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Abstract , 

.. 
Stud ies  of the   spon taneous   t r ans i t i on   o f  a p a r a l l e l -  

plate accelerator from a t r a n s i e n t  ''Sweeping" mode t o  a quasi-  
steady  "blowing" mode have  been  extended t o  s u f f i c i e n t l y   l o n g  
p u l s e  times t h a t  t h e   i n f l u e n c e  of externa l l - :   in jec ted  r.ass 
f l o w  can be c l e a r l y   d i s c e r n e d .  By Kerr-cell photography of 

.-...<%he downstream  flow  ,over a wedge,  and  by te rmina l   vo l tage  
s igna tu res ,  it is  p o s s i b l e  t o  d i s t i n g u i s h   s i t u a t i o n s   o f  ade- 
qua te  mass f low  in jec t ion ,   o f   mass-"s ta rva t ion ,"   and   of  mass 
over load   of  a g iven   quas i - s teady   d i scharge   conf igura t ian .  A 
shock  tube  gas   inject ion  system for a high-power  magneto- 
plasmadynamic arc simulator has  been  devised  which  can  pro- 
v ide  mass flows up t o  50 gm/sec OP a rgon   fo r  three milli- 
seconds, w i t h  a rise time of one  mill isecond,  Optimization 
of t h e   e f f i c i e n c y   o f   e n e r g y   t r a n s f e r  from a c a p a c i t o r   l i n e  t o  
a gas-sweeping  cu'rrent sheet has  been achieved i n  terms of  the 
r a t io  o f   t h e   l i n e  imsedance t o  the  dynamical  impedance  of the 
p r o p g a t i n g   d i s c h a r g e ,   a n d   i n  terms of t h e   r a t i o  of d r i v i n g  
palse l ength  to a characteristic time of t h e  gas-sweeping 
process, Cor re l a t ion   has  been found  between t h e  r e s i s t i v e  
vo l t age   d rop   ac ross  a propagat ing   shee t   d i scharge   and   the  ., 

size of the  anode surface a v a i l a b l e  for attachment of t h a t  
sheet, a n   e f f e c t  which  appears related t o  the  development  of 

' a d i f f u s e  "anode  foot" a t  t h e   a n o d e   t e r m i n u s  of t h e   c u r r e n t  
sheet. The in f luence  of gasdynamic  interferences on high- 
speed pressure   t ransducers   and   on  electric probes has   been 
found  s ignif icant   enough t o  d i s t o r t  the i n t e r p r e t a t i o n  of cur-  
r e n t   s h e e t   s t r u c t u r e  made wi th   such   devices   un less  special 
p r e c a u t i o n s  are t a k e n .   T h e   f e a s i b i l i t y  of gas  laser i n t e r -  
ferometric de termina t ion  of e l e c t r o n   d e n s i t y   p r o f i l e s   t h r o u g h  
p r o p a g a t i n g   c u r r e n t   s h e e t s   h a s   b e e n   e s t a b l i s h e d   i n  a cali- 
bra t ion   exper iment ,   encouraging   appl ica t ion  of t h i s   t e c h -  
nique to the parallel-plate and  quasi-steady MPD accelerators. 
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. I. INTRODUCTION . . .  

The f l a v o r   o f   t h i s   s e m i - a n n u a l   r e p o r t   d i f f e r s  

. .  

- .  

. .  

. .  

some - 
what  from i ts  t y p i c a l   p r e d e c e s s o r s ,   . f o r  t w o  reasons.  -First, 
t he   educa t iona l   a spec t s   o f   t he   p rog ram are i n  a n  unusual 
phase  where  no less than   fou r   o f :   ou r   e igh t   . g radua te  s t u d e n t s  
are jus ' t   comple t ing   the i r  Ph.D. theses .   Impressive a s .  t h i s  

' c o n s t e l l a t i o n  m a y  be from  an  academic  standpoint, it r a i s e s  

. .  

prob lems   o f   r epor t ing   s ign i f i c . an t   e l emen t s   o f   t he i r  work 
h e r e ,   w i t h o u t   p r e e m p t i n g   t h e i r   t h e s i s   p u b l i c a t i o n s ,   a l l  of 
which w i l l  be issued wi th in   the   next   repor t ing   per iod .  For 
t h i s   r ea son ,   t he   s tud ie s   i nvo lved  are p r e s e n t e d   r a t h e r  con- 
c i s e l y ,   w i t h  a n  eye t o  t h e  more detai led accounts  t o  follaw. 

Second,  several  of t h e   l a b o r a t o r y   e f f o r t s ,  for  d i f -  
f e r en t   r ea scns ,   have   r ecen t ly   t aken   on  a strong  gasdynamic 
f l a v o r ,   a n d   t h i s   r e p o r t   r e f l e c t s  more pure  gasdynamic re- 
search  thsn  one  might  normally  expect  from a b a s i c a l l y  piasma- 
dynamic  and  electrodynamic  program.  Gasdynamic  questions  of 
proper  mass f low  supp ly   have   a r i s en   i n   bo th   t he   pa ra l l e l -p l a t e  

. .  
. . .  

, .  

accelerator work (Sec. 11), and i n  t h e  MPD s imula to r  (Sec. 111); 
, quest ions  of   gasdynamic  intezference and boundary   l aye r   e f f ecp ' .  

_.-. 

have   been   r e so lved   i n   connec t ion   w i th   t he   t r ans i en t   p re s3  a u r e  
measurements i n  closed chamber d i scha rges  (Sec. VI); and  the 

. i n f luence -o f   s t agna t ion   po in t   gasdynamics   on  electric probe 
response   has   been   c lear ly   demonst ra ted  (Sec. 1x1. I n  a sense,  

",' 

. .  these   s imul taneous   . excurs ions   in to   severa l   gasdynamic  s tud ie s  
may have a s a l u t o r y   e f f e c t   o n   t h e   e n t i r e   l a b o r a t o r y  program, 

. .  for i n  retrospect, gasdynamic  aspects   have  received  consider-  
a b l y  l.9ss a t t e n t i o n   h e r e ,  as i n   o t h e r  laboratories, than   t he  
somewhat more dramatic plasmadynamic  phenomena. Y e t  it is 

. . clear tha t   an   equ iva len t   soph i s t i ca t ion   i n   hand l ing   gasdynamic  
processes must p recede   e f fec t ive   implementa t ion  of any  plasma 
t h r u s t e r  cb-lcept, and  the  background  and  t ra ining of o u r .  
particular group should be apprcpriate t o  thils aspect of t h e  
task. . . . .  . . .  

. .  . .  
. .  

. .  . .  
. .  

: .  

. .  . >  . 
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11. TRANSITION FROM UNSTEADY TO STEADY PLASMA ACCEL- 
ERATION I N  A PAPALLEL-PLATE CHANNEL (Eckbreth) 

The process of s t a b i l i z a t i o n  of a propagating  cur- 
r e n t  s h e e t   i n t o  a quasi-steady,  plasma-"blowing"  configura- 
t i o n   h a s   b e e n  described i n  some d e t a i l  i n   t h e  past s e v e r a l  
re9orts [47,48,51]. The most  recent of t h e s e  discussed t h e  
n e c e s s i t y  of ex tending   the  test time in   t h i s   expe r imen t   i n -  
t o  t h e  100 rsec r a n g e   i f  t h e  complete gas f low  pa t t e rn  
through  the   acce le ra tor  w a s  t o  achieve  a reasonably  quasi-  
s t e a d y   s i t u a t i o n .  To p rov ide   t he   d r iv ing   cu r ren t   pu l se s  of 
t h i s   d u r a t i o n ,  new inductoLs  have  been  fabr icated  for   the 
c a p a c i t o r  l i n e .  These   cons i s t   o f   14   t u rns   o f  #8 TW w i r e  
wound on  7" l eng ths  of 4 "  dia. p l a s t i c  sewer pipe. Bench 
tests indica te  t h a t  t hese  coi ls  each  have  an  inductance  of 
12.8 p henr i e s .  From these   inductors   and   the  same c a p a c i t o r s  
used  previously,  a se t  of four LC ladders have been assembled, 
s u c h   t h a t  when connected i n  series a nominal 5,000. amp x 500 
psec pu l se  is provided. Parallel  connec t ion   y i e lds  a 20,000 
amp x 125 psec nominal  pulse, and se r i e s -pa ra l l e l   a l i gnmen t  
provides  a l O , O O O  amp x 250 psec pulse .  When a c t u a l l y   d r i v -  
i n g   t h e   p a r a l l e l - p l a t e   a c c e l e r a t o r ,   t h e s e   l i n e s   d e l i v e r  cu r -  
r en t   pu l se s   app rox ima te ly  20 percent lower i n  ampli tude and 
20 percen t   l onge r   i n   du ra t ion   t han   t he i r   nomina l   va lues ,  b u t  
we s h a l l   u s e   t h e   d e s i g n   v a l u e s  when r e f e r r i n g  t o  a p a r t i c a l a r  
pu l se .   Typ ica l   s igna tu res  of the   10,000 amp x' 250 psec cur- 
r e n t  pu l se   (he rea f t e r   deno ted  10/250, etc.), and its time 
d e r i v a t i v e  are shown in   F ig .  1. The rise time on t h e   c u r r e n t  
p u l s e  is approximately 20 psec which i s  less than   10   percent  
of t h e  pu l se  dura t ion .  The o t h e r   p u l s e s ,  20/125 and 5/500, 
are q u a l i t a t i v e l y  similar to t h a t  shown. 

Eefore performing any detailed in te r ior  d i a g n o s t i c s  
on the   long  current   pulses ,   vol tage  measurements  were taken 
-to see if any   d i f f e rence   cou ld  be found'  between cases where 
t h e  chamber w a s  p r e f i l l e d  t o  an ambient  pressure  of  100 p 
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NOMINAL 10,000 amp x 258 psec PULSE 
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argon and those  where  the  shock t u b e  i n j e c t i o n  w a s  used t o  
b r i n g   t h e   p r e s s u l -   ' i n   t h e  breakdown  gap  abruptly t o  100 p 
from a n  i n i t i a l  hard vacuum. I n   o r d e r   t o  enhance  any pos- 
sible mass s t a r v s - t i o n   e f f e c t s ,  some data were taken   wi th   the  

- l ength   o f   the  metal e l ec t rode   po r t ion   o f   t he   channe l  reduced i '  
i t o  2", i n  c o n t r a s t  t o  t h e  normal 5-1/4" length.  The vol tage  

w a s  monitored at. t h e  downstream end o f   t he   pa , r a l l e l -p l a t e  
acce le ra to r ,   where   t he re   a r e   on ly  two poss ib l e   con t r ibu t ions  
t o  t h e   t o t a l   v o l t a g e ,  a res i s t ive  drop VR represent5,ng t h e  
f i n i t e   c o n d u c t i v i t y  of t h e  plasma, and a back e m f  com_oonent 
VuB derived  from  plasma flow t h rough   t he   s t ab i l i zed   cu r ren t  

F d i s t r i b u t i o n .  Both of these  components  should  respond i n  
t h e  same way t o  mass s t a r v a t i o n  of the   d i scharge .  I n  t h i s  
pressure   range   the  resistance of the   d i scharge  tends t o  de- 

crease  with  i l lcreased  gas  pressure,   and  hence w i l l  increase 
i f  mass flow i s  deple ted .  The VuB contr ibut ion  should  vary 
inverse ly   wi th  mass f low  ra te ,  since the  €ixed j x B body 

2 2  

:f . fo rce  i s  app l i ed   pe r  u n i i  volume. As longer and longer cur-  
r e n t  pulses  of  correspondingly  lower  amplitudes  are  enployed, 
VuB t ends  t o  become smal l  compared t o  VR which t y p i c a l l y  is 
on   the   o rder   o f  50 to 100 vo l t s   fo r   t h i s   r ange   o f   ope ra t iDn .  
Figure 2 d i s p l a y s  a p l o t  of VuB vs .   cur ren t  d a k a  f o r   t h e  
case of 5-1/4" electrodes and  100 )1 p r e f i l l i n g .  Note t h a t  
i n   t he   r ange   o f   1 ,000  zo 10,000 amps t h e  VuB term can be ex- 
pected to be less than  20 v o l t s  SO t h a t ' a n y   d i f f e r e n c e s   i n  
voltage  signature  between  shock tube gas   i n j ec t ion  cases and 
a m b i e n t   p r e f i l l  cases w i l l  most l i k e l y  be due to changes i n  
VR. T h i s   e f f e c t  is shown in   F ig .  3 where %he t o t a l   v o l t a g e ,  
which is nea r ly  e q u a l  t o   t h e   r e s i s t i v e   d r o p ,  is p l o t t e d  
against   ambient  p re f i l l  pressure .  

I n  Fig. 4 voltage  measurements are p resen ted   fo r   t he  
permanent ly   insu la ted   e lec t rodes ,  5-1/4" metal e lec t rode   por -  
t i o n ,  comparing  100 p ambient p r e f i l l   w i t h   s h o c k  t u b e  in jec-  
t i o n  which s i m u l a t e s  100 p i n i t i a l l y .  These are presented 
for t h e  20/125 and  10/250  pulses. In Fig. 5 voltage measure- 

... 
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ments- are  presented  for a 2" metal  electrode  length com- 
paring ambient. and shock tube  injection  for  the  three  pulses 
20/125, 10/250, and 5/500. Note tha t   for   the  20/125 pulse, 
.for  both  the' 2'' and  5-1/4" metal  electrode length  'cases, 
voitage  signatures for the sho.ck tube and ambient cases  are 
nearly  identical.' Presumably the shock tube is 'properly 
simulating 100 p i n i t i a l l y ,  but does. not  .change  the mass .. 

flaw situation  appreciably  for  the  balance  of  the  pulse 
length. However, for  both  electrode  lengths i n  the '10/250 . 

case, a difference  arises between the shock  tube and ambient 
cases i n  the  voltage  level toward the end of  the  pulse. The 
e f f ec t  i s  most noticeable i n  the 2" electrode  length  case 

. . :  ; 
1 :  
1 :  . .  

. .  

. . .  

. .  

' .  
! 
I 

for the 5/SOO pulse where, near  the end of t h e  pulse,  the 
ohocK tube  voltage is nearly  40.percent lower than the am- 
bient  value. I n  fact ,   the shape  of the  entire  signature is 
markedly different  for  the long pu.lses. The shock t u b e  s ig-  
natures  decrease w i t h  time,  probably due to  increased  pres- 
su re  i n  the  arc  region because of the mass flow supply, 
whereas the ambient signals  increase w i t h  time, presumably 
due t o  a mass starvation  of t h e  arc. Thus, based on the 
voltage  data, it appears  that  fresh  gas  can be supplied  to 
the  drc from the  present shock tube  injection system i.f  the 
pulse  length  exceeds some 200 psec. 

. One possible  difficulty w i t h  the  long  pulses  ir.  the 
pa.rallel-p:a{. ..z accelerator may be the  lack  of  Uniformity of 
the discharge. Fr inging megnetic f ie lds  which exist  because 
of t he  f i n i t e  width  of the accelerator may severely  constrict 
the sheet  discharge  into an a rc  column  when the  current i s '  
maintained  for  very long periods  of time. Such' a constric-. 
t i o n  c lear ly  would impair  the  operation  of t h i s  device a s  . .  , 

.an effective  gas  .accelerator.: To check on t h i s  possibi l i ty ,  
the uniformity  of  the  discharge has been studied i n - t h r e e  
ways: (a)  Kerr-cell photography, (b) .magnetic  probing, ' and 
. (c)  observation of electrade  pit t ing.  . 

I n  order to perform Kerr-cell photography on the  low 

. .  
. . .  . . .  . . .  
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ampl i tude   cu r ren t   pu l se s ,  it is necessary t o  replace t h e  
usua l  50 nanosecond  shut te r   wi th  a new 5 rsec pulse-forming 
network t o  ach ieve   su f f i c i en t .   f i lm .   i l l umina t ion .   F igu re  6 

shows t y p i c a l   p e r s p e c t i v e   p h o t o g r a p h s   o b t a i n e d   w i t h   t h i s  . 

- .  

. .  

s h u t t e r   f o r   t h e  10/250 discharge  between 2" l eng th  electrodes 
with  shock tube inject ion.   .Al though some l o c a l i z a t i c n  of 
discharge  luminosi ty   can be d iscerned ,  it a p p e a r s   t h a t   t h e  
e n t i r e  e l e c t l - o d e   w i d t h   c o n t r i b u t e s   t o   t h e   d i s c h a r g e   p a t t e r n .  

The  discharge  uniformity w a s  a l s o   s t u d i e d   w i t h  mag- 
n e t i c  probes. A simple p robe   ca r r i age  was cons t ruc ted  so 
t ha t   t h ree   magne t i c   p robes   cou ld  be p o s i t i o n e d   i n  t h e  m i d -  
p lane of t h e  d i scha rge  a t  d i f f e ren t   d i s t ances   f rom t h e  side- 

I 

! 

; walls .  The magne t i c   f i e ld  data w e r e  the-1 reduced t o   c o n t o u r s  
of enclosed c u r r e n t  i n   t h e   h o r i z o n t a l   m i d p l a n s .   I n   t h e   p a r -  
t i c u l a r   s u r v e y   t o  be d i sp layed ,  a l l  t h e  data w e r e  taken  on 
one side of t h e   c e n t e r l i n e  of t h e  device under  a presumption 
of  symmetry.  The  probes were a l l  i den t i ca l   and   equa l  cal i -  
b r a t i o n s  w e r e  assumed f o r   t h e   p r o b e s .  A rough c a l i b r a t i o n  
equa t ing   peak   magne t i c   f i e ld   w i th   t o t a l   d i scha rge   cu r ren t  
w a s  made, and a s i n g l e   i n t e g r a t o r  w a s  used.  Typical resul ts  
;<re shown i n   F i g s .  7a,b,c. From such  data  it is found t h a t  
t he   d i scha rge   b reaks  down over t h e   e n t i r e   e l e c t r o d e   s u r f a c e  
a n d   r e d i s t r i b u t e s  itself as a wave of   cur ren t  whose d e n s i t y  
is h i g h e s t   n e a r   t h e   b a c k   i n s u l a t o r  and  along  the.midplane.  
The wave of cu r ren t   p ropaga te s  downstrealn and a lso bows down- 
stream s l i g h t l y .  The con tour s  are smooth  and i n d i c a t e  a 
d i s t r i b u t i o n  of c u r r e n t   o v e r   t h e   c e n t r a l   r e g i o n , o f   t h e   c h a n -  
ne l  u n l i k e  a c o n s t r i c t e d  arc column. A c t u a l l y ,   t h e   r e s u l t s  
are probably  a b i t  p e s s i m i s t i c   i n   t h e i r   l a c k  of one-dimen- 
s i o n a l i t y .  The  presence  of   three  probes  on  one side of t h e  
c h a n n e l   c l e a r l y  perturbs t h e   c u r r e n t   d i s t r i b u t i o n  as ev i -  
denceR by electrode p i t t i n g  ar.d i n su la to r   depos i t i on .  Pre-  
sumably t h e  low c u r r e n t   d e n s i t y  a t  t h e   i n s u l a t o r  w a l l s  may 
be a t t r i b u t e d  t o  plasma  cool ing by t h e  walls. The  evidence 
of d i f f u s e   t i i s c h a r g e   i n i t i a t i o n   o v e r   t h e   e n t i r e  electrode 
surface is c o n t r a r y  t o  our   exper ience .   wi th   h igh   cur ren t  p u l s e s  

I 
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&ere' d i s c r e t e   c u r r e n t   s h e e t s '   a r i s e   n e a r   t h e  minimum induc-, . ' 

t anee   conf igura t ion .  The d i f f e r e n c e  is  p robab ly . ,   a t t r i bu tab le  
t o  t h e   r e l a t i v e l y   l o n g  -rise t ime 'o f   t he   l ong   pu l se ,  which 
.p red ica t e& a s k i n  effect ,  comparable  with '   the chamber  dimensions. 

Obse rva t ions   o f   e l ec t rode   p i t t i ng   and   depos i t i on  on " 

. .  

. .  

t h e - i n s u l a t i o n   a d j a c e n t   t o   t h e   e l e c t r o d e  a lso suppor t   the  
above .   p i c tu re .   E lec t rode . -p i t t i ng  is most s e v e r e   i n   t h e  cen- 
tral. reg ion  of the  channel   znd f a l l s  off n e a r e r   t h e  , w a l l s  as 
do burn   marks   on   the   insu la t ion ,   bu t   in   no  case is  a d i s c r e t e  

. . .  

' a rc  columr. or .   spoke  indicated.  

To asce r t a in   whe the r   t he   " f r e sh"  'gas which,  based on 
the  vol tage  measurements ,   appears   to   be  feeding  the  discharge 
is acce lera ted   by   the   cur ren t   zone ,  a small 15O half-angle  
we-lge w a s  p laced 2-1/4" downstream of the   meta l - to- insu la t ion  
junc t ion   in   the   hope   tha t   luminous  bow shocks  could be ob- 
served. N o  resu l t s  weze o b t a i n e d   f o r   t h e  5/500 pu l se  where 
the   vo l tage   decrements  were . t he  most s t r iking,   presumably  he-  
cause   the   luminos i ty  is t o o  weak t o  be photographed  with  our 
present   equipment .   For   the 10/250 case sane luminosi ty  w a s  
observed   in   the   f low  f ie ld ,   bu t   wel l -def ined  bow shocks  were 
found a t  on ly   one   combina t ion   o f   o r i f i ce   r i ze s   t o   t he   swi t ch  
and accelerator chamber,  namely a 1/2":1/4"  arrangement  which 
p rov ides   t he  maximum mass f l o w   p o s s i b l e   w i t h   t h e   e x i s t i n g  
equipment .   With  other   or i f ice   combinat ions,   y ie lding less 
mass flow,  no  shocks were seen. Even i n   t h e  one v i s i b l e  case, 
shown i n   F i g .  8a, the   shocks  are q u i t e   d i f f u s e  and  suggest 
t h a t .   t h e   f l o w  is r a r e f i e d .  However, the   shock   angles  are 
ne . a r ly   t hose   obse rved   w i th   t he   h igh   cu r ren t   pu l se s ,   e .g .  ,. 

120/20 or 60/40. The  shocks  tan also be found 'in the   f low 
f u r t h e r  downstream.  (Fig. O b ) ,  a l though a much f a s t e r   l e n s ,  
w i th  leis d e p t h   o f   f i e l d  is needed far t h i s  purpose. 

Although  no  shocks are v i s i b l e   f o r  iower mass flow 
orifice combina t ions ;   an   in te res t ing  new e f f e c t  is s e e n   i n  
t h e  form of a n   i n t e n s i f i c a t i o n   o f . t h e   l u m i n o u s  jets extending 
do*mstream of t h e  electrode edges as t h e  mass flow  decreases.  

. .  

' 

. . .  

' .  . 
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1 I 
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For example, Fig. 9 shows a sequence of photographs w i t h  a ' 

1/2" s w i t c h  orifice:1/8". chamber o r i f i ce ;  and- a lso w i t h  a 
.1/2": l/i6"  'combination, which when compared wi th  each other, 
and w i t h  the  1/2":1/4". sequence of Fig. 8 ,  i l l u s t r a t e ,  t h i s  ' 

electrode  jet  effect  clearly.. O n e  may speculate  that  these 
je ts   consis t  o'f electrode  material  vaporized by t h e  arc  i n  
lieu  of an adequate  extenla1 mass sqply.  Spectroscopic 
studies  are.  currently i n .  progress to verify or  deny t h i s  
.hypothesis. : 

. .  . .  

Figure 10 'shows a similar sequence of photographs 
taken w i t h  a higher  current,  shorter time driving  pulse, 
20/125,  and t h s  1/2":1/8" or i f ice  combination. Here  one 
seeF fa in t   in i t ia t ion  shocks cn t h e  wedge a t  40 and 60 psec, 
but no shocks thereafter. Presumably the  init iation  burst  
is ' j u s t  dense enough for   the  fa int  wave s t ructure   to  be v i s -  
ible,  but  the mass flow r a t e  at l a t e r  times is too low  and 
rarefied  for  the shocks t o  be noticeable. 

The- shock tube  system  has j u s t  recent1;r been modi- 
fied i n  several ways t o  achieve much higher r:%s flows into 
the  accelerator. On the  basis  of  preliminrtry  experiments 
w i t h  these  systems, it appears  possible  to  pass through a 
condition  of  adequate mass flow, t o  a condition of mass over- 
load of the  given  discharge  pattern.  Specifically,  as mass 
flow is' increased,  the bow shocks on the downstream a i r f o i l '  
a r e   f i r s t  observed t o  i n t e n s i f y  i n  luminosity, and then  to 
weaken and eventually t o  disappear  entirely. By such studies, 
i t . i s  hoped that  an optimum quasi-steady  operating  condition 
can be located, a t  which condition'eetailed  interior  diag- 
nostics w i l l  be ,performed i n  an attempt  to  learn more about 
the  acceleration  processes i n  t h e  discharge. 
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20/125 PULSE, 2" ELECTRODE LENGTH ' .  
. .  

0.5" DIA. ORIFICE TQSWITCH, 
0.125" DIA. ORIFICE TO CHAMBER 

A- 1940 

A - 1933 

A- 1936 

. .. , ,b ' : 1 .> ':' ,..' , , 

A - I937 

IO0 p sec 

I .  
5.5'J 

A- 1939 

1 
5.5Ii 

FLOW OVER WEDGE 5.5" DOWNSTREAM OF ! 

. .' ._ 
ELECTRODE DISCONTINUITY 
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111. MPD ARC SIMULATION (Clark) . .  

. . .  . .  . .  
. .  

Tke  most .recent  reports [48,51] have discussed  the' 
. .  

. .  '. modification  of  the-eiectrode geometry 'and gas  injection 
system  of the  previous  pinch-arifice  configuration ,in order . . . 

t o  produce a plasma accklerator  capable of simulating a . .  

steady-state magnetoplasmadynamic'arcjet on a quasGsteady 
basis. The resulting  ability  to.perform  exhaust plume diag- 
nos t ics   a t  power levels inaccessible  .to  steady-state  experi- 
ments and a t  back pressures  duplicating a space  environment 
enables  careful  examination  of  the  gas  acceleration mechanisms, 
c u r r e n t  condwtion  patterns, and electrode phtnomena of high 
pcwer density,  self-field  arcs. I n  addition,  the  abil i ty. to 
operate a pulsed plasma thrus te r  i n  a stabil izad mode for 
times  considerably  longer  than  the i n i t i a l  "snowplowing" 
phase  bears on the probleT .of determining  the optimum pulse 
length  for combining t h e  edvsztagss of high power plasma 

\ 

acceleration w i t h  modest average power consumption. 

AS has been pointed  out  previously,  proper  quasi- 
steady  operation must  i n c l u d e  s tab i l iza t ion  of the mass flow 
pat tern  to  a steady  level i n  an  operating  range  appropriate 
to   the  self- f ie ld  t h r u s t  level ,   as  w e l l  as   s tabi l izat ion of 
the cu r ren t  pattern and electrode  processes  to  regular,  ezfec- ' .  

t ive  si tuations.  The l a t t e r  were rather   easi ly  achieved:  the 

I 

gasdynamic s tabi l izat ion  has  proven more.difficult ,  and the > .  

pre2eding  report  dealt  almost  entirely w i t h  t h i s  aspect  of 
: 

. the  problen. I n  br ief ,  a shock  tube  injection system was ;.' \ 
. -  

. described i n  which a shock wave reflected  off  the end wall  of i '  

the shock t u b e ,  generating a high  pressure  reservoir of gas . ' .{ 

pressure  reservoir  lasted  for a time suff ic ient ly  iong t o  i 
. enable a steady  pressure  distribution  to be established i n  I 

-i 

. which drove mass into  the  electrode  region. This  constant- -; , 

. the   e lectrde  region and for   the   f la t top  c u r r e n t  pulse  to be 
. .I ' , 

! 

completed. Argon was bled,  into the  driven  section  of the ' 3 .  
. .  

. .  '.: d 
. .  .J . .  
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shock tube  before diaphragm rupture a t  a suf f ic ien t   ra te   to  
maintain that  pressure in the continuum range ( 1 mm Kg) , 
while  the  leakage of the flow  through the  injection  ports in- 
to the  arc chamber  was kept  tolerable. The shock wave r e s u l t -  
ing from rupturing the diaphragm was thus  well  defined and 
acted  like a valve w i t h  an  opening  time of less  than 2 psec. . 

Details of the shock tube-arc  chamber interface  are  repeated 
i n '  Fig. 11. The injection  ports and shock tube  operating con- 
di t ions wdre adjusted so that  the capacitor bank self- t r ig-  
gered when the  pressure i n  the  electrode  region  reached its 
plateau  value. 

The cal ibrat ion of such a mass injection system was 
performed w i t h i n  a framework of  characteristic  times which,  
since  they w i l l  be referred  to   la ter ,  are again  defined in 
Fig. 12. Note tha t  one additional time, T, 8 the time from 
mass flow i r - i t i a t ion  u n t i l  current  initiation, has been in-  
cluded. The other  characteristic  times  for the gasdynamic 
system as  defined  earlier  are: 

TR = t h e  time  required  for  the mass flow ra t e  

rM = the  interval over which the mass flow r a t e  

5 = the time required  for a steady  pressure t o  be 

t o  reach i ts  steady  value 

is constant 

reached i n  the  a rc  chamber a f te r   the  mass flaw 
rare  has become constant 

i n  terms  of which the  principle  requirements  of  the  gas in- 
jection system  can be stated: 

7;K 4 rM so that  during 5 the  pressure  distribution i n  
the  vacuum tank  does  not  increase enough t o  com- 
promise the  space environment requirement 

(rM-%) > 7; (where 7; = the  duration  of t h e  f la t top  c u r r e n t  
pulse), i . e . ,  tho  current  pulse  should  only  occur 
a f t e r  a steady  arc chamber pressure  has been 
reached and before  the mass flow rate  departs 
from its constant  value. 

. .  
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Using  the  experimental  arrangement j u s t  described, 
magnetic f i e l d  measurements  and  voltage  signatures w e r e  re- 
corded   for   cur ren ts   cover ing   the   ranae  from 4,000 t o  120,000 
amps using aluminum, molybdenum, and  tungsten  cathodes,   In ' 

addi t ion ,  Kerr-cell photographs were taken  from a perspec t ive  
.angle   for   the   120 ,000  amp x 20 psec amp pulse.  These  photo- . 

graphs,  samples  of  which  appear  in  Fig. 13, show rapid  de'qelop- 
ment of t he  exhaust  plume into  an  azimuthally  symmetric  pat-  
t e r n   d i s t i n c t l y   c o n f i n e d   n e a r  t h e  cathode t i p  by t h e   s t r o n g  
self-magnetic field. These d a t a  w e r e  acqui red   for  a mass flaw 
rate of about 0.05 gm/sec  and  a l o c a l   p r e s s u r e   i n   t h e  elec- 
trode chamber of  about 25 p a t   t h e  time of breakdown. 

However, t h e  above  data must be considered  prelimi- 
nary  €or   the  fol lowing two reasons. First, the   de l ay  time, 
fD, between t h e  start of the shocked  gas flow i n t o  the  arc 
chamber and tab@ onse t  of t h e  se l f - t r i gge red   cu r ren t   pu l se  was 
i r r e p r o d u c i b l e   f o r   a l l   v a l u e s   o f   i n i t i a l   d r i v e n   s e c t i o n   p r e s -  
s u r e   t r i e d .   T h i s   i r r e p r o d u c i b i l i t y  w a s  of the order   of  5 1 
msec whereas the t o l e r a b l e   e r r o r  dictated by t h e  known values  
of 7" 5, and 7; is  f- 0.1 msec. Since t h e  gas   i n j ec t ion  
cha rac t e r i s t i c s   have   Seen  shown t o  be reproducible  (as shown 
i n  Fig. 14 which i s  a t r i p l e   o v e r l a y   o f   t h e   r e s e r v o i r   p r e s -  
s u r e  t i m e  v a r i a t i o n  a t  the end of the  shock  tube) ,  such a 
l a r g e   v a r i a t i o n  of se l f - t r i gge red  breakdown time s t rong ly  
s u g g e s t s   t h a t   t h e  breakdown c h a r a c t e r i s t i c  may be  changing 
on a shot-to-shot basis. This may, i n  t u r n ,  be due t o   t h e  
i n t e n s e   h e a t i n g  and  observed  local  melting of the   cathode 
which  causes small changes i n  surface t e x t u r e  and  shape, 
t h e r e b y   a l t e r i n g   t h e  breakdown pressure  for   the  macroscopic  
electrode  geometry.   Evidence that t h e  breakdown  mechanism 
i t s e l f  may vary  from shot-to-shot is the  observed  tendency 
for t he  breakdown occas iona l ly  t o  begin  with a glow discharge 
for a second or more before  making t h e   t r a n s i t i o n  t o  a low- 

- +  

voltage,   h igh-current   sheet .   This  mey- also imply   tha t  the  
c u r r e n t   i n i t i a t l o n   l o c a t i o n ,  which  magnetic probes have shown 
to be a t  t h e  rear of the   ca thode   cone   fo r   t h i s   con f igu ra t ion ,  

,' 

P 

i 
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is too  close to   t he   f i na l  c u r r e n t  conduction  region so t ha t  
t he  severe  arc  heating may cause  changes i n  the  par t icalar  
microstructural  properties of the  electrode  surfaces which 
affect   the breakdown process .. 

The second reason  that the i n i t i a l  electrodynamic 
r e s u l t s  must be considered  preliminary is the inadequacy of 
t h e  mass flow rate.  The analysis i n  the  previous  report 
showed tha t  mass flow rates  from 0.002 t o  0.040 gm/sec can 
be delivered  to  the  arc chamber by the shock tube  reservoir 

. . . .  

! !  

! ,  
! 

during i t s  constant  pressure phase behind the  reflected shock. 
However, the  required mass flow rate  for  propulsion  purposes 
must  conform to   t he  t h r u s t i n g  capability of t h z  self-f ie ld  
pattern  for the  desired  specific impulse. For a purely  self- 
magnetlc thruster  w i t h  a uniform cathode  cllrrent  distribution, 
the  electromagnetic t h r u s t  generated has been shown t o  be [53] 

where p = 411 x (mks) 
J = total   current  

r, = effect ive anode radius of attachment 

=c = effect ive cachode radius of attachment 

Since  this t h r u s t  must be equal t o   t he  momentum increase of 
the working fluid,  the  appropriate mass flow ra te  can then ; .I 

be found for  any specified  exhaust  velocity or specif ic  i m -  
pulse. Such a s e t  of calculaiions is shown i n  Fig. 15 for  
the anode-to-cathode radius   ra t io  of 30 indicated by our CUI- 

rent  density maps. It should be noted that   for  a c u r r e n t  of I ..i 

4,000 amps, the  lowest value  readily  available from the capac- 

' - >  . .  
1 :  

. !  
; !  
: 

I 

! ,  

i ;  
. _  
. J  

, .  i t o r  bank at present, and for  a specific impglse  of 2,000 sec 

with  argon, a mass flow r a t e  of 0 - 3 5  gm/ser is dictated w i t h  
higher currents  requiring even higher  values. Thus, for   the 
120,000 amp pulse used in   the   ear ly  experiments,  the  discharge 
was probably  starved  for mass  which may have contributed  to 
the electrode material  erosion. 
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I n  order for the   appropr i a t e  mass flow .rate t o  be 
de l ive red  by t h e   r e s e r v o i r  of gas   behind  the reflected shock, 
l a r g e   i n i t i a l   p r e s s u r e s   a r e   r e q u i r e d  i n  the   shock   tube   d r iven  
sec t ion ,   and   t he  diameter of the i n j e c t i o n   h o l e s  m u s t  be sub- 

. s t a n t i a l l y   I n c r e a s e d .  However, a t t e m p t e d   ' o p e r a t i o n   i n   t h i s  
regime  would r e s u l t  i n  a great ly   increased  leakage  througn . 

t h e   i n j e c t i o n   p o r t s  and  corresponding  increase i n  the back 
p res su re  i . 9  t he   exhaus t   t ank   t o   t he   po in t   where   any   a t t empt  
t o   d u p l i c a t e  a space  environment   in   the  exhaust  plume region 
would  be  negated. 

This  problem  of i n s u f f i c i e n t  mass flow r a t e  has been 
reso lved   by   opera t ing   the  shock tube  i n  an  e n t i r e l y   d i f f e r e n t  
domain than described above.  This new approach  allows  abrupt 
i n j e c t i o n  of l a r g e  mass  flow rates i n t o   t h e  arc chamber, 
~ - . ~ i s i n g  i t s  p res su re  t o  a l e v e l  where a separa te   gas- t r iggered  
switch is needed t o   d e l a y   t h e  chamber  breakdown t i m e  u x t i l  a 
s t e a d y   i n j e c t i o n  rate has  been  reached.  Since  the  use of such 
a gas  switch is a f a m i l i a r  and reproducib le   opera t ion  i n  t h e  
labora tory ,   the   o ther   p roblem  of   i r reproducib le   de lay   t ine  
between gas i n j e c t i o n  and s e l f - t r i g g e r i n g  of the   capac i to r  
bank is also resolved  by  the new conf igu ra t ion  described below. 

I n  Fig.  14,  which shows t h e   t y p i c a l   e a r l y  time piezo- 
c r y s t a l   r e s p o n s e  at t h e  end of t h e  shock tube, the  magnitude 
of t h e   p r e s s u r e   p l a t e a u  is 20 - 40 mm Hg, depending  on  the 
i n i t i a l  pressure i n  the   d r iven  section. By p u t t i n g  a l a rge  
resistor i n  series w i t h   t h e  pressure s e n s i n g   c i r c u i t ,   t h e  
e f f e c t i v e  time constant   can be increased so t h a t  accurate 
preseure  readings  can be obtained for times of t h e   o r d e r  of 
t e n s  of mill iseconds.   Figure 16a shows such a long time 
p i e z o c r y s t a l  response. f o r  an i n i t i a l   p r e s s u z e   i n   t h e   d r i v e n  
section of 1 mm Hg. Note t h a t   t h e  total  t i m e  dep ic t ed  i n  
Fig. 14 is  now compressed t o  2 mm (one small d i v i s i o n )  on 
th i s   pho tograph   and   t ha t   t he   p re s su re   l eve l  after 10 msec is 
near ly   cons tan t   and  a t  least an orde r  of magnitude greater 
t h e n   t h e  earlier p l a t e a u  shown i n  Fig. 14. This trace is 

i 
i 

1 
i 



. . . .  ~. .I- . .  . . . .  ..., 
" ? 

30 

. 
P 

5 m sec/DIV 

325 

0 
d 

t 

_ -  

. .' 
. .  . .  

. .  . .  - 

i: . ." 

LONG TIME PIE20 ELECTRIC PRESSURE RECORD 
AT END OF SHOCK TUBE 



I. - .  

. .  

. .  

- .  

. * .  

. 

. .  . .  
. .  . .  

, . _  
. . .  

. . . . .  . . . . .  .. .. " ... I . . _ "  L ........... - .... . .  . .  

. .  . .  . .  

3.1 . .  

. .  
' . .  

. .  
. .  

not  unexpected  since,  for l a r g o   p r e s s u r e   r a t i o s   a c r o s s   t h e  
diaphragm,, t h e   i n i t i a l   r a r e f a c t i o n  (which  propagates down- 
stream as w e l l  as ' ups t r eam) ,   and   t he   r e f l ec t ed   r a re fac t ion   o f f  
t h e   d r i v e r . e n d  wall domina te   t he   p re s su re   h i s to ry   un t i l   t he  . 

re f lec ted   . shock  wave a g a i n   r e t u r n s . t o   t h e   d r i v e n   s e c t i o n  end 
wa7.1. Thus it is r e a s o n a b l e   t o   e x p e c t   t h a t . e v e n  for very low. 
p r e s s u r e s   i n   t h e  drivei-1 s e c t i s n  (where t h e  mean free pa th  
exceeds tube  dimensions) , t h e   l o n g  time prof i le   should   appezr  
t h e  same. This  is shown t o  be t h e  case fox p1 = 10 p i n  
Fig.  16b  which i n  comparison  with  Fig.  16a is o n l y   s l i g h t l y  
d i f f e r e n t  for t h e  first mill isecond..  Thus,  by s e t t i n g   v e r y  
low i n i t F a l '   p r e s s u r e s   i n  t he  d r i v e n   s e c t i o n ,   t h e   i n j e c t i o n  
ho le s  may be opened  up, w i t h  neg l ig ib l e   l eakage   f l ow  to   t he  
charnker, bu t  a much h ighe r   p re s su re   r e se rvo i r   o f   gas  even- 
. t u a l l y   o b t a i n s -  . .  

. .  

. .  

. .  

It should   be   no t iced   in   F ig .   16   tha t  the t i m e  requi red  
t o  e f f e c t i v e l y  reach t h e  new p la t eau  is approximately  10 msec. 
Earlier neutral   densi ty   measurements   with a fast  ion iza t ion  
gauge 1481 have   sham  tha t  a steep p r e s s u r e   p r o f i l e   o f   g a s  
i n j e c t e d   i n t o  the electrode region  propagates   outward  into 
the   l a rge   envi ronmenta l   t ank  a t  roughly 1 inch   pe r  100 psec. 
Hence, fo r   t he   p re sen t   exhaus t   ves se l  whose r a d i u s  is 18", 
it is a r e q u i r e m e n t   t h a t   t h e  arc chamber pressure be s t a b i -  
l i z e d  and t h e   c u r r e n t   d i s c h a r g e   i n i t i a t e d   b y   a b o u t  2 msec i n  
o r d e r   t h a t   t h e r e  be no  communication  between  the  discharge 
and the   t ank .  

S i n c e   t h e  onset of t h e   p r e s s u r e   p l a t e a u  is. due t o  
I 

. .  

t h e   ' r e f l e c t e d   r a r e f a c t i o n   a r r i v i n g  a t  t h 8  .downstream'  end o f  
the   shock   tube ,   shor ten ing   the   d r iven   and   dr iver   sec t ions  
should   reduce   the  time before t h e - p l a t e a u  is reached.  Fig- . .  . <  

u r e  17 shows 'the effects .of such  changes . . In Fig.  17a,   the 
p i ezoc rys t a l   r e sponse  for - t h e   i n i t i a l   s h o c k   t u b e . ' c o n f i g u r a -  . . I  

t i o n  is m h m  ( d r i v e n   s e c t i o n   l e n g t h  E I .= 7 . 5 ' 8  d r i v e r  sec- 
t i o n  lmngth f L = 2.0g, and i n i t i a l   d r i v e n   s e c t i o n   p r e a -  . !  

mure =Pi c: 10 p)- Note t h a t   t h i s  is j u s t  Fig. 16b  seen  on 

- ,  
1 
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a n  expanded time scale. Figure  17b shows t h e   e f f e c t   o f  
I .  

1 . : .  

s h o r t e n i n g   t h e   d r i v e n   s e c t i o n  from 7 . 5 '  t o  2.5 '  whi le  re- 
, 
I : 

t a i n i n g   t h e   o r i g i n a l   d r i v e r   s e c t i o n .  The rise time t o  a . I .  ' .  : . .  I 

' p r e s su re   p l a t eau   has   dec reased  from 10 ~ s e c  down t o  4 msec 
w h i l e   d e c r e a s i n g   t h e  plateau l e v e l  by approximately 50 per- 
c e n t .  On t h e  same time and   vo l t age ' s ca l e s ,   F ig .   17c  shows 

. .  
, ! .  
! .  
, .  

i 

the e f f e c t   o f   r e t a i n i n g  the 2 . 5 '  shor tened   dr . iven   sec t ion  
wh i l e   dec reas ing   t he   d r ive r   s ec t ion   l eng th   f rom 2 . 5 '  t o  G . 5 ' .  

A8 expec ted ,   t he  rise time t o  a p l a t e a u   h a s   b e e n   f u r t h e r  re- 
duced  accompanied by an   addi t iona l   p la teau   magni tude  reduc- 
t i o n .   F i g u r e  18 shows t h i s  l a s t  trace on ampl i f ied   vo l tage  
and time scales and i n  a n e g a t i v e   d i r e c t i o n .  It is apparent  
t h a t   t h e   r e f l e c t e d   r a r e f a c t i o n   a r r i v e s   a f t e r   a p p r o x i m a t e l y  
1 msec wi th   t he   p l a t eau   t hen   be jng   cons t an t  to  within  10  per-  
c e n t  for a t  least  a n   a d d i t i o n a l  3 msec. S ince   p rev ious  ion-  
i zac ion   gauge  stmies 1511 have shown t h a t   t h e  time cons tan t  
for t h e  arc  chamber t o  reach a s t e a d y   p r e s s u r e   f o r  a nea r ly  
step i n p u t   o f  mass f l o w  ra te  i s  about  200 psec, t h e n   t h e .  
proper func t ion  of the   gas - t r igge red  discharge swi tch  is t o  
d e l a y   t h e   d i s c h a r g e   i n i t i a t i o n  u n t i l  approximately  1.3 - 1.5 
msec a f t e r   t h e   m e a w r a b l e   p r e s s u r e   b u i l d u p   b e g i n s  a t , t h e  end 
of the   shock   tube .  

T h e   c a l i b r a t e d   p i e z o c r y s t a l   y i e l d s   t h e   p r e s s u r e   l e v e l  
of t h e   p l a t e a u  which, when combined wi th   t he   appropr i a t e  dis- 

c h a r g e   c o e f f i c i e n t   a n d   r e s e r v o i r  temperature, g i v e s  t h e  mass 
flow rate i n t o   t h e  arc chamber f o r  a g i v e n   i n j e c t o r   h o l e   s i z e .  
For  the reasons  given  above,  200 psec a f t e r  t h i s   p l a t e a u   l e v e l  
ha8 been   r eached ,   t h i s   ca l cu la t ed   va lue  w i l l  a lso be t h e  mass 
flaw rate out of t h e  chamber in to   t he   env i ronmen ta l   t ank .  
Figure 19 shows t h e   a c h i e v a b l e  mass flow rates for var ious  
i n j e c t o r   s i z e s   w i t h  pressure i n   t h e   d r i v e r  section as a pa- 
rameter. Comparing t h i s   w i t h   F i g .  15, it is e v i d e n t   t h a t  
From gasdynamic   cons idera t ions , .   the   p resent   sys tem is capable 
of MPD .& i tnu la t ion   fo r   t he   cu r ren t   r ange   f rom 60; 000 amp down 
to less t h a n  1,000 amp, i.8. , t h e   c o n p l e t e   r a n g e  down to t h e  
steady state MPD arc domain. A t  presen t ,  t h i s  mass i n j e c t i o n  

1 .  

I .  

I .  
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system  provides  steady flow ra tes   for  
. longer than the  longest  current  puJse 

capacitor bank and the  present  supply 

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

. .  

times  considerably 
available w i t h  the 
of  inductors. As 

.- :, 

. .  " 

. .  

. .  

, 

such, it w i l l  provide the basis  for  extension of the sirnu- . .  

l a t i on  program to longer  pulses and  Eor t h s  investigation . .  

and evaluation of the long pulse mode of operation as an 
optimum prrlsed plasma t h r u s t e r  technique. 

The changes i n  the mass injection system can 5est .be 
summarized i n  a table  comparing the various  characteristics 
of t h e  old and ner  configurations: 

OLD N E W  

?iR 

5i 
1 msec 2 psec 

0.3 - 1.0 msec 3 .msec' 

5 
5 irreproducible 

0.2 msec 0.2 puec 

controlled by switch 

dl I I 0.002 - 0.040 gm/sec 0.1 - 50 zp/sec 
~~ ~~ ~~ ~~~ ~~ ~ ~ ~ ~~ ~.~ ~~~~ ~- ~ 

Thus, it appears  that  increased mass r'low rate,  longer con- 
etant  pressure  reservoir time, and decreased back pressure 
without  reproducibility problems have been gained a t  the ex- 
pense of a longer  but  tolerable mass flow rise time i n  going 
from the self-triggered mode to  the  externally  tr iggered mcde. 

The gas-triggered  discharge  switch  necessary to make 
. .  

I 

t he  transit ion  has been designed and constructed and is now 
being  i?stalled.-  Briefly, it is a 2" high by 5" diameter 

f 
I 
1 

cylindrical  pinch switch s imilar   to  t h a t  used i n  the  previous 
pinch-orifice  configuration. However, space  limitations be- i 

hind the arc chamber due  t o  the  necessi ty  for  the  large shock j 

. ;  
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tube' and small  injector  lengths' have dictated  that  the  switch 
not  be  coaxial to  the  discharge chamber but.  instead be mounted 
in series  with  the  hot  lead  off 'the  capacitor bank outside 

, . , tho environmental t'ank. This new switch and the modified.gas 
injection system. w i l l  f i r s t  be t r ied.  w i t h  a famil iar   f la t  ' . .  

cathode  configuration aa in. the  pinch-orifice  experiments. . .  

. .  
. .  

. .  
. A f t s r  proper  operation and sequencing  of the  switch  has been 

verified,  the geometry w i l l  be altered  to,one w i t h  a shaped 
cathode for  better  simulation of t h e  MPD arc. 

. .  
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IV. LONG-PULSE PClWER SUPPLY ANALYS?S .. 

(Clark,  ~ckbreth, Wilbur) 

I n  the  past  several monkhs, experiments i n  both 
the parallel-plate geometry and i n  the  quasi-steady  coaxial 
exhaust  configuration,  for  reasons  discussed i n  Secs. 11 
and 111, have migrated toward longer  pulse times and a con- 
sequent  decrease in  current  amplitude.  Figure 20, which 
shows the  present  capability of the  capacitor  line i n  terms 
of f l a t top  c u r r e n t  amplitude vs. half-cycle  times,  indicates 
that  for  pulses of adequate  length to insure gasdynamic 
stabil ization,  say > 250 psec, currents   are   res t r ic ted  to  
amplitudes below 10,000 amps. This  limitation  to lower cur-  
rents may unnecessarily  restrict  or  prejudice  future  exper- 
imental  studies  for  the  following  reasons: 

1. Since  the  electromagnetic  force  scales w i t h  the 
square of the  current, low amplitude  currents  predicate 
weaker d r iv ing  forces  relative  to  pressure and viscous  forces, 
Thus, current  pulses long enough t o  allow  observation  of  the 
complete transition  process from a "snowplowing" mcde t o  a 
"blowing" mode  may not  provide  sufficient  current  amplitude 
to  display  eharply  the fundamental features of the  t ransi t ion 
i t s e l f .  

2. MPD simulaticn  experiments  should be able   to  in -  
vestigate  arc  behavior,  acceleration mechanisms, and thrus t  
efficiency  over  an  instantaneous power range from some 100 kw 
(cur ren t  lo3 amps)  up t o  about 100 mw (current  ~5 lo5 amps), 
Le., the  range from present   s teady  s ta te   self - f ie ld   tkusters  
up to the optimum levels  for primary  manned-planetary pro- 
pulsion. 

3. Investigation of the  quasi-steady  pulse m o d e  as 
an optimum thrust  technique w i l l  require  arbitrari ly  long 
pulses  over a wide range of discharge  currents. 

. .  

Numerous schemes are  available  for  providing  these 

1 . . . . . . . . . .  
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long  durat ion,   h igh-current   pulses ,   each  with its own ad- 
vantages  and  disadvantages.  . For  examFle, simply adding 
more capacitors is an obvious   so lu t ion ,  b u t  space, weight, 
cost a n d   v e r s a t i l i t y  must be cons ide red   ca re fu l ly  before 
s u c h  an  approach is taken.  Other possible s o l u t i o n s   i n -  
c lude:  a pulse   t ransfsrrner   between  the  capaci tor   bank  and . 

the -plasma source  which  would  increase  the  current   for  a 
g iven   length   pu lse ;  a large c o l l % c t i o n  or' batteries which, 
by var ious  series and para l le l  arrangements,  would  provide 
a w i d e  spectrum of input  power opportuf i i t ies ;   an  induct ive 
storage f a c i l i t y ;  and  the  conversion of k ine t i c   ene rgy  stored 
i n   r o t a t i n g  machinery  into electrical  energy  by  an ctppro- 
priate generator .  

As an ifiitial step toward e x a m i n i n g   t h e   f e a s i b i l i t y  
of thePe  different   techniques  and the e v e n t u a l   s e l e c t i o n  of 
one, a n a l y t i c a l  experieree gained from related s t u d i e s  has  
been  used t o  provide a prel iminary  look a t  t h e   p u l s e   t r a n s -  
former problem. The effect of a p u l s e   t r a n s f o r m e r   i n  a cir- 
c u i t   c o n s i s t i n g  of a pulse-forming  network  and a load  such 
as a s t a b i l i z e d   c u r r e n t   s h e e t   i n  a high-current   discharge 
appara tus   can  be i n v e s t i g d t e d   i n  terms of the   fo l lowing  
m o d e l :  

f""" 1 

"- "U 

L"", *pulse  transformer 
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where 2 = load impedance (real)  
Lz = load  inductance 
Rs = resistance of the  secmdary  side  of 

the  transformer 
Ls = se l f  inductance of the  secondary side 

of the  transforrrsr 

. .  

. .  

R = resistance of tfre primary side of 

L = se l f  inductance  of  the  primary  side 

R2 = resistance of t h e  f i r s t  inductor i n  the  pulse- 
forming network (includes  switch  resistance) . 

= inductance of the first inductor i n  the 
L2 . network (includes  switch  inductance) 
Cz = capacitance of the  f i rs t   capaci tor  i n  the 

Ri = resistance of the  i t h  element of the network 
Li = inductance of tne Lth element of the network 
Ci 3 capacitance of t he  Ath element of the network 

the  transformer 

p of the transformer 

. I  . .  

network 

For i l l u s t r a t i o n ,   t h i s  model is applied to  the  parallel-plate , 

accelerator where the  values of t h e  load impedance and the 
load  inductance  are  determined from the dynamics of the  cur- 
r e n t  sheet  as  expressed by the  snowplow equation. After the 
current  sheet  reaches a. prescribed  stabilization  nosition, 
experimentally  observed impedances, 2, are  specified  as a 

. function of the  current  flowing  through  the load. 

The basic equations governing the  above system are8 
for the l e t  loop 

for the 2nd loop 

and 

- - -I + 5 dQ2 
dt . 2 . .  (4-3) . 

. .  . .  
, . .  . -  

. .  
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(4-4) , 

where Qi e: charge  on  capaci tor  Ci . 

M e: mutual  inductance  of +.:he t ransformer = k S P  

where k is the   t ransformer   coupl ing   coef f ic ien t ,   and  
c s s e n t i a l l y   e x p r a s s e a  tSe degree to which magnet ic   f lux gen-. 
.crated by one c o i l   o f  the transformer is  l i n k e d   t o   t h e   o t h e r  
coil. k can be as h i g h   a s  0.98 fo r   an   i ron   co re   t r ans fo rmer  
and w i l l  be somewhat laver f o r  an a i r  core  u n i t .  

This   system  of  2n-1 o r d i n a r y   d i f f e r e n t i a l   e q u a t i o n s  
is cowbined  and  solved on the IBM 7C94 computer  using the 
Runge-Kuttrt technique.  Several preliminary  computer  runs 
have  bden made us ing  the exis t ing  pulse-forming network i n  
a conf igu ra t ion  which provides a pulse   approximately 600 psec  
long. Tha effect of the   t ransformer  coupl ing  coeff ic ient   and 
secondary selE inductance for a t ransformer   tu rns  ra t io  of  ' 

10 is i l l u e t r a t e d   i n  the  c u r r e n t   p u l s e s  shown i n  Fig. 21. 

I n  comparing t h i 8  f i g u r e   b i t h   F i g .  23, it i s  seen 
tha t   t he   compute r   : so lu t ion   p red ic t ' s  a d i s c h i r g e   c u r r e n t  about 

by t h e  capacitor bank <or .the s&.m PenqLh p1se, i .o.8  the 

. :,lass t h a n   t h e   v a l u e  that would be de l iv8 red  to t h e   k i s c h a r g e  

' seven times greater than  the amwant experimental ly   suppl ied 

. - .  c u r r e n t   d e l i v e r e d  t o  the  primary of the 10/1 transformer is 

if no t r ans fo rmer  were in .&he c i r cu i t . '   Th i s   f ea tu re -  is the 
. .  

to t h e   i n $ t i a l  bank 
. ance in t h e  primary 
; ' former .: than without  

t h a t  k plays a -very'  

.. 
. .  

voltage  being. . f ixed  and  the to ta l  imped- . 

c i r c u i t - b e i n g  greater w i t h   t h e   t r a n s -  
it. It io also obvious from t h e   f i g u r e  
iniportant role i n  determining the pu i se  

. _  i 
i 
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. rise time and   p ro t r ac t ion .   F ina l ly ,  'it should be noted . !  

t h a t   t h e r e  is a droop i n  t h e  f lattop p o r t i o n   o f   t h e  c u r r e n t  
pulse,  regardles6 of t h e  value of k. This  droop is caused 

by the   decay  time cons tan t  ( TB,S -$ ) i n  the secondary cir- ' 

c u i t  which i s  6 m8ec for a l l  cases studied  except   one where- . 

it is ha l f   t ha t   va lue .  

. ,  
. .  

- I  

I. 

1 
! 

A series of p r e l i m i n a r y   i n v e s t i g a t i o n   l i k e   t h a t  I 
above ~ e r v e s   t o  provide   ins ight   in to   overa l l   dependencies  
o f  key paramatlare  and as such   provide   usefu l   gu ide l ines   for  
subnequent   invest igat ion.   In   the f u t u r e ,  thirr i n i t i a l   s t u d y  i 

phaae w i l l  be expanded and other candida te  power supp l i e s  . i 
s i m i l a r l y  examined i n  order to select t h e  method  most com- 
patible with  design require,nents.  i 

' .  '. i '  
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v., OPTIMUM ENERGY TRANSFER FROM LcrrJ IMPEDANCE PULSE. . 
. .  

NETWORKS TO ACCELERATING PLASMAS (Wilbur) . 

. .  '. T h i s   . e f f o r t  is intended to give  a better. under- . : . , 

standing. of'  the condi t ion6 under  which a high  energy 
power eupply,  such tis a capaci tor   bank or t ransmission 
l i n e ,  will t r a n s f e r  i t s  energy t o   a n   a c c e l e r a t i n g  plasma 
wi th  optimum o f f k i e n c y .  The .work c o n s i s t s  of four  re- 
lated s t u d i e s r  (1) design and devslopment of low impedance 
capac i to r8  sui table  for   s imple  assembly '   in to  pu l se  l i n e  
conf igura t ione ;  (2 )  experimental   determinat ion  of   the de- 
t a i l e d   c a p a c i t o r   c h a r a c t e r i s t i c s ;  (3) experimental   inveat i -  
g a t i o n  of the  condi t iono for optimum transfer of  energy; . 
and (4) development of ana ly t i ca l   t echn iques  to support  the  
exper imenta l   s tud ies .  

The f i r a t   p h a s e   o f  t he  capac i to r   des ign  and devel- 
opment was completed w i t h  de l ive ry  of 1 2  c a p a c i t o r   u n i t e  
from the manufacturer  (Corson Electric Manufacturing Carp. 1 . 
I n  order to determine the c a p a c i t o r   c h a r a c t e r i s t i c s   u n d e r  
opera t iona l   condi t iono ,   the  u n i t a  have been ar ranged   in  a 
simple ladder network  configuration  and  discharged  through 
a r e s i s t a n c e   e q u a l  t o  t h e   c k n r a c t e r i e t i c  impedance of the . 

network.  The s i g n a t u r e s  of  voltage  acroEs,  and  current 
through, the r e a i s t a n c e  are tken  used t o  syn thes i ze   t he  cir- . 

c u i t  which  produced them. I n  previous semi-annv -1 reports 
(47,48 J da ta   p re son ted  were based on the  aasumption .that 
t h e   c a p a c i t o r   u n i t s  were sec t ione  of t ransml. .s ion li33 and 
the   equa t iona   deac r ib ing  a t ranrmiss ion  l i n e  were used in 
the .   mathemat ica l   descr ip t . ion  of t h e   c f r c u i t .   R e c e n t l y  it 
waa found t h a t   w h i l e   t h i s  w a s  8 q u a l i t a t i v e l y   i n m t r u c t i v e .  
approach, a more a c c u r a t e   d e e c r i p t i o n  of t h e   d r i v i n g   n e t -  
work could ba formulated i n  terms of t h e  LC ladder  network ' . 

ahawn achemat ica l ly  on t h e  following page. 
. .  

. .  
* .  . .  . .  

. .  

. .  
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where Ri - r e s i s t a n c e  of t h e  Lth connector  
Li = inductance of the  Ath connector  
Ci = capac i tance  of the &th capacitor u n i t  
R = r e s i s t i v e  load 

and  inductance 
R i  0 Li   i nc lude   t he  switch r e s i s t a n c e  

The 2n o r d i n a r y   d i f f e r e n t i a l   e q u a t i o n s   d e s c r i b i n g  
the  above  network  can be so lved   s imul tansous ly  on t h e  com- 

p u t a r  t o  y i e l d  t he  cur ren t   and   vo l tage  waveforma des i r ed  for 
comparison w i t h  the  experimental   s ignatures .   Experimental  
r e o u l t s   t a k o n   w i t h  tku capacitors in   var ious   a r rangements  
agree boa t   w i th  the t h e o r e t i c a l  model when tho  average ca= 
pacitor ha8 a n e g l i g i b l e   r e s i s t a n c e ,  an inductcnce of 7 . 5  
nanohsnries ,   and a capacitance of 6.35 microfarads, which 
are acccptabiy close t o  t h e   s e p a r a t e l y  metaaured values  o f  
7.0 nanohenriee and 6.5 pfd. The  agreement  between  the  theo- 
retical n&rl and the   experimontal  results are i l l u s t r a t e d  
for on. typical car. i n  Fig. 22. The p u l s e   l e n g t h  ( 7 1 pro- 
ducod by t h e  configuration ‘emplayod (one l i n e  of f i v e   u n i t s )  
f 8 81.0 de f ined  in thf8 f igu re .  

Tho LC ladder nmtwork node1 of the capacitor u n i t s ,  
which warn found ta give the b e m t  corrs?,btion with experi- 
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mental results for t h e  case of a r e o i s t i v e .   l o a d ,   . h a s   a l s o  . . ' . i 
been   incorpora ted   in to  the computer  program desc r ib ing  the 
p u l s e  network  dr iving  the  Finch.   d ischarge.  This  a n a l y s i s  . -  . . 

alsa.  inc ludes  .an energy  balance.  Figure  23.'shows how ener9y 
t r a n s f e r r e d '  t o  the plasma  from the  ladder .   network varies, 

' 8  

. .  

wi th   t he . '   l eng th  of pulse  .produced by the  network for t h e  case. 
bf  100  microns of argon in the 8" pinch chamber. . The pulse  
l eng th  is p r o p o r t i o n a l  to the ?umber of elements i n   t h e  
ladder 'network and Fig. 23 is based on. a power supply con- 
s i e t i f i g  of two ladder networks' composed of 6 . 3 5  pfd, 7 . 5  nano- 
henry elements connected i n  p a r a l l e l  (0.017 ohm impedance 
network). Eo i s  t h e  i n i t i a l   e n e r g y   s t o r e d  i n  the capac i tor8  
a o  de t e rmined   f rom  the   i n i t i a l   vo l t age   on  t h e  u n i t s .  The 

pu l se   l eng th  is normalized by a c h a r a c t e r i s t i c  time i n  t he  
piasma a c c e l e r a t i o n   p r o f i l e ,  7ej and the k ine t i c   ene rgy  of 
t ho  plasma s h e e t  is sva lua ted  a t  t h i s  time.. I n   a n   a c t u a l  ' 

t h r u s t e r  the appropr i a t e  7 . would be t h e  ti.- of e j e c t i o n  
o f  the p l a s m ,  dekermined  by the   l eng th  of t h e  thrus te r ,  bu t  

e1 

for t h e   c a s e  of t h e  closed chamber pinch geometry  considered 
here ,   the   plasma is conaidered "ejected" when the eheet reaches 
a 1" rad ius .  One inch w%s ee lec ted  because accura te   exper i -  
men ta l   i nves t iga t ion  !s d i f f i c u l t  a t  lesser rad i i  and  yet t h e  
Acce lera t ion  process should be allowed to  develop  over as 
large a d i s t a n c e   a a   p o s s i b l e   i n   o r d e r  t o  prevent  the i n i t i -  
a t i o n  affects from  dominating the behavior of t h e  system. 

- .  . .  

, .  

. .  

r .  

: _  

-F igure  23. shawe t h a t  for a cu r ren t   pu l se   l onge r  than  
t h e   " e j e c t i o n "  time, t h e   e f f i c i e n c y  of ene rqy   t r ans fe r  is 
le66 t h a n  optimal. This  is because t h e r e  is e n e r g y   l e f t  i n  
the   pu lse   ne twork  ,and i n  the magnetic fields aesoc ia t ed   w i th  
t h e  ' d i scha rge  whon "eject ion" occurs. . As ' t he   pu l se   . l eng th  
i s  decreased ,   l eas   energy  is  l o f t  i n  the  network  and the mag- 
n e t i c  f i e l d 6  a t  7 and t h e   e f f i c i e n c y  (KE/Eo)ej begins  to 
$ncrease. A6 t h o   p ~ l s e   l e n g t h  is decreased   fur ther ,   the  
s h e e t  accelerates less vigorously a t  t h e  end of t h e   p u l s e  
when t h e   - c u r r a n t  is. decaying. This causes the   average  
bpcrd8nco .of the   dimchsrge t o  be l e a s  t h a n  i n  t h e   c a a e  of t h e  . ' 
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t \a  impedance  mi8match  between  the l i n e '  
becomes s u f f i c i e n t l y  great t o  cause a 
the i n i t i a l   e n e r g y  i n  the pulse  network 
revclrse  voltage  on the capacitors. As 

t h i s   e f f e c t  becomes mare dominant, the ef f ic iency   decays .  
For   very short p u l s e s  a secondary   peak   in   e f f ic iency  is ob- 

. .  

. served  because of addi t iana l   energy   removal   f rom  the   l ine  
dur ing  t h e  seconc? half  cyc le  of t h o   c u r r e n t   p l e e .  The 
eecondary  peak is no t  as high as the primary  one  because 
'short p u b e s  imply a d e c e l e r a t i n g   c u r r e n t  sheet over most 
of the  discharge  and such  sheets s u s t a i n  greater energy 
losses to the thermal modes of the plasma as po in ted   ou t   i n  
Ref. (221 . 

Figure  24a shows theoretical  curves  similar t o  the 
one shown i n  Fig. 23 for t h e  cases of 2, 3, 4, and 8 G e t -  

works p a r a l l e l e d  (17, 11, 8 . 5 ,  and 4.25 m i l l i o h  l i n e s ) .  
From t h i s   f i g u r e  one  can see the e f f e c t  of *he   charcc t .e r i s t ic  
impedance of the LC ladder networks  on the e f f i c i e n c y   o f  
e n e r g y   t r a n s f e r .  As the  pulse  network impedance is decreased, 
t h e   p e a k   e f f i c i e n c y   r e a l i z e d   i n c r e a s e s   u n t i l  the impedance of 
the   network (BL) is about h a l f  of the  average  diecharge i m -  
pedance (Z, , ) .  F u r t h e r   d e c r e a s e a   i n  t h e  l i n e  impedance tend  
t o  p roduce   neg l ig ib l e   changes   i n   t he  peak e f f i c i ency .  

F igur6  24b conta ins   the   exper imenta l ly   observed  re- 
s u l t s  f o r  the case o f  100 microns of argon  which  corresponds 
to t h o   t h e o r e t i c a l   r e s u l t s  of Fig. 24a. The k ine t i c   ene rgy  
data uaed is o b t a i n e d   i n   t h e   f c l l o w i n g  manner: (1) Current  
s h e e t  trajectories are de te rn ined  from magnetic f ie ld  probe 
reco rds  a t  2.5", 1.5", and  0.5" r a d i i .  (2) From t h e s e  data, . .  

o h e e t   v e l o c i t i e s   a n d   o j o c t i o n  times are determined. (3 )  Ki- 
n e t i c  e n e r g i e s  are c a l c u l 8 t e d  from these   ve loc i t ies   assuming 
that  the   oh@4t  collacts a l l  of t h o  mas8 it sncoun te r s . i n   t he  
dimcharge  chunbsr. . .  .. . 

. _  Tha qual i t r t ivu   agrsemont   be tween  the   exper imenta l  
and t h a o r o t i c a l   r e m u l t a  is reasonably  good. Notice, however, 
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t ha t   . t he   expe r imen ta l  r e su l t s  show a' peaking of e f f i c i e n c y  
as a func t ion  of network  iinpedance tha t  is  not   observed i n  
t h e   t h e o r e t i c a l   r e s u l t s .  A l s o ,  t h e   , m a s u r e d   e f f i c i e n c i e s  
are rough ly   ha l f  of those   p red ic ted   ' theore t ica l ly .   These  , 

lower exper i rnenkcl   k ine t ic   energ iea  are a r e s u l t   o f  lower 
c u r r e n t   s h e e t   v e l o c i t i e e   a n d   d e t a i l e r !   a n a l y s i s   o f   t h e  mag- 
n e t i c   p r c b e  records i n d i c a t e s   t h a t  lower v e l o c i t y   o c c u r s  be- 
cauee a l l  of the diecharge   cur ren t  is no t   f l owing   i n   t he  th!.n 
c u r r e n t   e h e e t  aesumtld i n  t h e  model. Although a11 o f   t he   cu r -  
r e n t   i n i t i a l l y   f l a w s   i n  a t h i u   r e g i o n  when it ie a t  the out -  
side wall, there is  a dil ' fuse c u r r e n t   p a t t e r n  rtAeased behind 
t h e   s h e e t  as it drives   inward tmard the  p inch   conf igura t ion .  
T h i s   d i f f u s e   " t r a i l i n g "   c u r r e n t  seems t o  remain   s ta t ionary ,  
a n d   t h e o r e t i c a l l y  it ahould  cont inus t o  add energy t o  t h e ,  
plasma through 3 f x rs' "blowing"  action. I n  f a c t ,  it may be 
t h a t  a l a r g e  ,fraction of t h e   g a s   a c c e l e r a t i o n  ie accomplished 
i n  t he  rrjgion  behind the c u r r e n t   s h e e t  i n  a more e f f i c i e n t  
manner  than the snowplow model would p red ic t .  

The f a c t   t h a t  a l l  of t h e   c u r r e n t  is  not  f lowing 
through a we l l -de f ined   cu r ren t  sheet is  manifeo ted   in   severa l .  
o t h e r  ways experimentally.  For  example,  Fig. 2Sa 13 an oscil- 
logram  showing  the  current  waveform for four  networks of t h r e e  
capacitors d r i v i n g  a d i s c h a r g e   i n  100 rnicronff of argon. A f t e r  
t h e   i n i t l a l   c u r r e n t  risee one sees a tendency of the c u r r e n t  
t o  continue t o  rime a t  n l e e a e r   e l o p e ,   w h e r e a s   t h e   t h e o r e t i c a l  
analysis p r e d i c t s   t h a t   t h e   c u r r e n t   d e c a y   a f t o r   t h e  i n i t i a l  
rise time because of the i ~ c r e a e i n g  impedance a o s o c i a t e d   w i t h  
t h e   a c c e l e r a t i n g   c u r r e n t   o h e e t .  The f a c t  tha t  the to t a l  cur-  
r en t   con t inuod  t o  rise i n d i c a t e 6   t h a t   c u r r e n t   p a t h s  are be ing  
ostabl imhed at loca t ions   o ther   than   th rough  the   main   cur ren t  

i r h e o t ,   t h e r e b y   r e d u c i n g   t h e   n e t  impedance  and t h e   c o u p l i n g  

between  the external c i r c u i t  aad t h  c u r r e n t   s h e e t .   F i g u r e  
2Sb io an   oec i l l og ram of t h e   c u r r e n t  waveform for t h o  marno 
fotrr ,networkr  of t h r e e  capacitor. d r i v i n g  a d i e c h a r g e   i n  2 rn 
of hydrogon ( 2  fin of hydragen preducos t h o  mbmo mama d e n s i t y  
a8 100 )a argon) U t e  tao c u r r e n t  wavoforn  doer  bsha-a a8 . .  
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t h e   t h e o r e t i c a l  model predicts it shoulC. druo i n d i c a t i n g  a 
much closer coupl ing  between  the cu r ren t  shee t  and e x t e r n a l  
c i rcu i t .   Indeed ,   the   e f f ic ienc ies   observed   in   hydrogen  are 
i n   r a t h a r  good  agreemant   wi th   those   p red ic ted   theore t ica l ly  
for t h e   r e s i s t a n c e   a n d   i n d u c t a n c e ' e x i e t i n g   i n  the l a b o r a t o r y  
mi tua t ion ,   bu t   the   exper imenta l  errors involved i n  measuring 
the v e l o c i t i e e   i n   h y d r o g s n  are s i g n i f i c a n t l y   l a r g e r   t h a n  
those i n  argon. 

fn c l o s i n g ,  it should be po in ted   ou t   t ha t  no attempt 
has  been made to a c h i e v e   u l t i m a t e   e f f i c i e n c i e s   i n   t h i s  work. 
Ra tha r ,   t he   ob jec t ive   has  been t o  ga in  a better underetand- 
i n g  of t h e  mechanioms involved by devis ing  a model t h a t  w i l l  
p rovide   ine ight   in to   the   exper imenta l   observa t ions .  There 
are large l o a s e s  associated w i t h  tho   swi tch   used   in   thcag  
experiments   which  could  peeei t ly  be reduced. If t he   swi t ch  
losaea   could  be e l imina ted   wi th   no   cor reeponding   de te r iora t ion  
in   t he   pe r fo rmance  of t h e  accelerator, e f f i c i e n c i e s   i n   e x c e 8 8  
of SO percen t  are p r e d i c t e d   b y   t h e  theoretical model. 

Additimal s t u d i e o  on t t i e  problem of e f f i c i e n t  
e n e r g y   t r a n e f e r   u s i n g   d i f f e r e n t   g a m e ,   g a s   p r e s s u r e s ,  and 
in5- t ia l  l ine   vo l tagoa   have  a l s o  been  conducted  during  this  
parjod. A more complete p r c e e n t a t i o n   o f   t h i s  work w i l l  be 
g iven  i n  a forthcoming Ph.D. thasis. 
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VI. PRESSURE MEASUREMENTS . IN CLOSED 
' 'CHAMBER DISCHARGES (Yark) 

Several aupects of the   cont inuing  program t o  may 
a c c u r a t e l y   t h e   g a s   p r s e s u r e   p r o f i l e   t h r o u g h  a propagat ing  ' 

cur ren t   shee t   have  been pursued  during the presen t  report- 
i n g   p e r i c d ;   a p c i f i c a l l y :   t h e   p r o b e - d i s c h a r g e   i n t e r a c t i o n  
hae   been   s tud ied   i n  de ta i l ;  prec ise   p ressure ,   magnet ic  fieis, 

. and electric f ie ld  data has  been compiled f o r   t h e   s p e r i f i c  
exper imenta l   condi t ione  of i n t e r e s t ;  and these data have 
bean  analyzed from a combined electrodynamic  and  gasdynamic 
poirat  of view. 

A prev ious   r epor t  [51] ment ioned   the   p rof i les  of lu-  
minosity  which a p p a r  about a pro&. imrmreed i n  a c u r r e n t .  
s h e e t ,   f n   a n   a t t e l n p t  to d i s t i n g u i s h  m D r e  c a r e f u l l y  the 
80urces of euch  luminoei ty ,   s imultanrous  data  of l u n i n o p i t y  
and iQ ware tbkan at 100 p argon i n   t h e  8':  pinch  chamber 
driven  by  the  pulse-forming  network. Kerr-cell photographs 
were t aken   w i th   bo th  radial  and a x i a l   p e r s p e c t i v e  of t he   p robe  
i n  t h e  chamber (Fig. 26) and compared  with  magnetic probe re- 
mponsse a t  t h e  seme i n s t a n t  of exposure. From such d a t a  i t  
can  be concluded t h a t  the   d i echa r se   l uminos i ty   occu r8   i n  re- 
g ions  of high-current  density.   Reference t o  t h e   c a t a l o g u e  
of p reseu re  proh  responses   then indicates t h a t  the p o s i t i o n  
of t h e   p r e s s u r e   d i s c o n t i n u i t y  associated v i t h  a c u r r e n t   t i m e t  
i o  clam to the t r a i l i n g  edge of t h e   l m i n o s i t y  profile.  Th i s  
result seame to be c o n s i s t e n t   w i t h  certain c a l c u l a t i o n e  pow i n  
progrems basad on a gasdynamic flow fielA induced  by a eome- 
what leaky pimton   tha t   axceeda   the  estimated escape speed 'of 
the ambient gam. 

Tho detailed probing  of t h e   c u r r e n t  sheet has been 
carried oiot us ing  magnetic,  electric, and   pressure  probes 
w i t h  car. boiny takon tc innure  compatibility of t h e   p r o b i n g  
techniques.  For example, i n   o r d e r  to  eva lua to  and e l i m i n a t e  
all axtr8nooum  signal8 from t h e  prommure probee, a n u l l  ciy- 

cuit has h e n  devfmod by inserting a l a y e r  of i n s u l a t i n g  tape 

. .  
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(mylar, 1 m i l )  between t h e   s i l v e r   p a i n t  and t h e   c r y s t a l .  
I n  o r d e r  ta achieve   the   observed   nu l l   response ,  it is  found 
t h a t   t h e   t h i c k n e a a   o f   s i l v e r   p a i n t  is cr i t ical .  

To determine   the  most s a t i s f a c t o r y  gasdynamic  con- 
f i g u r a t i o n  for the   pressure  proha,   s imultaneous data of 
p r e e n u r e  and 6, ha5 beerr t aken  .while varying the geometry 
of a "flow im.1"tor" which  shrouds  the  probe .barrel. Typ ica l  
r e e u l t s  of these changes  can be seen   in   F ig .  27 ,  where it is  
e v i d e n t   t h a t  t h e  presence  of s u c h   a n   i s o l e t o r   d i s t o r t e   t h e  
current   sheer :  prof i le  much more than  it improves the  p r e s s u r e  
responee.  Hence, it has been  concluded  that   probes  without 
i s o l a t o r s  y i e l d  t h e  minimum d i s t o r t i o n  of the   p ropagat ing  
c u r r e n t  sheet c h a r a c t e r i s t i c e   t h e y  are t o  determine. 

A double electric s roba  of the baJ.l asld r i n g  type 
w i t h   t h e   e l e c t r o d e s  embedded i n  a conica l   shape  has been 
added as a n   a d d i t i o n a l   d i a g n o s t i c  of the   cur ren t   shee t   in -  
t o r i o r .   B o t h   t h e  E and B p r o b e   c i r c u i t s  are designed t o  have 
sa t i s f ac to ry   f r equency   r e sponse   fo r  t h i s  appl ica t jon   and  are 
ca l ibra ted   us ing   s tandard   t echniques .   Also ,  it is found  use- 
f u l  t o   r e c o r d   v o l t a g e   s i g n a t u r e s   a c r o s 8  the eluctrades and 
acrc?r~ the  c u r r e n t  sheet by starldard inner   and  outer  d i -  

v i d e r s  [43 J . 
I n   t h e   d e t a i l e d   s u r v e y s ,   c u r r e n t   s h e e t  data are re- 

corded   pr imar i ly  on t he   i n t e re l sc t rode   midp lane  a t  s e v e r a l  
radii; a t  a g i v e n   p o i n t  of i n t e r e s t ,  data are coklected dur- 
ing t h r e e   d i f f e r e n t   d i s c h a r g e s ,   w i t h  the common i, s i g n a l  
uaed for tima reference  and  comparison. Two i n t e r n a l  probea 
( m e   a x i a l ,   o n e   r a d i a l )   e e p a r a t e d   b y  a 30° c y l i n d r i c a l   a n g l e  
are used  during  any  given  experiment.  The d i scha rge  is  ex= 
amined for mymatry and the probe p o s i t i o n s   t h e n   r e v e r s e d  t o  
varantee t h e  time c o r r e l a t i o n  of the da ta .  Typical r e n u l t s ,  
Ancluding  magnetic  and electric probe reaponsea,   and  the re-.'. 
sponses of t h e   p r e s s u r e  senmor when f ac ing   r ad ia l ly   ou tward ,  
ax i a l ly  toward t h e  anode ,   and   ax ia l ly  taward the  cathode,  re- 
8peCtiVOly, a l l  a u i t a b l y  adjusted t o  compensate   for   current  

! , :  
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' s h e e t  a r r iva l  differer ;ces ,  are p resen ted  i n  .Fig. 28. It is  ' .! I .  : 

ev iden t  from t h e  data genera l ly ,   bu t   perhaps  most c l e a r l y  j !  

on t h o   p r e s s u r e  data, t h a t   t h e r e  ap$ear t o  be t h r e e d i f f e r e n t  
ecnes'of. c u r r e n t   s h e e t   s t r u c t u r e .  Zone I is no tab le  as a . re-  
gion of current ;   concentrat ion  with,   only weak b u t  symmetric . .  , I  

; !  

'.  e m a l l   c u r r e n t   d e n s i t y   b u t   f i n i t e   p r e s s u r e   a n d  f i e l d  values.  t '  

Analys is  of the pressure  probe  reeponse  presented a- 

' 
I .  

. .  
. .  

.p.reeso.l.-e ree;>onser Zone 11 is t y p i f i e d  by s t rong  b u t  asym- 
mcrtric preeoure ' reeponee;  Zone 1x1 is e v i d e n t l y  (L r e g i o n . o f  

. .  
. . . .  

7 '  

. . .  

bove  and its r e l a t i o n s h i p  t o  the o t h o r  properties wi th in  the 
shoe t  ie c u r r e n t l y  i n  progress .   Br ie f ly , .   the  most important i 
ef fec t .   under   cons idera t ion  are those  of shock wave, boundary 
l c y e r ,   a n d   e l e c t r o e t a t i c   s h e a t h   i n t e r a c t i o n s   w i t h   t h e  probe 

> .  

su r face .   Th i s   ana ly t i ca l   fo rmula t ion  w i l l  be p r e s e n t e d   i n  1 
e n t i r e t y   i n  a forthcoming  Ph.D.,thssicr. ! '  



9 
c 

b n 

YI 
Y 

0 
1 

I t  f-3515 

Er 

1 1  T-3620 

pR 
I I  1-3625 

I I  f -3620 

ERRATA: 

Replace F i g .  28 ,  
p.. 60 of t e x t  with 
corrected  figure. 

I 

i 



61 
. .  

VII. ELECTRODE-SIZE EFFFCTS ON DISCILiZGE VOLTAGE 
(Oberth) 

I n   t h e   p a s t   s e v e r a l  reports we have  presented  evi-  
denm of c e r t a i n   p e c u l i a r i t i e s   i n   t h e   d i s c h a r g e   s t r u c t u r e  
n e a r   t h e   a n o d e   s u r f a c e .   I n   b r i e f ,  it has  been  found  that  
t h e   c u r r e n t   s h e e t   a t t a c h e s  t o  thc-   anode   in   the  form of a 

broad ,   d i f fuse   foo t .  Under c e r t a i n   c i r c u m s t a n c e s   t h i s  anode 
foot may d i v i d e   i n t o  t w o ,  or more, reg ions  of hig1.-current 
d e n s i t y  which then  follow e a c h   o t h e r   i n   t h e  directior, 02 t h e  
main shee t   p ropagat ion .  The e x t e n t  of the anode  disturbance 
from the  surface  depends  pr imari ly   on the d r i v i n g   c u r r e n t  
waveform  and may, i n  fact ,  reach as f a r  as t h e  ck,amber mid- 

plane.  

. .  

??&e most recent:   experimental  work has at tempted to 
s t u d y   t h e   r e l a t i m s h i p  between t h i s  anode  foot  and  the re- 
e ia t ! .ve   vo l tage   d rop   a long   the   cur ren t   shee t .  A t  is reason- 
able to expect tha t  t h e  anode foot i n v o l v e s   c e r t a i n  dissi- 
p a t i v e  processes, an3  since the   r e s i s t i ve   vo l t age   d rop   a long  
t h e   s h e e t  i s  en  obvious  index of energy lcss, we may seek 
some corre la t ion   be tween  the   anode   foo t  size end t h i s  re- 
e i s t i v e   v o l t a g e  drop. 

For   th ia   purpose ,   c losed  chamber p inch   d i scharges  
were mon i to red   w i th   an   i nne r   vo l t age   d iv ide r   cons t ruc t ed  of 
a n   i n s u l a t e d  metal rod i n s e r t e d  across t h e  cl-amber electrodes ' !  

to complete a c i r c u i t   o f  which t h e   c u r r e n t   s h e e t  is part. The 
re l evance  of t he   cu r ren t   shee t   anode   a t t achmen t   i n  deter- 
min ing   t he   r ea i a t ive   vo l t age   d rop  w a s  nssessed by a tech-  , #  

nique of s e l e c t i v e   2 l e c t r o d e   i n s u l a t i o n .  Namely, the 8" di- 

ameter g k m h   e l e c t r o d e s  were i n s u l a t e d   b y   a t t a c h i n g  to them 
two circl;lar l a y e r s  of 0,005" mylar, of diametkr  4", 6" ,  and 
7'8 r s s p s c t i v e l y   ( F i g .  29). The inner d i v i d e r   c i r c u i t  was 
completed by d r i v i n g   t h e   i n s u l a t e d  rod through  the   insu la t ic jn  ,1 I .  

. . .  
I .  

5 .: 

. I '  
: ! .  - 
; I  
, ?  

j 
, I  

and i n t o  t h e  metal electrode. I n  one sequence of measuzements d 
0 .  : !  

1 
3 

' . j  
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an electrode w i t h  a 6" diameter g l a s s   c e n t e r   s e c t i o n  w a s  
used t o  provide the desired i n s u l a t i o n .  

Vol tage   s igna tures   ob ta ined   f rom'   d i scharges   in   these  
modified charnbsra w e r e  found t o  be e x t r e m e l y   s e n s i t i v e  to the 
su r face   cond i t ion  of the  exposed electrode area, and it w a s  
found  nacesaary t o  c l e a n  the electrodes very  f requent ly ,   and 
t o  compare d a t a   o n l y  from a series of consecut ive  discharges,  
t o  minimize t h e  i n f l u e n c e  of t h i o  factor. 

Figure 30 shows a series of   osc i l lograms of d r i v i n g  
c u r r e n t  waveforms  and   inner   d iv ider   vo l tage   s igna tures   for  
t h e  casea whsre 7' diameter mylar   covered ,   a l te rna t ivs ly ,  
majcxrportiona of t h e  anode, t h e  cathode,  and  both electrodes. 
The quoted   vo l tage   readings  were taken a t  the time of maximum 
dr iv ing   cur ren t ,   310 ,000  amperes. The vol tages  a*:e seen  t o  
inc rease  in t h e  o r d a r t  both electrodes uninsulated:  cathode 
only i n s u l a t e d ;  anode o n l y   i n s u l a t c d ;  both in su la t ed ,  where 
it is t h e  anode   i n su la t ion  which causes   t he  most s i g n i f i c a n t  
change. 

A more complete c o l l e c t i o n  of data is  d i sp layed  in 
Fig. 31. which shcrw8 how t h e  r e l a t i v e  crea of electrode insu-  
l a t ion  affects the  c u r r e n t  sheet r e s i s t i v e   v o l t a g e   d r o p .  The 
vo l t age  drops are found t o  i n c r e a s e   w i t h   l a r g e r   f r a c t i o n s  of 
electrode insu la t ion ,   and   anode   i n su la t ion  is found t o  cause  

. conoiderably higher vol tage   reading8  than  cathode i n s u l a t i o n .  
A l l  of t h e  data p o i n t s  were t aken  for cur ren t :   shee ts  propa- 
g a t i n g  in 100 p a rgon ,   d r iven   by  a 3.8 Psec c u r r e n t   p u l s e  of 
310,000 amp m a x i m u m :  t w o  of the  data p o i n t s  refer  to t h e  case 
where glass i n s u l a t i o n  is u s e d   i n  place of mylar ,   bu t   these  
p o i n t s  agree w e l l  w i t h   t h e  rest of the data. 

Figure 32 d i s p l a y s  how t h e   r e s i s t i v e   v o l t a g e  drops 
depend ulpon t h e   i n i t i a l  chamber pressure. This dependence 
'al though  meaaurable,  is n o t  severe engugh t o  obscure   the  elec- 
trade area affect of major i n t e r e o t  here, and  once  again  anode 

I .  i n s u l a t i o n  is neen to  caune  consis tent ly   and  markedly  higher  
voltage read ings  than does similar ca thode   insu la t ion .  

. .  

i , 

. .  

I :  
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An a t e n t a t i v e   i n t e . r p r e t a t i o n  of these   observa t ions ,  
we sug,gast . t h e   f o l l w i n g   h y p o t h e s i s :   T h e  broad .and d i f f u s e  
anode foot s t r u c t u r e  is a m m i f e e t a t i o n  of some fundamental 

. .  

.:. change in tho   cur ren t   conduct ion  procose from that . p r e v a i l i n g  ' 

. 'in t h e   n a r r k ,   i n t e n s e  c u r r e n t  shee t   which .  exints  " f u r t h e r  , .  

.' from t h e  electrode surface.   Wh8tever .   th is   anode foct conduc- 
t i o n  mech8niim may bet, it  r e q u i r e s  a much larger d ischarge  4 

C ~ O B S  s e c t i o n  to m i n t a r n  comparable conductance to t h a t  of 
t h e  main p o r t b l  of t h e  s!~eet. P a r t i a l   i n s u l a t i o n  of t h e  
anode s u r f a c e   i n t c r f e r e e  w i t h  this broad attachment,  and 
s i n c e   t h e   d i s c h a r g e   c u r r e n t   i e   e s s e n t i a l l y  fixed by the   ex te r -  
n a l   c i r c u i t ,  precipitates a n  inc reased   vo l t age   d rop   ac rose  the 
anode  foot,  and  hence across thc  e n t i r e   d i s c h a r g e  path. 

Anode phenomena such 8 s  these can  have  relevance to 
t he   obse rved   l a rge  thermal lorsos associated with  needlesa 
h e a t i n g  of t h e  anade i n  MPD and other s teady 'p las rna   th rus te rs .  
Batter understanding of anode rnecidaaisms may permit  some re- 
d u c t i o n   i n   t h e s e   l a r g e  thermal losses. For example, the  z- 

bove   p re l imina ry   r e su l t8  suggest t h a t  anode losses might be 
reduced  s imply  by  using  larger   anode  surface areas, thereby 
decr- ? s i n g  the r e s i s t i v e   v o l t a g e  drop a s s o c i a t e d  w i t h  t h e  
dif fusa  anode   a t t achmen i   po r t ion   o f . t h s  discharge. This  
p o o s i b i l i t y  w i l l  ba s t u d i e d   i n   f u t u r e  work. 

I , . .  . . .  . .  . .  . .  
" ! 

. . . ,  . . . . . . . . . .  . .  
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VIII. GAS LASER INTERFEROMETRY OF CLOSED . 

CHAMBER DISCHARGES (Bruckner) 
, .  
I .  

I .  

: . ' j  

The prev ious  report 1511 preaented some pre l iminary  
interferometr ic   measurements   of  time dependent  electron  con- 
c e n t r a t i o n s   i n  a 150 p argon  pinch  discharge. .  A t  t h a t  time 
tvo major areas o f   d i E f i c u l t y  were pointed  out:  (1) t h e   l a c k  

, 1  

of good r e p r o d u c i b i l i t y   i n   t h e   i n t e r f e r o m e t r i c   f r i n g e  se- 
quences,  and ( 2 )  the  problem of determining  unambiguously the  
s i g n  of t he   t empora l   g rad ien t s  in e l e c t r o n   d e n s i t y .  

The s e a r c h   f o r   i n i t i a l  chamber c o n d i t i o n s   l e a d i n g   t o  
reasonable   reproducib i l i ty   has   been   cont inued .  Some i n t e r -  
e a t i n g  data were obta ined  a t  100 p i n i t i a l  argon  pressure  and 
R/Ro = 0 . 5 5 .  lLIo r ep resen ta t ive   i n t e r f e rog rams  are shown i n  
Pig. 33a,b. In   each  case t h e   t o p  trace r e p r e s e n t s   t h e  t o t a l  
cu r ren t   t h rough  t h e  d ischarge   and   the   bo t tom  t race  is t h e  
fr inge  sequence.   Figure  33c shows t h e  time h i s t o r y  of t h e  
discharge  luminosi ty   which must ,  of course,  be kept  much 
smller t h a n  t h e  laser i n t e n s i t y .  The corresponding time re- 
so lved  electron dPnoity prcfiles are ohown i n   F ig .  34. For 
comparison,.  Fig. 35 p r e s e n t s   t h e  150 p r e s u l t s   p r e v i o u s l y  
r e p o r t e d   [ S l ]  . 

Note t h a t   t h e  profiles f o r   t h e  100 p case begin ear- 
lier and show a sha rpe r  rise to  abou t   t he  same maximum value  
as for t he   150  p i n i t i a l   p r e s s u r e .  The better q u a l i t y  of t h e  
f r i n g e s   i n   t h e   1 0 0  p c a s e   p e r n i t   r e s o l u t i o n  of t he   i ncep t ion  
of a " ta i l "  i n   t h e   d e n s i t y   d i s t r i b u t i o n .   T h i s   s u p p o r t s  pre- 
vious i n d i c a t i o n s   t h a t   t h e   c u r r e n t   s h e e t  does R o t  sweep up 
a l l  the mass it over takes .  A t  t h e   i n i t i a l   p r e s s u r e s  of 100 p 
ahd 150 p the   ambient  particle d e n s i t i e s  are r e s p e c t i v e l y  
about 3 x lo1' and 4.5 x 10 a t  ram temperature. Assum- 

i n g  c o m p l e t e   s i n g l e   i o n i z a t i o n ,  Lt zppears   tha t   the   cu jc ren t  
ahset has compreaaed t h e   o v e r r u n  gas by  Factor6 of about 25 
and 17, r e spec t ive ly .  

' 15 
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Good f r inge   r ep roduc ib i l i t y   r ema ined  a problem, how- 
ever .  An e x a m i n a t i o n   o f   a x i a l  Kerr-cell photographs  of   dis-  
cha rges   i n   t he  8" device  under  study  revealed  what may w e l l  
be t he   sou rce  of t h i s   d i f f i c u l t y .   F i g u r e  36 shows three   such  
photographs, a l l  t a k e n  a t  approximately  the same time a f t e r  
d i s c h a r g e   i n i t i a t i o n .  Note t h e   e x i s t e n c e  of a large  azimuth-  
a l  d i s t u r b a n c e   i n   t h e   c u r r e n t   s h e e t .   I n   e a c h  case it  occurs  
at d i f f e r e n t   a n g u l a r   p o s i t i o n s .  C l e a r l y ,  t h e  e l e c t r o n  con- 
cen t r a t ion   t h rough  t h i s  r eg ion ,   o r  i t s  neighborhood,  could 
exhibit c h a r a c t e r i s t i c s   d i f f e r e n t  from tha t   th rough t h e  "nom- 

. .  

i n a l "   r e g i o n s  of t h e  shee t .  

I n  t h e  hope of r e l i e v i n g   t h i s  problem, t h e  8" dev ice  
w a s  reduced i n   s i z e   b y   t h e   i n s e r t i o n  of a 4"  diameter c y l i n -  
dr ica l   Pyrex   insu la tor .   .This   t echnique   has   been   descr ibed   in  
d e t a i l  in   one   o f  our  ear l ier  r e p o r t s  [123.  The essence of 
the   mod i f i ca t ion  is t h a t   t h e   d i s c h a r g e  is g r e a t l y   i n t e n s i f i e d ,  
w i t h   t h e   c u r r e n t   s h e e t   t r a v e r s i n g   t h e   r a d i u s  cf t h e  chamber' 
before t h e   e x t e r n a l   d r i v i n g   c u r r e n t   h a s   h a d  a chance t o  re- 
verse  and  cause  secondary  breakdowns. It w a s  hoped tha t  t h e  
i n c r e a s e d   r a s i d i t y  of t h e  process would prec lude  t h e  develop- 
ment of the  asymmetric d i s tu rbance  i n  the cu r ren t   shee t .  How- 
eve r ,   t he   i n t ense   l uminos i ty  of t h e s e   s h e e t s  w a s  g rea te r   khan  
t h e  maximum laser i n t e n s i t y ,  a t  the ph- . cmul t ip l i e r .  2.9 a re- 
s u l t ,   t h e   f r i n g e s   i n  the laser beam were swamped by  the dis-  
charge  radiat ion,   making  e lectron  densi ty   measurements  impos- 
sible. A simple s o l u t i o n  to t h i s  problem  would be t h e   u s e   o f  
a more powerful laser, one  with  an  output  a t  least an order of 
magnitude  above  the 0.3 mw a v a i l a b l e  from t h e   p r e s e n t   i n s t r u -  
ment. 

Another problem a r i s i n g   i n   o u r   s t u d i e s  is t h a t   t h e  
number of f r i n g e s   p r o d u c e d   i n   t h e   i n t e r f e r o m e t e r  as  t h e  cur-  
r e n t   s h e e t  sweeps by is low (of t h e   o r d e r  of f o u r  or f i v e ) .  
In other   words ,   the  optical l e n g t h   o f   t h e  plasma change8 
little t h r o u g h   t h e   c u r r e n t   s h e e t .   T h i s  is p a r t i a l l y  due t o  
t h 6 f a c t  that  t h e   p h y s i c a l   l e n g t h  of t h e  plasma under  oboer- 

- .  ~ 
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vatdon is only about '5 c m  t o  begin' w i t h .  This  makes t r ans -  
lat ion of the fringes  to  density  profiles  subject  to  Iarge . 

possible errors. One solution is t o  increase  the  probing 
wiselength,  Since  the  present  diagnostics have been carried 
o u t  a t  a wavelength of 6328A, (He - Ne laser) i n  order to in- 
crease s igni f icant ly  t h e  number of pbserved fringes, w e  would 
have to  operate i n  t h e  infrared  region of the  spectrum. This ! 

would, of  course,  present  the  usual problems of infrared  optics 
and detection. 

. .  

, .  

0 . .  

Operations i n  the  infrared may not be required, how- 
ever. The original  application of the  laser  interferometer 
t o  the  pinch  discharge was intended as a t e s t  of   feasibi l i ty .  
The u l t i m a t e  aim of t h e  program is t o  provide  diagnostic  ser- 
vice  for  the more propulsion-oriented  devices in our latora- 
tory, such as the  Fsrallel-plate  accelerator  or  the MPD arc  
simulator i n  the  lcrge vacuum fac i l i t y .  I n  these  devices  the 
optical  length of the plasma under  observation i s  s ignif icant ly  
greater  than i n  the pinch devices, and operations i n  the  vis i -  
ble part  of the Fpectrtlm should be adequate. 

! 

. .  
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IX. ' EXPERIMENTAL STUDIES OF THE. DOUBLE-FLOATING 
TIP ELECTRIC PROBES (Turchi) . .  

Double-floating t i p   e l e c t r i c  probes have been used 
i n  the  study of pulsed plasma discharges  to  provide:infor- 
mation 'on the  distribution of electrostat ic   f ie lds   within 
the plasma and on the  corresponding electr ic   f ie ld   energies  
present i n  such discharges,  particularly i n  the  current 
sheets [42,51]. Inherens i n  the use  of such double  probes 
for electric  field  diagnostics  are  assumptions on t h e  con- 
stancy of the f i e l d  over  the  probe tip separation, and  on 
the nature of the  interaction between the probe and the plasma 
flow, i.e.8 on the  disturbance  the  probe  introduces  into i t s  
;&easurable - 

For  discharges  of  propulsion in te res t ,   the  probe- 
plasma interaction is sinplifibd i n  one  sense, i n  that   the  
electron  energies are typically much less thzn  the  electro- 
magnetic field  energies  characterizing  the plasma acceleration 
proceas, Thus, for the  floating  probe  case, we may neglect 
to first   order  differences i n  probe sheath  vDltages compared 
with  the  differences i n  plasma poten t ia l  w i t h i n  t h e  discharge. 
On the  other hand, t he  plasmadynamic interaction  of a high 
velocity,  unsteady  discharge w i t h  two probe t i p s  and their 
support  structure  introduces major complications on the  in- 
terpretat ion of the probe  responses i n  such environmnts. 

' . The purpose of t h i s  program is t o  examine systemat- 
i c a l l y  the validity  of some of the  comon  assumptions on f ie ld  
constancy and plascsdynadc  interactions  normally imposed on, 
electric  probe  diagnostics of t h i s  type. To f ac i l i t a t e   t hese  
mtudies, a variable gap probe was designed i n  a configuration 

. .  

. .  

. ,to minimize s ignal   dis tor t ions from plasmadynamic and'elec- 
tromagnetir  interactions  with the probe  t ips and the i r  support 
structure.  This  pro&-employs two quasi-spherical  electrode 
t ips  of equal size, maintained w e l l  away  from the probe support 
by.wire8  insulated  with a thin  coating  of epoxy (Fig. 37). 
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A traveling vacuum seal  allaws  continuous  variation  of  the 
probe t ip   separat ion over  several  centimeters.  Initial tests 
with  this  probe  displayed  adequate n u l l  s ignals   for   zero  t ip  
separation and symmetric signal  reversal  with  tip  reversal. 
Magnetic flux  pickup was eliminated by maintaining  the  probe 
t i p s  i n  t h e  plane  of t h e  magnetic f ie ld   l ines .  

I 

. .  

. .  

The f i r s t   s e r i e s   o f  experiments w i t h  t h i s  pro%e in-  t 

vestigated  the  variation  of  apparent  electric  field i n  a pinch 
discharge'  current  sheet w i t h  probe t i p  separation. For a se- 
quence of probe t i p  separations, the response was f i r s t  ob- i 
served wi+.h the  probe  tips i n  the  plane of the  magnetic f ie ld  
l ines  to  prevent B pickup, and then  repeated  with  the  probe 
rotated 180" a s  a check. Each experiment was also  repeated 
w i t h  the  position  of  the  tips  reversed. The resu l t s   a re  
ahown i n  Fig. 3 8 .  We see tha t   the   rad ia l   e lec t r ic   f ie ld  com- 
puted on the  basis of voltage  difference  divided by probe t i p  j :  

separation  decreases  as  the  tip  separation i s  increaeed, in- 
dicating  that   the plama potential  experiences i ts  major change 
over  distances  at  least  as  small  as 1 nun. Thus any e l e c t r i c  
probe s tud ie s  on such a current  sheet should  use a probe  of 1: 
very  small  gap  indeed,  or a more tedious  procedure must  be i :  
employed of mapping the plasma potential  vs. local   radial  
position around the  point  considered w i t h  one probe tip,  while 
t h e  o the r   t i p  is a t  a fixed  pocition nearby. Then, the  re- 
aul t ing  plot  may be graphically  differentiated  to  obtain  the i . i  
l oca l   e lec t r ic   f ie ld .  

. -  . 
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In a second ,series oC experiments  designed t o  illumi- 
nate some aspects  of  the  flow  disturbance problem, various 
obstacles w e r e  placed a t  the  probe t i p   t o  impede the flow of 
plasma and its e l e c t r i c  currer.ts. The f i r s t  set of experi- 
ments  used a tubular  sleeve of mylar tape which extendee a- 
head of the  probe  support  (Fig. 39a). Tests were mad= for 
various  lengths  of  the  sleeve and the  results a re  shown i n  
Fig. 40' as a function of the  length 02 the  obstacle beyond 

. .  the probe support. One might question whether t h i s   e f f ec t  
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' is' dua t o  pl.asma cooling by the  obstacle , .   to  some mechanical 
interaction between the  stagnating  flow' and the electromag- 
net ic   f ie ld ,   or   to   the  interrupt ion of the  current  density 

. near  the probe t ips .  
. .  

.To pursue this   point ,  w e  8ought t o  separate  the  elec- 
. tromagnetic and gasdynamic interactions by use  of s e t s  of 
' .mylar vanes protruding beyond .the  probe. ( F i g s .  39b, c) . ' One 

' . set of vanes was aligned noi;mal to  the  '(axial)  current  vector 
so a8 t o  have maximum effect  i n  cut t ing off the  flow of  axial 
current d e n s i t y  near  the probe tips,  whlle still allowing  the 
plasma t o  flow past  the prqbe i n  nearly the usuai manner.  The 
resul ts  of such experiments w i t h  various  length vanes are 
shown i n  Fig. 40. Note that   the   effects   are  comparable t o  
those of t h e  sleeve  experiments. 

To check on the  effects  of t he  vanes on the probe  re- 
sponse when the  current  density is not  greatly  altered,  the 
vanes w e r e  aligned  parallel .to the  axial  current. The reslllts 
are  alno shown i n  Fig. 40. The disturbance is seen t o  be much 
smaller. It appears,  then, that  obstacles  near  the probe t i p s  
can have substant ia l   effects  on the  probe  response by dis- 
turbing  the  local  current  density  patterns. The nature of 
tXs disturbance may be explored i n  the  following  simple model. 

From a pravicus magnetogasdynamic analysis  [51], we 
have tha t   . the   rad ia l   e lec t r ic   f ie ld  is essent ia l ly   re la ted  to  
the  axial  current  density  via: 

tha t  is, the   rad ia l   e lec t r ic   f ie ld  is proportional  to  the 
Lorentz,force  density  acting i n  t h e  discharge. T h u s , - i f  the 

. . local   axial  cu r ren t  densi ty .  is diminished,  the  local  radial . 

electric field  also  decrease. The approach of our model is. 
to explain such a decrease in terms of the  increase'd  length 

. of the current conduction  paths near' the probe tips,  forced 
by the obstacles. In Fig.  41. w e  show simplified .. . current  paths 

' ,  

. .  

! '  
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near   the   p robe  tips. We assume tha t   t he   p l a sma   p rope r t i e s  
do  not   change  great ly   because  of   ,cool ing 01 recombination 
effects, etc., nea r   t he   i n su la to r   vanes   and   t ha t   t he  mag- . , . 

n e t i c   f i e l d ,  which is genera ted   by   the   en t i re   d i scharge   cur - ' : '  
r e n t   p a t t e r n ,  is  n o t   s e r i o u s l y   a f f e c t e d  and is approximately 

I '  

' !  * .  

cons tan t .   S ince   t he   po ten t i a l   d i f f e rence   ac ross   any   pa th  
between  the- Vane edges is t h e  same for a l l  pa ths ,   t he   cu r ren t  
carr ied.   by  each  path is i n v e r s e l y   p r o p o r t i o n a l   t o  i t s  length,  . i  

1 (r) .  Thus, t h e   c u r r e n t   d e n s i t y  a t  any   pos i t i on  between the  
probe tips is i n v e r s e l y   p r o p o r t i o n a l   t o   t h e   l e n g t h   o f   t h e   p a t h s  
th rough   t ha t   pos i t i on .   In   o the r  words, t he   vo l t age   d i f f e rence  
between t h e   p r o b e   t i p s  may be  expressed: 1 '  

) .  

Ar Ar 

Equation ( 9 - 2 )  may b e   i n t e g r a t e d   t o  a de ta i l ed   expres s ion  
€ o r   t h e   f r a c t i o n a l   d e c r e a s e   i n  measured  voltage,  which t o  a 
first approximat ion   in   the   range  Af 5 Ar becomes  simply: 

i 

i 

1 - v/vo " A€ 
Ar (9-3) I 

! 

where Vo would be the measured v a l u e   i n   t h e  absence of  any f ;  
vane s , I 1  

T h i s   r e l a t i o n  is also p l o t t e d   i n   F i g ,  40. Its qua l i -  I !  
t a t ive   agreement   wi th   the   exper imenta l   resu l t s   for  t h e  hor i -  i 1  

zonta l   vanes   sugges ts  some v a l i d i t y   f o r   t h e   c o n c e p t  of d i f fused  
currect d e n s i t y  as t h e  cause of electric f ie ld 'neakening .  The ' 3  .1 

' additional  observed  decrement of t h e   v o l t a g e  may be i n d i c a t i v e  ! .., 

of i n c r e a s e d   r e s i s t i v i t y  due t o  plasma cooling,  an effect 

. .  
i i  

, .  . 

1 i . '  

which  would also e x p l a i n   t h e  effect o b t a i n e d   w i t h   t h e   v e r t i c a l  I .-I '.-- 

i l . 4  
vanes. 

. .  A d i f f e r e n t  sort of obstacle   experiment  w a s  used t o  
I 
I .  

compare t h e   r e s u l t s   o b t a i n e d  by our present   p robe   wi th   those  
frorp convent ional-  coaxial probes   cons is t ing  of a hemispherical  

I 

.. . , .  ;i. .: , -.!.'. . :. - ,  " .. . :: .. : . , . . . ' . . : .. , . .L .- - . :. . ~ 
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with   th i s   a r rangement ,  some r e s u l t s  of which are shown in 
, . . 'F ig .  42, a long   w i th   t he   r e su l t s   o f   p rev ious  work with a 

coaxial probe. Also shown for comparison is t h e   r e s u l t   o f  
our   present   probe a t  t h e  same t i p   s e p a r a t i o n ,  b u t  without . . .  . .  

the   ny lon   cone   inser t .   Note   tha t ,   whi le   the  results w i t h  
t he   i n su la t ion   cones  a7ree rather we l l , . t hey   bo th   d i sag ree  
wi th  t h e  new p robe   r e su l t  by a b o u t  a f a c t o r  of two. I n   l i g h t  
of our previous   obs tac le   exper iments ,   th i s  calls in to   ques t ion  
elec.tric probe  measurements  performed  with  insulator  cone  t ips.  
I n  fact, we may apply  our   geometr ic  m o d e l  t o  the   con ica l  ob- 
stacle effect and o b t a i n   t h a t   t h e  ra t io  of s igna l s   w i th  and 
without  the  cone  should be 2/n 0 . 6 3 ,  i n   f a i r l y  good agree- 
ment with the  experlment. ! 

j ;  
This l i n e  of research  w i l l  be con t inued   i n   t he   nea r  ! 

f u t u r o  to explore  the effscts of probe t i p   a r e a ,   r e l a t i v e  
flow d i r e c t i o n ,  and e x t e r n a l   c i r c u i t r y   o n   t h e   r e s p o n s e  of 

. .  d o u b l e - f l o a t i n g   t i p   e l e c t r i c   p r o b e e .  It is hoped t h a t   t h e s e  
s t u d i e s  w i l l  provide  us   with t he  means of developing more . . I . /  
reliable d iagnos t i c  tools fa: the  measurement of i n t e r n a l .  
electric Eields. "he microstructure of t h e  plasma  discharge 
an9   the   phys ica l   p rocesses  by which it accele.rates ionized 
gas are d i r ec t ly   connec ted  w i t h  the electric f i e l d   d i s t r i -  3 

b u t t o n   i n  the plasma.  Thus, a c c u r r t e  electric Ziold  measure- I 

: 
! I  

! '  

I 

I 

. .  
. ments are c . r i t i c a l l y   i m p o r t a n t  to our  understanding of t h e  J 

propuls ion  capabilities o f  pulsed plasma  dischargea. . 
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