a gas discherge; )

The first electrode design was constructed from‘aluminum} After
a relatively short peridd of testing, it nas observed that this a]un- e
inum electrode performed quite poorly, particularly w1th respect to its
durab1]1ty when subJected to 3 g]ow to-arc transition. More precisely,
it was observed that a high current arc"cou]d easily damage the electrode
surface by arc pitting. This pitted surface then'pronoted the torma—
tion of hot spots. W1th further influx of energy these hot spots became
- potential sites for streamers and subsequently more arcs The occur-
rence of this phenomena was most likely due to the high electric fields ©
and correspondingly excessive emissiqn of e]ectrons'emanating from
sharp edges a]ong the pitted~surfece. A detai]edvinspecgﬁon of the’
aluminum electrode surface-revea]ed a»myriad of tiny scratches, all
rurming in ‘the direction of the rotating plasma. It is most prebable
that these scratches are the result ofsa 1arge number of streamers
etaﬁ§ng a pattern, as they rotated w1th the p]asma It was clearly |
apparent frdm the results of these experiments that an aluminum elec-

trode could not withstand prolonged use in this type of electrical

dfscharge.

A carbon or .gxaphite.electrode was then tested because of its
proported durability nd sl1ghthy res1st1Ve qualities. It was antic-
ipated that a res1st1Ve e]ectrode wou]d assist 1n spread1ng the dis-

charge over the electrode surface, thereby resulting in a more uniformly



~distributed glow:. A slight spfeading of the discharge was indeed
observed but it was only confined to the electrode surface and conse-

 quently did little to improve the bulk plasma region.

‘Several other qualities make graphite favourable as an_e]ectrqde;

For instance, graphite has the'abfiity'to withstand very high tempera—
~tures; it is available in a vériety of composite forms; and is easily
machinable. With a suitably shaped graphite eTéctrode, several experi-
ments Qere»performed to determine its durability in an e]ecfric dis-
charge. Unfortunafe]y,'it was alsovdfscovered that an arc or high:
ihteﬁsity streamer could'easily damage and pit the soft graphite '
surface. After continued operation, the chamber apparatus became
.covered with a fine layer of carbon dust, due to sputtered graphite
particles. It is be]ieved that the porosity énd softness of the
gfaphite material is at fault. Choosing a graphite-metallic com-
posite would probably alleviate this problem.

A steel éTectrode was then tested and observed to perform
_moderate1y well in the high current gas discharge. An examinqtiop of
this metallic electrode surface revealed scratches similar to those
found on the aluminum electrode, though not as deep. However, the
uSe of a steel electrode was not advantageous since its presence could
disrupt the magnetic field pattern necessary for discharge stabiliza-
tion. In order to overcomevthis difficulty, avnon-ferroﬁagnetic
stéfn]ess steel could be substituted. |

Ultimately, copper was finally 6hosen as the matériaT best

4

suited for electrode fabrication. The copper electrodes were nonj

ferromagnetic and were less prone to arc damage than aluminum, steel,

36
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or carbon.‘ In add1t1on, the therma] conduct1v1ty of .copper is higher
than the other mater1a]s, mak1ng it ideal for transporting heat from
the electrode surface Table3.1 lists the-various. work functions of
the electr de.mater1a1s tested Upon exam1nat1on, it is seen that
copper has the ]owest therm1on1c work function -in add1t1on to a mod—

erate photeelectric work function. These results indicat /that copper

o+ is a good sourc® and em1tter of electrons wh1ch are essent1a] to dis-

charge formation. An add1t1ona1 benefit derived from using -copper is
the variety of shapes and forms that are ava11ab]e thus perm1tt1ng\the
des1gn of several types of e]ectrode structures. In order to confirm
the usefulness of_MGD as a viable stabilization technique, three types
of electrode structures were constructed: transverse, co-axial, and

fluid ballasted. - - L e

Photoelectric thermionic
Element work function (ev)
AT 2.98-4.43 -
c 4.81 4.39
Fe . | 3.91-4.7 - 4.04-4.77
Cu 4.07-4.8 3.85-4.38

Table 3.1 -Work-Functions of Tested Electrode Materials [3.2].




3.3.1 Transverse Electrode Structure L

Initial exper1ments in the transverse geometry emp]oyed two
electrodes constructed from short sections of copper tubing. The tubes
were arranged in para]]e] and connected to water inlet and outlet
headers at either end. The 6 mm diameter copper tubes, selected for
the electrodes, were equally spaced 6 mm apart to provide 50% transmit-
tivity to a .flowing gas. During actual operation, cold tap water
 flowed through the. electrode structure $0 as to remove excess heatd
generated by the gas discharge.

Observationnof the rotating plasma indicated excessive tur-

bulence at thefcathode It appeared that the copper tubes were creating

a large no%;n1form bouig?ry Wayer wh1ch severe]y inhibited plasma f]ow

This effect was highly not1ceab1e from the ragged appearance and jit-
tering motion of the cathode g]ow ]ayer Furthermore, it was probab1e

~that a number of - stagnant gasggggls were., also present 1These cells

"A

. eventua]]y coa1esced into numerbus hot:§pots as more energy\was Ffed to\,

wn 2

< 3\ - ’3’ e o

them. As time progressed, these spots confr1butqd;to the formatvon of "

streamer instabilities.

The tuhu]ar cathode was later replaced with a water'cooled copper

plate. The smooth plate eliminated turbulence and createé’an electrode

surface over which the cathode glow layer could move un1mpeded under, the

B

direction of the Lorentz force This new cathode was constructed from

a:6 mm brass plate with a machined groove, 3 mm deep, meandering‘across.

the surface. A 3 mm copper plate was then soldered onto the machined

brass surface, form1ng a leak t1ght water channe] S}nce the initial
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insta]]ation,mthe cathode.p]ate structure has'provﬁded re]ﬁab]e, trouble-
free‘performance with a minimum of maintenance and care.

| Inspect1on of the gas d1scharge near the tubu]ar anode 1nd1cated
on]y minor turbu]ence It would seem that a major d1fference in |
"behav1or ex1sts between the tubu]ar cathode and the tubular anode. There
are two probab]e causes, respons1b1e for such a wide d1fference First,
due to a reduced Lorentz force at the anode a much lower gas-velocity
is produced and, correspondingly, a lower level of turbulence exists.
Of more, importance though, is the absence of a highly ionized region at.
the anode. The space-charge ]ayers at the cathode are highly suscept—_
jb]e to a disturbance, more so than one occurring within the diffuse
glow near the anode. The primary reason for this' is the highly organ-
ized nature of the cathode fa]] reg1on and its 1Tportance in ma1nta1n1ng
the overa]] %tructure of the glow discharge. *

To further assist the maintenance of a stable glow discharge,

the copper tubes of the anode were bent 1nto a Rogowski profw]e It was
Jater discovered that this profile also assisted the rec1rcu]at1on of
gas throughkthe anode - To minimize any disturbance to the transverse
flow, the e]ectrodes were separated by thin, adjustable ceramic posts.

~ These and other details of the overall assehb1y of the transverse

electrode structure can be seen in Figs. 3.2 and 3.3.,

o 2
Ly

S
fod
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3.3.2° Coaxial EwW®ctrode Structure
: : .

Following the successful example of the transverse electrode
geometry, a coaxial structure was ﬁhen investigated. As in the previqys
geometry, th; electrodes were méde of copper. The cathode consisted of
a 9 cm diameter pipe with a spiral groove machined into thé‘outér sur-
faCe. Another slightly larger diaméter thin-walled pipe wés placed over
the: inner pipe, theréBy leaving a sp{ral Wéter channel in thé middle.
The ends were soldered together and provided with Swadelock fittings
ﬁo supply the coo]ipg water.

The anode was comprised simply of a1.25 cm diaméter copper pipe"
equipped with Swagelock fittings on either end. To vary the efectrode
gap, larger diémeter pipes were used as the anode. Each ahode was ’
supported in the center of the cathode by an insulating frame. The
complete coaxial e]ectrdde struéture was t mountedlinside a solenoid
as illustrated in Fig. 3.4.

—

This e]ectfode'éfructure performed”extremely we]]jénd had no

major difficultieé. Turbulence Qithin the rapidly rotating discharge

was not observed, due to the présence of smooth electrode walls. 1In

addition, e]ectrode edée instabilities did not present a prbb]em, as ) 0
the magnetic field kept the plasma conffned to the central portion of

the electrodes.
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3.3.3 Multi-pin, Ballasted Anode

The previous two etectrode des%gns were only partial y success-.
fu1’1n their attempt to create an extended area un1form plasma distri-
butlon It was determined, through the use of h1gh speed photography,
f'fthat on]y a rap1d1y rotating p]asm&’column was created The f11m .
revea]ed that the rotating p]asma co]umn was s1mp1y runn1ng acroés the
continuously. conduct1ng anode surface | -

As a resu]t of the d1ff1cu1ty encountered w1th “the cont1nuous )

‘surface anode, a new e]ectrode structure based on the multi-pin

concept [3.3], Was constructed. Now, 1nstead of a cont1nuous plate

‘or tubular surface the -new ‘anode was constructed such that the overall

~ surfate was subdjv1ded'1nto an array of independent sub-electrodes, each

wixhuits own.current limiting feature. This was accomp11shed by employ- .

ing an 1nterna1 e]ectro]ytlc solution to ba]ance the current fed to

each sub-e]ectrode pin. In this manner a small e]ectr1c d1scharge

was created at each p1n, thereby spreading the applied current over

-'the entire pin array. Early attempts, by others, to create a uniform

current distribution usedadiscrete resistors as‘the ballasting com-

ponents. However,‘these components were often prone to overheating

and'fa11ure .
- The initial multi- -pin e]ectode concept is d1sp1ayed in Fig. 3 5.

Th1s structure employs the use of an array of -bent stainless steel pins

mounted such. that one end was. sumerged into a channe] conta1n1ng the

.rec1rcu]at1ng electrolytic fluid. The sub- e]ectrode p1ns ‘were bent at

r1ght ang]es to allow coo] ‘gas to” flow through the anode and replace

' Ba\\lost by the centrifugal pump1ng action of the rotat1ng gas
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Fig. 3.5 Fluid Ballasted Multi-Element
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discharge. Furthermore, the Tong bent pins prevented damage to the

electrode structure by the hot ionized gas.

As discussed in [3.3], the e1ectfo1ytic fluid best suited for -
prolonged use within a current ballasted electrode consists of'K2C03
dissolved in 'distilled water. As a so]veng, distilled water is free‘
of chemiea].and-minera],contaminants'often found in ordinery tan water.
Potassium carbonate'nes advocated as a solute because it does not .
nroduce an excessive amount of gas, nor is ft strongly corrosive towards

metals.. In adﬂition, the solution resistivity is easily controlled

v A . v ,
and is nearlty linear when conducting a large current. With the proper

solute concentration; the e]ect?o]ytic”solution.w111 create a uniform

turrent distribution without the need for external ba]]ast. Thus, the

* total power lost in the'system can be minimized. Optimal performance

was achieved with an electrolyte concentration of 0.5,9/1. At this

concentratﬁon, the VI characteristics of the e]eetrode is shown by

“Fi S . .

19 3 6 ","' ’ . W
Due to the ]arge amount of current that can be passed “through

the system, a s1gn1f1cant temperature grad1ent can eQ)st w1th1n the.

e éggge structure. It has been determ1ned that the res1st1v1ty of

he e ctrolytic solution decreases a]most 11near1y with increasing

7 fluid temperature. This can be explained by the fact that the dis-

solved e]ectro]yte is mope read]]y d1ssoc1ated at a higher temperature,
/

and thus creates 2 higher charge carrier density. To ma1nta1n a ﬂ;

. constant temperature throughout the electrode, a’ high speed pump is

used to rec1mcu1ate the f1u1d through a heat exchanger Th1s process

removes excess heat and in addition forces gas'bubbles,'generated by
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electrolysis, out of the system As\a result of this action, the
electrolytic solution prov1des both coo11ng and current d1str1but1on
to each element cpnstltut1ng_the anode. ,

As'discussed ear]ier the sub-electrode pin material was of
'pr1mary 1mportance in determining the performance of the gas discharge.
Past experience with gas d1scha}ge electrodes has shown that.copper
and stainless stee] worked best. However, with the multi-pin concept
there are additional constraints to be considered. Since the pin
material haduto be in contact withvthe e]ectro1ytic so]ution,Some cor-
rosion was to be expected. It was discovered that corrosion by the
e]ectro]ytic solution formed a prominent oxide layer on the copper L
pins. As the oxide layer formed, it began to inhibit the current flow .
to the pins. It was determined by Nam [3.3], that sta1n1ess steel pins
had Tittle or no oxide film on their surfaces exposed to the e]ectrolyte
so]utibn;fﬁ;h addition, stainless steel had a very Tow corrosion rate
This could be determined by- passing a specified current threugh the p1n
and measur1ng the we1ght lost over a pertod’of t1me These results sug-
gested that stainless steel was ideal for a multi- -pin electrode, which guar-
anteed good performance and a Tonger lifetime over other metallic pins.

-The current carried, through the e]ectro1yt1c solution, between

vvthe,bUSbar and the égb—e]ectrodévpin can be expressed by Ohm's law-

I = (E,-E,)

wow - | - (3.3)

where_Et is the terminal Vb]tage'between the buspar and the pin, E, is

the electrochemical decomposition potentia] of the electrolytic solution

and o, is the fluid conductivity. From this equation, it can be



concluded that the current is also controlled by the water centacting
surface area of. the pins, 4 »as well as the gap spa£1ng d between
the busbar and the p1ns

With this know]edge the’mu]ti-pin electrode can be resistively «
prof11ed by selectively adJust1ng the differential gap spacing, d over
parts of the pin array. This simple technique was used to increase
the effectire sub-e1ectrode resistance near the electrode extremities.
Consequently, this process was very effective in\removinglthe tendency
for a glow-to-arc transition to occur along the e]ectrode's}edges.

Perhaps the best feature of the nhltiQpin ballasted anode design
is its ability to suppress the formation of arcs and streamers. Should
one e]ectrode pin begin to conduct more current than its surrounding
neighbers, additional gas bubb]ee, generated by this acce]erated elec-
trolystis action, momentarily surround; the pin. These gas bubbles -
reduce the effectire'water contacting area, eausing a decrease in fluid
conductivity. - This. natura]]y reduces the current dens1ty carried to
the pin, the arc is supiressed and eqU111br1um is restored.

Another useful character1st1c of this e]ectrode design is its
tendency for se]f 0 t1m1zat1on After final assembly, each pin
‘experiences s]ight;y different operating conditions due to non-
uniformities of -cnstruction and. s]1ght d1fferences in p1n 1ength
which can alter the va]ues of d and 4 o) As a consequence, some pins
initially onduct more current than others. This causes increased
electrolysis and se]ectively accelerates pin corrosion. After a period

of t1m,, the 1nd1v1dua1 electrode gap 1engths are adjusted so that each’

pin carries an equal amount of current

-



3.4 ELECTROMAGNET DESIGN

An integral part of MGD discharge stabi]ization is the design
of a proper magnetic field. Such a field is essential in produc1ng
the Lorentz dr1v1ng forcée and the magnetic bottle used for conta1nment
Various magnet designs were ana]y;ed and tested by using a two
dimensional iterative computer program called POTENT, which was deve]-
oped at Culham laboratory [3.4]. Inputs ‘to the POTENT program inc]uded
the specific overall dimensions of the magnets, 1ron core permeab111t1es,
coil current densities and boundary cond1t1ons 4 The use of this pro-
gram enabled a deta11ed evaluation of magnetic field and flux density
components which were illustrated and plotted. . Various parameters
could easily be altered and the results quickly viewed on a CRT s¢reen.
e

3.4.1 Cylindrical Magnet

To sat1sfy the necessary field requ1rements in the planar -
electrode geometry~ a cylindrical re- entrant e]ectromagnet was chosen
as the most promising design. A cross sectmona].vnew.show1ng the
magnetic core and the resulting flux 1ines js reproduced *in Fig; 3.7.
Axial symmetry has been assumed so'that the magnetic flux density is
independent of 8. As i]]ustrated in Fig. 3.8, -the contours of magnetic
field intensity‘reveal a significant non-linearity in field strength.
This change'in intensity creates the strong shear forces that are set
up between'the e]ectrodesn '.#iy

The magnet core was constructed of mild. steel, anodized to

create an 1nsu1at1ng layer on the surface The magnetic field was
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created by passing a current of 10 A through 3400 turns of number 18
gauge magnet wire. However, in order to meintain this.high current
density within the w1nd1ng, small gaps were built into the coil to
facilitate the flow of water or 011 By water- coo]1ng the magnet, the
effective amp- turns could be lncreased and the excess heat generated
could be ea511y removed These cons1derat1ons enabled the magnet to
yield a flux density exceed1ng 0.2 T.' The entire interior assemgﬁy was
then sealed to allow the magnet to work within the discharge chamber
The computer pndg¥am POTENT can also be used to determine the
magnitude of the two magnet1c field components Br and Bz T In this
geometry, the current density vector points in the z-direction. The
addition of a radial magnetic field Br creetes a o-directed 3 X'E;
force exerted on all charged partic]es The ax1a1 magnetic f1e1d B, is
used in connectlon with the Hall current I to produce a radial force
wich tends to force the gas discharge into an annular region. Th1s
Lorentz force sets up a pressure potential well that acts as a con-
f1nement bottle to prevent the discharge from blowing apart. For
maximum effect, the electromagnet was placed directly behind the
cathode plate to allow the strongest magnetic field to permeete'the

most active zones of the gas discharge.
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3.4.2 Coaxial “agnet

To test the rad1a1 discharge geometry, a short solenoidal magnet
was chosen to provide the proper field conf1gurat1on As displayed in
Fig. 3.9, the solenoid was short enough to produce both radial (Br) and‘
axial (B ) field components, As expected, the contours of magnetic
field intensity were symmetr1ca1 due to the ipposed 8- symmetry of the
computer program. The resu]ts are clearly seen in Fig. 3.10.

| The coaxial m;gnet1c field was created by passing a current of
5 A through 6500 turns of number 20 gaugelmagnet wfre. The magnetic
field within the solenoid was enhanced approximately 45% by the'introf
duction of a T cm thick steel she]].l Theladditiona1 steel intensified

‘the magnetic flux, in the center, by redirecting flux lines towards a

path of least re]uctance. The bending of these flux lines can be seen:

in the computer plot of the solencidal magnetic field profile (Fig. 3.9).

In this discharge configuration, the axial magnetic field Bz in
combination with the rad1a1 current J, creates a Lorentz force J x E; R
which causes plasma rotat1on 1n the negative 8 direction. At the
magnet edges, the radial fie]d component is most prominent due to the
presence of fringing fields. This field component Br" interacting
i;ch the Hall current Iy s produces a Lorentz force 3 x §P'5 which
serves to confine the d1scharge axially to the central port1ﬁn of the

electrodes. - N
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- 3.5 THYRATRON PULSER
it :

| It has been demonstrated [1.5-1.91 that gas discharge stability
. . : . 3 &

can be improved by any technique which externally controls th eTectron

‘density. Th1s procedure allows the jonization mechan1sm to be découp]ed
‘from the gas d1scharge current transport process. In an attempt to

- controd ‘and supply the electron dens1ty necessary for th;svexperimenta1

T~ oy . ;
generator was develpped7 While the pulser

setup, a high power puls
was- in operation, a unifory preionized glow discharge was estab]ished
containing an estima ron density of-108 e]ectrons/cm3v

The pr1mary e]ement employed for the repet1t1ve h1gh voltage

' sw1tch1ng, necessary in the pu]ser system, was a hydrogen f111ed ceram1c
HY-1802 thyratron A thyratyon was chosen over severa] ather devices ;:’
because of its reliable h1gh speed sw1tch1ng act1on and lower product1on‘
of e1ectr1ca1 n01se. In addition, hydrogen thyratrons have a very short
recovery‘or deionizat1on time. In this context td 1s the time 1nterva1
from the ead of the thyratron f1r1ng until the grid, has rega1ned contro]
for the next tr1gger pulse. For this reason, hydrogen thyratrons are. -
‘well su1ted for high frequency.. app]1cat1ons ( ) ‘

As a resu]t of hydrogen's Tow mo]ecu]ar mass, the 51ng1y\g\arged
ion, acce]erated w1th1n the thyratron, cannot gain sdff1c1ent kinetic
energy to 1nf11ct s1gn1f1cant damage to the Cathode Consequent]y, the
hydrogen thyratron can be driven much harder and w11] therefore be able
to hand]e_h1gher vo]tages_and_currents as compared with other dev1ces.

In order to activate the thyratron,'or'start conduction, it is

first necessary to draw current between‘th grid and theicathode. ‘This
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current is 1n1t1ated by the application of a p051t1ve vo]tage tr1gger
pulse to the gr1d Following the trigger pulse, ions and electrons are
| produced within the gr1d -cathode reg1on of the thyratron. As soon as
*a suff1c1ent electron density 1s estab11shed the anode f1e1d is ab]e
to produce 1on1zat1on in the gr1d -anode reg1on This excessive ioniza-
tion causes an ava]anche breakdown to occur betWeen the cathode and the
anode The. breakdown coa]esces into an arc and the thyratron is fired.
The pu]se generat1ng c1rcu1try, as d1sp]ayed in F1g 3.171,
" consists of - high eff1c1ency resonant charg1ng curcuit. When the
thyratron is non-conducting (between trigger pu]ses) the impulse storage'
. capacitor c, is charged via the ‘charging 1nductor L and diode p. The
'ho]doff diode is used to prevent any reverse current t]Ow. After the
thyratron fires, the energy stored in capac1tor C 1s.transferred'tolthe
anode through the coupling capac1tor ¢, | |

The average current transferred 'to the anode by the pu]ser can

be determ1ned from thefhpprox1mate expre551on g1ven by [3.5, 3 6]

3

VCJ r M
“In this equat1on v is the capac1tor charg1ng vo]tage C s the total
. ) . 3
c1rcu1t capac1tance and f; 1snthe pulse repet1t1on rate. For an app11edd
voTtage of 5 kV operating at_SOOsz; the average current is typica]iy-"‘

50 mA. o

R
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000000

DC Pulser
. Supply:

¥ Cathode
;

‘Trigger

,

"HY - 1802, Hydrogen filled ceramic thyratron
Ly, Charging inductor = 13.2 H
D, Charging diode, 20 kV P.LV.
C,, Impulse st_ora__Qe capacitor = 1 nF
' 02 Coupling capa;ﬁitor = 0.01 uF |
L,, Bypass rechafge inc}uétor"= 375 uH .
L3, Isolation inductor = 460 uH
Cg, Isolation capacitor = 0.1 uF

Fig. 3.11- Hyd‘r;ogen Thyratron 'PhT‘_se.Generating Circuit.



3.6 DC POWER SUPPLY

[

The complete power supply circuitry is shown in Fig. 3.12.
From this i]]ustration{ it is seen that power was drawn from the mains

and fed into a 3 phase-motor-contro]]ed variac. In this manner the

stepping motor would adjust the amount pf power to be sent to a 3 phase}

50 kVA transfqrmer. The 60 Hz s1gna1 was then rect1ffed by a h1gh
current diode bridge and filtered by a 375 iF capac1tor to remove the
remaining AC ripple. This setup produced a maximum current of 25 A
that could be fed to the gas discharge. |

Since the gas discharge was_we]]-behaued and operated in. the
normal glow region, less current 1imiting.resistance was requiredJ
When operating‘the system, using the current ballasted anode, no
external ba]]ast'resistance Was necessary. As previous]y shown in
Fig. 3.6, the total fluid resistance was only slightly more than 25 q.
This was fortunate since more energy cou]d_be,deposited into the gas
discharge resultinguin a more efftcient device.

To isolate the pulser signal from the DC supply and voltmeter,i
a'460qu inductor was placed in the main line. Any pu]ser sfgnals‘
penetrat1ng the inductor were s1mp1y shunted to ground via a 0 1 uwf
h1gh voltage capac1tor p]aced near the exper1ment High vo]tage co-
axial cables, with the outer sheath conductor grounded, were used
throughout the system. This was necessary in order to prevent the
_w1res from radiating like antennae dur1ng the operat1on of the pu]ser
The IV character1st1cs of the gas discharge were cont1nua]1y

monitored by. two analog meters In order to ma1nta1n a solid ground

connect1on, a high current 2.5 mo shunt was ut111zed 1nstead of - pass1ng'

A . .2
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the current direet]y through aﬁ‘ammeter. This5procedure eliminated
excessive line inguctance which weuld impede the conduction'of the
pulser signal to ground. A vojtmeter nas‘connected directly across the
incoming power line and ground. Thts :esulted fnva measurement of the
voltage drop across the 1nterna] ba]]ast f1u1d plus the drop across the
gas discharge 1mpedance Thus, it was necessary to.makeia separate [V
measurement of the fluid ballasted anode. 'Subtractigh of these two curves
'y1e]ded the true IV character1st1cs of the gas d1scharge

An arc is character1zed by a very low impedance and consequently-
draws a large amount of current Thus, to provide protection for
circuit components in the event of a glow-to-arc transition, a vacuum
relay was 1nsta11ed, so that the operator could 1nstantaneously break
- the DC circuit. In add1t1on to prevent damage to the power supply
and diode bridge, several 25 A fuses were connected in series ‘with each
1ine. Ut111z1ng these precaut1ons, great1y reduced the potent1a1‘

damage that cou]d be caused by an arc.
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CHAPTER 4
MGD MODEL OF A GLOW DISCHARGE
4.1 INTRODUCTION

In order to prooer]y simulate the time dependent behavior of a
rotating glow discharge, it was necessary to construct a consistent
set of equations. The theoretical and numerical ana]ys1s used to pre-
dict the expected flow pattern. and gas d1scharge position was based
upon the .compressible MGD equations. However, a complete descr1pt1on

oof th1s laser discharge.system must a]so include: an e1ectr1ca1 con-

ductivity wh1ch exhibits strong spatia] dependence, spat1a11y varying
electric and magnetic f1e]ds, and the presence of s1gn1f1cant rad1a]
and axial secondary flows. Furthermore, a typ1ca] glow d1scharge-
contains ionized and neutral particles, each fo]]ow1ng a complicated
traJectorx that is influenced by a var1ety of forces. To simplify the
analysis of such a problem, a macroscop1c fluid mode] is used to
descr1be the average behavior of a collection of part1c1es in- 11eu o;\\“\~w :
an individual part1c1e ,

A macroscop1c theory can be applied to the ana]ys1s of ord1nary

'gases, prov1ded the meagP¥ree path is small compared with anyvnatural ‘

]ength over which the gas’ properties may s1gn1f1cant1y change. One
further cr1ter1on requ1red for the validity of this theory is that. the
mean co]11s1on time be short compared w1th any re]evant variation 1g
the fluid. |

For a typ1ca] glow discharge, mo]ecu]ar co]11s1ons w111 prevent

any molecule from straying too far from its ne1ghbours Thus, the (

‘ ’
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finite f]u1d element is provided with a co]]ect1ve 1dent1ty in terms
of the specific molecules it contains. In addition, molecular
collisions produce a d1str1but1on that is-locally Maxwellian and can
therefore be Bescribed in terms of a local thermodynamic state.

In this fluid approximation, therpart1a]1; ionized gas is
assumed to be composed of three 1nterpenetrat1ng fluids: a pos1t1ve]y
charged ion fluid, a negat1ve1y charged electron f]u1d, and a2 neutral
particle fluid. The neutra] fluid will only interact with the charged
particles through c01]1s1ons The ion and electron f1u1ds, however,
can also 1nteract as a resu]t of se]f-genenated electric and magnet1c’
fields. i | | |
To reduce the complexity of the problem, the three separate
;1uids wi]],be combinediinto a sing]e'f1uid The MGD equations
generated from this less detailed approach w111 be’ later 1mp1emented | £
1nto the computer program MAGIC.

4.2 SINGLE FLUID MGD_EQUATIONS

The behav1or of a f]ow1ng ionized gas can be descr1bed by a
system of conservative MGD equat1ons written for each individual gas
spec1es These conservat1ve equations revea] the manner in which the
‘average p pert1es of the flowing gas are conserved by the part1c]es
during a c0111s1on or transport process. The conservat1on of mass
l'vequat1on and the momentum conservat1on equatlon for each gas species can
~ be obtained from the ve10c1ty moments of the Bo]tzmann equat1on As shown

v

in Tanenbaum [4 ]] the mass conservation law may be expressed as



. 9p N o ap : '
sEerep-a R
' . (o]

The global conservation of mass . can be attained by summing

Egqn. 4.1 over all species. The overall density becomes o = Z egs and
: S

A

the mass averaged velocity is p; = Z bsvs:"Thus, the global conserva-

. 8
tion of mass or equation of continuity becomes

% 4 F.3) =0 . . | (4.2)
9t
Pq . ,
The co]11s1on term ) at = 0 since mass is conserved in collisions

8

involving chem%ca1 reactions.

' The term 53, in the continuity equation, expresses the rate Cf
- flow (mass/unit area) of thevionized gas. If the divergencelof‘this
term‘is positive, che gas is expanding; and if the divergence is
negative, the gas is being combressed. Since a glow discharge.is
primarily comppsed of neutral particles, little change in overa]i
mass density is expected However, a signiffcant change in the maas
_dens1ty prof11es of ‘the charged particles is ant1c1pated

The conservat1on of momentum equation for charged particles can

-

be wr1tten as

9 S -> > > > 5> S —>A > J
2 + 7. + Ve = + : - f .
at Osvs) rv (psvsvs) V,Hs, ~ps ‘neeZS(E\W—vst) ) (4 3)

Similarly, the conservation of momentum equation for neutral particles
| . .
is given by =~ - A - ‘ '

. ’ g%(ﬁ > ) +V-(p 2D ) +v.m =P . p (4.4)

nn nnn n n
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The term HS represents the partial pressure tensor of the s species. In
these momentum equations, the collision term is expressed in the form
N n m * > o . :
P =) =2 (v, (4.5
r s mp+mS rs ‘s r | ( )
. 1 )
where PP is the speciesqmomentum~transfer between r and s fdarticles. .
r . , , v
The variable Vs is known as the average collision frequency for
1 .
momentum-exchange between r and s particles, and is written as
: . n (m +m kT ' ' ‘ ¥
* _Ts''p s , ¢
o Vs T T D mD < . : (4.6) . B
r S rs ’

.The variable Drs represents thé mutual diffusion coefficien® between
r‘and s particles. Lastly, the variable 33 is defined as the diffusion

or drift velocity with respect to the mass average velocity, that is,
+_-> -+'.
Vé —'vs -~V . . (4.7)
The last term in Edn. 4.3 reﬁresents'the driving force which sets the

~ionized particles into motion. The expression
F o= ez (B4 <B) o U (a8

is more commonly referred to.as the Lorentz force.
The overall momentum equation is obtained by summation over all
species. The term Z ?é = 0, since momentum is conserved during each
s | . .

collision. Thus, the sum of Eqns. 4.3 and 4.4 result in the formulation
3 -+ g | > > -> -~ . >
5;‘2 (Osvs) + V‘(g psvsvé) + V-(g N.) =E)nez + n ez > xB .
' 3



The first term on the right hand side' contains the net charge density,

”
‘given by

s

Since;a:i:rmal glow discharge is primarily composed of an electrically

neutra]lbos1t1ve column, o, = 0. This assumption is not valid within

the charged particle sheaths located in the cathode fall layer. The

, cpgglete ana]ys1s‘%fgthe cathode fall region requ1res the use of a

particle code and is presently beyond the scope of this thesis.v
fre second term on the right hand side of Eqnv'4}9, contains

the total electric current density which is written as {
3 N
=l nezv . : .. (4.10)
sAe S 8 )

 The total current density can be separated into a conduction current
and a convection current by Ean. 4.7.  That is,

= 2% + 3 =7+ -
Znsess ansezs J T PRy ‘ (4.11)

S

As determined earlier, p, = 0 within the positive‘co1umn. Thus, the
total current‘density’is predbminant]y due to the conduction current.
Us1ng the express1on for the mass averaged velocity, Eqn. 4 9

can be s1mp]1f1ed into -the form

g%(ag) + (033) + 3.& =-3><§ . | o (4_12)

To account for the transport of momentum and energy through the - .

gas by the diffusion. of part1c1es, the total pressure tensor n is

written in terms<rfa v1scous stress tensor 1 and the hydrostat1c

pressure p,

k]
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where f_is the unit tensor. The viscous stress tensor is created as a

result of internal friction produced When different fluid elements move

- d
past one another at different velocities. Agggyd?;g to Landau and

Lifshitz [4.3], © may be represensgd'in subscript notation as,

»

b, s (2 w, - _
T‘I:j = - u(gj'* axi] +- '_‘3—U‘C)6ij ECZ (4]4)

where u and ¢ are the shear and bulk viscosity coeff1c1ents In vector

notation this equat1on Jbecomes

b

1 =-u§$ﬂ€mT}+(§u Q(%EM’ S (mim

> 7T ) ‘ Sy
where (Vo)™ ‘is the transpose of the dyadic V.

To close the system of equations, E@e thermodynamic equation of
state is app]ied. This equation relates the pressure p to the mass
density p. Since a g]ow d1scharge can be treated as an ideal gas, the

"equat1on of state has the form

p = Cp (4.16)

where C is a constant ahd v is the‘ratio_of'the specific heats,

Y=C/Ci)

1

. To simplify-the problem, eacr species w1th1n the gas discharge

is assumed to have a constant temperature In th1s 1sotherma1 case,

y ='1; and the overall gas pressurgzis simply the sum of the individual
_ _ - N ,

.

partial gas pressures. Consequently,

,/”';5? Lejgr, -
I\ ' ' '

n=rt+pl . (4.13)
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where k is the Boltzmann constant. Since the degree of ionjzation is
approximately 10-7 ne << n, and the total hydrostat1c pressure is

primarily due to the neutral gas molecules. As a result,

p=nkT ' # (4.17) -

where Tn is ‘the translational temperature of the neutral gas.

4.3 CURRENT DENSITY DISTRIBUTION

Fgﬂ a partially ionized-gas, Sutton [4.2] derived an expression
for the.generalized Ohm's law in terms of the applied electric and
magnetic fields and possib]e/electron pressure gradients. This equa-

tion can be written as,

*
-> * p x J T > > > > > .
J {1_5 +n: iz - n’“"[(z—a)v‘ex +B x ( B):l} (4.18)
where
‘ 3@ez " ez . | L
- o, = T T T S £4.19)
m (v + ) e
e en el .

is the scalar electrical conductivity parallel to the magnetic field
* : . :
vector. In addition, T, is the mean collision time derived by the

first approximation of the Chapman-Enskog methoJ However, ‘due to
-

its comp]ex1ty the more access1b1e Lorentz mode] will be used through-

out this thesTS It must be noted that both these models become .
’ H N K
equ1va]ent ‘when the. part1c1e d1str1but1on function is Maxwellian. The

var1ab]e E 1s the electric field vector in a coordinate system mov1ng

.

w1th the mass average gas ve]oc1ty, that is, '

- 69
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. % > > >
E

=E+vxB . . } (4 20)

s
&

The symbo] f represents the mass fract1on of gas molecules which are

not ionized. Mathematica]ly, this can be stated by the expression

'

f=
i

mn
nn
n.tm n
L nn
For a partially ionized glow discharge nnf}> n ,~so that F =
Lastly, the symbol o represents the fatiovof ion to neutral particle
mass. Hence, o = m./m = 1.
T n o v \ _

The first term on the right hand side of Eqn."4.18 is the result :

of an appliedjelectric field; the second term accounts for any'e]e;tron

bressure gradients, the third term represents the Hall effect, and the

(g

last term accounts for ion slip.
For a partially ionized gas, iﬁf]uenced by .a small magnetic
field, the ion slip term in Eqn. 4.18 can be neg]ectéd if

*x ‘*

w T *w .T. <

ce ¢ el own
- . : v
~ In this expression, W,y and wci are the é1ectron and ion cyc]otron
~frequencies, respective]y As w111 be shown in Section 4.5, th1s
1nequa]1ty will 1ndeed hold true for the g]ow d1scharge under 1nvest1ga-
tion.”  If the e]ectron pressure grad1¢nt is a]soaneg]ected Egn. 4 18
can be s1mp11f1ed to,

* . \&

‘+ _ +*’_ ce e B ‘ ‘ f
J - on{E - I x B} . . . (4.21)

14

When the vector terms in Edn. 4.21 are expanded into component form .
[4;4], the scalar e]ectrica]'conduttivity is trénsformed into the

B

"
f
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tensor o' This procedure produces the we11 known expressioh for
Ohm's law » _
- * " > .
J=6-F = G- (BrB) - (4.22)
. 4" V ‘ \ : -
Thus, the applied dr1v1ng force is the result of the comb1ned e]ectr1c

~and magnet1c f1e1ds act1ng upon the charged particles.

\ .
In the transverse geometry under 1nvest1gat1on the magnet1c

field cons1sts of two components, name]y B. (r z) and B (r,z) In
order to obta1n the e]ectr1ca1 conduct1v1ty tensor, w1th1n the non-
un1form magnet1c field reg1on, a-simila rity transformat1on, 1nt0

cy11ndr1ca1 coordinates, must be performed As derived: in Appendix A,

5 is transformed into the matrix expression = ¥
in2e + g cos2s - i _ - i . co R
o, sin ¢+0, cos2¢ | o.Sin ¢ (o11 OL)SJO‘¢ cas d | ‘ |
G = orsin ¢+ o, =g+COS 4 , (4.23)
(6. =0 )sin ¢ - cos ¢ . $24 + sin2 -
(o11 ql)s,_,¢ ¢os ¢ 07COS ¢ ,cico o*o ¢ g

where °11 is the scalar e]ectr1ca1 conduct1v1ty para]]e] to B wh11e
dl and o4 are the Pedersdn and Hall conduct1v1t1es, respect1ve1y The'
argument ¢ represents the*ang]e of rotat1on between the 10ca11zed and

general coord1nate systems. Th1s angle ‘can be expressed by the re]at1on

. . - ) T ] .
l//' | - | ¢ -.tan (Bz/qr) . : -," | d

. In ~order to obta1n an exact SOldtion for the current dens1ty

w1th1n the gas d1scharge, it is nedg§sary to 51mu]taﬁeously solve for

‘jed' by wunakker et. a1 [1‘;21]“who |
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W

used the s1mp11fy1ng assumpt1ons of a constant e1ectr1ca1 conduct1v1ty

RS

 in-a nonvary1ng magnet1c f1e1d However, for the prob]em under investi-

gation, the electrical condugtjvity.is very nonlinear, barticu]ar]y in
the cathode fall région. Consequently, the cohservation of charge
equatlon will be used to produce an approx1%$te solution for the current
d1str1but1oq within the discharge: S

Assuming a steady-state condition exists within the g]ow dis-

charge, the conservat1on of charge equat1on 1mpT1es that

- T aJ

> > 13 0 x
Ved = 7 5}—(2"JP) ?Z_ = . %, (4.24)

w1th1n a transverse e]ecfrode geometry, the electrices fiald.is. pr1mar11y

along the axial d1rect1on, so that E >> E., . Thus, it would be\reason-
[ : ° ww 40

“able to expect, that the ax1a1 current density J would dominate the

- radial current dens1ty J, - Evaluation of Ohm's law (Eqn. 4.22)

employing the conduct1v1ty tensor in cylindrical coordinates (Eqn. 4.23)
allows a comparison to be made. As shown in [4.57, the relationship

v a .
between I, and J, {s given by

‘ L}
2¢an2 .
iﬁ_g Betan ¢
J 1T+ (‘1+e§)tan2¢
. * -
where Be = e, T, is the Hall parameter. Examination of the magnetic

field components B} and Bz » using the computer program POTENT, has
revealed that over the annular discharge region, B /Br << 1. Con-

(A

sequent]y, for the geometry considered, ¢ is small. Estimates of the

Hall parameter have 1nd1cated that B = 1. Thus, under these conditions

#}vff Jé and Eqn. 4.24 simplifies to

Q
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"3Jz
—= =0

, or J' = constant.
32 g

Since the electrical conductivity is a function of the unknown, "
spat1a11y dependent, e]ectron density, 1t cannot be proper]y eva]uated
using the one f]u1d MGD approach It is hoped that this problem can
be resolved at a later date, through the'use of a two fluid model .

As a first approximation, a current densityfaﬁstributibn which
'matchés-the discharge charactertstjcs will be selected. It.has

frequently been observed that ‘the gas discharge was forced to rotate

in an annular region by a combinaticn of radial Lorentz forces This

. « . -

annular regipn was seen to encompass the ent1re glow discharge \\ ud—

+

ing thg .cathode fa11 reg1on ZTPUE»fO th1s nonuniform e]ectron,em1 s1on
from the dathode, a Gaussian d1str1but;on-tonct1on was chosen to s
represent the actua] current dens1ty within the gas d1scharge

In order that the Gaussian d1str1but1on funct1on accurate]y
represent the gas d1scharge, it was 1mportant that th1s function be

centered on_the region of highest observed plasma intensity. Using

this guideline, the distribution function can bewformu]atedfby the

expression )
" (r-r,)
J T o ———
J (P) = __2_.2' b2 . ' : (4.25)/
o bV/2n . - :

where b2 is the variance and J is a constant The w1dth of the annu]ar

_shaped discharge, d can be defined as the distance. between the points "

on the d1str1but1on function curve where the current density falls to

'on -ha]f 1ts max imum va]ue These' points are located at » = r, ot da/e2,
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N —

‘where fo is the point‘at~Wh1ch‘the peak current density occurs. Using

th1s standard the var1ance of the curve can then be related to the

!

annu]ar discharge w1dth in the fo]]ow1ng manner:

7 v 7 (I?d'*'?'ro‘?)
- J (ra +é)_.—§7 _‘O ; 0 e 2b? C

zV0 2
» " -

S1gp11fy1ng thls relation and taking the natural 1ogar1thm ‘of both

sides produces a s1mp1e express1on in which the variance is d1rect]y

prqport1ona] to the discharge width, A\\\\ff;if
. -‘ t “ - ~ i t

The constant J can "‘now be determ1ned by 1ntegrat1nq the total

»

muﬂ1£d current over the discharge araa that is,

2m .
J r)da = J J rdrde . (4.27)
0 b/§; o

Eva]uat1on of th1s integral y1e]ds the expression

where erf(x)'ds_the error function normally written as

)
Jaet dt .
0

The results of Eqns. 4.26 and 4.28 can now be substituted back into

rr(s) = L
erfi{x =

the Gaussian distribution function described by Eqn. 4.25. By using

<
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e

in nonuniform gases represent effle

&

s‘which tend to makeithe mass

velocity, temperature and comp s‘y;on‘unifOHWEthrough gollisional

processes. Transﬁort phenomena imvolves the convection of these ga§

related properties due to a gradie .‘or-dﬁétdrbancegwjthﬁn the medium.

-

These transport processes are vitdl when.computing'the egpected,macro—;

scopic behavior of an ionized gas:|for a given set of boundary’

o ’ ' —_— . B h
conditions. However, before.any na]ysis is performed, the various
Y,

tramsport coeff1c1ents must be id nt1f1ed fOr each gas component k

'

. Va]ues for these transport coefficients can be estimated” oncé a su1t—'

,,-

able model. has been chosen. A - B
' In a weakly ionjzed gas discharge, the rigid sphere mddeT“

assumes that charged particles are predominantly deflected by Sing]e

2

collisions with neutral particles rather than by mu1t1p1e}scatter1ng .

’w1th other charged part1c]es\ This assumption is based udon a. charged

. to neutral particle ratio’ of n, /n =.10

- perfectly Maxwe111an, but s]1§ht1y anmsotropic.- The ions, because of

“7. With the app11cat1on of

an electric f1e1d the e]ectrons and ions now move in-the d1rect1on S
S

of the field. As a result the d1str1but&on function is no longer

o 7

~their greater mass, are.assumed to move very slowly compared with the
¢ ,

>

LS W)
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In these expressions, Qrs is the collision cross section Between r and \

The coefficient of shear viscosity can then be defined as

e

1tght .energetic electrons,. The acce1erated e]ectrons, however, w111

eventua]ly reach a f1n1te.pr1ft velocity determ1ned by the frequency
of collisions with the neutra] particles.
v In genera] for particles w1th a Maxwe111an d1str1but1on function,

the- average co]11s1on frequency between r and s part1c1es is given by

%

/

. : . 1 - . o
: . \ (8kT  8kT \T b
B > T [——1+ = (4.29)
. rs S rs| mm m CATe &
’ . . r ’ S :
‘or in terms of the mean therma] speed) N
s . , : g *
/ <vrs> B nSQj’S(<cr>+ <cs>) - N ~ g
. . D, ,

S paY‘tic]ES [4’..21]. -~ B % ‘ ! - . “&"*
!J\ L ‘ . | v-AL X - . ) \. e

B o .
V1scos1ty is a process 1nv01v1ng the transport ofﬁhomentum

through a mov1ng medium- due to a grad1ent in the ve]oc1ty of that

med1um The resu]t1ng momentum flux creates a shear stress in the

d1rect1on of the ve]oc1ty gradient. The.coeff1c1ent of_shear viseosity-

B}

can be defined as .
1 v ‘ ‘ o :
s Py T 7T 5 s

*

N 1 i . T
U= 5 p<e>A . : . (4.30)
\¢ E ‘.
Subst1tut1ng express1ons for the mean speed and the mean free path

)

produces the resu]t

e

4.4.1 Viscosity - e,

7
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3:;_ﬂ a]ong 1rregu1ar boundaries can become unstable, and turbu]ent motion -

1
2

L ‘ > : J . ) . . . ] 1 [mrkrr] R L . (4 N ) ‘
o W R e Vol peaa )
. B A . pN . - )

) . 1, s )
i .. o ; .
for co]11s1ons with the » species. . The v1scos1ty for a gas mixture is

“ s1mp]y the sum of contr1but1ons from the: 1nd1v1dua1 gases, that is-

~ G . 5 .
i

futy

u= 2 = - - (4.32)
: 16 i s p- 1n o4y 1, & . .
N " s171 Mgt v o
4 Co T e

where U or is- the mutua1 v1scos1tx?0f the sth and rth gases [4.6].
It can be read11y seen that the coefficient of shear viscosity
1s 1ndependent of 1ts dens1ty Henceﬁ the capac1ty of a gas for

transm1tt1ng momentum i3 not changed when its dens1ty 1s a]tered
Ty 5
Consequent]y, an 1ncrease in pressure w111 not normally’ retard the

Ao

‘motion of an ionized gas f]ow1ng between two e1ectrodes However, if

7

the viscous- gas is mov1ng at a h1gh ve]oc1ty, ordinary laminar motion
F

w111 beg1n to dom1nate In th1s 1nstance momentum is conducted away

by turbu]ent eddies and not by ord1nary v1scos1ty Therefore, the flow

".' resistance of a* h1gh spped turbulent gas may depend upon: 1ts dens1ty

Th1s prob]em was encountered during ear]y experimentation with

a'water—coo]ed tubular cathode The turbu]ence produced when the

w4

az1mutha] 1on1zed gas. passed over th1s e]ectrode "created hot,

4

stagnant gas cells wh1ch 1ed to the-iormat1on of - 1nstab111ty Sstreamers.

\

This problem was subsequent]stoTved by the subst1tut1on of a smooth
. ] . ‘

N

cathode plate.
Another form of viscosity present in most gases is the bulk
viscosity ¢. This secondvtzpe of viscosity is concerned with the

internal state of the gas molecules. As described by Hirschfelder
» .

4
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et al. [4.7] the coefficient of bulk viscosity is given by

/

21,2,
_ nlk?T L) -
6 c2 z Cu Ty o
) 2

(4.33)

The parameter v, is the characteristic rekaxation time requined for the

L
transfer of energy from the translational to the internal degree Qf
freedom for the 2th mode. The term Cél) is the contribution of the

particular degree of freedom to the.specific/heat per mo1e¢u1e Cv .

The heat capacity at a constapt volume can be’written as

v 3
- .
“vcv 5 nk‘ ‘ —~ (4‘ 34)

. \ > ‘-
for an ideal gas. For dilute monatomic gasgs g = O,‘and_for poly-
atomic gases, ¢ is generally small and depends” upon the relaxation.

-

times. These characteristic times are normally the samg'order of

N

magnitude as the collision interval Tpo
[ 4

4.4.2 tElectrical Conductivity

For an electrically neut;§1(g1ow dfschérge, the total current
density carried by charged partié]es is primarily due to the conduction
current. Thus,,for electrons anJ'positive]y charged ions, the current
density. is -

J = rze‘e(V‘.-V ) . ‘ (4.35)

However, in a glow dischargé, ?i << ﬁe , and the current due té the
ion 9r1ft can be neglected. The drift or diffusion velocity of the

electrons can be calculated from

> _ ‘l - >
v, = <e> = zfcefedce . (4.36)



-80

s

. .
where e, is the random therma] ve]oc1ty vegtor and f is the e]ectron
“distribution funct1on in the presence of a magnetic field. As derived

by‘Suttgn and Sherman"[4f2], the*current dehsity can be written in the

tensor form

=)o (4.37)
J J

where Oij ts the conductivity tensor. During evaluation of Eqn. 4.37,

it may be shown tﬁét the conductivity tensor can be written as the

zfdc ‘ .—'\__,.4

« b 2
__JL_______
Oij 3k (4.38)

single integral

e
»

" where the collision frequency tensor 2, - is defined for a magnetitc’

field in the z djrection as

- -
w
es - ce 0 -
o2 o2 VAN
ce “es ce es |
‘ Yee Ves o
- Qij Y w? +v? 0 ) (4.39)
~ ce es ce “es
'S
1 :
0 0
v

For a general magnetic field, Qij must be modified by a similarity
transforfiation as described in Appendix A.

The components of Oij can be attained by integrating Eqn.'4.38
with-the approximation that Voo 15 to. be considered at some average
value <v_ >. Since <v > is independent of ¢, it may be taken outside
: es v es e
the integral sign. Simp]k integration produces a first order approxi-

mation to the conductivity tensor, that is,



’ rzee'2 :
Gij ‘= - Qij . : ‘ (4.40)

~ Due to the form ‘of the collision frequency tensor, on]y three distinct

'conduct1v1ty compenents remain: T x>,
neez' ; nee2<ves> o heezwce
. r .~
= —_—— o = — = . . . b 3
‘M Tm<w > % TR (w2 +<v_>2) » 7 m (w2 +<y_ >2) (4.41)
e es e c_e es . . e ce es

The curvature of an electron moving under the influence of a
magnet1c f1e]d, is respons1b1e for the transverse or Hall current.

/“
Rewriting the transvegzewconductivity in terms of the mean collision

time produces '

“ee’es - <
11 (o = - : (4.42)
ce es :

~ This equation can be regarded as the ratio of the Hall current to the

current paraliel to the electric field. The significancefof this ratio

-

Athe Hall parameter given as B,Zw T . Thus for
ce es

T1 current ‘can be.of major. importance to the operat1ona1

is determigm

character1st1cs of a glow discharge.

The Hall parameter can also be written as

Yee Yee 1 ’ Ae
%2= Ves” ) “Cg” r'nsQes ) ;Z-" (4.43)

(

where A, is the electron mean free path and »_ is the average Larmor

L
radius. From thws result, the Hall parameter can be v1ewed as the

number 0f.gyrat1ons an electron makes between-collisions.
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4.5 DETERMINATION OF THE TRANSPORT COEFKICIENTS [ o

)

- In order to analytically or huﬁericaj]y'prediét fhe'behavior‘

of the rotating glow discharge, an accurate estimate of the traﬁsport
coefficients is rehuifed. Howgvef, under the influence of a magnetic

field, these’coéfficienté‘become tensor variables. 'Thus, in order to '
evaluate these coefficients, the magnefic field must bé known;through— ////

out the discharge-vo]ume._ Magnetic field values were computed by usingﬁ

the cdmputer program POTENT.
A direct calculation of the 'electron density is not possible
through the use of a single fluid MGD—treatment. For th&s reason,Aphef

total current density is used to estimate this parameter. For neg-

ligible ion current, the steady-state averaged electron densi;y.is

given’by
I

7 ‘ i
. ne AeVa ‘ (4.44)

t
P

where IT is the total discharge current distributed over an area 4.

The electron drift Velbcity within a composite gas mixture of He/NZ/CO2

can be determined through the analysis of Elliott et. al. [4.3].

However, their calculation does not include the effects of a magnetic
field. As’a result of ‘the discussion in Chapter 7, the ratio E/n-must
now be modified to include the presence of a magnetic field. 1In order

*

to satisfy this condition, the Hall parameter B, = W, Ty musf be known.

The electron cyclotron frequency is easily determined, but the mean

collision time is dependent upon the unknown electron temperatd?e.

Without a direct measurement of the glow discharge electron temperature,

N
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this evaluation cannot be performed except through an 1terat1ve
procedure
On-the first step of the iteration, the ratio E/n = 2.64 x

(107"8v/en® is ealculated for a 16/2/2 torr lasér gas mixture with “Q}(
. ; { -~ '

magnetic field. Reference [4.8].then provides an estimate for the
.electron drift ve}ocity and e]ectroﬂ temperature. These va]ues_are
used in turn to ca]cuﬁate~the electron density (Eqn. 4.44) and the

electron-neutral collision frequency. (Eqn. 4.29).. The Hall paraheter; a
S - . \ . ] .

is then &omputed so that a new‘Eeff/n ratio can be determined. After

several iteration cycles are eompleted, E

eff
a magnetic flux densi}& of 0.04 T This translates into an overall -

/n = 2.44x10" 1%V /cm? for

E/n reduction of 8 pércent throughout the g]ow d1scharge Values of
magnetic f]ux density, near the cathode, typ1ca]]y reach 0.1 T. In
this region, ‘the E/n ratio can be decreased by over 65 percent compared

to its non-magnetized state. COnseQuently, a small change in magnetic

~field can have a supstantja1 effect on the glow discharge.

The gas discharge typically operates‘at a current density of
50 mA/cpz. Through the use of Egn. 4.44, the average electron density
is éstimated to be n, = ].ZX-]Ollcm—3 for an average drift‘velocity of

= 2.6x ]Oecm/s. Thus, with a neutral gas deo§ity of

nn'= 4.54 x T023em_3, at a temperature of 425 K, the degree-of joniza-
tion is ne/nn % 2.64 x TOT?. Subsequent1y,'charged particle co]iisibns
can be neglected. |

During the iteration procedure the average e1ectron temperature
was also calculated. For the above discharge cooditions_<g> converged

to 1.3 eV.
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The average mo]ecu]ar mass of a gas m1xture, can be determ1ned

by tﬁe express1on

’

.M. ' ,
=] 5 T (4.45)
7 4 ’ -

where N, is Avogadro's. number, M, is the molecular weight, and f; s
the fractionaﬂ percentage of the Zth gas. /EJL the part1cu1ar gas mix
under consideration, the average neutra] or ion mass is ) 5

m . = 1.726x 10 \kg/part1c]e.

mix

. To determine the momentum transfer collision frequency for
Ay .‘
/neutral part1c1es, ions, and e]ectrons, it is first necessary to know

»
o

;the c0111s1ona1 cross sect1on of each species. The e]ectron-neutra]

vco111510n cross sections for an ionized gas mixture with an average

electron energy of 1.3 eV, are- d1sp1ayed in Tab]e 4.1.

\

Q,,(1072%%) "I n(4)
He | 6.96 | 1.090 ,
N, 1M.92 1.875
co, ' 5.10 2.295
¢

' Table 4.1 Electron Impact Cross Sections for Elastic and Inelastic
~ Processes when <€> = 1.3 eV..

. . . .
? . e

As shown earlier, the collision cross section of two '§as
species is
- ; 2 -
Qij = n(ri+rj) . S

%

When considering a gas mixture, the average collision cross section

for momentum transfer becdmes the summation of terms

84



Q, = 1 f.fa, | | (4.46)
m e T |

By using Eqn. 4.46 and the molecular radii in Table 4.1, the average.
cross section for the specified gas mixtufe isq = 21.5x 10_39m2.
mix

_S1nce 1ons have a low k1net1c energy w1th1n the glow d1scharge the

¥

) c0111s1on cross sections for ion- neutral and fon-ion interactions can
o= Q. = . 4 ' r

be assumed to be 2 Q?%: ¢, - Inasimilar procedure, Lhe average

e]ettron—neutra] particle collision cross section is determined by the

_summation

en L Joed '
mix J -

" Using the values listed in Table 4.1, q, =7.268x107 2.
mix :
The“average momentum transfer co]]isionlfrequency can now be

determ1ned for each species in a partially 1on1zed gas Summing

Eqn 4, 29 over a]] part1c]e spec1es resu]ts in the equat1on

=] >, e~ © (4.48)

Thus, the average collision frequency for neutral particles can be
written as |

, U > =<y >+ <y > <y >, IR .
SR s n o, ni ne nn v . (4.49)

HoweVer, since n s <<‘nn s co]11s1on frequenc1es 1nvo]v1ng charged

part1c1es are s1gn1f1cant1y 1ess than those 1nvo1ved with neutra]

’,‘part1c1es Hence,.<vn> = < > W1th similar mod1f1cat1ons,
<v.> = o<y, > and <y > = <y >, i
IS i e en : v

As stated earlier, the electron energy has been estimated to be.

kT, = 1.3 eV. Moreover, due to the 1arge number of collisions in the

(4.»'47)‘
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positive column, tﬁe'ion temperature is re]afiVe]y low.” Thus, é good
approxﬁmation to use is Ti ] Tn where the measured ﬁéutra] gas temper—'

a%ure isATn = 425 K. However, the assumption does not hold in the .

cathode glow Tayer Whére ghé ions can accumﬁ]éfe‘a siénificant amount

- of dirécfedfehérgy as‘they accelerate through the'qqthode fa]}.

| _Now, using the cq]cu]ated average moiecu]ar mass and fhe average
collisional cross sections, for the gas mixture, the species collision
'frequencies are evaluated by Eqn. 4.29 and 4.48. Substitution of these

parameters yield i

A
<
\
1
A
<
v

it

1.285x 108571« (4.50)

A
<
A\

It

2.48x10'09¢71 |

For an average magnetic f]uk_density of 0.04 T, the electron and-ion-
cyclotron frequencies are-wéef= 7.034 x 10°rad/s and

w,; = 3.72 x 105rad/s, respectively. Through these results,

W Ton Wi Tin © 8.2 x 10_u, which affirms the earlier assumption of

degTecting jon slip. o

i .



4.6 ORTHOGONAL CURVILINEAR COORDINATES

To maXimize the versaéi]ity_of the computer mode], the MGD
. éqQationé»aré expanded‘in orthogonal curvi]inea; coordinates. This
procédure would allow the program to accept different electrode
geometries using different coordinate systems. In order to utilize
this powerful technique, the force fields and differential operators
- must be eXpres§ed in terms of a generalized ¢dordinate'system. Sinég
" the differential operators are not bften found in this form; they will
-be.1isfed in this section for convenience.

In this particu]ar system, a differential. arc length may be
described byl h | ‘ |

702 = 1,2.9..2 29-2 4 1,232
ds h1dx1 + hzdxz + h3dx3 s

where the term hidxi respresents the differenfia] arc length in :EE)
Zi direction. The quantity hi is known as the scale factor for the. &
xi-coordinate aﬁd is generally spatially dependent. Associated with the

scale factors is a transformation matrix known as the metrix tensor G.

The determinant of this matrix is given by

2
g (hlh2h3) .

. / v ‘ 4
In a generalized coordinate system, special notation is required

when dealing with the dot and cross products of the unit vectors Zi

These operations are described in ghe following manner:

1, for i=;

6..8,=¢.. = . ' - (4.51
YR o, for ity &)

whereaij is the Kronecker delta and
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) ;" e‘7 eijkek (4.52)

where Eijk is the Levi-Civita permutation symbol. This symbol has been
defined as
» for an even permutation of (ijk)
€. = 9-1. , for an odd permutation of (ijk} "
0 , otherwise.
It now becomes necessary to describe expressions for various
operations of scalar, vector, and tensornquantities in-a generalized

coordinate system. Ih this system, the gradient operator becomes

> - > >
e, - e e e.
> 1 93 2 39 3 39 7 93 : :
Vg v = S =) B 2 (4.53)
hl Bxl h2 3x2 ha 83:3 5 hi Bxi

for 7 = 1,2,3. By using this result, the gradient of a ‘scalar ¢ is

¥o = ] ZL T (4.54)
T .

gv

The curl of the vector becomes the expression

_>

“" 7, 7 a'(hmvm)‘ | |
SRR Rg;m o R (4.56)

_The exprassion for the divefgence of a tensor 7 is given by

(v - @)J;’= ] h2. 1 | -, (4.57)
7 ?

15 . . . . -
where T g 1s the covariant derivative of 7. By us1ng express1ons

bl

.developed by Morse and Feshbach [4.9], Eqn. 4.57 is traﬂsformed into’

V. ‘
G (4.55)
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TRy, =V a2 [ iy v k] J
(v-7), Z h.e.[/_ . (VgT™) + ) T {i kﬂ (4.58)
1 g R
where le = T../hlh. is the .contravariant form of the tensor 7.. . The
i7" 1 . , J

‘expression {iJk} is a Christoffel symbol with the following properties:

. dh. . : . 3h.
: T =_.l,__1’. . T = T =_]___7’.-
iif h.ez, gl \iif TR 3w’
7 7 7

. -h. 3h. . -
Y rT-_ T - 2 - .. .
{’I: ’L} W 3.’L'j 4 {J k} O fOY‘V‘L‘,J ,k all different.

This notation, for the Christoffel symbols of the second kind, repre-
sents the change in direction of the unit-.vectors as one moves %n

space. For completeness, the first component of V- 7 expandS'jnto the

equation

_ 1 3 3, )
(v-2), = h1h2h3{;xl(h2h3T11) + 3x2(h2h3T21) + 3x3(h1h2T31)

dh oh
1 T 1

t hiTy, bz, 213 5z

87’12 Bha .
7’Z3T22 E+7’l2T33 51— . . (4.59)

This equation contains fermé which look 1ike the normal vector
divergence, pTus.four extfa Cor%o1is terms that arise due to the change
in the direction of the unit yectofs with changes in positibn.

* The final relation required for the compressible MGD eqUations,

is an expression for the gradient of a vector. As developed by [4.9],

the resulting dyadic is given by



1 "mn *"n "n g
Anm_h dx. - W h ax form#n . \
- n Cnoe n’m m
Vp = A (4.60)
A 3 T vn ma
Am = 3z [ ] h—“ oz
. m\ m mn-n n

wfth these definitions it is now.poséib]e to write out the com-
*

ﬁ%ﬁéé:kgle MGD equations in component. form ;F1rst the generalized form

of the conservation of mass, Eqn. 4,2, becomgs
' : . e,
. . \} .
d
59-+ 7 h Z {——{h2h3pv ) + 5%—(hih30v ———(hlthu } =0 . '(4.61a)
2. o

17273

Next, the generalized form of the conservation of momentum, Eqn. 4.12.

is given as
Fa

3 8 . a":_’.
:a-%—(pv ) + hlhzha {—l(h h3pv ) + gz‘(hhap“lvz) + %—j‘&‘}’thulvﬂ

s . ahl dh

1
+
hapvlv a”2+h pv1v3 Y

5h dhAy kT

2 2 U3 st 1 3
—=+ gt
[h3°v2 EPNLLE axlj} ¥

N A ( 5
hyh,h, {3x1 h2h3A11) & A )+ 5z, P17 )

173%1 ROUPRES
) .

oh oh o, ok .
©t Ry oz, Ay, *hy 3z, Ay - [%3,§x1'A22'*h2 oz, A33}} v,

1231

- b3l e e i)

- (7,8,-9.8,) = 0 . S (4.61b)

i

he dyadic terms Aij are descriped,gy,Eqn. 4.60. The two other components
of the momentum equation can bglobtained'by interchanging all subscripts

1 to 2 or 3.
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CHAPTER 5

COMPUTATIONAL TECHNIQUES \ 3

. . . b “ . \\__\’\“_-\\;’A-/"_,
5.1 INTRODUCTION - ' :

The understandiﬁg of complex gas discharge systems has, thus
far, been limited to very specja]ized app1icat10ns. Although gas
discharges can be analytichlly describéd, these studies generally -
represent an oversimplified view of the actual situation. Moréover,
detailed realistic theoretical studies of the behavior of a gas
dischargé with electromagnétic fields (both static and time-varying)
' arg indeed rare. The reasons for this 1a§k of understanding is dué
to the 'extremely complex nature of such systems. A typical gas
discharge may consist of electrons, fg]]y and partja]]y 10niz;d ions,
" and neutra]s»a]] rapidly varying with time. Consequent]y, only
cbmputer simulation technisues are adequately suited to handle the
complexity involved in these typéé of problems.
| A computer code has been developed folsolve the nonlinear
time-varying, two—dimensiona1 coupled set of compressible MGD
equations describing a partially jonized gas discharge. The.complete
~ description of suéh a plasma is impractical due to the enormous
number of sparticles, their compiex trajectories, and the resulting
induced e]ectromagnetic fields. This prob]gm can be‘circumvented by
the application of s:atisfical mechanics to -describe the plasma in

terms of distribution functions.‘ These averaged plasma propertieé

are then used to compose a fluid description of the plasma. In this

91
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manner, a maqrostopic‘view of a rotating gas discharge under the
influence of a nonlinear magnetic field can be developed.

5.2 BASIC NUMERICAL CONCEPTS

In the numerical solution of a systém of differentialvequations,
the continuous space-time domain is replaced by a discrete space-time
mesh. In addition, the differential equations are approximated, at
each mesh ‘point, by an algebraic finite difference equation which
relates the dependent variables at time g td.the known variables
at time tn. If the finite difference quations are uncoupled 1in
these, unknowns betheh time levels, then the equations are classified
as e*p]icit. Therefore, in order to solve. a set of m difference
equations valid over a two-dimensional lattice containing ¥ x M poihté,
a sét of m><ﬁ><M algebraic equations must be solved for mx N xM
unknowns.

Should the finite-difference'equations be coupled with respect
to the unknown variables at the time level £, fﬁe resu]tﬁng mxN xM
implicit equations must be solved simultaneously. As>stated in [5.1],
the number of multiplications involved in solving ¥ simultaneous linear
algebraic equations is approximate]y %—N3. Therefore, the computing
"time per time step in a two-dimensional fully implicit calculation can
be quitelexcessiye. Thus, fof multi-dimensional problems, this type

:of calculation is rarely used. —
In order to avoid this limitation, an a]te;nating direétion
“implicit (ADI) method may be employed. As derived by Peaceman and

Rachford [5.2], this algorithm breaks the time advancement of the



equations into two steps. “( In the first half step, var1ab1es are
advanced 1mp11c1t1y in one dimension and explicitly in the other
d1mens1on. Dur1ng the second half step, the procedure is reversed.
Consequently, in the ADI technfque, there are a]feknate]y M uncoupled
sets of m><N‘coup]ed simu]taneous'eguations éoﬁbined'with N uncoupled
sets of mx M coupled simultaneous equations to be solved. This
.technfque drastically reducef the combutationa] costs in contrast to
the fully implicit method. The mesh points involved in each of the
explicit, fully implicit, and ADI techniﬁues'for second order operations
in two dimensions are depicted in Fig. 5.1. o |
The.numerica] solution of the multi-dimensional compressible
! Navier-Stokes equation requires a considerable amount of comﬁhter time,
agnd consequently, efficient computationa] methods are necessary. A
—number of pr1;r methods for solving this prob]em have been based upon
exp]1c1t finite difference schemes. However, this procedure is
subject to stability restrictions on the time steﬁ sizes as dictated
by the Courant-Friedrich;-Lewy (CFL) conditioh. This condjtion statés
that the difference so]dﬂﬁon, which can propagate 1nformation across

the mesh at a maximum rate of one space step Ax during each time step

At, must exceed all propagation speeds of the physical system. This

includes such diverse effects as waves, fluid motion and diffusion [5.3].

Within a general viscous gas discharge, influenced by time-

varying magnetic fields, an explicit difference scheme will encounter

instabilities unless

/ {]v, + M4 (c2+v2)%} At 5 1. | (5.1)
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Differer;cé Points lnvolved_ At Time

Technique tn : - g

(a) Explicit, 2D
“Uncoupled

: : ] i*+1
(b) Implicit, 2D S @ ' ) .

Coupled
— i+1
Ealan;
3 . j_1

(c) AD!, Odd
Number Steps

(d) ADI, Even
Number Steps

Fig. 5.1 Two-Dimensional Mesh Ppint Orientation for Several Finite
Difference Techniques.
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Through this relation, the CFL condition then ensures that any phys%caT
velocity, wfthin the system, will be less thanfthe lattice speed, b
Ax/at. In Egn. 5.1, v is the advective velocity, uois the viscosity

coefficient, and és is the adiabatic sound speed given by

c? = ﬁ . | (5.2)
§ p

‘The term v, is designated as the Alfven speed

B2 > ' ‘
2 = B2 .
v i . (5.3)

In genera}, discharge‘regions penetrated‘by a high magnetic flux tend

to have low dens?tie§ as a result of\a b§1ance between kinetic and ‘ :
magnetic pressure§'[5:4].‘ This effect can create very high Alfven.

velocities which severely restrict the'allowab}e explicit time step.
Therefore, the significance of this stabi]ity,restriction is that
computational efficiency is lowered by imposing a smaller time step

. -
than would otherwise be desirable. .

In cont;;st to explicit schemes, the implicit finite difference
technique is stable regard1ess of the time step size for linear
differential equations'W1th constant coefficients. In this case, the
values ¥ are fully coupled to therVaJues\Zﬁ at the old time level.
Thus, a disturbance at any grid point can propagate to any other pofnt
~on the mesh dﬁring one time step. As a result, the lattice speed or
velocity of information transmitta] on the mesh is 'infinite and the
CFL iimitation is a]waysbsatfsfied}

For the implicit case under consideration where the differential

-equations are nonlinear, stability theory suggests that the time step
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restriction is relaxed from the CFL cond1t10n [5.5]. This enhanced

numer1ca1 stability should create a substantial increase in computa-
f

tional efficiency since fewer t1me steps are requ1red.

\

The magnetic Reynolds number 2 1is a measure of the ease with
: ) m
which the magnetic field can §Tip through a fluid. - More precise]y,
this fluid interéction number is the ratio of fluid flux to magnetic

. diffusivity or

vL  _ ‘diffusion

RITI = ]/UOU (5.4)

Tproblem

Here, v is the advectivebve]ocity, L is the scale Tength o; mesh
increment, uo is the free space permeabi]ity, and o is the fluid
electrical conductivity. Within the §1ight1y ionized gas dischargev
undef 1nve§t19etioh, R = 2m x 10-7 and even moderate size currents
will only produce very slight perturbations in the applied fie]d.
Therefore, the magnetic field equation can be neglected in.the analysis
of the flow pattern. With the absence of this‘equation, the critical
velocity used in the CFL condition becomes the acoustic velocity.

For an ofmerational pressure of 30 torr and a neutral gas density
of 0.0256 kg/m3, the acoustic speed, e, = 480 m/s. This translates to
a maximum exp]icit Coerant time sfep of approximape]y 10 us - As a
reeuTtofthis small time step size, it i¢ hoped thaf the re]aked time.
step limitation of the ADI method will substéntia]]y reduce cemputa-
tional cost. |

The choice of an 1mp11c1t scheme has also been found to be

benef1c1a1 for s1tuat1ons 1nvo1v1ng high Mach number flows. Briley

and McDonald [5 6] have found that in these cases, the CFL condition



L

7
becomes increasingly restrictive when a small'lattice spacing is
desired. Thebéubsequent'use of an implicit technique reduces com-
putation time while providing the necessary spatial resolution.

£
e

5.3 COMPUTATIONAL: MESH

Since the mathematics dealt with in a computer is both discrete
-and finite,_the values of a continuous function must be defined as
discrete points in space over a finite meSh. This discretization

technique also arises in many areas of physics and EM theory where

the equations of force and motion are applied to small finite e1ements.

In the 1imit, these discrete elements betome vanishin%lxéymﬂ1, .
thereby producing a differentia] equation.

To‘represent‘a continuous function over the domain (X1’Xz)’ it
is f}rst necessary to divide the domain in%o a set of ¥ - 1 elements
of width sz, . A vector set {x } may then be constructed by |
defining the continuous vaF%able z only at fhe points 7. Thus,.the
§pace lattice points are .

v : )

x., =X + Z Afv

=1 o

where br =Ixi TN The dependent funciion flx) wi]]'ndw be
approximated by its'éorreSponding‘vector'set {fi} defined on the
independent variable mesh {x} such Fhat £ ='f(xi).o The nature of
this approximation must be such that the sca]e'1ehgth Az be small in
comparison t? any wavelength of the rapidly varying function f. Thus,

the mesh element sr. essentially defines a cutoff wavelength, below

which no phenomena.can be described.
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For a general initial value problem, the time dimension is also
- divided into'sma11 finite intervals which separates discrete levels or

moments in time. This process can be represented by

| th= 0+ ¥ At
| ° v=1

where t0 is some initial time and at” = tnwj tn:}: ‘Here again, at”

“must be suff1c1ent]y sma]] n order that significant time dependent

1nformat1on not be 1ost

- A

The continuous functlon u(x t) can now be exe/sﬁsed as the
discrete function ul = u(x t ) defined over a tempora] and spat1a]
mesh. The computat1ona] mesh des1gnated for the program MAGIC s
c]ass1f1ed as Eu]er1an since 1t has no ve10c1ty with respect 40 a
statjonary;qbserver in the laboratory feferente framet ' ;

The values of the disetete function Z(x;,tn) are sbecified to”
be ce]T-centered quantities. . In this descr1pt1on, the va]ue of ul’
is the average value @f % in the two- dlmens1ona] cell centered at
T _).' The two-d1mens1ona1 mesh is illustrated by Fig. 5.2 where
T g : .
the dots represent the points at which the values of the'state vector
% are stored. Similarly, the crosses represent the interface pbints
~at which the fluxes and forces are to be evaluated.

To adequately describe the computational mesh, the mesh elements

AL, and a,,.are defined as the distance between points}xn ‘end'xn
- - . i 111

where x = {xl’xZ} are members of the orthogonal curvilinear coordin-

.

ates. That is,

i*1 i (5.5)
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These variable mesh elements allow the'specificatibn of a nonuniform ’
mesh. Therefore, the distance between cell interfaces, denoted by .4,

1s.given by

(5.6)

The value of any variable at the cell interface is sfmp]y the

(h‘\average of two adjacent cells. For example,
(5.7)

Finally, to determine the flux or force difference across an 1nterfaée, :

the § operator produces the.terms'

1+
. _ _] ) |
61_(F) = E(Fi-zﬂ’i_l) .

: These operators represent the forwards and backwards differehcing scheme

along the z direction, which are evaluated at the cell interface.
Similarly, for the z direction

JB) =P -F)

2 J+1 J .
fote (5.8b)

5, (F) = A—L(FF ) .

ge d o dm
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5.4 SPATIAL FINITE DIFFERENCING’

The conservative MGD equations (4. 61) are composed of two bas1c
types of terms. The first type arises from the divergence of f]ux
transport terms as a result of advect1on and v1scous processes. From

the expanded MGD equations, all flux terms have the form ———{aF) where
o 1
a is normally a transport coefficient and F is any general factor

including differential terms. The second type of term found in these

equations have the form Bégl-where B is some function of the state

' L4 > >
vector %. These force terms originate from J x B and pressure gradient

a

forces. The resulting flux and force terms are now used to denote the
type of finite differencing that will be applied throughoutlthe MGD
equations.
fhe“app]ication of a spatial finite difference technique to a
set of differential equat1ons, forms a system of algebraic equations
which dep1ct variations to the cell centered var1ab1es These changes
are due to the transport of flux through each 1nd1v1dua1 cell as a
result of app11ed driving forces. Hence, flux and force terms are
calculated at the cell interfaces. .
Since flux terms measure the flow throygh a eOmputational cell,
the finite difference form eva]uated at the cell Meundaries, is written
—=—{aF) -»‘—%’F*;Q"F". L (5.9) .
1 S _
--where a, and F’ are s1mp]y the average of two adJacent ce]]s as def1hed
'by Eqn 5 7. If the varwab]e E’represents a der1vat1ve term, the

f1n1te d1fference form becomes , - SRR



5 3G a+61+(G)-a_61_(G)
axl (aaxl} - (5.10)

where the 6 operator is the difference across a cell interface.

J

For the frequently occurring case of mixed derivatives,

3G

F ;.55—-; it is first necessary to take the derivative in the z

2

direction at the points B_,B_ and average them to arrive at a value
F_at the cell interface. The procedure is repe?ted‘at the points
A+,A_fto determine ¥ . The differential with respect to xl is then

performed to give the expression
3G

sz

i { a(ﬁ
+ -l3x
- 3 5G R a+F+-a_F_ _ 2y 2 (5 ]])
o % = A .
1 2 1 1

. s

3G _ 1.1, ]
[557} ) ?{[ﬁ(G'+1,j+1+Gi,j+1) B §(Gi+1,j*0i 71094
V20 (5.12)

+
Nl
Q

1
. .+G. . - G. . +G' . .
1+1,Jd 'L,J) —2_(.7,4-1“7,_1 1«,J-1)]/A2-}

The poihfs involved in this derivation aré shown in Fig. 5.3.

The force terms measurg the overall effect that applied forces
‘have on the edges of a computational ce11ﬁ In this case, it is
necessary7UJdéfine these terms as the-averége of the forces applied

on eéch cell face, that is,

3F 1. |
B‘;;—x"l*7{3+51+(F)+3_51_(F)} : (5.13)

R
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5.5 TEMPORAL FINITE DIFFERENCING

°-Tﬁe'system of -equations derived in the previous chapter can be

repkesented by the vector equation : “ \
R _
AT, - T, > > > > > -> R
§E<“) + F(u) + G(u) + H(u) - J x B =0 (5.14)

wherg/ﬁ = {vl,vz,v3,o} is the state vector of the system, and

%(Z) = {p0,0} are the quantities advanced with time. The function

> >

F(u) contains all terms in Eqn. 4.61 that have leading derivatives with
respect to T, - Several of the possible forms that these leading

o o include: o208 3 3, 3¢ :
derivatives can take include: aax1 , 5;i{a¢) and gzz{aaxj) for all j.

In a similar manner, the functions E(Z) and ;(Z) contain all terms with
leading derivatives with respect to z, and z, respectively. However,
due to the type of épp]ied driving force, the rotating plasma is
assumed to have 8 Symmetry; As a result, all partial derivatives with
reépect to 6 are zero for the case underAconsideration. Therefore,
the function E(Z) = 0,

The ADI finite difference method, discussed by Peaceman and
Rachford [5.2] allows for the solution of large matrix problems using
a straightforward algorithm. This technique employs two finite dif-
ference equations which are used in turn over successive time steps
' each‘of duration at/2. Each part is treated impiicit]y on alternate
time steps while the other part is treated éxp]icit]y. Thus, if =~ is
an intermediate value at the end of the first time step, then this

time-centeringvADI technique yields a two-step approach:
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> ] > > N
Bz + F(u*") + H(ZY) - o xB58=0 (5.15a)

and

>
5 PR RO - D=0 . (5.15b)

These two equations describe the time advancement scheme emp]oyed
in MAGIC. 1Initially, Eqn. 5.15a is used to solve for the intermediate
va]ues u* ,» which are then app]1ed in Eqn. 5.15b to determ1ne the
solution L at ¥he end of the time step At It can be shown that
these equat1ons are each accurate only to first order in At but when
the two equations are combined, ;‘second order accurate.equation is
'produced. Consequently, the Pvera]] ADI prqeedure is.secoﬁd order
accufate;

The forms of the functions ;(Z) and Z(;) are well defined
except for mixed and product derivative terms. The application of
finite difference techniques to these terms requires advanced time
values for rows not yet computed by the tridﬁagonaJ ADI method. In
order to accommodate these terms, banded matrixatechniques are
normally used. To avoid these compltcated banded techniques and
still use a tridiagonal ADI finite difference scheme, it beeomes
necessary to treat the mixed derivatives in a special way. Finan [5.5]
suggests .several involved methods, but advocates treating the mixed
derivative terms in an explicit manper. This procedure lowers the
accuracy for these terms to order At and 1ntroduces a Courant time o
1imit on the time step size. However, it was felt that the s1mp11c1ty

of this mixed derivative treatment would outweigh the occurrence of any

«'s]ight inaccuracies. The problem of product derivatives could be

/
/



. t;eeted fn a similar manner. These terms are normally found in. the
enerdy conservation equation.
5.6 LINEAfi‘f’z’ATION»-o'F THE FINITE DIFFER’ENCE';EQUATIONS-!J -

Appr1ng the temporal f1n1te d1fference techn1ques to the MGD

equations, yields a set of non]1near algebraic equat1ons of the form:

Ty - () + At

> > > > ‘ S > >
where u = {v,p} and 7(uJ = {pv,p} The term pv in the vector T is an

examp]e of a nonlinear term S1hce Eqn 5.16 is nonlinear, terms such

t1me step Consequent]y, a stra1ghtforWard so]ut1on of th1s system of -
- equations is not poss1b1e ‘ Instead an’ 1terat1ve techn1que w111 be
developed to solve for the non11near1y coupled unknowns in Eqn. 5.16

at the. new t1me step I st;fg<-*~f;;n S R TR T

A e e Ly

The non11near set of vector equat1ons g1ven by Eqn 5.16 cari

be wr1tten in the form

> o >y e

W ') = W (W) W () =0, (5.17)

since 5(2“,2*) can be considered to have an eXp]icit part ;;(Zn) which
only depends on Zn; and an imp]ifit part Ei(Z”,Z*) which depends on ;*
and 2* | .

In order te linearize this skt of equations, the function
5(2”,2*) must be continuous and differentiable so that it'may be
expanded in a Taylor series. In this manner, the funct1on W(2 IZ)

be expressed in termsbof the function ane:its derivatives at %

' {_as PV are present when both o and v are be1ng sought for. at’ the next =

o

F ) S G <0 (56)

-
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‘.

as foi]ows:_tl
N : TV o Tx L : . - '
SRR {3@% -[%ﬁ;} st + o(at)? (5.18)
3 ,

' R Pt E S . . . . . . .
where ¥ = ®W(" 'u) and ¢ is the iteration index. The linearization

° ) _
is performed by a two-step process of expansion about the known time

>% :
level " and subsequent approximation of the quantity EE—-At by
. 3t

(2+1§-RZ). This term arises from chdin rule differentiation. If the

L+l g1

vector % is close to the actual root of Egqn. 5.18, then w=0.

2+1-+

In addition, 1f,22 is very close tb» u, then all terms of second

. 2
. order or higher may be neglected, that is (2+1Z—QZ) = 0. ‘Applying

these results, the Taylor series expahsion simplifies to

) ’ ' .
0=+ {:2’1—] TR v o) . (5.19)
- \Ju ) >

The matrix (aﬁ/az*) is a standard Jacobian whose elements are

_defined as .
R P o . > ) " 7
T 2 3<W1'”2’V3’Wg)h
.- T » , X S T e p®)
au 1 72 73

/

Since the Jacobian 3.dn1y measures the Z*’dependence, only the implicit
| .- Ty T . .
“portion of W(uw ,u” ) need be differentiated. °
The expression in Egn. 5.19 describes a genera]ized Newton-

Raphson iteration method which provides second order convergence.

Rearranging this equation reveals a simple iteration formula, namely,

~ + ‘. . .
R R R -2 (5.20)

where the”first iteration 7 takes on the value of %* at the old level

& As derived by Finan [5.5], this equation is representative of the
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actua1‘expression to be solved. The solution of the f1n1te difference
express1on (Eqn.- 5.16), at the grid point z, will 1nvo]ve state vector
vava1ues at three lattice points, namely 7 + 1, ©, and T - 1 As a resu]t
“of the Newton-Raphson iterative procedure, a Jacobian must also be
determined with respect toM of these lattice points. Thus, for an
implicit express1on in the {th direction, the finite difference scheme |

produces a formulation similar to Eqn. 5.20, that is,

' g1+ T LTS PN g+ 1>
. . * u. . « . * Uu. R + . , Uu. R -
11, 1,7 %] 5 1-1,4 1-1,J
’ \
27 o> 23 T 27 > % '
= 7, Lo, B Y S Y .- W . (5.2]
.J%+1,J 1+1,g ] uz,g Jz—l,g -1, ( )

The fuhction'QW.a]so includes the explicit mixed derivative terms.
vTheiso]utioh matrix can now be rearranged into the standard ADI

form, namely | }4 | N

g g By M e <,5~,-22.>,
where A B, and C are. the Jacob1ans d1fferent1ated w1th respect to the
"vectpr u on the Tattice: po1nts (z+1,g) (t,g), and (z 1,7) respect1ve%§
The vector D contains all the explicit terms and satisfies the
equatfen-'w | - |

- ) R . L A_‘ . o
Do oa=-A. oML 4B WL Lol Uy, (5.23)
Tsd T J 7/*1:,] T e TsJ T 5 1-1,g

Since the ADI vector equatiohs (5.22; 5.23)'are—uncoueled with respect

to j, the two-dimensional problem can be expressed as two prob1ems in

J 4

which on]y one d1mens1on 1s advanced implicitly per ha]f t1me step
More s1mp1y, Eqn. 5.22 takes on a b1ock tr1d1agona1 matr1x structure

where each block is an m x m submatr1x. Here, m represents the number
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of state variables to be solved, that-is,'three velocity compoﬁentsv

‘and the mass density. The resu]tiﬁg tridiagonal matrix can then be

written in thé form

—

_‘Cl |
B, , -G,
-4, B, -C

--------------

-------

0
-C.
1
Pyor o
Ay By

=y Sy =4

—

N

¢ w

Ry

S|

(5.24)

In this representation, the block &lements are depicted by the,Jacobianfj

matyices 4, é, and 5. This convenient form is then.readily solved by

a Gaussian elimination method.



5.7 SOLUTION OF THE DiFFERENCE EQUATIONS

The problem of solving the set of two-dimensional partial
differential equations has now been reduced to solving sets of simul-
" “taneous linear algebraic eqnatipns.beThe resulting difference equations,_

after the first half time step, have the form

B o B Ay B, L/ S (5.25a)
1, i+1,d 1,J s 1,J 1-1,9 W]

and.on theﬁfolldwing half time step

~ % >n+1 " % st 1 Tk +n+1 -
. + C . = p*

. Sy . .o . ... ,(5.25b)
5d 1,J%1 . 1y T 5dJ 1sd Pk 1 Tsg - .

~

‘.ﬁor.a §é£ ef m partial-differentia1 eqhé{ions,wA, B, and C represent
moxom matr1ces wh11e % and D represent m component vectors def1ned
at the mesh point <,j7. Equations 5.25 are valid over the interior
mesh'poinfs"fnr‘which i}= 2;3,.,.;N¥1 and j f_2,3,..JM—1;'LHoweVer;
they do not form\a complete set. The remaining equations ére'prov%eed
‘ by the boundary cond1t1ons at < equa] to 1 and ¥ for all j; and “for J
equal to 1 and M for all 7.

The ADI finite difference scheme requires. boundary conditions,

on the first half time step, to have the form_

&n . * w .= [A{n .. +* +- ' .
1,7 ul,g ] uz,j 1,5’ . , (5.26a)
and. -
- .,' e . o
N\,j v ust st uN'l,j * j;iv,j (5-26b) L
for 1.< ;- < u, while ’
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and

- ~

>%

— .—+* .
T b “im-1 T }:ZZ,M » . (5.27b)

for 1 << < . In the above equations, ¢ and & are m x m matrices
and J represents an m component.vector. Each of these four boundary
cohditidns satisfies one side of the two-dimensional mesh. On the
second half time step, the boundary conditions will have the same
form as Eqns. 5. 26 and 5.27 but w1th the superscripts n and * rep]aCed
“by * and n + 1, respect1ve1y

The procedure for so1v1ng this system of equat1ods is a-
'genera11zat1on of the method developed by Richtmyer and Morton [5.7] °
for a twoidimensiona1'case “In this situation, their scalar equation

A
becomes a vector equat1on with matrix coeff1c1ents Since Eqns. 5'25a

'““Hand 5. 26 are uncoup]ed w1th respect to J, ‘the state’ vector u, a]ong

-1ines of constant j, can be determined 1ndependent of u along other
lines of constant j. This attractive feature of the ADI technique
"leads to the recursion relationship between the % values at adjacent

mesh points, that is,
L= Er eus L+ ‘ (5.28)

. - ‘5 N

-

The values for ithe matrix é . and vector f .at 2z =1 can be

b ]

ca]cu1ated by ¥1rst rearrang1ng the boundary cond1t1on (Eqn 5 26a) -

"1nto the form '
1,d

Comparing this result with Eqn. 5.28 yields



. o SRR
AP A

and
| R PR U R
1,g 1y 1sd

To obtain the reclirrence relation for iz . and 7!

1 <2 <N, it is necessary to substitute Egqn. 5.28 for < - 1 into

Ean. 5.25a. . This produces the expression

Y

b1

R . - R R
AR - (A, O R WA .
A 1tl,7 Tsd Tsd 1-1,J 5J 7] 5]
C . % .
Now solving for the U E gives
i L) .
* - - : -1 "
we L= (B - R )R e
T J TaJ TsJ T=1,g g 1t1,g
A C:To AR S0 WP 6 A /S T
TsJ TsJd 1=l Tsd 1sJ 1=1,g

Comparison of Egn. 5,30 with 5.28 shows that

and

APRRE A SRR

s s 'I:sj 'l:‘l,j

valid for ¢.= 2,3,....5-1.

_1,4

Last]y, the recurs1on relat1on of Egn.

n

7,7

sJ ?Z'I:J) :
5.28 with <

(5.29q)f

(5.29b)

}
(5.30)
|
(5.31a)
(5.31b)

=¥ -1,

can be subst1tuted into the boundary condition (Eqn. 5.26b) to solve

ﬁfor.uN~.“ That is,

~ Sk ~ ~

i g T B By

Reafrahging this expression yields

&
3

.+
N,J

fN-lnj

+
T

111
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Py

158

,J W)

N T (5.32)

g N- 1,3

The\so1ution a]gorithm is now a]most_éomp]etel During ca]cu]atidn, the g
recurrerice matrix é and vector 7 are first calculated by making a |
forward sweep from 7 equa] to 1 to N - 1 using Eqns 5.29 and 5.31.
Next uN,j is determ1ned through Eqn. 5732. F1na11y,qthe remaining '
state vectors Z;’j are computed by backsubstitution using Eqn. 5.28.
The method presented, thus far, enables the calculation df all
2 values for all < when 1 < 45 <M. The rema1n1ng values a1ong J =1
and j M for 1 < 1 < N can be calculated by rearranging the boundary
condition (Eqn. 5.27) using previously determined values. Now, only
the 2™ values located at the four cornér points (1,1), (1,M), (¥,1),
and (¥,M) remain to be calculated. - Any symmétry condition along either
boundary can be used to estimate these points. If no‘symmetry con-
dition-exists, then the values at the corner poinfs can be determined
,by passing a polynomial through the adjacent mesh points; for which
the ;* values have already been éa]cu]ated [5.8]. A second order

accurate polynomial for the corner point (1,1) produces

AN i R S , (5.33)
1,1 1,52 2451 242
®

The remaining corner points are estimated in the same manner.
od theksecond half time step, the difference ‘equations are

solved along rows of constant 7, using the equation

* >ntl

i.d 1,5 Hi,g+1 A - (5.34)

" The procedure followed when the Zth component becomes the imp]ﬁcit
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var1ab1e ls 1dent1ca1 to the prev1ous ha]f t1me step, but w1th the
'subscr1pt 9nd1ces Z and_g\\nterchanged
For a genéra] set of m x M x N s1mu1taneous\equat1ons, ‘an

1

m.ox. M x: o matr1x must be 1nverted HoWever, the method presented

takes advantage of the block 1r1d1agona1 nature of the ADIviyn;te i
d1fference techn1que As a. result, this procedure on]y 1nvo1ves the_
1nvers1on of ¥ m x m matrices along one d1mens1on and N m x m matr1ces
along the other. The substant1a1 reduction in the number of f]oat1ng

point operations in the:ADI scheme greatly enhances computational

' efficiency and reduces roundoff error.

5.8 BOUNDARY CONDITIONS

fo ensure a proper so]ut1on over the entire mesh ‘the boundary
cond1t1ons must be accurate]y spec1f1ed ~In add1t1on, the bOlfdary
cond1t1ons,must be compat1b1e with the block tridiagonal form of the
ADI so1ut1on techn1que Examination of the matrix express1on 1n |
Egn. 5. 24 revea]s that the boundary conditions are represented by
the rows z =1 and i = N for the casé when t 15 implicit. These rows
have the -general form | ) o
| ' U Gl s Aed, + 3 (5.3
'where Zép is the bwsundary point and Z}NThdsdthe‘next interior point.
A1l forms of Dirichlet, Neumann, and mixed‘boundary COnditionsvcan'

be depicted by the -equation

~

o gy © (5.36)

LR e r
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""" | iwhere é%—1s the der1vat1ve norma] to the boundary App1y1ng the u‘_‘_{:
ﬂ,w f1n1te d1fference techn1que to Eqn 5 36 transforms 1t 1nto the
standard form of Eqn.. 5. 35 Consequent]y, a]] cTass1f1cat1ons ofi
boundary cond1t10ns can be’ emp]oyed 1n the ADI- scheme
. In order to preserve second order finite d1ﬁ(§232ce accuracy. e
nthroughout the program, ghost po1nt boundary cond1t1ons were- se]ected- ;
4; “'In th1Snmethod the boundary wa]]s are chosen to 11e ha]fway between yh~“
;the f1rst two mesh row points and the-last two rows. Through th1s
procedure the der1vat1ves a]ong thzﬁbbundary are second order
accurate approx1mat1ons ,
The simulation mesh covers the domain 0 Sr <R and 0 < z < d.
:wDue to az1mutha] symmetry, the so]ut1on 1s valid for all va]ues of 9.
.The anode and cathode an be assund to be Perfectly conduct1ng wa]]s'”
““'wh1ch lie a]ong theJrows J ] Rt 1/2 and j = M = 1/2. Thus, the ghost
~ or exterior mesh po1nts lie a]ong the rows J =1 and g = M. This

particular arrangement of boundar1es is 1]1ustrated by Fig. 5.4.

_Since the electrodes can be considered a solid wa11,

ned =0
where 7 is the unit normal vector outward from the wall, and » w is
the ve]oc1ty at the wall. Since Uw is para]Te] to n, th1s D1r1ch1et

boundary condition can on]y be satisfied if v, = 0. Therefore, at

the e]ectrode walls

'

v,(r,0) = v _(r,d) = 0. o <5-3ij{v:

The boundary conditions must also consider that the ionfzedtgas cannot
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slip ‘along these walls. Consequently, the tangential velocity ;t is

fixed at the wall by the relation §

S

\
“ s

With this Dirichlet cqndition,
.vr(r,O) ='vr(r,d) =0

and B (538 .

In order for the so]utibn to remain finite, an axis of'symmetry*~\__w//

|
..

exists along r = 0. Furthermore, the following Dirichlet conditions

must- hold:

. ~vp(O,z.) = ve(O,z)f= vz(O,z) =0 . '; o ;‘.ﬂ ~.(5.39) ...

Along the outside radial boundary, viscous drag from the walls will
start to reduce the azimuthal ve]otity. However, even though the

. , ' " ‘ “B '
_driving force terms are now reduced to zero, strong viscous coupling

the ‘

of the fluid will keep v, high. Consequently, at »r = Ry

azimuthal velocity is subject to a Neumann boundary~conditioQ>of the

form ' "
: _ , _ I j\\
. "9 = n.
ar(hzve(Ro’z)) 0 | (5.40)
‘Theiboundaries, for the secondary flow velocities, are sufficiently

.remoyed,so that the solution should approach zero. THerefore, they

Satjsfy the Dirichlet condition

v (R ,z) =v (R ,z) =0 . : (5.41)
r0 20 :



Outside the domain of interest, the neutral mass density is

assumed to be constant.

boundary condition

ap _
an 0

is applied along all boundaries.

Therefore, to satisfy this condition,

the

(5.42)

Applying the f1n1te d1fference operat1ons of Section 5.4, to

‘ Eqns 5 37 5 41 produces a set of equat1ons wh1ch w111 represent the

’ boundary conditions.

Comb1n1ng these difference equations 1nto the

matrix Egn. 5. 35, creates the submatr1x elements used in the block

tridiagonal form.

vD ‘
g GU _.GD =
/- e
'and>
H = H =
U D 0
L 0
and
> ->
Iy ID

‘where the §ubscripts U and D refer to the 'up' and 'down'

walls.

Similarly, for the <=1, and 7 = g boundaries

O o bSto

0,
1
0

7

3

— O O o

-_— O O

o

«

Along the Jg=1l,and § =M boundaries

N

(5.43b)

(5.43c)

boundary

17
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>

_and

t:where the’subscr1pts L and R refer to the “1eft'=an3&Rh1ght b@undary .

sides.

>
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5.9 - ITERATIONS AND_DYNAMIC TIME STEP-~CONTROLS-

The der1red set of non11near finite d1fference equat1ons

s

" (5. 44c)

employs a Newtqh Raphson <terative procedure in order to accurate]y

1nvert the bTock tr1d1agona1 matr1x
the rows of the mesh, it becomes possible. to vary the number of

iterations per.row pepending,«pon the degree of change in a state

variable along that row.

S1nce the ADI technique decoup]es

Thus, rows with 1arge changes will 1terate

many times while rows that have 1ittle or no change will on]y iterate

a ‘few “times.

Each row 9s tested for convergence by comparing the -

maximum variation of the state vector bétween iterations versus the

average value of the iterations:‘

criterion ¢ is given by

Specifically, the convergence

(5,4455‘*»
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o s 2 R | P> g T
e L e 1nax|2 U T ;j)/.(. ?,g _ui,j)l. . y :(5»_.45)

Th1s cond1t10n is subJect to the constra1nt that shou]d uifC‘Bé_Tésg_.,

.lthan a preset fﬂoor value, then the f]oor va]ue 15 used for o

"'Q*lZ%f}'1n the denominator of Eqno 5 45 The maX1mum va]ue of € a]ong<

Tsd

a row. 1s then compared w1th an a]]owab1e convergence cr1ter1on €

ERE

-max )

If.e < Emax s the row’ is declared: converged° otherw1se the 1terat1on

'procedure is. cont1nued The va]ue of the convergence cr1ter1on dependse»'

upon the accuracy des1red typ1ca11y e *15’10} for-most operat1ona1

runs. -
| In order to m1n1m1ze computat]ona] costs, a dynam1c time step-
‘ ping'rout1ne was’ also. 1mp1emented Th1s a]gor1thm perm1tted the

"program to operate over d range of a]]owab1e t1me steps - The extent -

" over whﬁch the t1me step could. operate was determ1ned by mon1torﬂng .

. the maximum change in the state vector between time steps. Should the
state vector values be below'a floor condition, no check was performed.
Furthermore,'by constaht]y'reVising the floor Tondition to_5,percent
‘of the maximum mesh velocity, the program time step w111 not be 11m1ted
by sma]] var1at1ons on the mesh A ) : e

The maximum yar1at10n over the mesh can be expressed as

""?’Z 1 ;n )/—m I

Vmax = max |(u 1.5 7%, ui‘,j (5.46)
‘To implement this dynamic time stepping procedure, the maximum
variation V 1s compared with a prescribed maximum allowable change

e. For a typ1ca] computer run, the maximum fractional change, in any

state variable, has been kept to less than 60 percent per time step,
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‘fhét-ﬁs;lcf:'OCﬁ-' If”Vmax z-O‘Beefthehfthe timehstep’fs increased by

L (-1C~pehcent}-\For>the cese V~éx'> 1. 5c,_a recyc]e 1s perf@rmed other—

. wise if Q.8c < Vmax s 1.5¢e, the tlme step 15 decreased by~ the. re]at1on

,‘m;;_«_.:_ 0 8At;§9/T{max)_ L \ (5.47)
. . ) : . = - . ) ) . T / '; e
v Th1s techn1que is very f]ex1b]e in that it a1]ows the prdgtam to check O

the variation of any yar1ab1e, 1nc1ud1ng ve]oc1ty, momentum, or energy

As a resu]t of these t1me step contro]s, the opt1ma1 eff1c1ency of

o

'MAGIC w1th respect to- computat1ona] runn1ng costs, is ma1nta1ned



~ CHAPTER 6

. .EXPERIMENTAL RESULTS. AND DISCHARGE OBSERVATIONS

6.1 NUMERICAL RESULTS OF THE TRANSVERSEGEOMETRY .

6,111 Velocity Profile . -

.. -As-described._in the previous chapter, a computer code was .
developed to-model the time dependent behavior‘of“a'gaS”dTSChargé:" o
Its primary objective was to determine the three-dimensional gas

f]ow'pattern created by the spatially dependent J x B Lorentz force.

In order to a&cdrate]y simulate this behavior it became necessary to

5

include secondaryAf1ow terms in the MGD equations. Such £erms are
often assumed to bé sma11 and are neg]écted in order to simplify the
analysis in gas discharge systems [1.17-1.21]. However, as will be
subsequently described, this aSsumption can be an extreme over- -
simplification to a complex gas discharge broblem.-

“ An ana]yQis of the steady-state magnetically stabilized gas‘
discharge was initiéTiy performed by‘néQ]éctihg éecoﬁdary akia] and
radié1 mass flows [4.5]. The rotétiona] gas discharge velocity
obtained from the one-fluid Navier-Stokes equation is illustrated in
A Figi 6.1. This plot indicates that a strongly sheared velocity
profile exists across the discharge. Furfhermore, a peak rotational
velocity of 250 m/s can be noted: Subsequent‘exper}%eﬁts with the

transverse geometry have revealed a much Smal]er rotational velocity

in addition to the observance of a radial afterglow. This large

121 ' 1
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Fig. 6.1  Rotational Velocity Bistribution for the Tra.nsi/er'se Geometry
Neglecting Secondary Flow. Discharge parameters include:
J =22 mA/cm?, p = 6.6 x 10-6 kg/(m-s)
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disékepaney between the initial theoretiegt_hode1 and the eXperimenta]
studies can oh]y be exp}aineq by the neg1ect of<the/secondary f1ow
terms. - ' | | ”

-In a gas discharge system, designed‘for 5 high'power’1aser,'1t'
is preferable to excite the'geé mb1ecu1ee thtb‘the uhper vibtationa]
and rotationa] levels rather thah produee tonization As a result,
the applied E/n va1ues are kept re]at1ve1y 1ow S0 that the degree of
1on1zation is ma1nta1ned in the range 10 “® t0°1077. Since the number
of energet1c ions is orders of magnitude less than that used in
h1gh1y ionized gas centrifuge devices, substantially less momentum
wt]] be transferred to the predominantly neutré] gas via inelastic
“collisions. As a consequence, greatly reduced gas flow velocities
‘are expected in a laser gas discharge. |

.Upon application of a magnetic field, the cherged pértic]es
are subjeeted to a Lorentz force which alters their normal collisional
behavior. The derivation n Chapter 7 will show that the Fsual
direction of the charged particle drift velocity will be changed such
‘that the electrons and ions will have a longer ‘inter-electrode transit .
time. During this trahsit period, the chargedbparticles undergo
additional inelastic collisions with the meutral partic]es This
process allows more momentum to be transferred to the neutra] part1c1es
than wou]d otherwise be poss1b1e The additional momentum transferred
to the neutral gas‘mo]ecu1es is breferentia]]y applied in the dﬁrection
of the driving fqrce, that is, the azimuthal direction. However, due
to thebexistence'of pressure gradient forces, ion momentum can‘he

: «
transferred to other directions as well. This process is responsible
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for the creation of §etdndary‘f10ws; ‘w1th1n‘spatia11y'dependent'
magnetic fields, additiaonal Lorentzctorces are produced whick can
further stimulate these rows

In th1s sect1on, the results of the ADI program MAGIC w111 be
presented along with an evaluation of ijts performance As stated
earlier, .the rotat1onaI velocity produced by an applied Lorentz force
is expected - to be significantly reduced due to the presence of
"secondary flows in this highly viscous, partially ionized gas. The
plot in Fig. 6.2 is a representation of the azimuthal v"eIoci’ty’v9 ,
4.0 ms.after the Lorentz force has been applied. The parameters used
in this calculation 1nc1ude a 2:2:16 torr gas m;;ture of CO /N /He
with a neutraI gas temperature of 425° In addition, the total
discharge current was 5 A and the viscosity coefficient, b was set
to 6.6 x 107° kg/m-s. With these discharge parameters, the maximum
rotational veIocity was 35 m/s. - This vaIue is substantially be]owv
that predicted by the original model which neglected secondary flows.
The peak rotat1ona1 velocity occurs near the cathode surface since
the driving forces are largest in this region. It i§\a1§o evIdent
that the rotational flow is strongly sheared throughout the discharge
volume as a resu]t of the spat1a11y dependent Lorentz forces. The
conservat1on of momentum equation (Eqn. 4.12) indicates that the
rotational velocity will be proportional to the ‘Lorentz force and
hence'to the discharge current. Thus, it appears feasible that
larger flow velocities can be produced through the use of higher

‘X
current densities.
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Figure 6.3 is a computer plot of the secondary flow pattern
generated by the MGD mode]l employed in MAGIC. The arrows show the
~direction and magnitude of the'secondary flow af a time, 6f0 ms qftek
the driving force has been app]ied. The 10nge§t'arrows in this
~diagram represént‘ve1ocities of approximately 32 m/é. This figure
clearly shows the existence of a convective cell where the secondary
flow is %orced to recircu]ate’upon itself. In arder to save com-
putational cosf;, the_outer‘radia1'ffnite difference mesh boundary
was moved closer to the discharge. The actual outer boundary wall is
somewhat further away, however, little change in the recirulating
flow pattern is expected. . ' '

In this MGD system, the normally neglected secoqdary flows have
been found to be épﬁroximate]y equaj in magnitude to the principle
rotational flow vy - The exigtence of such large axial and radial
gas flows must therefore be highly significant in determining the
overall behavior of the’gaS'discharge. It is obvious that such
characterfstics play én important role in the exceptiohé]]y effective
stabilization mechanism found “in thi§ system. It .is suspected thqt<
any localized nonunifprmfties tn density, temperature, or current b
.;are rapidly distributed over.the entire discharge volume in a time
very much less than the normal-instability formation time.

It may a]sb be possib]é to éxpToit the large radial gas flows
in order to cd?] the hot gas®produced within the plasma. It is
anticipated fhat with further adjusbﬁents, a large recirculating
convective c§11 may be s;tab]ished. This would allow the hot neutral

gas to be transparted 'a&iégﬁy‘outwards towards a heat exchanger where
o ey , ,
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it can then be cooled and returned hack to the discharge. In this
radial flow system, the hot gas need only travel aeross one-half the '
(’e]ectrode length to escape the excitation processes. Consequent1y,
such a system w111 only have one-half the normal gas res1dence time
found in conventional transverse Aevtees |
. It must be noted that thé ca]cu1ated flow ve]oc1ty va1ues
represent the mass averaged flow of the gas discharge system as
detérmined by a one-fluid MGD model. Since the degree of ionization
is only 2.6 x 1Of7,~the plotted values are essentially those of tne
Wscous neutral gas and do~n9t represent the flow pattern of the | .
charged species. Thfs additienalAﬁiformation can only be attained J
through the use of 5 tno-f1uid model whjch could aecount for the

‘\motion of charged ane neutral partic]es and their interaction through
collisions. |

To ensure that the‘cdmnuter code was functioning properly, an
elaborate series of checks were performed as outlined in Section 5.9.
An additional accuraey test was also implemented whereby the state
vector'solution was backsubstituted into the original set of momentum
conservation equations. Through this process it was determined that
each equation was satisfied to within a relative error normally léss
than 3%. A detailed analysis of the program has shown tnat this .
iterative ADI code can normally be operated.ét twice the CFL time step
Timit without creating any significant errors. This result makes the
- ADI scheme very attract1ve since most exp11c1t codes of this camplexity.

can only run-at a fract1onof’the Courant 1imit (usually 20%) just to

‘ensure stability. The net result is a substantial savings in
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computatjona] costs. Further improvements in the accuracy and time
v step size aré currently under -investigation. _
It has been fouhd that ADI direction splitting methods can
lead to difficu]tiesmwhen_]é?ge magnetic fields and Tow electrical.
~ conductivities are involved. Craxton and McCrory [6.f] have found
that the direction sp1itting technidue producéd smootH so]ution pro-
.f11es in the Tast implicit d1rect1on scanned, but no1sy prof11es in
the other direction scanned explicitly. Thqs noise was also observed
in MAGIC‘but could be eliminated by reduciné the fime step. ‘
At present the 1sothérma1 model capnot predict the expansion
of the ionized gas due to a temperature risef In the hext phase of
this project, MAGIC will be expanded to 1ncorporaté the conservation
of energy eduati;n. The inclusion of this eqﬁation will be especially
ugeful for modelling the'heaf transfer effect established by the
rapidly recirculating'f1ow. This will then complete the MGD model and
should produce an accurate repfesentation of a magnetically stablized

gas discharge.

6.1.2 Radial Préssure Profile

A thorough analysis of the rotating gas discharge system must
consider the densiiy distribution of the charged and neufra] gas
molecules. In order to determine these pressure prof11es, a two-

/"//F1u1d model must now be emp]oyed | ‘

The momentum conservation equat1ons for the charged and neutra]

fluids may be wr1tten as



+

P, dt =JxB - Vp -p \)(v -‘U ) + Uigz‘;é (6.1)

'ﬂ—'v* (B -5 ) +nv2 & (62.)'
VP gE T TPy £a™ Unvug M’ P : o

VS

where d/dt is the convective derivative for each species, 5c is the

charged fluid velocity, 5# the neutral fiuid ve1ocity, P, =P, +'pi

is the sum of the electron and iqn partial pressure, r, the neutral

gas pressure, and W and w,oare the viscosity coefficients for the

charged and neutra] fluids. The parameter Y 1s the co]11s1on frequency

for the transfer of momentum between the charged and the neutra] fluids.

The degree of coup]ing between the two fluids can be obtained by

considering the steady-state 6-component of Egqn. 6.2, which yields

.o . (6.3)
6~ T+p /(8% V)

- The Laplacian in Eqn. 6.3 has been apprqximated'as -1/82. An estihated
value for & may 5e obtained from‘a second-order difference approximg-
tion for the Lab]acian evaluated at the midpoint of the discharge.
This result is g1ven by 6§ = /4 where L is the anode to cathode
d1stance (L-—0.0535 m). For the d1scharge under examination, B
= 6.6 x 107°, p, =2.07 x 1077, and the ion-neutral collision’
frequency is v = 1.285 x 108.“ The expected neutral velocity V6
is therefore approximately 0.88 v, , which indicates a very strong
coupling between the:two fluids. It must be noted that the coupling

that does exist is primar11y~between'1ons and neutrals since the heavy

ions dominate the charged,partic1e fluid equation.

130
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A pressure proff]e'for the neutral fluid can be determined by
examining tHé steady—state r component of Eqn. 6.2 with Vg = Vo
. An ordering of terms will show that the viscous drag term is small.
Thus, a neutﬁé] gas'préssure brofi]evwi11 exist through a balance

between centrifugal and radial pressure terms, that is,

v
- nnb

g 1‘»'(6.4)

This. simple expression indicates that a strong centrifugal force term
will transport neutral particles radially out of the discharge region.
This result has indeed been confirmed by visual and experimental
observations.

- Results from fhe computer simulations show‘on1y slight varia-
tions in,néutra1_mass density; although a smaf] accumulation of mass
~was noticed neaf the axis of symmetry of the glow discharge. This
effect can be ekp]ained by the small azimuthal velocity term found in
vthe.region near » = 0. Since the overall variation over the discharge
volume is small, the neutral gas can be assumed incompressible.

The pressure profilé for the charged particles is more complex
because of Lorentz forces tending to force the plasma into an annular
region. A detailed analysis of these forces will be giveh in Section
/.2. Since the neutral gas body is strongly coupled to the motion of
the charged partic]e;, Vg = ucé . - The réd{al component of the
charged particle fluid equation, in steady-state, can now be approx-

imated by the expression

op p v2
e ¢ cf
_— Y
7 - JeBz (6.5)
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wHere the Targest convective term has been included. Through an
' ordering of_terms, all remaining terms have been found to be small.
The term.JeBz may be'eva1uated through the use of Ohm's Taw
(Eqn. 4.22). The conductivity ‘tensor o, has been expressed as a
matrix.given by Egn. 4.25.} Frdm these equations, the current density

in the azimuthal direction can be written as

= _g . + - +
J o,..vB +o (uzBr vrBz) o

6 126"z  “22 (Eé'veBr) (6'6)

23

whereo‘7 refers to the Zjth matrix e]ement in the conduct1v1ty tensor.

d\Th1s equation may be simplified by neglecting terms of order %Q-: 1073 "
pA .
Therefore, to a good approximatiqn,
Je = 0231?"'2 . j (6.7) ' 4

Upon substitution of Eqn. 6.7 into Eqn. 6.5, the charged particle

pressure distribution becomes @

- S - ap p u?
ﬁé? - e . _cch + oTCOS(¢)-Esz . (6.8)

where ¢ is the angle between the magnet1c field lines and the genera]

coord1nate system

. ¥
in Fig.6.4 was obtained by using the magnetic

field profile fo tbeire-ehtrant electromagnet Shown-in Fig. 3.7 and
the predicted veTOCity profile obtained from Fig. 6.2. This figure
illustrates the creation.of a radié] eressure well éince Bz.changeé
direction and therefore sign. The pressure well depth varies directly
with the magnetic field strength and is therefore greatest near the _

c£athode surface.
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.

The prdfi]e of the radial pressure gradient in Fig. 6.4 reveals
that the Lorentz force is responsible for confining the gas discharge
ih pné bf two possible Tocations. For very low discharge current
values, thg gas dischargg is located in the central por?fbnrbf the
pressure well, that is, region I. In this mdde, the discharge formaj//
tion resemb1e$ a typical plasma column. As the current is&incrEased/ ’
further, the\Plasma cannot be contained within fhe inner well because
of rising/peﬁkrifuga1 forces and?conséqueptly jumps into region II.

In this sécond mode, a rapidly rotating anputar discharge is formed
which is centered in the pressure well. |§1nce this regjon contains
a much Targer volume, the plasma is capable of sUpporting‘;kgreater
current density. | | ,

In the tubular anode geometry, it was observed that if the

current density was too high, or the magnet field too low, the centri-
v2 . '
fugal force crce ‘could exceed the magnetic radial confinement force

(fexgz). At this point, the discharge could’not Be contained in
regién IT and would subsequently blow out into region III, forming

a g]ow~fo—arc transition a1o%g some point on the e]ectroge extrehity.
This process could be controlled by increasing the magnetic fie]d

strength thereby creating a deeper pressuré well. Unfortunate]y‘this

procedure caused the discharge to narrow. Ania1terna"if'method for
confining the discharge is to'fedesign the magneticvgeometry to creafe

a “saucef” shaped pressure profile which would maximize the discharge
volume. However, when tﬁe anode was redesignéd into the fluid ballasted

geometry, this problem was essentially eliminated éince the ballasted
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anode was very effective invdistributing the plasma over‘the dfscharge
volume. ‘ A
| A comparison of Fig. 6.4 with the photographs shown in the next;
few sections reveals that the theoretical predictions for the radial
position of the discharge is in good agreement with the experimental

o4

results.

6.2: ANALYTICAL MODEL AND RESULTS OF THE~COAXIAL GEOMETRY

The behavigr of ‘a g]ow discharge in a coax1a1 geometry can also

"@ <
be determ1ned by a MGD ana]ys1s In the structure shown in Fig. 3.4,

the ax1a1 magnetic f1e]d B Ln'combination with the radial current

Jr , prov1des a Lorentz %rce wh1ch causes a rotat1on of the 1on1zed

L AnNN

part1c1es in the negat1ve\ﬁ“ﬁ1re§f?on The motion of- the qgargediiggp.‘,
.

neutral part1c1es is coup]ed through co]]1§1ons and resu1t$ in a‘bulk
gas rotation in.the same d1rect1on The radial magnet1c field B %ni"ﬂ
comblnat1on with the Hall current J produces an axial Lorentz force
which serves to confine the d1scharge to the centréii*eg1on of the
e]ecFrode.

1]

The Hartmann number given by tne expression

' . s .
. H = BL [_0_} 2 oo
) a u |

gives the ratio of magnetic forces to viscous forces. 'For the
experimental parameters appropriate to the magnetically stabilized
gas discharge, H s 1. This implies that lvel << E_/B, and con-

.-sequently, the Lorentz forces in the azimuthal and rédia1 directions
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can be apprOximatedAas

F_ = _GTCOS(¢)'ErBr . .

The force F_ 1s negative for z > 0 and positive'for z < 0 and there-
fore serves to confine the plasma about z = 0 as indicéted by Fig. 6.5,
To simplify the analysis of this problem, Fig. 6.5 is employed
to model the current emission from the rotating disk shaped plasma.
Here it is assumed that IJ << J, 0 that uniform cathode emission
occurs over the region =p/2 <z < D/2, and Zero elsewhere. The current

'3
~density may then be approx1mated in the fo]]owing manner.,

- V4 -

Is v h
5D or -D/2 < z < D/?
J = .
r 0 , otherwise (6.10)
J =0
=

where I, is the total discgarge éurrent, and D is the width of the
# discharge, usually 2.0 cm. A v
The solution for this coaxial e]ect;ode geometry was initially
carried out for a single fluid model asvdg?cribed in [6.2]. In that ~ .
~analysis, a steady-state so]utibn, neg]écé%%gvsecondary f1ows,"Wa§
obtained by considering the ¢ component of the momentum conservation
'éqﬁation,wthat is,

H

o> ~ - 4
JPBZ + un(V v)e = 0 . (6.11)

By using the approximation for the current density (Egn. 6.10) and

assuming that the azimuthal velocity was independent of z, Egn. 6.11
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Fig. 6.5 Current Density Distribut®on Model for the Coaxial Geometry.
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could be written as

2
3 ve N l ave ) ve N ITBZ (6 12)
dr r Jr r2 ZTTT'DLln ’ <4 ’

The one dimensional analytic so]utiq to the partial differential

L

equétion in Eqn. 6.12 was then egpressed as ( .
v&(r)=Fd[c1f+?+pzn(p)]- o (6.13)
where ’
I.B
Fd=41TTu?D
n
and
2 2

The parameters R, and R, are the inner and outer radial bound®ries of
the discharge. ®

A two-dimensional steady-state solution, which neglected
secondary flows has a1$o been carried out By numerical methods in
[6.3]. Figure 6.6 illustrates the computed rotational velocity profile
for a 4:]6:20 torr gas mixture containing COZ/NZ/He:with a total
discharge curent of 7 A and a viscosity of ].43 x 107° Kg/(m-s). A
comparison of the peak rotational velocities determined from the one-
and two-dimensional models is displayed in Fig. 6.7. It is clearly

seen that both velocity profiles are similar, although the velocities

obtained for the two-dimensional model is 40% less. This result can ?
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Fig. 6.6 Rotational Velocity Diéfribution for the Coaxia] Geometry
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Fig. 6.7 Comparison of the Peak Rotational Veldcity Profile Between
a 1D and 2D Model, Neglecting Secondary Fiow.
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>_be ettr1buted to the presence of a larger act1ve‘d1scharge volume with-
'vcorrespond1ngly 1arger viscous drag assoc1ated with the regions outside
.the uniform p]asma emission.
"These initial mer]s reveal that extréhe]y large amplitude,
“highly sheared f]oWPVelocities can-be expected to exist in the co-
aqu] e]ectrodeistructUre. In the near future, the computer cpde
MAGIC will be modified to determihe the secondary flows generated by .
this geometry. Again, it is expected that the actual rotational
~velocities will be much.1OWer than suggested by the fnitia] models,
In both electrode geometries, secondary f]ows‘are~created-as.
ig result of pressure'gradiehtpfOrees which convect momentum into
regions of high viscosity“and low'azimutha] velocity. The radial and
axié] secondary f10h5'are'eventua]1y restricted by bouneary walls
: where momentumis continually lost.. The flows are then forced to |
return to the discharge thereby forming a small convective ce]] In
the process of return1ng, the secondary flows 1ntercept the region of
" high speed rotational flow caus1ng the azimuthal ve]ocity to be
‘loaded down. Thus, the Lorentz driving force must perform additionaT
work in ‘order to maintain the azimuthelﬂmomentum "~ It is this. dyhamic

2

- process wh1ch is respons1b1e for 1ower1ng the overall rotat1ona1

i

ve]oc1ty From these results it is obv1ous that a modified con—
vect1ve cell is needed to create a 1ess restrictive f]ow pattern which

would substant1a11y increase the rotational flow ve]oc1ty



6.3 OBSERVED PHYSICAL PHENOMENA h
b : |
6.3.1  Preliminarv Obsengations

Dur1ng the initial phase ‘of this project the effects of a

magnet1c ﬁ1e1d on the behavior of a self-sustained and a pu]ser
{

»susta1ned glow d15charqe was stud1ed It was observed that in the

absence of a magnet1c field, the gas discharge would undergo a‘g1ow;
to-arc transition-at an.e1ectrode edge,'when the applied voltage
approached the gas brea&down voltage. fo prevent this sudden tran-
sition, a uniformvpreionization was established by meansAof a high
voltage thyratron-pulser. Now, as.the gas breakdown voitage was

approached, a pu]ser.sustained,normal glow discharge column began'to.

- form between the electrodes. With a further increase jn'discharge

current, the gas discharge‘entered the abnormal glow regime and
eventually deteriorated into a glow-to-arc transiton. This problem
in conventional laser systems is normally so]ved~by}emp1oying high
speed blowers to spread the constricting plasma co]umn and to provide
convective coo]1ng However, it was proposed that magnet1c fields
could accomp11sh the same task but with 1mproved performance and
increased power loading. i

The general behavior of a magnetized g]ow dfscharge'was

determined for. three different e]ectrode geometries, through thefdse

of hfgh speed photography. The resu]t1ng photographs revealed the

'k1nemat1cs of motion present when a g]ow discharge is subject to a

Lorentz force In add1t10n an estimate of the rotat1ona] discharge

ve]oc1ty was obtained: for botha transverse and coaxial e]ectrode design.

o

i
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A. Tubular Anode Geometry'j

I ’
The first electrode geometry'exam1ned was a ‘transverse des1gn

w1th a flow through tubular anode (F1g. 3.3). It was observed that the
behavror of the glow discharge column was radically changed with the
app]ication ot a magnetic field. Under the influence of a small
hagnetic field, the plasma column began to slowly move over the tubular’
anode in a circular motion. The direction of this motion was in accord-
ance.with the resu]tino Lorentz force As the discharge current or
magnet1c field current was 1ncreaseé the: p]asma column began to spread
as it rotated with increasing speed. At this stage, the glow d1scharge
resémb]ed a Uhiformly distribUted annular ring and gave little indica-
tion that it was actua]]y rotat1ng
| \ The cathode g]ow 1ayer was also observed to be annular in shape
This particular characteristic shape is the reéu]t of radial Lorentz
forces (3ex§z) interacting with the charged f]oid. This process.can

create a radial pressure ‘gradient for the charged fluid as previously

~

3

exp]ained in S ctidn 6.12. A detailed explanation of the physica]
discharge shape will be discussed in Section 7.2.

mechan1sm for t
Ihe hotograph in Plate 1. a, taken at 1/60 of a second,g;::ea1s
some of the internal structure in the rotat1ng d1scharge However,
it can be clearly. seen _that the discharge is st11] occupy1ng its full .
annular region. At this point, jt was stT]] unknown whether th% -
‘ discharge.was simply aksing]e plasma column rotating at a very high
‘ speed or whetﬁer the discharge was actually spread out over the entire
e]ectrode_surface.‘ Consequent]y, higher speed photographs werelneeded

in order to resolve this dilemma. The photograph in Plate 1.b, taken
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1. High Speed Photographs ef a Tubular Anode
Geometry. /

Plate 1. Gas discharge parameters include:-COz/Nz/He 1aser‘gas mixture

at 1:7:12 torr, V"/C

Photographs are of (a) 16.7 ms and (b) 1.0 ms duration.

=640V, I =1.6A, P = 250 G.
DC av
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at 1/1000 of a second, still shows definite rotat10na1 structure. How;
ever, the glow discharge 1s now incomplete and appears to be just a
smeared.plasma column. This premise was coérroborated by other photo-
graphs showing an ionization trail as the plasma column rotatedt

It is well known that the plasma column is a region of intense
current density and subsequently high conductivity. It is.suspected
that the uniform electric field profile that exists between the
e]ectrodes becomes distorted in the vicinity of the plasma co]umn i
As the gas d1scharge rotates, the distortion in the electric field
folTows the motion of the column. As shown in Fig. 6.8, the ions
emitted from the anode surface are now subject to awe-component in
the electric field and are forced to follow the distorted field lines.
‘The collective motion of numerous chérged particles produces the
correeoonding ionization trai].

‘ While examining the behavior of arc discharges, it was Observed
that the application of a strong magnetic field was suftdcient to
ext1ngu1sh an arc and form.an annular shaped g]ow d1scharge During
th1s process, the arc Tooked as if it was STowly be1ng pulled into
the center of the electrode by the magnetic fie]d. It is reasonable
to speculate that the magnetic field sﬁowly draws charged particles
from the arc 1nto the rad1a] pressure weT] This procedure would
reduce the overa]l current dens1ty since charged particles would now
“be free to rotate in a large discharge volume under the governing
influence of the Lorentz forces. The procees of extinguishing the
arc was most noticeable at’the cathode-sunfa%e where the magnetic

field is strongest. It is therefore sospected.that if the magnetic
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field can stabilize the cathode glow layer, the remaining arc discharge
‘ -~ 7

must also follow suit. ‘ _ -

B. Coaxial Electrode Geometry.

The second electrode geometry examined,'consisted of a‘eoaxia]
design ‘operating in a magnetic field prodqced by a solenoid. * In this
arrangement, a radial electric field combines with an axial magnetic
fier\to produce a Lorentz force in the & direction as shown in
Fig. 3.4. As in the previous'geometry, a pulser was employed to pro-
vide a unifnrm preionization over the discharge volume. The high
voltage pulser created numerous Streamers which radiated from the
anode and formed small 1 cm diameter spots on the cathode surface.

As the'DC voltage increased, the spots became brighter and larger.
Eventually tnese spots coalesced into a uniform cathode glow 1ayer
approx1mate1y 5 cm wide. .

As the gas breakddwn vo]tege was exceeded, a discharge column
was formed. With the application of a magnetic field, the radial
discharge column began to rotate about tne anode and rapid]y accet—
eratéd into a thin rotating disk. As the discharge current was
1ncreased further, the width of the rotating plasma body expanded
1ong1tud1na11y into the Fnter electrode volumeé. The Hall current
J coupled with the radial component of the magnetic field, B
produces a Lorentz force which conf1ne§§%pe d1scharge ax1a11y to the

central port1on of the electrode Structure. Th1s magnetic contain-

ment feature is.especially useful, since it becomes unnecessary to
' X
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profile the strong fringing electric f1e1ds Created by the coax1a1
electrodes ‘ ,

The photographs in Plate 2 were each taken at 1/1000 of a
second with a gas composition of He and N2 (10:10 torr) and 20 torr of
C02 s respective]y Both .photographs 1nd1cate that the disk is
rotating at very high speeds since no 1nterna1 structure could be
detected. Thus, for the 7.cm diameter coaxial electrode, the estim-
ated minimum rotational velocity is 200 m/s. This very high ve]ocjty ‘
is due to-a large driving force aéting upon aAsma]1 active discharge
volume. In addition, both coaxial electrodes .are smooth and con-
tianus and consequently do not subject the rotatiﬁg discharge to'
excess turbuTence.

\ A wide variety of gases and mixtures were tested in the coaxial

I3

///structure including Ar, He, N2 , and CO2 . A1l gas combinations
produced excellent results for pressures exceedfng 100 torr. Stable
high power discharges were also obta1ned in electronegative gases such
as O2 and SF6 . The electric discharge conta1n1ng 5 torr of SF6 was
part1cu1ar1y interesting since observat1ons revealed an absence of
a Faraday dark space. This effect was due to the extremely high
electron affinity that exists for this’e1ectronegative gas. Conse-
quent]y,'this rapid recbmbination process td form"negative ions,
prevents the formation of any large concentrations of electrons.

' These tests have demonstrated that the magnétic stabilization
technique s largely insensitive to gas’composition énd pressure.
Furthermore, in order to uniform]y-distfibute the rotating disk

discharge over a larger active volume, it may be necessary to

construct a fluid ballasted electrode.
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2. High Speed Rotating Coaxial Discharge.

N

)

Plate 2. (a) Gas discharge consists of a N2/He mixture at 10:10 torr;
Ve =480V, ITpr = 3.2 A, B, =400 G. (b) Gas discharge
consists of 20 torr COZ; VDC = 700 vV, IDC = 4.0 A, Pau = 400 G.

Both photographs are of 1.0 ms duration. ' o 8
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C. Multi-Pin Ballasted Anode Geometry

The previous experiments_wifh tﬁe transverse fubu]ar anode
geometry indicated that the gas dischafgeidperated as a ]bqgﬂized
plasma column. The resulting small active discharge volume made very
inefficient use of the potential volume between the electrodes. In
an attempt to §df§2 this problem, a multi-pin ballasted anode
(Fig. 3.5) was‘constructed to replace the tubular device. The bal-
lasted anode was designed to create a uniformly distributed plasma
through an array of sub-electrode pins. Since the other components
of the transverse structure remained unchanged, a thorough comparison
of the two electrodes could be performed. ’

To initiate the glow discharge; a high voltage pulser was first
applied to‘the anode. Due to the performance of the individually
ballasted sub-e]ectréde pins, a homogeneous préiOnfzed dischange
volume was establish®d. Upon initiation of the gas breakdown voltage,
a-Widé]y dispersed g]bw.discharge began to form in the=center of the
electrodes. With the application of a magnetic field, thefgiow dis-
charge rapidly accelerated into a uniform]y'distributed ;1asma,
Eovering the entire electrode surface. The resultiing gas discharge
was only slightly annular in shape, befng dispersed by the individ-
ually bg11asted sub-electrode pins. Thus, it can be surmised that the
radial Lorentz forces are still playing a factor in determining the
gas discharge characteristics;

| The photographs in‘Plate 3, taken at 1/250 and i/]OOO of a
second, revealed an evenly dist}ibuted p]asma'with 1ittle internal

structure. As a result, the rotational discharge velocity éou]d not
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3. High Speed Photographs of a Discharge in a Multi-
Pin Ballasted Anode Geometry.

4

Plate 3. Gas distharge parameters include: COZ/NZ/He laser gas mixture

at 4:16:20 torr, v__. =750V, 7 = 9.0A, Pﬂ” = 400 G.

ne A

Eas

Photographs are of (a) 4.0 #¥and, (b) 1.0 ms duration.
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be accurately inferred from these photographs. Subsequent determina-
tion of the parameter will require more sophisticated diagnostic
techniques.

Since the entire discharge volume was now more effectively

utilized, the local discharge current density and luminosity was

significantly reduced compared with ‘the tubular anode device. This

uniform distribution of current density enabled the electrode to

~

handle a large increase in overall discharge current. Typically,

the maximum value o% current denéity achieved was 50 mA/cm2. Through
a variety of experiments, it was also determined that the electrode
system was capable of stab]e-oberation at pressures exceeding 60 torr.

These results were repeated numerous times with an assortment of gas

mixtures. Once again the magnetic stébi]izatfon approach has proved
: 4

highly successful and thus far, has only been limited by power supply

restrictions. c

\\

8

6.3.2 High Speed Photographi® Interpretation
. ¢

ﬁhe electric discharges produced by the different electrode

- geometries were all 1n1t1a11y ana]yzedq;Mnder var1ous cond1t1ons,

with a 35 mm single Tens reflex camera. The resulting high speed
color photographs reveé]ed_that a uniform glow discharge Aad been
established in the coaxial and ballasted anode geometries. However,
it was observed that the supposea1y uniform glow discharge found in
the tubular anode geometry was actually a plasma.column rotating at
high speeds petween the electrodes. In order to"study this phenomenon

further, a high sbeed framing camerafWas employed. The gas d{scharges

—~ -
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weré examined with a 16 mm DBM-54 Milliken motion pictu}e camera
capable of frame rates in excess of 400 frames per second. The
shutter used in this spec1a1-camera consisted of a rapidly rotating
plate witﬁ a small adjustable slot. By varying the slot width, a
shutter speed as low as 1/4000,qf a second could be achieved.
Previous experiments have indicated that the cathode gfow
layer was also rotéting under the influenée of the Lorentz force.
High speed photographs revealed that the catﬁode glow layer only,
existed as a half-moon shaped region on theﬂcathodé surface. As
stated by Nasser [3.2], a proper glow discharge cannot function with-
out a cathode glow layer. Now, since the'pIasma coiumn is strengly
inf]uepcéd by the magnetic field, the positive column must move in

unison with the cathode glow layer. This effect was observed by

viewing the film taken by the high speed framing camera. The sequence

of photographs shown in Plate 4 show the cathode glow layer rotating’
in conjunction with the positive column. Fufteprmore, each frame in
this series confirms that -the rotating discharge is actually a single

column rotating between thé e]ectrOdes.' /

From the film sequence, the positive column was estimated to be

.. 2-3 cm-in diameter. Also observed was the emergence of a radial after-

glow from the top of~the positive column near the cathode. Due to the
loss of these particles, fhis region became diffuse and less Tuminous
than the bulk of the positive co]umn: By exam%nihg_the film, frame By
frame, the rotating diséharge co1an was obserVed to jump along the
tubes of the anode as it made its way around the electrode. It is

believed that this process reduced the Velocity of the rotating plasma

153
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coiumh since -a new ionization channel had to be estab]ished with-the
“cathode glow layer. | | | |

| The:cathode"glow layer was estimaéed-to cover an area of 50 cm2
on the cathode'garface.'.§jnce this discharge region is more extensive
than the posffive colwmn, ft was hobed that further increases in the
"appiiedtdriving force ‘would be sufficient to en1arge the cathode glow
1ayer.ane thus'extend the'positive column. Unfortunately, the magnet1c
f1e1d 1ntens1ty was, limited by saturat1on effects. In add1t1on, the
© -power supply was unab]e‘to‘provide the required amount‘of current to
eteSf‘this speculation. Lo

By esamining the fi]m‘seéuence,fn Plate 4 it beeohes possible
to'estihate_the velocity ofvthe rotating cb]umn. ‘This can be accom- -
'_plished by simply counting the pumber Of'frames that the discharge /;
takes to comb]eteﬁohe revolution around the anode. Sihce‘the framing
speed of the motion picture camera was 400 frames/s, each photograph
‘was taken at 2.5 ms intervais. V1ew1ng this 16 -mm film on a f11m
ed1t1ng mach1ne, indicates that for the cond1t1ons specified, there

are 5 frames per revo]ut1on Subsequent]y, the rotat1ona1 ve10c1ty

of the p]asma co1umn s g1ven by .
‘ . . 3

I : - o = nd - framing speed
# of frames/rev.

- where d is fhe diamefef of the dishcarge. This formula indicates a
rotational ve]OCity of v = 27.6 m/s wh1ch confirms the resu]ts of

the photod1ode exper1ment d1scussed in Sect1on 6. 4 ]



6.3.3 Afterglow Effect

As the plasma rapidly accelerates to a steady-state value, an
increasing radial pressure profile begins to develop across the dis-
charge. "’ The'reSUlting cehtrifUQa1 fdrce wi]] in turn drive secondary
flows. Since the app11ed driving forces are stronger near the cathode,
1arger rotat1ona1 ve]oc1t1es are created in this region. Consequent]y,
the outward f]ow of ‘gases w111 also, be predominantly emanating from
the cathode. In the transverse geome;ry, this flow will be radially
outward along the cathode surface. To complete the convective cell,
‘the inward,f]ow is expected to return upwards through the tubular or.
multi-pin flow through anode. In the coax1a1 geometry, the outward
‘f10w9w111 be driven axially a]ong the outerrelectrode and return
axially along the inner electrode.

- This outhard’flow of gas was visually confirmed in all electrode
~ geometries, by the light emitted from metastab}elparticies, The light
in the form of an afterglow could be seen spewing outwards from the
Faraday dark ‘Space and cathode regions. - Further examination by the
high speed film sequence, lndlcated that the radial afterglow actually
~or1g1nated from the top-ha]f of the positive column as it'rotated-over
the tubular anode'surface.

The metastable particles are normally the result of a recom-
bination process 1nvo]v1ng the capture of an e]ectron by a pos1t1ve

'1on according 'to the reaction
+
X +erx" +hny.

From thi react1on, a metastab]e part1c1e is produced and a photon is

emitted hese metastable part1c1es can on]y be created when the

156
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caplured electron cannot return to a lower energy level without
viglating certain’sé]ection ru]es These Tong-lived metastables can
on1Y be restored back to their ground state through an energy absorb-

. ]

- ing Process. . This w1]] allow the electron to move to a higher energy
level from which it can then return to its ground state. The energy
absOrbing process is usually the result of inelastic collisions: *

The afterglows were Visually observed as a result of the photons

_emitted during the metastable production process. A bright ‘orange
aftarglow naS obSerQEd for large concentrations of N, (> 20 torr)
whyle § 1ight green'afterglow was produced in a CO2 gas d1scharge
Since the e1ectr1c discharge d1ssoc1ates CO2 into CO and 02‘, it is
belfeved that the co, afterg]ow is associated with the presence of 0, .

The afterglow emanat1ng from the rotating 1on1zed gas is known

- to yesy)t from co]11s1ona1 processes occurr1ng within the d1scharge

* Sing® the metastables are uncharged, they are not bound to the charged
parv1c1e,bre55ure we11 Consequently, these uncharged part1c1es are
conyected radially outwards, in the transverse geometry, by.the cen-4
trifuga) Dump1ng act1on of the rotating’ gas d1scharge In the coarial‘
geop€try, this. f]ow was generated ax1a]1y The afterg]ow ve]oc1ty was.
experimentally determ1ned by the Pitot tube measurements discussed in g ‘
Sect10n 6-4.2. These results indicate that the afterg]ow ve]oc1ty Was
propDPtlona] to the magnetic f1e1d and the current dens1ty, that is,
to the apPlied dr1V1ng force. The significant outward f]ow generated
by tfrese forces can be partiCUIar]y important in the desigh of-a laser
systém since}the eFfectslcan be exp]oited-to_recircu]ate.and eoo1 the

gas.
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6.3.4 Standing Wave Striations

One of the more prominent chéracteristics‘exhibjted by the_
rotating gas discharge concerns the occurrencefof fluctuations ini _ ‘
light intensity. In the transverse geometry, these fluctuations
appeared as horizontal bands in the plasma column. These fluctuations
~were visually observed upon careful inspection of the.gas discherge.'
Through the use of high speed photoéraphy, these baan were clearly’ .
~ evident since the amoﬁnf of Tight entering the camera had been reduced
(Plate 1). The luminous bands were also reCOrded-by a high speed |

framing camera. An examination of a sequence of frames revealed that

the light intensity filuctuations were™stationary even as the plasma

column rotated. It therefore became evident that these stationary” 'K
1um1nous bands were the result of stand1ng wave str1at1ons in the . /
positive co]umn A | /
A detailed study of the coaxial e]ectrbde geometry aga;h <
revealed the occurrence of f]uctuatlons in 11ght intensity 1n the \
\

form of concentric r1ngs These Tuminous rings, 1ocated in the
‘ rptating positive co}umn were visually obeerved_and photographed.' The -
pictures'disb]ayed in Plate 5, were taken of-gas'd1$Charges containing
10:10 torr of He/N2 and 20.tofrt;fC02 respectivély. The number'of

) aFgé current dens1ty and app]1ed
A W -

. -

B driving force As the Lorentz’

rings varied according to t

mégnetfc field, ‘that is, tgifhggnu
férce increased the number of rings grew until they merged and became
1nd1st1ngu1shabfe Th1s effect can be 111ustrated by P]ate 2 where |
only one ring remains. This f1ndvng is cons1stent with those of

%,
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5. Standing Wave Striations Observed in a Coaxial
Geometry. o , '

|

Plate’5. (a) Gas discharge consists of a«Nz/He,mixture at 10:10 torr;
: ( .
VDC = 425 v, IDG =2.7A, Bav f 300 G. _Photograph is of 8 ms
duration. (b) Gas discharge consists of 20 torr €0,;

V. =660V, I

Do ~=3.6 A, B =300G. Photograph is of

' De av
16.7 ms duration.

T
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Crandall and Cooper [6.4] who observed a sfng]e standing striation
usually located near the cathode.

Since the gas discharges under examination aré‘high]y col-
lisional and only hartiaTiy ionized (ne/nn= 2x1077), it is highly
probable that the standihg wave striations are due to acoustic waves
propagating in the positive column. Within an jonized gas, an acoustic
wave can be generated as a result of an externa] disturbance. If this
disturbance is due to a local change in the electric field, an increase
in the dissbciation of particles may result. The ensuing local
pressure‘increase‘can then initiate an acoustic wave propagating in

[

the neutral gas at the wavespeed 4
= /X2
s P ' />

The passage of the acohst1c disturbance is recogn1zed by a Tocal

increase in light 1ntens1ty due to a rarefraction wave, and a 1oca1
decrease in 1um1n051ty for a compression w!ke [6.4]. The 11ght
1ntens1ty decreaséyn1th compre551on is attributed to a decrease :n
the\e]ectron temperature resulting from an 1ncreased collision fre-
quency.' The less energetic electrons are now unable to fu11y'exc1te -
thé neutral part1c1es to produce spontaneous emission of 11ght ,
The analysis of Pekarek and Krejci [6. 5] has shown that the .. ._;l
format1on of a str1at1on is caused by a d1sturbance in the 1oca1 ' !
e]ectr1c f1e1d The resu1t1ng perturbat1on in the electric ﬂhe]d
causes a rise in the :rate of product1on of ion- pa1rs which in turn
produces a pos1t1ve space charge The electrons are eas11y sepqrated 1
from the 1ons, due to their 1arge d1ffus1on coeff1c1ent and eventua]]y

- create a separat1on of charge carriers. As the pos1t1ve 1on dens1ty

R

4
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accumulates, an electric field produced by the space-charée begins to
oppose the original perturbed field. Consequently, the perturbed
electric field is reduced and the positive ion density begins to
decrease in this discharge region. Further along the discharge axis, B
the perturbed field now combines with the space-charge field and a
new stfiationvis fbrmed.\'The analytic solution of the resulting
perturbed electric field and positive ‘ion density, after an initial
aperiodic‘disturbance, can be described by an‘bsci]1ating Bessel
function. Thus, if can be ;hown that moving striations will result
vfrom the supefposition of many repeated disturbances in the electric _
field [6.5]. . ' | f
It is suspected that the initial disturbance in the electric
- field is‘created»bx the periodic application of the high voltage
pu]sér. Unfortunately this regent]y known cause was not verified at ;
the time.of the experiment. It is also be]ievéd that”the occurrence
of standing waves rather than moving striations can be attributed to
~ the yse of parai]e] electrodes in both the tubu]ar.anode and the .
coq;jal systems. This wasfespecia]]y true in the coaxial geometry
with its smooth concentric electrodes. These sélid electrode walls
were berfect]y reflecting and thus ideal for the production of
acoustic sﬂ%nding(wavés. Whileqoperating the mujti—pin ballastéd

- anode system, no standing wave striations were observed, since the

pin anode is a poor ref]ecting surface for acoustic waves. .



6.3.5' Dark Space Width

Another 1nterest1ng feature exhibited by the magnet1zed glow
d1scharge pertains to the dark space w/gth and its dependence upon
the applied magnetic field. It was observed that for the three
electrode geometries, the physical width of the cathode dark space
cou]d be easily varied by an order of magn1tude upon adjustment of
the magnetic field. For very large field va]ues, the dark space
cou]d'be‘reduced to within 2 mm of the cathode surface.

- The 'variation in dark space width is attributed to the effect1ve
reduction of the rdtio E/n due to the presence of a magnetic field. As
reported earlier in Sect10n 4. 5 E/n was reduced by over 65% in they
cathode fa]] region compared to its non- magnet1zed state This sub-

stantial change in e1ectr1c field will significantly reduce the

, e]ectron temperature and correspondingly its energy as jt accelerates

through the cathode-fa11. The maximum energy attained by these

‘acce]erat1ng e]ectrons occurs at the end of the cathode dark space.
" Here, they part1c1pate in inelastic c011151ons with the negative glow.

'Normally, since the electron energies are too high, their inelastic

o .

collision cross sections are small. Consequently, the egc1tat1on and

_1on1zat1on rates only increases after the electrons have been s lowed

down. However, w1th the reduct1on in cathdde fa]] vo]ﬂlge due to

‘E/n the less energet1c electrons are able to produce inelastic col-

lisions sooner. This effect has been substahtiated by Brewer and

Westhaver [6 61 who have correlated the width of the negative glow

5

‘With the electrons which have gained energy in the Crookes dark space. -
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Their results show that as.the electron energy is reducéd, there is
a corresponding decrease in the width of the hegative/g]owt

From the‘ana]ysis presented, a reduction in E;; leads to an
enhanced electron collision frequency. Theréfore, the addition of a
magnetic field is equivalent to an increase in pressure., Under these
conditions, the ne‘gati’ve glow and the two dark spaces that surround Y g
it,—wi11 shrink towarqs'the cathode, and the positive column will

extend to fill the void. ‘Subsequently, the positive cglumn is estab-

lished closer to the cathode and more of the active discharge volume )

can partic(pate in laser excitation processes. A more theoretical

approach to describe this change in gas discharge behavior is des-

cribed in Chapter 7.

6.4 GAS DISCHARGE DIAGNOSTIC TECHNIQUES

6.4.1 Photodiode Measurements , . ~ >

The results of tﬁe high speed phbtographé révéa]éd that'the
rotating gas discharge was not continuous, but mereiy’é sing]e plasma
co]hmnjmoving rapidly over the tubular anode surface. Though hjgh'
speed motion pictures gave a gopd indication of the azimuthal vé]ocity,
a more convenient and accuraté‘approach was needed. v
\ It was proposed that a sensitiQé photodiode could be used to
B&Eéct the 1ight emission from the plasma cé]umn As the column
rotated, the resulting periodic s1gna1 would be used to determine the -

discharge velocity. The exper1menta] ph\}od1ode -apparatus is 111ust-

rated in Fig. 6.9. In this schematic, twomsh1eJded photodiodes were

S SR
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employed. to detect the passage of the plasma column as it rotated
around the tubular anode surface. The initial deployment of twq\
photodiodes were used to ensure that the rotational velocity was

indeed constant. Fach photodiode was mounted against a 3 mm diameter,

15 cm Tong brass collimating tube. - The long narrow tubes were nec-

essary in_ordgr to collect the incident light and preveﬁt stray light
frbm reaching the phqtod{odes. The.tubes wére mounted in paré]le]
6 mm apért SO as n?t to errlap the incoming spectral signal.

Duéing operation of the discharge, a pulsed beam of ]ightkwds
received by the pﬁotodiode with each revolution of the plasma column.
This signal was then Smplified‘by an emitter follower tingu1t. The

resulting voltage peaké were viewedon an oscilloscope and recorded.

A typical voltage trace can be seen in Fig. 6.10. Note the occurrence

i of a primary and secondary voltage pulse. As the p]asma‘column passes

point A, it is detected by the first photodiode. A short time later,
AT, the second photodiode observes the passage of the column past
point B. As the plasma column continues around the electrode it passes

point C where it is seen by detector 2 and detector 1, as it passes

'point D, AT'§econds later. ‘}%te that the detected amplitude of the

discharge column light intensity, as it passes the far side, is much

smaller and broader. This effect is due to the increase in the‘depth
r?.. .

of field seen byﬂthe photodibde. This éxperiment was repeated, but
With the magneti;/figid polarity reversed. This action changed the
orientation of tfle Lorentz force and accordingiy réversed the direction

.
of discharge rotation.
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The rotational velocity of the plasma cd]umn was initially
ca]cu]ated'by‘measuring the time delay, At, between detected pulses
qsiﬁg both photodiodes. These initial measurements prqvided con-
clusive evidence that the rotational speed was constant. Since the
detected 1ight pulses were also periodic, only one photddiode Was now

required. The rotational discharge speed could now be calculated by ™

the formu]é | v
4 . ‘ _ nd : ¢

. rot ‘\_//\ &
where. nd is the peripheral Epth taken by the dischérge, and T 1sb : }

rot
the period of revolution determined by the oscilloscope time base.

C
L

As shown in F%g. 6.11, an increase in magnetic -field and/or
applied current js accompanie& By a rise in rotational speed. The
dgtted lines indicate thegexpected initial velocity re]ationshib.-
After a proper plasma column has been established, it is clearly seen
that this re]atﬁonship becomes 1inear These expected results cor-
respond to a linear increase in the app11ed J xB dr1v1ng force.
However .as 1nd1cated 1n F1g* 6.11, the magnetic flux density becomes.
slightly nonllnear as the magnetjc field current is increased. Th{s
effect is due to saturation of the magnét core. ‘Since the magnetic
flux density is of, nonuniform strength thrbughout'the discharge volume,
it was decided that the applied magnetic field curren£%ﬁs Best suited
to represent magnetic field éffects. This barameter is easily measured
and is strictly linear wifh respect to the magnetic field; neglecting
irdn core saturation effects. However as a rough gu1de each ampere
of magnetic field current corresponds to-an average magnet1c f]ux

dens1ty of approx1mate1y 200 Gauss. a . L
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The width of the plasma column was estimated by measuring the

» halt’maxiﬁum:Width Ty of the 11ght 1ntens1ty pulse rece1ved/by the S

—

photodiode. S1nce the rotat1ona1 per1od is known, the d1scharge column

, width 4, is ca]cu]ated through the ratio 7 oo ’
d = rd T .
v T W - }
Y. ,

\f As F1g 6.12 1nd1cates, for a given magnetfc flux dens1ty, the p1asma
column expands in response to the app]1ed d1scharge current This
expansion is the outgrowth(xftwo pogsib]e competing effects. First,

_\1t is probable that the increased current density stihuiates.turther
iohdzation whicg contrtbdtes to the expénston of the plasma column.
Secondly, ah inprease in the Lorehtz driving force ;ould spread the i\\-

discharge to]umhddue to acce]eratton of the rotéting charged particles

in the v, direction. ;I ’ : h %h

It was also noted. that the discharge column width decreases w1th

app11ed magnetic field. It 1s-apparent.that_the constricting plasma
~column is caused by the charged partid]e’pressqre well which narrows

in response to an increasebin magnetic field. The largest diameter

of the ptasma column occurred in the-absence of a wagnetic field,

however this' was an unstable s1tuat1on and a glow-to-arc trans1t1on‘

cou]d eas11y develop. At higher. pressures, the p]asma cq&umn simply

constricted to the center of the electrode At this.point, the radial

magnetic- field component, responsible for‘creating the rotational

driving force, was quite small and consequently no rotation was

observed.
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" One furtheh observation noted in this ex?efiment,_concerns the

*

intensity variation of the plasma column. It was ascertained that the -

h

" discharge luminosity fell ot#-hapid]y esvthe photodiode axially scanned
from the anode to the cathode’. This investigation confirmed results

-from the high speed ﬁhotographS'which revea]ed‘afsdbStantiaifexpanéion

of tneipositive column near the cathode... This observed effect is
attributed -to the presence of a stronger Lorentz force, near the cathede,

+which assists in spreading the discharge column.

@ The photodiode appahatds was not implemented to deteqnine the
( .-
d1scharge velocity achieved by the coax1a1 e]ectrode design. It was

felt that since both the transverse an ial rotat1ng p]asma -

experiments were based upon the same prinefples, concentrat1o@’ g

both prOJecks wou]d devwate from the centra1 theme of this thes* |

Neverthe]ess, the coaxial: d1scharge geometry pnoved interesting and

worthy of continued study. . !

As a result of the undesirable qua1it1es manifested by the
tubular anode, a fluid ballasted: mu1t1 p1n e]ectrode was constructed
to provide _a un1formby d1str1buted glow d1scharge Since the,new
anode evenly spreads the glow d1scharge over the entire ejectrode
surface, gge rotat1ng plasma column phenomena was no ]onger apparent.
The photodiode appargtus was used to conf1rm ﬁh1s assumption. The
resu1t1ng 1nvest1gat1on.on1y revealed a uniform background 11ght
1ntens1ty 1eve1 present“e1ong any-horizontal p]ane The light
1ntens1ty 1eve1 d1d become more diffuse and eventua11y d1sappeared

' as the detector scanned the positive glow and the Faraday dark space,

<

as in the'prev1ous case w1th the‘tubu1ar anode. These observed facts

-
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6.4.2 Pitot;Tube Meesurements' e o N . e

/

‘stagnat1on_pressure is given.by the expression

suggests that.under thevinf1uence of a magnetinfield# the new electrode

3

st1gn produced a‘un1form1y rotat1ng p]asma with no d1scern1b1e

.

rd

o \ ..
O % L .
\ i b

The rotat1ng gas d1scharge was suspected of a]so produc1ng a f)'
o)

gas f]ow that,mlght or1g1nate due to the presence of powerfu]

e

centrifugal forces. Th1s susp1c1on was conf1rmed through the obser-
vation of a radiaT.afterg1ow-?e%3§§e3e?ted out of the 9as’ d1scharge o
An expertment was then devised toJmeasure th1§ f]ow and- determ\ne 1ts

character1st1cs “As illustrated

ki

to measure the static and stagnati

in Fig. 6.9, a P1tot tube was mounted *

ressures» A capac1tance man-
ometer was then employed to sense the differeﬂce in-these pressures

and produce an electronic outputhsignaW. From' these re§ﬁ¥%s, akredial

P

f]ow ve] ity can be determined.
) From any. standard gas dynam1c text the ratio of stat*c to
' “ _

- LU Ly
-5 . . . R - !

e {] '-[%]Mz}*'l - T (6a1a)

3

i~

where y = ¢ /c is the ratio of spec1f1c heat capac1t1es, and Mis the

Mach number. 4Rearranglng.th1s equation yields ?; | -
. Ty B A
2 g Y X .
2 = | L - -
o= (2] 6w
' - 0 \ _ o
> .

where u = v/e_ , c_ = /yRTddiﬁﬁthevsonic speed and R is the universal

i
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LR T a

7

¢

172

fehd



-~

PR - ’;.
= N Eh. - > R
| L R ol a § I [—S} Lo -~ (6.16)
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¢ It/is also known thét._lT'_ % S0 _ | ‘
v B ] B l’ . °
AT S S . Pry || ’ '
D . ;. s|Y R .
, \, . . Ud‘ =. ZCPTO 1- [P ] size . (6,]7)
. ." O v X QL oA
"”:Noh,»1ettigg the paramefer f define the quahtity , 2 4
- : W f = PO—.PS = g
. ‘ ‘_4_ ,‘ ; I .Po - PO
: . . R )
. .

it ‘then becomes conven1ent to s1mp11fy Egn. 6.4 through the use of the

‘binomial. theorem that is, . ' s
i( . .Ll.e — . PR \f
<~ |P_| v 2 , S
- A BN ST B S i I
- (p] RE R LR (6.18)
0 ' . )

For a laser gas mixture, the overall specific heat capacjty per

unit mass, at a constant pressure, is given by [6.7] " g
| T o \
IR ot kNA»{?(fN *feo, )tz fHe}
-1 _ 2 72 “
: - ep =T Thr = g , . (6.19)
s S T

I

In thns express1on, k is Bo]tzmann S constant NA is Avogadro'é number,

f%’1s the fract1ona1 concentrat1on of the tth gas spec1es, and N _is

the number of. degrees of freedom for the zth spECles ‘ “ ”(:

S
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The express1on for the rad1a1 gas f]ow ve]oo1ty can now be

v
s

‘written as e : ‘
_ . l' . ] L li . ) . R .
v = {Zcprbf[]-§i[14r2Y]} . (o,?O)
. o - . . :
' °p . C e N
where vy = — » and ¢_ is defined from Eqn. 6.19.
‘cp'g?'e P ! , '

The d1fferentﬂa] pressure, as’determwned by the capac1tance
manometer, was corre]ated W1th the appropr1ate gas mixture to y1e]d
the:veloc;ty curves d1sp1ayed 1n Figs. 6.13-6. ]4 These resu]ts were
obtained using a H 17 12 torr gas m1xture cons1st1ng of COZ/NZ/He The
curves of F1g.”6 13 show the change in radial gas flow as the"P1tof
tube detected pressure changes Just outs1de the act1ve d1scharge L
votume. As expected #rom v1sua1 observat1on of the afterglow the CY # )

‘i
radial gas ve]oc1ty measured near the cathode reglon, was substant1a]]y

h1gher than the measured‘ values ati, the center or near the ano&e These B

_ measurements. 1nd1cate that the centr1fuga1 forces are.def1n1te1y higher
L f

near the cathode -An analysis of the magnetic f1e1d prof11e within B
3 )

the dtscharge vo]ume, confirms this conjecture. It wa§ found that the

~ magnetic. f]ux dens1ty was s1gn1f1cant]y 1arger in th1s reg1on and

thereby contr1buted to a 1arger Lorentz dr1v1ng force Lo CT

In the absence of a magnetic field, the Pitot tube apparatus

detected no pressure dafferent1a] With the 1n1t1at1on of a magnet1c

field, the p]asma column began to rotate. However, no rad1a1 gas flow
‘was detected until the rotating gas d1scharge was fu]]y estab11shed »
and an afterg]ow observedg’ Jhis effect is specu]ated by the dashed

lines in F1g. 6.14. In addition, it was not1ced that a stronger

magnet1c field was needed to fully- estab11sh a rotating d1scharge for
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larger values of applied current TOIt s be11eveé that th1s effect is
due to a stronger Lorentz force requ1red to overcome the high prob:
ability of a g]ow—tOrarc trans1t1on for djscharges with large current
densities. - a ~ .= o

] W1th further inerease in magnet1c field strength the afterg]ow
noticeably changed its shape by expanding radially. Reduc1ng the
\magnet1c flux dens1ty, 1mmed1e}e]y caused the afterg]ow to shrink in
size'and lose some of 1tsw]um1nos1ty By ma1nta1n1ng a constant
d1scherge current, an 1ncrease in magnetic field produced a 1inear
rt§e in the detected radial gas fiow. " Figure 6.14, 11]ustrates th1s
dependence for several values of d1scharge current ’

For a consf@nt ﬁignet1c f1e1d,5F1g. §.1§ also reveals that the

radial gas velocity is ansincreasinghtunction with respect to the K
-applied discharge current. This result was also expected‘since the
driving forcef1s proportional to the cufrent density. Thus,,for large
values of J x § a strong centr1fuga1 force is created. The effect
of this force, on the rotat1ng p]asma co]umn, wou1d tend to throw off
neutral part1c1es since: they are strong]y coupled to the motion of the -
charged particles oy y1scos1ty. However, the’ neutra] particles are
not bound by the applied electric and magnetic “fields es are the-
"charged particles. Therefore, they are free to establish s convective '
ce]] in which momentum can be transported out o; the dischardge volume.
The resulting centrifugal pumping action is thus able to quickly
remove hot spots from the discharge‘éhd rep}ace it with fresh{ cool

gas. -
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6:5‘_VI CHARACTERISTICS OF A MAGNETIZED GLOW DISCHARGE
6.5.1 Glow-To-Arc Transition

It has Tong been known that most high power CW laser gas dis-

.Charges operate in the abnormal glow region [1.2]. This region is

 characterized by a rapidly 1ncre$sing'plaéma,impedance as shown by

the Tower curve in Ffd. 6.15. To maintain the gas 'discharge in the
abnorma?\glow reg%onfit iS'necessary to continuaT]y increase the

externa] ballast res1stance s Th1s procedure will shift the load ling

b3

to a more stable point on the VI character1st1c curve, at the expense

of system efficiency. Failure to fo11OWf{his guideline, will ulti-

~ mately lead to a glow=¥o-arc transition;'és speculated -by the dashed

ference i

P

curve'in Fig. 6.15. | 1
Under the inf]uence of a.magnetic -field, the same gas discharge
< «

now has the characteristics of a.normal glow, as i]]nstratéd by the

upper curve in Fig. 6.15. In order.ﬁo‘understand this marked dif-

" discharge behavior, it is instructive to follow the

"l

transi ;Ji'}h a norma1 glow to‘an arc discha}ge While operat1ng '
in the norma] g]ow reg1me the d1scharge only partially covers the
cathode surface. ‘As the discharge current is 1ncreased, the current
density and voltage rema#n constant. Cohéequent]y; the area of the
discharge must ihcreasé;proportionate]y. At the terminhtipn of the .
normal glow region, the cathode is comp]ete1y>coyered by the g1ow:/;nd
its entire ;urface serves as an electron emitter. fn order to ﬁdither
intensify the diécharge current% it becomes necessary to incrgﬁée the
number of electrons created by ionization ih the cathode fa]?ﬁ This

\
|

£
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Fig. 6.15 Comparison of VI Characteristics for a Magnetized and Non-
Magnetized Glow Discharge. Gas Discharge contains 1:7:12 torr

mixture of COZ/NZ/He.
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process cah be accomplished by increasing'the vo]ta@e and hence the
electric field, in order to st1mu]ate the rate of 1onlzat1on by e]ectron

-

impact. The character1st1c rise in voltage s1gna1s the onset of the}
. abnorma] g]ow Since the cathode now receives a ]arger number of
pos1t1ve ions, each w1th @ higher energ;t its temperature rises. This hej
process cont1nues until the thermionic emission’ from the cathode (
surface becomes comparab]e to the e1ectron em1ss1on by pos1t1ve ion -
bombardment. Since the therm1on1c emission current is"a strongly -
increasing function of temperature, an additional rise in discharge
ggrrent-leads to great1y‘increased %1ectron emission} The excess. e
ve]ectrons increase the discharge conductivity by initiating an inter-

electrode ionization channe] or streamer. Upon further 1nf1ux of

2>

energy, the streamer)bu11ds 1n 1ntens1ty to form an arc d1scharge,

/

character1ikd.by a h1gh current and a low. vo]tage

¥

6.5.2 Behavior as a Normal 6low

A comparison of the two VI curves in Fig. 6.15 revea]s'that'the
magnetized glow discharge has an extended normal glow region. It.is
suspected rthat as'the cathode g]ow:fayer expands to cover the cathode
surface, an abnormat.g]ow will eventua11y deve1op; Thus far, this
transition-has been far beyond the range of the ex1st1ng power supp11es
It is therefore believed that the magnet1c field is creat1ng an effect
which prevents or de]ays the occurrence of an abnormal glow and sub-
sequently a g}ow-to—arc transition. 'This section wi11 explain the
physical mechanisms involved in}maﬁntaining an otherwise unstab]e

gas discharge as a normal glow.
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As reported 1n Sect1on 6 1. 2 the annular shaped d1scharge is

confined to a radial pressure we]] as a resu]t of the rad1a1 Lorentz‘

'pressure J % § In add1t1on, ‘this force 1nteracts w1th the space-

¢ ' .
Lorentz forces‘can i

-

an, abnorma? glow. ¥

charge sheaths, creating

2 haped glow layer wh1ch on]y ', ‘.
de. Coaseqliently, it would appear that the

.the expans1on of the e]ectron space-charge

partially covers the cgth

sheath and the pos1 ive co\umn, thereby‘p:7vent1ng the trans1t1on¢$o

1% E
. " )

It has been determ1ned from the theoret1ca1 ana]ys1s in
Section 6.1. 2 that the discharge can only rotate in reg1ons where”

the forces created by e]ectrrc and magnetic fields are ba]anced with

rad1a1 pressure forces Furthermore the magnetic field prof11e

contro]s aﬁd cont1nuous1y adJusts the em1tt1ng cathode area “to supp]y

the des1red d1scharge current Therefore, the cathode becomes a more

’feff1c1ent emitter of e]ectrons by producfng more cUrrent through the °

A
cathode glow layer. At present, there are two known effects which

can account for this process, 1nvolv1ng the use: of electrons and/or
. - 1
pos1t1ve ions.
In the presence of a magnet1c f1e1d e]ectrons and ions are

requ1red to gyrate about magnetic 11nes of force. It has been

speculated that near.the cathode, some electrons wil} acquire a suffi-

-c1ent1y sma]] Larmor rad1us such that they will be forced to return ’

to the cathode, causing further secondary emission. This process is
poss1b1e prov1ded the e]ectrons have not undergone any co]11s1ons

This can be expressed mathematically as

2ney < A | | (6.21)
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where %ﬂ is fhe.mean free path, and r. is the Larmor radius defined by

) r, = <ée>/mce . Equation 6.21 can be rearranged to yield an expression
- : ) - . . . g -
for. the required maghetic field necessary for electron. back-diffusion,
_ - | Voo
~ that is, .
- : 2 2.303x 10 %ﬁ; ,
. s < : ; .
B > 'e-x'-,‘(BTrmekTe) = — . : (6.22)
m . . oom _ &

'This equation indicates_that‘ior typical-gas discharge conditions
the” e]ectrons emitted from\the cathode will be too energetic to be _
affected by the moderate strength of the magnetic field. ‘'Only e]ectrons
w1th energies less than 1 eV will have a chance of returning to the
cathode. However, these electrons have- 1nsuffic1ent energy to cause
secondary.em1551on and will thus be simply recaptured by the cathode.
~ Ton kinetic-behavior:can also be strongly influenced by a
.magnetic field. In particu]ar; the applied Lorentz force creates a
significant azimuthal velocity component. However due to the non-
11near nature of the magnetic field the rotationa1 driving forcesb
are strong]y spatiaily dependent Thus, the highly effective raota-
tional shear will cause the jons to bombard the cathode surface. at
~angles far from normal incidence. It has been we11 documented that
the secondary eiectron emission yield can be effectiveiy increased by
oVer 100% for 1on1c ang]es of incidence greater than 45° [6 8]. The

reason for this 1ncreased emission yield is due to. secondary electrons

' 7%being produced closer to the cathode surface for ang]es of oblique\

1nc1dence Thus, these newly ]1berated eiectrons have a higher
probabi11ty of reaching the surface w1th correspondingly higher energy
There is some experimenta] evidence to support this 1atter

hypothe51s.4 In particular;-after runningkthe‘gas dischange for an .

-
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ektended period; the cathode sqrface, upon EXaminatigr; revealed a
surface texture resemb]ing a myriad of fine, closely spaced, hair---
line scratches; These scratches, up to 1 cm in.]ehgth, were all
parallel and uniformly distributed_in the directon of discharge
rotation. Th1s effect was part1cu1ar1y not1ceab1e for an a]um1num
cathode. The resulting scratches are be11eved to be due to sput-
tertng actton of the cathode's thin oxide coating by bombarding ions
near grazing incidence [6.9].

\

6.5.3 Voltage-Current Curves

/—( .
As §hown 1n the previous section, the VI characteristics of a

magnet1ca11y stab111zed discharge, 1nd1cate that the plasma operates
at a near. constant E/n within the normal g]ow regime. Since the gas
discharge was extreme]y stab]e even for large current densities, only
a small amount of externa] ba11ast was requ1red for operation,
typ1ca11y about 15%. Further analysis was necessary to determine
‘whether these beneficial characteristiis could be affected by¢other
parameters. This section will examjne the operating conditions'of
‘(sthe,gas dﬁschar&e and its dependence upon geometry, gas miiture; and
pressure. | -

Throughhnumerous e§beriments, the MGD stabi]ization approach.
was found to work effectiVe]y'with each'geometry cohsidered. In each
case, a stabilized gas discharge was observed to operate as a normal
glow. However, it was quickly determined that the magnet1c f1e1d was

not of 3uff1c1ent strength or conf1gurat1on to establish a uniform

plasma throughout the discharge volume. During operation of the
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tubufdr anodé geometry, the plasma preferrgd to remain as a discharge
column which rotated between the\electrodes. In addition, the high
.speéd rbtéting plasma, found in the coaxial geometry, preferred to
exist‘as a thin disk. Thus, it can be surmised that the primary

| cgnfiguragjén of an electrical dfécharge is one that wi]]voccupy the

| least aﬁounf of‘volume in order to remain self-sustained.

.Continued study of the gas disngrgé systems, revealed that an
externally applied force has’no ability to create additional current
sburces on the electrode surface. It can only distribute the existing
current source in the direction of the applied force. As é conse-
quence, the estabiishment of a uniform glow discharge ié only partially
promoted.

This problem was'overcoﬁé through constfuction of a fluid
ballasted, multi-pin anode. In this geometry, each pin é]ectrode
creates a small uniform glow discharge between it and the cathode.

The ‘resulting array of pins establishes a uniform glow discharg§\>
whfch‘fii1s the entire active volume. Now, the apphication of a
magnetic fie]d:can impart convective motion’ to each_individua] dis-
charge column, thereby forming a unifbrm1y distributed rotating
glow discharge. N

Further testinglrevealed'that the magneiic stabilization
technique was relatively insensitive to theltype and mixture of’
gésesnuti]ized. -_A11 were found to behave as a normal glow in
Fhe‘presenée of a magneticifie]d. Ihis included the.electronegative
gases 92 and SF¢ , which could be stabilized when subjected to large
magnetic fields. Accordingly, the magnetic stabilization technique

may find numerous applications for a variety of laser gas mixtures.



These tegtﬁbwere repeated to test the effeetiveness of this
technique on varying gas pressures and magnetic fields. Figure 6.16
’1]1ustrates the VI cha;acter1st1cs of the magnetically stab111zed
coax1a1 d1scharge for a 2:8:10 torr m1xture of COZ/N /He. It is
c1ear1y seen that the magnetic field can appreciably change the
operating dischafge voltage. This variation in voltage is approx-
imately linear with the applied magnetic field. However, as sta%ed
prevéoqely, saturation of the e]ectremaghe£ core tends to reduce the
field strength.for larger values of field currenf. In Fig. 6.17, '
the partial pressures of eachygas have~eowfbeen doubled. fhe resu]t;
ing curves are similar in shape to the prev1ous case, but show h1gher
operating voltages. This expected resu]t is due to the larger‘break-

down voltages required for gases at higher pressures. By compar1ng
TN

Figs. 6.16 and 6.17, it can be stated that the inf]uencé\gf a magnetic

field is equivalent to an increase in pressure of the gaé\gisché?ﬁe—\'\m

system.

v

It was also noticed that as the magnetic field or pressure
increased, the gas dfgcharge requires‘more current to establish a

normal glow (constant voltage region). This effect can be explained

L4

through the use of Townsend's equation, that is,

-_~Ae

Bp/E. ) (6.23)

o

p
His equation indicates that a, the‘number df electrons produced per
unit 1epgth in fhe field direction, is reduced upon an increase in
pressure. If a constant electric field is maintained, an increase in ‘
pressure will result in a 1ar§er number of low energy collisions,

&

&3@ 1853é

\\.‘

—



800 T T T T B I ] I

400 - _
< °

0 ! [ R Lo ! |
6.0~ ~ 100

0 20 40
Ipc (amps)

8.0

Y

Fig. 6.16 VI Characteristics of a Magnetica]ly‘ Stabilized Coaxial
Dischardge. Gas discharge contains 2:8:10 torr mixture
of COZ/NZ/He.
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. . o v s
thereby reducing the number o#‘&o]]isjbns invo]vingribnization. The
presence of a magnetic field also promotes less ionizing,éof]isions
since the charged particles must now gyrate about the‘magneﬁic field
lineé. During this process, thé electrons and ions suffer periods of
deceleration as they travel against the electric field. Thus, with :
less kinetic energy, the exisé%ng caarged particles are Tless pro- ° A
ffcient in.stimu]ating»addftfona] iaﬁjzation. The resu]ting‘]oss of
electrons changes the VI charactqrisfics by reducing the current -~
dens{ty. Consequently, mere applied discharge current is required to
mgjﬁtain a normal glaqw behavior. T ' , ’
| 'This behavioral pattern was repeatea for all gas mixtures
analyzed including the 30:30:30 torr mixture of C02/N2/He shown in
Fig. 6.18. Since the supply vé]tage was limited, the anode to cathode
.dfstance was reduced 16 order to achieve a breakdown voltage. Even
at these very high gas concentrations, the magnetﬁc field is -highly
effective’in producing a ﬁsrma] glow discharge from anlinherent1y
unstable one. .

Similar VI curves were made for the fluid ballasted, multi-pin
anode structure and are displayed in Fig. 6.19. Examination of these
curves also show a voltage variation with maghetic field. In addition,
the VI characteristics of this‘e1ectrode desigﬁ show a glow-to-arc
transition when the magnetic field is absent. Th?s brief fr&nsition
is specufated by the dashed curve. From these curves, it is also
quite apparent that the constant voltage discharge.is oberating in

the normal gwa regime. Thf; behavior is consistent with the small

annuiar shaped cathode glow layer. Additional data were taken from

-
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s .
a similar gas composition but with a.total preésure of 40_ﬁorr.
Similar results were obtained but at a higher operating voltage.

“\gjhe upper expgrimenta] points in these figures represent a
specific\;;;charge power loading of éﬁaut 10 kW/1. This valde is
particularly encouragiqg in t;at it is substantially more than that ‘
which could be achieved under comparable conditions with a conven-
tionally ba]]asted e]ectrode structure.~Jo date, ar upper instability
threshold has still not yet been obSer;;;t\gaﬁggst1ng that even higher y

power 1oad1ng is poss1b1e

— : L]

© 6.5.4 Variation of the VI Characteristics with Maghetic Field

It is well known that numerous changes in a gas discharge's
characteristics can occur when it has béen subjected.fo a magnetic
field. Some of these effects have already beQn observed in the  form
~of a discharge rotation due to Lorentz forces, oblique ang]evbombarq—
ment of the cathode surface and a variation of the length of the
cathode dark space. As demonstrateg.throughoutnthis thesis, the
épp]ied Lorentz force has uJLa]]y been found to be responsible for
the plasma's distinct behav{or This section will now investigate
the var1at1on of the d1scha&ge current and voltage ih the presence of
a magnet1c field. \*\;«~’ o ' . /

" It has been previously determined that the norml glow behavior
exhibited by‘thelmagnetiqally stabilized discharge,'wés due to the
creation of a more efficient cathode emitter. Furthermore, the‘mﬁtion

of charged particles is directly influenced by the combination of

electric and magnetic fields. Thus,‘under the action of-a hagnetic



field that isftransvérse to the'gpp]ied e]ectfic field, a siénificant
number of electrons and ions wf]1 be deflected away from the discharge
axis. In the transverse geometry, the rad%a]ﬂmagnetfc fie]d_forces
pqrtic]es to.travel fn_the radial and azimuthal directions. Similarly,
in the coéxia].QEbhetry,‘an axial magnetic field forced the particles
to flow radié]]y and azimuthally.

Th;ough_the use of Boltzmann's transport equation, it can bé
shown that the m;gnetic field does*not_affect the component of. charged
particle drift velocity parallel tp‘§. However, thé drift ve16city in
the di;ection of £, perpendicu]ar to B, decreaseé and a velocity com-
ponent perpendicular to both % and B appears. The newly created drift
velocity components are thus responsiE]e for the dramatic change in
gas diégha}ge behaviorﬁ‘ A more detailed aﬁa]ysis will bé presented
in Chapter 7. ) | |

It is well known that a particle's driff velocity is related
to its mobility. Thus, it becomes possible to associate the effect
of a transverse magnetic fie1d~with the transport properties of the
gas. In this respect, the mobility becomes a tensor and may be

written in the form

= £ ..
m

Y (6.24)

ui.
- J e

where Qij is the collision freqdency tensor defined by Eqn. 4.39.

Examination of the mobility compohént ﬁerpehdicular to B, indicates

»

that charged particle transport is now reduced in this direction since

192



In other words, the transverse magnetic fie]d'reduces the mobility of
the charged part1c1es in the d1rect1on of the apdl1ed electric f1e1d
Thus, the effective e1ectr1c f1e1d norma] to the electrodes, is
decreased. This resthnconf1rms that fhe ratio E/p is reduced upon
apb]icatidn of a magnetic field.

Due to the transverse magnetic field, deflected charged par-
ticles can undergo several Mevolutions of the d{SCharge active volume
during an intérAelectrode transit. Thus as a result of this process,
-a new electric field perpendicular to the original field will be

cfeéted. The total effective electric field will then take the

form" :
» \)2 } :
2 = g2 2 €s
Eeff' Ell + E.L lm} (625)
) ce es

as derived by éo]ant [6.10]. In this expression,,E is the new
cbmponent og‘e]ectric field 'parallel tb B and the second term is
the reduced/e]ectr1c field normal to the electrodes.. The effective
increase in the overall-electric field could then be deteéted as a-
rise 1n°the measured diséﬁarge vo]taée. ‘

The VI characteristic curves in Figs. 6.16-6.18 illustrate that
a significant variation in discharge voltage does aCcompény a change
in magnétiq field. This association is depicted in Fig. 6.20 where
the initia]toﬁerat{ng voltage fs observed to rise linearly with
applied magnetic fje]d. As expected, Fig. 6.20'5]50 shows ;hat the
discharge voltage is dependent upon pressure.

Additiqna]Ainvestigation»has‘revea]ed that since the current

density is affunction of the electron drift velocity, it too will
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.decline with applied magnretic field. This relationship has been con-

firmed by Fig. 6.21 which Shgws the variation of discharge current for
different va]ues‘of B with different initial discharge currents. Over
the region of tnterest, this dependence appears to be 1jnear: However,
due toﬁsaturation effects of the magnet core, the magnetic field vaiues
at high field currents tend to be s]ight]y’fnaccurate ' The plot in
Fig..6.21 is typical of those measured for each discharge geometry \
In add1t1on, the linear variation of discharge current was observed

to be 1ndependent of gas spec1es and m1xture

]

- Similar results were obtained for a small gas-discharge tube

by Sen and Gupta [6.11J"where-varfations in d+scharge curréent were

E}

observed withvrespect‘to changes in‘pressure.. Howevir, their bressure-
current relationship decreased as the pressire exceeded 150 mtorr.
Cbnsequent1y, thTsfsecond variation was not:observed in the present
investigation since operating pressures normally exceeded 10 torr.

| One further parameter of interest concerns the dependence of
the plasma impedance,ﬁb »» on the magnet1c f1e]d strength This
me1at1onsh1p is d1sg]ayed in Fxg 6. 22 and is found to be 1n1t1a11y

11near for low magnetic field wvalues. Overall, the graph 1nd1cates

that the plasma impedance rises as the applied magnetic f1e1d

increases. An .examination of the conductivity tensor reveals that

the perpendicular component o, is a decreasing function of magnet1c
field strength. Thus, current f]ow is reduced in this d1rect1on as -’
previously seen. Consequently, this process will not favour the for-

mation of highly conductive ionization channels or arc-like streamers

along the discharge axis.
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CHAPTER 7
DYNAMICS OF A MAGNETIZED GAS DISCHARGE
7.1 INTRODUCTION

Throughout this thesis, the influence of a magnetic field has
been shown to have a substantial effect on the behavior of an ionized
gas discharge. It has already been determined that the magnet1c field
can alter discharge character1st1cs through varwat1ons in the charged ‘
particle drift ve10c1ty, and co111s1on frequency. Further ana1ys1s will
show that the magnet1c field is capable of modifying the expressions for
‘the Townsend coefficients as well. A]]Iof the effects may be derived
from an ana]ysig of the electron distribution function.

It is well known that a stabilized gas discharge is the first
requirement for the construction of a high power laser. .Thus far,
1t has been observed that the magnetic field is extreme]y effective
in ma1nta1n1ng a stable, normal glow d1scharge This chapter w1]]
elaborate upon the MGD stabilization scheme in both the space-charge
sheaths and the plasma bulk regions. Furthermore, it w111 be
exp1a1ned how the reduct1on in the effective va]ue of E/p ]eads to
a’less self-sustained discharge.

The magnetic fit]d has been found to be responsible for
increasing the total number of inelastic electron-neutral .collisions.
This effect has the potent1a1 of increasing the exc1tat]on rate. for
v1brat1ona1 pumping and thereby improving laser exc1tat1on efficiency.

' Ver1f1cat1on of -this theory will be revealed through a detailed gain }

. analysis.

4 ] gB "» N -



7.2 DISCHARGE STABILIZATION MECHANISM

The initial study and preliminary analysis performance on the
ﬁagnetic discharge structure of Fig. 3.2, suggested'that the*mechani§m
responsib1e for the stabilization of the 916w discharge invéngd a
highly sheared rotationa]‘ve1oc1ty. The resulting velocity, driven by
spatia11y dependént Lorentz forces, devé]oped an effective mixing of
the 1on1zed gas within the space-charge region near the cathode sur—
face and .in the pos1t1ve column.

It is well known that within a glow d1scharge, the largest
electric f1e1d strengths are found within the cathode fall region.
Here, field strengths can be several orders of magnitude Targer than
in the plasma bulk. This implies that the largest rotational mixing
processe§ will occur in the space-charge sheaths directly below the
cathode surfdce. Since the electric field strength within the
cathqde fall region drops Tinearly with distance from the electrode
surface [7.1], a strong rotational velocity shear will be deve1oped
- in this regipn. This particular aspect has already been speculated
by thé oblique angle bombafdmentvof positive ions upon the cathode
sufface.

The analysis of the stabi]izatién'mechanism can be accomp]iéhed
by examining the Lorentz forces acting upon the glow dfscharge. As
indicated by Fig. 7.1, the discharge can be approximated as consisting
of three radial and three ax1a1>regions. The radial regions are
defined as zones of'differeﬁt(magnetic fie]d‘strengths and direction,
that is, reg1on I (Bz¥> 0, JBZI > B»), region 11 ]B li< B, ), and

'“reg1on III ( ; 20, }Bgi:5 B?)f S1m11ar]y, the three axial regions
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are definedva_(l) an ion_space—charge she;tﬁ found in the cathode
dark space and negative glow, (2) an e]ectron space charge sheath )
1ocated in the Faraday dark space, and (3) the neutral plasma bulk
found in the positive qo]umn.

The total current in the positive and negative sheath layers
must include a conduction current J and a convection current }, result-
ing from thg azimuthal rotation of the space—Charge 1ayer.. An
examination of force terms in the 6vdfrection reveals that‘the 3 x g
force will cause a rotation of both the charged and the neutral fluids
:= the negativg 6 direction. It is assumed that both f]uids’are
'strong1y coupled together within th1s highly co111s1ona1 gas d1scharge
The radial forces (36>«§Z) act1ng on the charged f1u1d in regions I
and IiI wi]?ftend'to force the discharge current into an annulus
(fegion I1). Thjs proces;rhas.been‘confirmed by e*perimenta]
observations. |

\\The~convection current .% in the ion space-charge sheath, will
create an outward radial force (T% xgé) which will tend to spread the
ion sheath a]dnd'the cathode surface. It is expected that this force
will be minimal since the ion sheath velocity is Tow due to viscous
drag. The actual location of the‘dischargé within region II will be
dependent upon a balance between centrifugal, radial pressure, and
Lorentz force terms as i11ustrated»bvaqn. 6.5.

The strong spatiaj variation in the discharge‘current and the
direcffon and magnitude of the imposed mégentic field, implies that
the rotational driving force (jé><§r> will a]so‘gxhibit>a strong

spatial dependence. Thﬁs result confirms that the rotational velocity

201



[

-

within- the charged *$heath reg1ons -and in- the pos1t1ve co]umn w1]] be,

* highly: sheared s prev1ously discussed, the sheared f]ow prof11e,

jw1th1n the 1on and e]ectron sheaths, creates a un1form and contro]1ed
secondary emission from ‘the cathode. The plasma bu1k is therefore

un1form1y supp11ed with charge carriers from this electron emitting

Wt

@ [ d

reg1on " The strong]y Sheared f1ow wfthwn the rema1nder of the dis- -
: lchargeﬂvoJume.w;]],rapjdly;djstrtoute any local nonuniformities in
denSitf,'teﬁoerathre; or'current:throughout-the-activé-vo]ume. It
is this convective process that is instrumental in preventing the
'development of se]f-regeneratiVé'e]ectrothermaf‘bqu instabilities:
| ;whiCh wou1d_norma11y 1eadvto thevformation of a constricted arc,

»discharge [2.6].

T 7.,3_‘-,E_LE.C'T‘RVON,D,I,S‘TRVIBUTI"ON'4?.F.UNCfION IN A MAGNETIC"_FIE?LD

In order to thorough]y exp1a1n the’ var1at1on of gas, discharge
parameters 1n the presence of a magnetic field, an ana1ys1s of the
e]ectron distribution function 1s necessary The techn1que emp]oyed

to so]ve the k1net1c or' Bo]tzmann transport equat1on given by

ait(nf) + ;.%v*(nf)";»me—'(“‘g’;;f;g') ~-V77;(;ﬁf)l =-"§§(nf) L gy

e

: is‘based upon the assumed low anisotropy of the electron.distributidh‘i
fJnction in a uniform electric fie]d\[6 ]O]v When the electric field

strength11s not excess1ve, the e]ectron ve10c1ty distribution function
depends only upon the ve1oc1ty v and the angle o5 between the d1rect1ons

of velocity v and the field Z. This assumption is quite valid for
{

K

-
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values of Z norma]]y utilized in gas laser d1scharges fne dependence
of the ang]e e, wh1ch is due to the an1sotropy of the distribution
'funct1on must a]so be small. In this Timit, the d1str1but1on funct1on

can be expanded in orthogona1 Legendre po]ynom1a1s, that is,

IIl\/J8<\‘

F@) = 7 f (v)P _(cos o)

n

n=0

where the distribution function fﬁ(v) orly. depends upon the velocity.
If the perturbation in the distribution“function is small, it is
possible to restrict the expansion of () in terms of spherical

harmonics to the first two terms in the series. Consequently
f(v) = £y (v) + cos(s)r, (v) . (7.3)

where the function fo(v) is the isotropic Maxwellian distribution
and fl(p) is the directed component of the distribution function.
In the presence of electric and magnetic f1e1ds, the so]ut1on

for the e]ectron distribution function is sought in the genera] form

-, Jlx<u) wf ) v ()

IO R0 s —E e = 2 )

VN L
Sl
- which depends upon all ve]oCity components SUbstituting the represent-

-

ation for the altered d1str1but1on funct1on, EQn. 7.4, into the kinetic:

equation will produce a set of equations for the functions f s f
.’L‘

- f, » and £y The first equat1on s obtained by averaging the

o
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kinetic équatioh over all the velocity \d‘irectioﬁs by intégrating over
the solid ang]\ye dw. The equations for ‘the directed components are
obtqined by averaging after multiplying by the direction cosines of
" the angles between the velocity vector and the coordinate axes [7.1].

This produces the equation

3\, %WJ '3:7152;;”%]01) =5, (7.5)
e : e
and . .
en df en
3 = > e 0 _ e ry - _ ’
s+ ol g ) s 3 = me.\§2<fq) §l : (7.6)
The collision terms S, and 31 are given by the terms .
. 8(n_f)
1 e :
S, _ﬂ[wwa : (7.7)
and
3 s(n £) R
Slk ) Zr—;fw. ¢ C0S 9 du R ‘ - (7.8),

- where du = sin edody and B is the angle between the k axis apd.the . ...

velocity vector
If the d1str1but1on functwn is 1ndependent of time and

coord1nates Eqns 7.5 and 7 6 may be s1mp11f1ed to

-n e .
3”7—61)7'2%(?2'5 fl) ) S.,o (7.9)

and - lf ‘
Je? dﬁo nge.

m dv m
e e
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fhe collision integral §1 can be obtained by substituting the e]astfc
and ine]astic collision. integra]é for the term [g{g. The e]ectron-
neutra] momentum transfer co]11s1on frequency is large compared with-
the e1ectron e]ectron and e]ectron ion collision frequenc1es and thus

§ may be resolved into the form [6. ]O]

S:=-nv F

5 eVesT1 - »(7.11)

Substitutinq this expression into Egn. 7.10 produces the equation

m
e

If the magnefﬁCffié1djiStdfrettea‘éﬁohg“the z-axis, the pro-

jections’ot Egqn. 7.12 onﬁthe coordinate axes take the form

eEx.df‘o S §

Y =
m dv m B \)f1 0 R
e e T | o
. . ek dfu"er'l
- Y 0 - X - o= O ..

. “er e y
E S
m, [N

(7.13)

—
3
Qy
g

where 5 is the collision frequency tensor described by Eqn. 4.39.

These results indicate that the magnetic f1e1d can introduce an1sotropy

throughout the ionized gas in the form of a perturbat1on to the e]ectron i

E Yy o |
» ézﬁ*"é@*?;) < vef T O (7.12)
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distribution-function,'-In ;ne'absence of a magnetic field, the
collision frequency tenéor becomes the unftAtenSOr and Egqn. 7.13
simply indicates the perturbation of the distribution function due

to the imposed electric field, that'is,

f ar. . .
7 o= € z ??9- for B =0 .
()

Equation 7.9 can be convenient1yvexpressed in the form of the

divergence of a spherically symmetric flux in velocity ‘space, that is,
¢

L = _ 1.4
507 % Te T 9T )

0 U"
.W.her‘e . :
e, -neez e s dfo ;
z = o Z’r.fl = —3”IT E (Q E) v -l
: e e

- . . R . ) . - - k) .
The term Z - (Q-§)'can,be‘simp1ified by introducing an effective
e]ectric field, defined as
Bl e E (o By, - N A
If no electric field component exists in the y direction, then
Eqn. 7.14 ‘simplifies ts
| 2
= g2 2
E2 +E (—2——2—8]

Tlws v
e e

e .
eff
> /

as derived by Golant et. al. [6.10]. By defining an effective -electric
field in this manner, Ean. 7.9 can be written in a. form common for both

. the presence and absence of,a magnet1c field. The dependence of

fo on B appears only in terms. of & . - Therefore, to deternine-the’j

eff



effect of a magnetic field on the distribution function, it is on?y

required to replace & by<§e

£

7.4 DRIFT VELOCITY IN A MAGNETIC FIELD

As was ean]ier surmised, the magnetic field can dramatically
change the drift ve]ocif}'battern for chérged particlés. This section
will closely examine their altered behavior and derive an expreséion
for‘the e]ec@ron drift velocity in the presence of a magnetic field.

~ The aQeragé electron dfift.ve1oc1ty can be obtained by applying
Eqn. 4.36 which states

j : | | W, > = ale— { v‘];f(z_)*)dv_)> .

o '
By substituting the approximation given by Eqn. 7.4 for F(2), into
"the appye integra}, ﬁhe following ;esu]t is obpajqednfOfAthe drift
‘véioéfty o B S - |
k“t

o ”]_e JV [kao(v),+ § o f1 () jpidv sin adedy . (7.15)

By inserting the direction cosines and integrating over the angles,

N

the kth component of the drift velocity bebomes

A

v o= T . (7.6
3n Io;-'-fl.lk? Vo e .

er. Ty

since all remaining terms contain odd functions which vanish‘upon
1ntegration.,_The‘subsﬁitutjonfof Eqn. 7.13 -into Egn. 7.16 yields -
ar

[ o
Ek JO v ij dv‘dv .

» dne
. Vek T 3mm
e e
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Provided the electron collision frequency, Vo is a constant, the
integration can be done by parts tougive
14 =—Aﬂn E {v3f (v) w—3mv2f (v)dv
e Inom Kk 0 o
ee VY 0

0

B

where the f1rst term approaches zero at both limits when the Maxwe111an
distribution function is used for fy - [Integration of the second term

produces the result,

% =me—szE . (7.17)

Equation 7.17 indicates‘that the electron drift velocity is also a
function of the collision frequency tensor and accordingly the magne¢1c
f1e1d

This result shows that the velocity component parallel to the
magnetic field is unaffected. In addition the effect of the magnetic
field on the perpend1cu1ar ve]0c1ty components is substantial when
Cpp > Voo - In th]s 11m1t the electrons are able to make numerous
3&rat1ons during an inter-collisional time. As the e]ectrons gyrate,
they undergo an # x 3 drift which increases the inter-electrode transit
tfme and correspondingly the distance traveled. This process also
increases the number of ine]astic collisions, and as indicated by
Eqn. 7. 17, reduces the electron drift velocity in"the E d1rect1on
Consequently, the rate’ of energy acqu1red by the e]ectrons from the .c
E, field component, is s]gn1f1cancly decreased.
' A sim%1ar analysis for the ions canvbe performed using the

‘perturbed jon distribution function in electric and magnetic fields.

o
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The results will be identical in FOrm, however, the collision frequency
tensor will now contain the ion cyclotron and {on-heutra1 collision

~ frequencies respectively.® T 7

7.5 TIONIZATION AND COLLISIONAL RATE COEFFICIENTS IN A MAGNETIC FIELD

' As previously seee, the application of a'tranSVerse megnetic
field, comp}icatesvthe analysis of an ionizedvgaé. This complication
extends to' the determination of the ionization and collisional rate
coefficients. In this section, the effect of a magnetic fie]d on these
eoefficients‘wi11 be examined. to account for the noficeab]e change in

gas discharge behavior.

©

it.was first theoretically determined by Wehrli [7.2], that
the presence of a magnetic field was equivalent to an increase ih‘the
pressure of the .gas discharge. It was later established by B]ev1n and

* Haydon [7 3], that the d1scharge.ne§Eted as though the pressure had
2.k

increased by a factor {1+—(wce{es) } » when a magnetic field was

present. This meant that the charged particles behaved as though
only an electric fié]d was present-and the pressure was increased
from p to p', that is,

2.1

{]+(w VL | (7.18)

ce es

-Here'Tes.is the mean free time between electron and gq..mo]ecu1e

( e
The expression in Eqn 7.18 has been exper1menta1]y ver-

co1lisions.

ified over the range 20 < E/p < 150 by Bernstein [7 4]. His work

| indicates that this formula is also applicable over a wide range df
3

\\
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Ha]] parameters, that 1s 0= wceTes 5.25; Further extens1ons to

a

these 11m1ts may be poss1b1e once rellable co111s1on cross sect1ons

f “are obta1ned Neverthe]ess these‘va1ues 1nd1cate that the 1ncreased

BN

1aser gas d1scharges under the 1hf1uence of.a magnetic f1e1d

v In Section 7 3 it was shown that the presence of a magnet1c : | ¢
f1e1d cou]d be accounted for by def1n1ng an effect1ve e]ectr1c field.

The express1on for the new electric f1e]d 1nc1udes the co]11s1on

frequency tensor 0. The 1ncorporat1on$of th1s term s equ1va1ent to

an increase in the edectron collision’ frequency in all d1rect1ons ‘ I
perpend1cu1ar ‘to the magnetic field. Hence, the correspond1ng

increase in the number of eltectron- neutra] collisions constitutes

an. effect]ve rise in gas pressure. The resu]ts of this derivation

are -in agreement_w1th the results of Blevin and Haydon [7.3].

aQ" . The expression for the first Townsend Jonization coefficient,

P{x

f_ a must now be mod1f1ed to include this effect1ve pressure 1ncrease

Therefore, the expression

becomes
alz) _ ' 2.5 (B o 2.5)
> .A{1+ (0,7, ,) exp 5&7 {1 tlu,,t,.) }2_ ,_‘,‘(7.19)

where 4 and B are ionization constants From the above equat1on, 1t

"~ can be shown that 1n the presence of a magnet1c field, a(x) is- : ’

reduced . This effect can be exp1a1ned by cons1der1ng the e]ectron

k1net1cs as they 1eave the cathode surface Under-the action of

_ crossed electric and  magnetic fie]ds, a farce is exerted on the



+ -fields create an az1mutha1 ve]oc1ty,

.

e]ectronsvwhich diverts their'path from the anode. Thus, the e]ectrons

spend more time between the electrodes. Dur1ng the Tong 1nter e]ectrode :

N

- trans1t t1me e]ectrons undergo more e]ast1c and 1ne1ast1c col11s1ons

I the app11ed Lorentz force 1s 1n the proper d1rect1on, the e]ectronS' '

w111 gain ]ess energy from the e]ectr1c field- and thus cause fewer
1on1zat1ons per un1t d1stance in the.electr1c f1e1d d1rect1on " The

reduct1on of a( )/p w1th 1ncreas1ng magnet1c f1e1d has been exper- :

- e

"1menta11y ver1f1ed by Bernste1n [7=4]

o

9‘. As. the magnet1c f1e]d'1s.

ap-

AT .
increased, more force is app11e to the e]ectrons and ions. This

hproduces more rotat1on and the harged‘particles are able to spend

.

more t1me between the e]ectrodes Furthermore, each electron or ion

is 1nvo]ved in more coT11s1ons which transfer exc1tat1on energy to

.+ -the neutra] part1c1es Consequent1y, the charrged part1c1e temperatures

"f;’and T. must a¥so be 1owered Th1s process is effective in reducing

the charged particle temperature dependence on the product1on of '

'1nstab111ty modes.

. In the previous section, it was shown that the form of the
electron distribution is altered in the presence of electric and
magnetic fie]ds Through this variation, it was determined that the -

electric f1e1d component and the e1ectron drift ve]oc1ty were reduced :

.1n the direction perpend1cu1ar to B. Consequent1y, the magnetic

f1e1d is also ab]e to reduce the average electron energy, <g> and

thereby its temperature, since

In the exper1ments undertaken, the crossed e1ectr1c and magnet1c ,

21
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<=2 j p(eEmyas . (7.20)
| . |

‘From the previous discussions, the electron velocity is. known to be

dépehdent upon the e]ectron energy and the ratio E/n. Therefore, the

electron d1str1but1on funct1on can: be wr1tten as a funct1on of these .

var1ab]es In th1s express1on, the rat1o E/n is shown to be un1que1y

re]ated to the average e]ectron energy through the e]ectron distribu-

tTon”funtt1on.' In addition, it has been ‘Shown by NiQhaﬁ [2 2], that

. the electron distribution function ‘can be extreme]y sensitive to

var1at1ons in the parameter E/n.

From the arguments presented the ratio E/p will be decreased
by the ratio
1

E _E
p' p

- - (7.21)
{'IﬁL(mc'eT‘es)z}lé '

for¢a gasAdischarde onder the int]uencevofta magnetic field. Should.

thls change étcur Fig. 2. 1 indicates that the gas d1scharge will

become ]ess self- sustalned Furthermore, as E/n is Towered, the rate
; coefficients k are a]so reduced as shown in Fig. 2.1. This result

‘can be mathemat1ca]]y der1ved since the collisional rate coeff1c1ents

responsible for 1nstab111ty growth, were functions of the ratio z/n
through the relation
- Yij (2] (7
T L R CE TSRO
e 0

n.
Y i

‘ where the_e]ectron energy distribution functfon now takes on the form

S
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‘.f(£)=f0(£)+%-[;—z-.€’} s RO

o R \ R
1 (. .
Consequent]y, the presence of a magnet1c fﬁ%ﬂd he1ps to reduce the fli'

ability of the rate processes to initiate a micro-instability.

7.6 GAIN CHARACTERISTICS OF A MAGNETIZED GAS DISCHARGE

7.6.1 Temperature_and Absorpt{én.Effectsv

The va1ues of v1brat1ona] popu]at1on density and their distri- -

but1on over the rotat1ona1 1eve1s are 1mportant quantities basic to
the understanding of the mechanism respons1b1e for the production of
a population inversion in-molecular gas lasers. In a COZ/NZ/He.gas
system, the population inversion density and the vibrational tempera-
tures can be obtained by ana]yz1ng the d1str1but1on in ga1n over the
" (00° 1 - (10° v1brat1ona] transition which is known to exh1b1t “
stimulated emission. 1In this.- 1nvest1gat10n, 1t is also important to
determine the effect of.a magnetic field upon these perameters and
.aéeorQTng1y examine this behavior in terms of laser gain.
| Gain measurements were attempted with the osci11ation—aﬂg§§¥ier
: \
arrangement shown in Fig. 7.2. Thevosc111ator consisted of a water
cooled CO2 1aser with a 50 cm active discharge length. The amp11fy1ng
media was provided by the magnetically stabjlized g]ow discharge. To
- increase the detectable signal, the effective gain length was tripled
by fo]d1hg the path of the probe ]aser beam through the gain media.
Th1s was accomp11shed by placing two gold coated m1rrors within the

vacuum-chamber.  The resulting gain length path was thereby increased
£ ‘
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.to 60 cm. Salt windows were used to allow optical access into the .

chamber

PR

The'optrca] s1§na1aoutput was’detected by a- go}d doped german1um ;Q,'}
' crysta] mounted ina vacuum vesse] In- order to 1ncrease S1gna1 sen=
s1t1v1ty, the Cchamber” was evacuated and cryogen1caT1y coo]ed“w1th ComE Ly
liguid N2 . Th1s procedure 1;creasedrthe Ge crysta] 1mpedance to o
approximately ‘1 Mq and w1th the proper bias c1rcu1try,_a vo]tage o
proportional to the.detected,optncal.s1gna1 cou]d then be v1ewed oh
-an oscilloscope. To avoid detect1on of the wide - Optﬁcal spectrum
em1tted by the glow discharge, a notch f11ter centered at 10.6 um was
p1aced in front of the detector. .This.ensuredvthat'on]y stimuTated
emission wou1d be detected. An 1ncrease in'the signa1 to noise ratio
was achieved. by focus1ng the em1tted radiation onto the detector w1th
2R~ ant1 ref]ect1on coated Ge 1ens~

Ve t R R T R,

The power ga1n was measured as the rat1o of the detector out- o

.

put power with the discharge on, to that with the discharge off. How-

>

-+ ever, in all cases, the output signal. was dramat1ca11y reduced upon

operation of the gas d1scharge It can therefore be concluded that

the CO2 Taser beam is undergo1ng absorpt1on as it passes through the

~ionized gas

_The absorption coefficient &, can be‘estfmated<from_Beer'sh1aw ”
which states .

(123)

where'IO is the initial laser intensity and 2 is the gain path iength.
/-‘\“~ -~
“Under normak.eperating conditions’, the measured absorption coefficient

was o = 0.023 et for ‘a discharge ‘current of”4.0 A and a voltage of .
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Y e m

uf"':jf666~v The fact ‘that' on]y absorpt1on was noted 1s attr1buted to the j

presence.of a. hot CO2 gas The'Va]ue obta1ned for the absorpt1on :

A".'coeff1c1ent compares favorably w1th those of Str11chuk and -

R ‘ temperature of 875K, -f~“'. 'jf__;:,*A:{ ’et:” St

o i_constantan thermocoup1e was 1nserted‘into the g]ow d1scharge Thed-

In*order to déterm1ne the neutra] gas temperature, an 1ron-

-

lthermocoup]e was conta1ned in a-thermally. conduct1ve but e]ectr1ca]]y
1nsu]at1ng ceram1c tube 1n order to sh1e]d it from electrical and

- chemical- reactlons caused by the p]asma F1gure 7. 3 dep1cts the rad1a1h-f,v
gas temperature prof11e of the f1u1d ba]1asted des1gn operat1ng at a

current of 4.0 A. Examination of Fig.” 7.3, reveals the significant

| effect created by the)appifcation of a magnetic field. For Tow va]ues

of magnet1c f1e1d thé&hot plasma was essent1a11y conf1ned to the

»ﬂ:center of the e]ectrode Near the e1ectrode edge ‘the gas d1scharge

was m1n1maT and’ the temperature began to drop off rap1d]y As the
magnetic field increased, the recorded temperature at the electrode
edge:began to rise while the temperature in the central regfon
dramatically decreaéed;_'Thia effect can'be expTained by'considering
,that as § 1ncreases the discharge moves rad1a1]y outward from the
center to form an annular shaped g]ow discharge. |

The results of Fig. 7.4 revea] ‘the effect of the magnet1c f1e1d
upon three points Tlocated at the center (r = O cm), middle (r = 4.0 cm),
_ and outside,edge (r = 8.0,cm) of the g]ow discharge. The dramat1c

temperature change in the center of the discharge 111ustrates the

rapid transition to an annular shaped dlscharge.' The 1n1t1a11y hot
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gas in the middle of discharge-is also ohserred‘to c001 upon appTica-
tien-of the magnetic field. Furthermore, the substantial r1se in gas
-temperature a]ong the e]ectrode edge can be attr1buted to the convec-
t1ve,rad1a1 gas flow produceq by the Lorentz force. From‘these |
}esults, it is obyiousvthat the magnetic field is reducing the .
temperature of the ionized gas'byvconvective motion. - Through' this.
‘vtechnique‘ the'abi]ity bf the discharge to generate local hot spats
- and therma1 1nstab111t1es 1s be1ng curta11ed
Attempts were made to coo] the gas temperature through the use
ef a heat exchanger and sma]] electric -fan. ;;wever the h1gh power
1oad1ng perm1tted by the magnet1ca]1y stabilized glow discharge,
overwhe]med the 500 w capac1ty of the ex1st1ng heat exchanger Since -
the input power loading of the gas discharge could easily exceed
severa1 kilowatts, the gas temperature continued to rise until an
-equilibrium was achieved. - At steady—state, the average gas tempera-
- ture as determined from Fig. 7.2, was approximately 550-600 C.
Furthermore, it was not possible to install additional heat exchangers
" -due to the sma]] size of the vacuum chamber. In order to ma1nta1n a
Tow gas temperature, the discharge current was Timited to less than
T A. At this Tow curfent value, the discharge could not be uniformly.
exciteg.nor the current density evenly distributed. . |
It was initially believed that the natural radial flow of the
gas discharge formed a closed 1oop convect1ve cell and thus did not
permit efficient use of the heat exchanger. Th1s hypothesis was

later confirmed by the computer simulation of the secondary flows as

displayed in Fig. 6.3. In the next phase of this investigation, an
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improved des1gn will be: constructed to a]]ow the hot gas to recircu-
late through a ]arger heat exchanger and up past the transparent anode
with the ass1stance of a pair of tangent1a1 blgyers. This new design
“is illustrated by Fig. 7.5. | |

7.6.2 Excitation Processes in a Magnetic Field

v

In order to ensure that the MGD stabilization techn1que is
su1tab1e for CO laser app11cat1ons, 1t is necessary to exam1ne the
effect of a magnet1c f1e1d upon the gain of an exc1ted media. Howéber,
due to the prob]ems encountered with the remova] of” exceSS heat no
definite conc]us1ons could be made. As an alternative, this sect1on
will specu]ate upon the possible beneficial aspects created by the
presence of a magnetic field.

The optical gain coefficient for the P and & branch rotational
transitions between vibrational levels v and =71 in a 602 gas

discharge, can be written as

. A2 v QJ
v(v) =—29LL*1V 01" == Nigog| - (7.28)
| n tspont 00°1 Ire '10°0

In this expression, g(v) is the lineshapdng function dependent on the
dominant broadening process, and » is the index of refraction of the
plasma. Upon examination of Eqn. 7.24, it is clearly seen that y (V)

is primarily a function of t and the population densities. It

9

spont
has already been shown that the magnetic field is. responsible” for

lTowering the temperature of the gas discharge through rapid convec-

<
tion motion. It is hoped that this process will prevent the growth
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of the'lower 1éser 1eve1'popd1atidn density, thereby ensdring a large
popu]ation inversion. This efficient technique of rapid gas convec-
tion ‘is w1de1y estab11shed in the high power laser industry. However,
the1r methods have relied upon the deployment of Targe high speed
blowers to cool the gas. In this MGD technique, large ve]ocities can
be created By‘the’LofentzAfdrcefwhich prdvide a non- -mechanical means
of, coo]1ng the gas d1scharge and hopefu]]y improving the gain
character1st1cs ©

The lifetime of the upper laser 1eve1 t2 is determine by mol-
ecular collisions and is inverseTy proportional to the pressure [7.6].
Thus, as tz decrease; with a rise in pressdre, the pumping power per
molecule will increase since it can be recycled more rapidly. It
hae been previously.stated that the influence of a magnetic field on
d gas discharge is eqdiva]ent to a rise in pressdre due tomthe 1ncreased
- number of molecular collisions. In-this Mander, the magnetic field can -.
effectively reduce the lifetime of the upper laser level and cor-
respondingly increase the satu;atiod intensity.

The ané]ysis of'Nighad [2.2] has determined that for an average
- electron energy of less than 1 eV, the e]ect’ron—CO2 molecule energy
exchange is clearly dominated by vibrational excitation, while above
2 eV, electronic excitation dominates. More specifically, Boness
and Schu]z.[7.7] have determined that the maximum excitation of the
(00°1) asymmetric vibration mode occurs for an electron energy of
0.9 eV. At this point, the collision cross sections of the (10°0)
symmetric and‘(01°0) bending'modes are an order of magnitude 1ower,

and are thereby_neg]igib]e. Thus, the population fnversion by electron
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1mpact and therefore st1mu1ated em1ss1on at 10.6 um is enhanced for
this low energy reg1on. For electron energies -greater than 3 eV,
laser action is Tikely to be Suppressed since the population 1nvers1on
w111 be reduced by the d1m1n1shed Cross sect1on of the (00°1) 1eve],
and by the enhanced cross section for the Tower laser level (10°0).
Consequent]y, by choosing the proper E/p ratio,. correspond1ng to an
e]ectron energy of approx1mate1y 1 eV, it is possible to_optimize the’
lasing process. ’
Throughout this chapter it has been shown that the presence of
a magnetic f1e1d can alter- the e]ectron d1str1but1on function, the
electron energy, and consequently the ratio E/p. Thus, by proper
quustment of the magnetic field strength, E/p can be sufficiently
//lowered such that the energy transferred to the upper 1aser 1eve1 can
.be maximized. With the construct1on of a larger vacuum chamber, a
comp]ete verification of the anticipated effects of 1ntroduc1ng a

‘magnetic field w111 be 1nvest1gated



8.1 SUMMARY OF DISCHARGE STABILIZATION PROCESSES

CHAPTER 8

PR cmwﬁne REMARKS

Ty

The presence of a. %ransyerse magnet1c f?e]d has dramatically
demonstrated 1ts stab111z1ng 1nf1uence on & gﬁow discharge. It has
been exper1menta11y and theoret1ca]]y shdwn that a magnetic field can
effect1ve1y suppress both plasma m1cro 1nstab111t1es and bulk thermal

1nstab111t1es. ThTS highly effect1Ve s%ab1]ization technique has,

far, ach1eved a spec1f1c power Tloading of over 10 kW/1 w1thout exper-

»1enc1ng a g]ow to-arc trahsition and without the benefit of ‘external

gas coaling. These results are espec1a11y encourag1ng since an upper
instability thresho]d has not yet been oBserved, suggest1ng that even
higher power ]oad1ng is poss1b]e ‘

One of the reasons forxth1s except1ona1 degree of stab111ty can
be attr1buted to the trapping'of charged part1c1es into - Larmor 0rb1ts |
As a result of this orb1ta1 motion, the charged, part1c1es spend more
time trave111ng between the e]ectrodes, and are therefore 1nvo]ved in

more inelastic c0111s1ons The increase in the electron= neutra1 and

ion-neutral coJ]Hsion*frequenc1es essentially acts as though an

increase in gas discharge”pressure had occurred. Through this

‘ ‘ . %, o
mechanism, the app]jcation of a magnetic field Towers - the parameter
E/p such that the g]ow“arscharge becomes less self-sustained. Since

E/p 1s a measure of the average energy gained between c0111s1ons, the

'charged particle's dr1ft ve]oc1ty and its energy are correspond1ng]y
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Arédhcedl . As a‘kesultvef a decreese'in e]e&thbn'temperatureor‘E/p,‘the
magnitudes of the dominating ionization and attachment rate-coefficients
are also reduced. Since the rate’of these collisional processes is
decreased in the presence of a magnetic fier, the prqbabi]ity_of ah
attachment induced ioniéation instability is drahatica]ly 1ewered.
_ConSéquent]y, charge produetion and loss in the plasma are effeetive1y
decoupled from the‘app]ted e]eetric’fie]d. _

It has been determined that the Lorenti forces, acting upon the
. space-charge sheaths, are responsible for maintaining the gas discharge
as a normal glow. Furthermore,. the magnet1c field is suspected of
‘contro111ng the electron emission from the cathode by increasing second—
ary emission yield thr0ugh oblique ion bombardment of the cathode.
Together, these‘prqcesses djhamica]ly inhib%t the growth of eiectnoee
induced instabilities.

The Lorentz forces are also responsible for étabi]izing the
buTk therma1 1nstabi1ittes through a rapid rotation of the eharged and
neutral fluids. The high hotationa] ve1ocity exhibttedfby the g]ows
discharge ean rapidly convect nonuniformities in electron density,
temperature, or current -and dfstribute them throughout the discharge
volume in a time less than the normal instability formation time.
Since the applied magnetic fields are epatia11y dependent, large !
shear forces exist which are able to break up streamers and arc-like
filaments. . o | .

.Due to the imposed magnetic field, pressure graeient torces are
also created which drive set%ndary radial and axial f]ows A one- f1u1d

MGD- computer’ mode] has predicted the ex1stence of a convective cell

-



~ formed by these secondary f]ows.’ The discqvery and predicfion of 1arge'
secondary flows %S an important advance in resolving the behavior of

a g]qw_d}scharge subject‘to a traé;verse magnetic field. Furthermore,

the secondary flows p]ay an important role in thevstabilization pkocess

by @110wing the convectioﬁ of hot gas out of the active discharge -

voTﬁme.' This radial flow system is highly efficient’ since the hot

neutral gas has oﬁ1y one-half the discharge fesidence time of con-

ventional transverse flow designs.

8.2 SUMMARY OF COMPUTATIONAL WORK

X

‘The development of the.compufer program MAGIC has produced a
detailed simulation of a time dependent, partially ionized gas discharge
with an imposed magnetic field. Through the use of a one-fluid MGD
model, tﬁis program can accdrately predict the_magnitudé of the highly
sheared rotational flow ahd‘the existence of strong secondary flows.
'Thesebrapid flows prdvide ah efficient non-mechanical means of |
reducing the ga$ residence timé, thereby convecting electrothermal
instébilities from the active discharge Qo]ume.

The use of a large time step, iterative ADI finite difference
technique has enabled MAGIC to operate with time steps larger than the ’
CFL 1imit. Such a techniqﬁe can be regarded as state of the art in
terms of advanced compute} codes. The utilization of variable time
.step ‘size controls has proven to be an excellent mefhod of maintaining
maximum computational efficiencyﬁwhile avoiding the limitation in
time step size that is imposed by explicit techniques. This effort,

though indeed a major one, must be considered an initial one,
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sUggestihg many new ideas and areas for future consideratfon. Thus -
far, MAGIC has proven to be'a va]uab]e‘reseerch tool and,hopefu]ly
upon further refinement, a variety of diseharge devices and sétgi:ijes
;.may be entireiy designed and simulated using this powerfu1 comptit

tional aid.
8.3 FUTURE CONSIDERATIONS | ‘ .

In the near future, the computer code will be:extendedito
include the conservetion of energy ‘equation: This additﬁona1 feature
will allow simulation of heat transport throughout the gas digcharge.

A more ambitious.project is chrrent]y planned Which will 1nc1ude'the
deve]opment of a two-fluid MGD model designed to détermine the complex
1nteract1ons formed between the charged and the neutral f1u1ds

It is also planned to extend MAGIC's capabilities to handle a
vatiety'of discharge configurations. This would initially incTude the
coaxie] discharge geometry discussed eah]ier and a new axial diseharge
'device. In this geometry, the Lorentz driving force is supp11ed by an
axial e]ectr1c field and a rapidly rotat1ng radial magnetic field. The
time dependent.nature of the code will also be uti]ized to ascertain if
the magnetic stabilization technique ean be adapted to puleed TEA laser
systems where the duratien of the diécharge is very brief.
| To further substantiate the observed and numerlca] resufjs
additional d1agnost1c measurements will be undertaken. Of’pr1mah;
importance is the determ1nat10n of the e]ectron dens1ty This cou1d
be accomplished by the dep]oyment of an electrostatic probe at vanmous
locations within the p1asma A]ternatjvely, an externally generated

microwave source canbe used as a non-perturbing probe. In this
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case, the e]ectron dens1ty is simply. determ1ned by vary1ng the s1gna1
source. frequency unt1] the phenomenon of cutoff is reached The
'.rotat1ona1 ve]oc1ty of the 1ons and neutrals can~be determined by
measur1ng the Dopp]er shift of the spectra] lines emitted by the

p]asma part1c1es The ion and neutra1 gas temperatures can be cal—u
culated from the Dopp]er width of the emitted spectral lines.

Due to the broad scope of the investigations described inkthis
thesis, a thorough study of all aspects of this project was difficult
to achhp]ishf However, a significant amount of data and'understanding
now exists which confirm some basic-theories. It has now been con-
firmed that magnetic fields can.shape, confine, and stabilize glow
.discharges suitable foh use in high power gaé lasers. With the
promising resu]ts shown thus far, the MGD stabi]igation technique
shou]d have a major impact on the design of future gas 1asers It

is ant1c1pated that such a laser will be built and tested in the near

future.
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APPENDIX A

In order to utilize the conductivity tensor o in a cylindrical
‘céordinate system, it is necessary to perform a similarity transforma-
tion. This new conductivity tensor would then be valid for any
orientation of the nonlinear magnetic field depicted in Eig. 3.7.

The first step in this cQordinate transformation requires a change in
“basis vector from 1oc§1 magnetic,field (Cartesian) coordinates to

: ' {
local cylindrical coordinates. This can be represented by * ¢

L F = R ' (A1)

> . . . . .
where = = Z T;€; 1s a vector representing cylindrical coordinates and
i _
"l_Z’ln- s : :
z' = miei_1s a vector representing the local Cartesian coordinates
‘l: .

along the magnetic field. The matrix % is an orthogonal transforma-
tion mgtrix formed by the change of basis vectors from Cartesian td’

.cylindrical coordinates. From Fig. A.1 the new cylindrical basis

vectors are written as

e = -sin ¢+ + COS ¢e *
e = - e e
r xl ¢ ZI
'%3A 2
-> ->
o e = -e , (A.2)
) y .
e cos ¢e .+ sin o8 °
e = e e
2 ¢ 2 % o

By using Eqns. A.1 and A.2, the transformation matrix becomes

A

~sin ¢ 0 cos ¢

o5 Y
It

0 1 0 | (A&3)

cos ¢ 0 sin ¢
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Fig. A.1

Transformation of Coordinate System Basis Vectors.
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T ~

Y=r =kR. .-

where R is an orthogonal matrix such that r~

In local Cartesian coordinates, Ohm's -law may be written as -

o= ot . B ) ,‘)(A.t})'
Now, using the transformation Eqn. A.1 for both the cdrreﬁfz§§é§1 Y.
and e]ectrié field vectors yields - =
-~ g A A e
,'R_l- J = o'R_l- E

or ‘

- AR | - ~ > . ,‘ .

J = (Ro'R ")+E =0-F (A.5)

Fs

where ¢ = Rg'R™! is the similarit} transformation. g
-+ The Cartesian conductivity tensor ¢' is normally aligned with
_ ’ _ y

ihe z combonent of the magnetié field. Written in ﬁéffix form, o'

A

- becomes
N y : o, o 0 |
o' =lop o, 0 o (A.6Y
0 0 o} . |
o

a

Performing‘the necessary matrix,multiplfcations as indicated by ’
Eqn. A.5, the similarity transformation produces the new cylindircal

conductivity tensor

F- 3
’ g sin2¢ +o. cos2¢ -g.sin ¢ (o.. -0 )sin ¢ cos ¢
i 11 L 11 "1 g
g = orsin ¢ o, -0;C0S ¢ . (A.7)=
,.' , . 2 - . 2
-g )si . +
(o11 _L)S n ¢ cos ¢ 0,COS" ¢ o cos ¢ 0,,51n%
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