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Abstract  

The d i s t r i b u t i o n  of c u r r e n t  d e n s i t y  throughout 

t h e  exhaust plume of a pulsed plasma a c c e l e r a t o r  has  been 

determined by magnetic probing, f o r  d i scha rge  c u r r e n t s  from 

40,000 t o  140,000 amperes, and p u l s e  l eng ths  from 20 t o  80 

microseconds. Back pressures  from .05 micron t o  t h e  ambient 

d i scharge  chamber l e v e l  of 100  microns are provided i n  a 
large P l e x i g l a s  vacuum tank, which in t roduces  a minimum o f  

e l ec t r i ca l  and s p a t i a l  i n t e r f e r e n c e  wi th  t h e  plume develop- 

ment. Depending on t h e  p a r t i c u l a r  cond i t ions ,  s o m e  f r a c t i o n  

o f  t h e  d ischarge  c u r r e n t  propagates  out  i n t o  t h e  plume and, 

when pu l se  l eng th  i s  s u f f i c i e n t ,  a t t a i n s  a f ixed  s p a t i a l  

d i s t r i b u t i o n  which resembles t h a t  of  t h e  h igh  c u r r e n t  MPD arc. 

Two new experiments t o  e x p l o i t  t h i s  s i m i l a r i t y ,  and t o  s tudy  

t h e  c u r r e n t  s t a b i l i z a t i o n  process  i n  more d e t a i l  have been 
i n i t i a t e d .  

The i n t e r i o r  s t r u c t u r e  o f  t h e  sha rp  c u r r e n t  s h e e t s  

found i n  c losed  chamber d ischarges  are s t e a d i l y  y i e l d i n g  t o  
coord ina ted  s t u d i e s  wi th  e l e c t r i c ,  magnetic, and microwave 

probes, high-speed p res su re  t ransducers ,  and a gas - l a se r  

i n t e r f e romete r ,  each i n t e r p r e t e d  i n  t h e  l i g h t  of p a r t i c u l a r  

a n a l y t i c a l  models which a r e  amenable t o  t h e  da t a .  

Following a lengthy  sequence of  des ign ,  cons t ruc t ion ,  

t e s t i n g ,  and r ev i s ion ;  a group o f  "piggy-back" p u l s e  l i n e  
capacitors i s  now a v a i l a b l e ,  and t h e  long-sought match o f  

d r i v i n g  c i r c u i t  impedance t o  d i scha rge  dynamics seems nea r ly  

i n  hand. 
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I. In t roduc t ion  

During t h e  p re sen t  r epor t ing  per iod ,  t h e  s t u d i e s  
o f  t h e  exhaust of a pulsed plasma d ischarge ,  which have 

developed through s e v e r a l  phases over t h e  p a s t  two and a 
h a l f  years ,  w e r e  brought t o  a s a t i s f a c t o r y  i n t e r i m  con- 

c lus ion ,  whereby t h e  ques t ions  o r i g i n a l l y  mot iva t ing  t h e  
s tudy could now be answered, and t h e  course  of l o g i c a l  

f u t u r e  work c l e a r l y  forseen. Therefore,  t h i s  semi-annual 

r e p o r t  w i l l  concent ra te  l a r g e l y  on t h i s  t o p i c ,  providing,  

as it w e r e ,  a s i n g l e  r epos i to ry  f o r  t h e  summary d a t a  of  
t h i s  series of experiments. 

I n  add i t ion ,  more concise  reviews of four  o t h e r  
s t u d i e s  which have provided s i g n i f i c a n t  new r e s u l t s ,  o r  
which are near ing  completion are a l s o  included,  a long with 

a b r i e f  slimmary of  t h e  o ther  p r o j e c t s  c u r r e n t l y  i n  progress .  

P a g e  v i i  con ta ins  a l i s t  of p a r t i c i p a t i n g  s tuden t s :  
Appendix A p r e s e n t s  t h e  budgetary d e t a i l ;  and t h e  l i s t  of 

r e fe rences  covers  a l l  pub l i ca t ions  i s sued  by t h i s  program 
t o  da te .  
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11. Exhaust of a Pulsed Plasma (Clark, Eckbreth) 

I 

The importance of the ejection phase of a pulsed 
plasma acceleration cycle to the overall effectiveness of 
a given device, and a substantial sequence of exploratory 
experiments dealing with the ejection process have been 
discussed in several earlier reports [18,19,20,21,29,32,43]. 
In addition to the phenomenological insight these studies 
provided, they also emphasized the need for certain sophis- 
ticated elements of equipment in order to carry out any 
systematic and unambiguous study of this complex problem. 
Most notably among these needs were an ultra-fast gas injection 
system, provision for simultaneous probing of the exhaust plume 
at several locations, and a large, dielectric, high vacuum 
facility. During the present reporting period it was possible 
for the first time to fulfill all of these requirements in 
one experimental arrangement incorporating a shock tube gas- 
injection system, a magnetic probe rake, and a large Plexiglas 
vacuum tank, each of which has been discussed separately in 
detail in previous reports [32,43]. Using this arrangement, 
a detailed sequence of exhaust plume studies were carried out, 
with the primary purpose of identifying the effect of back 
pressure, arc current magnitude, and pulse length on the 
development of the exhaust plume, with particular attention 
to the process of plume stabilization. 

The experimental series described below used as a 
plasma source a 5 "  diameter, 2" wide linear pinch discharge 
in argon. The outer anode surface was 34" in diameter with 
a 4" diameter exhaust orifice from which the plasma generated 
in the pinch was ejected (Fig. 1). This orifice opened into 
the large Plexiglas vacuum tank which is 3' in diameter and 
approximately 4' long from the face of the anode. In this 
facility pressures as low as . O l p  have been obtained; however 
in the present set of experiments the back pressure, when not 
purposely set to 100 7, was maintained just below 0 . 0 5 ~ .  

Under these circumstances the mean free path of the gas is 
,/ 



FIGURE I 
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approximately 100 c m ,  w h i c h  i s  comparable t o  t h e  tank 

dimensions; t hus  t h e  s i t u a t i o n  p r i o r  t o  d ischarge  adequately 

approximates t h e  space environment. 

The pinch d ischarge  was d r iven  by a bank of 40 

c a p a c i t o r s  d iv ided  i n t o  4 ind iv idua l  l i n e s  composed of 10 

c a p a c i t o r s  and 10 inductors  i n  t h e  form of an LC ladder  
network. Each i n d i v i d u a l  l i n e  produced a pu l se  of roughly 

35,000 amps f o r  2 0 ) t s e c  when charged i n i t i a l l y  t o  10,000 V. 

When t h e  4 banks w e r e  arranged i n  p a r a l l e l ,  a nea r ly  rec tan-  

g u l a r  pu l se  of 140,000 amperes f o r  20 ,Usee w a s  ob ta ined;  
series arrangement produced a 7 O p s e c  pu l se  of 40,000 amperes. 

Other combinations a r e  poss ib le ,  bu t  on ly  t h e s e  two p u l s e  

forms w e r e  used i n  t h e  experiments. 

The e f f e c t  of back pressure  was explored i n  two 

extremes: i n  one, t h e  "ambient" mode, t h e  exhaust v e s s e l  

and pinch chamber were both f i l l e d  t o  100 p ;  i n  t h e  o t h e r ,  
t h e  pinch chamber and vacuum v e s s e l  w e r e  both evacuated below 

.OS/,  and t h e  d ischarge  process  was i n i t i a t e d  by t r i g g e r i n g  

a shock tube  which simultaneously i n j e c t s  argon i n t o  t h e  swi tch  

and pinch chambers. I n  the l a t t e r  mode, no at tempt  was made 

t o  measure t h e  d ischarge  chamber p re s su re  d i r e c t l y ,  bu t  an  

average p res su re  w a s  i n f e r r e d  by matching observed pinch t i m e s  
wi th  those  of  t h e  ambient mode a t  t h e  corresponding p res su re .  

For example, i n  one p a r t i c u l a r  case s t u d i e d  here ,  it w a s  found 

t h a t  a c u r r e n t  pu lse  of 140,000 amps and 2 0 p s e c  d u r a t i o n  

produced a pinch t i m e  of 3 . 3 , U s e c  i n  100 ,uambient  argon. 

Hence, t h e  pinch speed i n  t h e  shock tube  i n j e c t i o n  case  was 

a d j u s t e d  by varying t h e  i n l e t  o r i f i c e s  u n t i l  i t  a l s o  y i e lded  

a pinch t i m e  of 3 . 3 p s e c .  

The p r i n c i p a l  d i agnos t i c  t o o l  employed was a four- 

element rake of  magnetic probes, whose s i g n a l s  w e r e  p a s s i v e l y  
i n t e g r a t e d  on t h e  scope t o  yie ld  simultaneous records  of l o c a l  
magnetic f i e l d ,  Be, versus t i m e  a t  t h e  four  p o s i t i o n s .  D i r e c t  

a p p l i c a t i o n  of Ampere's law t o  each probe record y i e l d s  t h e  

t o t a l  c u r r e n t  enclosed i n  a c i r c u l a r  a r e a  whose r ad ius  i s  t h a t  
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140,000 amps 

5 

~~ 

20 p s e c  l o o p  
0.05,~ 

of t h e  probe p o s i t i o n  and whose center i s  on t h e  a x i s ,  The 
d a t a  i s  t h u s  p l o t t e d  i n  t h e  form of contours  of  enclosed 

c u r r e n t  i n  t h e  r, z plane a t  success ive  t i m e s .  I n  a d d i t i o n  

t o  t h e  probe-rake used throughout t h e  exhaust plume, s t r a i g h t  

and bent  probes w e r e  i n s e r t e d  through t h e  s i d e  w a l l s  of t h e  
pinch chamber t o  s tudy i t s  i n t e r i o r ,  All of  t h e  probes w e r e  
c a l i b r a t e d ,  each with t h e i r  own i n t e g r a t o r s ,  us ing  a s h o r t i n g  

pos t  i n  conjunct ion wi th  5 c a p a c i t o r s  which produced a damped 

s i n u s o i d a l  c u r r e n t  p a t t e r n .  A Rogowski Coil ,  monitoring t o t a l  

d i scha rge  c u r r e n t ,  was c a l i b r a t e d  i n  t h e  same way. T o t a l  
vo l tage  ac ross  t h e  chamber was a l s o  measured v i a  a s m a l l  
r e s i s t o r  i n  series wi th  t h e  b a l l a s t  resistor. 

Of t h e  wide range of p o s s i b l e  permutations of d ischarge  
c u r r e n t  amplitudes,  pu l se  lengths ,  and t a n k  back p res su re  

a v a i l a b l e ,  s i x  w e r e  s e l e c t e d  f o r  t h e s e  d e t a i l e d  s t u d i e s  a s  

p o t e n t i a l l y  t h e  most i l l umina t ing .  They a r e  d isp layed  i n  t h e  

fol lowing Table 1: 

I I 
C u r r e n t  amplitude, I I P u l s e  length,  z 1 Back p res su re ,  PB 

40,000 amps 2 0 p s e c  

40,000 amps I /  70 sec l o o p  
0 . 0 5 ~  I 

It w i l l  be noted t h a t  t h i s  matrix of cond i t ions  permi ts  examina- 

t i o n  of t h e  e f fec t  of varying any one parameter wi th  t h e  o t h e r  

t w o  he ld  f ixed .  

The d e t a i l e d  procedure used i n  reducing t h e  d a t a  was t o  

t a k e  a t r i p l e  ove r l ay  a t  each probe p o s i t i o n ,  a t y p i c a l  t r a c e  
of which i s  shown i n  Fig. 2, and from it t o  e v a l u a t e  t h e  t h r e e  
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TYPICAL RESPONSE OF MAGNETIC PROBES 
Q)AT R = 3 $  INCHES 

b)AT R = I INCHES 

FIGURE 2 

corresponding magnetic f i e l d  values a t  each des i r ed  t i m e .  

From these ,  an enclosed cur ren t  w a s  determined by averaging 
t h e  t h r e e  readings toge ther  a t  t h a t  one t i m e .  A t y p i c a l  map 
of enclosed cu r ren t  profile's obtained i n  t h i s  way i s  shown i n  
Fig. 3 .  I n  Fig. 4 t h e s e  contours a r e  re -p lo t ted  with a few 

t y p i c a l  e r r o r  b a r s  represent ing  t h e  unce r t a in ty  inherent  i n  
t h e  averaging process.  With these  i n  mind, t h e  d a t a  contours 
can be smoothed t o  y i e l d  more r egu la r  enclosed cu r ren t  contours 
w i t h i n  t h e  r e p r o d u c i b i l i t y  of t h e  exhaust pa t t e rns .  Each 

contour then  r ep resen t s  a mean l o c a t i o n  of a broad band of 
enclosed c u r r e n t .  A l l  of the  r e s u l t s  t o  be presented have 
been smoothed i n  t h i s  way. I n  genera l  t h i s  leads t o  an o v e r a l l  
u n c e r t a i n t y  i n  t h e  p a t t e r n s  of approximately 10% of t h e  given 

contour  value. One might reasonably d i spu te  whether t h e  
i r r e g u l a r i t i e s  i n  t h e  o r i g i n a l  enclosed c u r r e n t  p a t t e r n  r e s u l t s  
from a s l i g h t  shot- torshot  i r r e p r o d u c i b i l i t y  i n  t h e  development 
of  b a s i c a l l y  smooth plume pa t t e rns ,  o r  whether t h e  a c t u a l  
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p a t t e r n s  a r e  more c l o s e l y  represented  by t h e  o r i g i n a l  wiggly 
l i n e s .  The d a t a  does not  p e r m i t  unambiguous r e s o l u t i o n  of 
t h i s  ques t ion ,  bu t  a s  long as t h e  v a r i a t i o n s  a r e  s m a l l ,  it 

i s  probably an academic poin t .  

Considering t h e  100 back p res su re  r e s u l t s  f i r s t ,  P 
20/cc t h e  plume p r o f i l e s  produced by t h e  140,000 ampere, 

p u l s e  a r e  shown i n  Figs.  Sa through S i .  It i s  apparent  t h a t  

on ly  approximately 30% of  t h e  t o t a l  c u r r e n t  p a r t i c i p a t e s  i n  

t h e  a c t u a l l y  pinching process  ( t h e  res t  remain  back near  t h e  
o u t e r  w a l l  of t h e  pinch chamber) and it i s  t h i s  p o r t i o n  t h a t  

i s  found i n  t h e  exhaust plume. N o  enclosed c u r r e n t  contour 

of s i g n i f i c a n t l y  g r e a t e r  than 40,000 amps i s  found i n  t h e  

exhaust.  Radial  p rogress ion  of  t h e  contours  ceases  a f t e r  
about 8 p s e c ,  a f t e r  which t h e i r  a t tachment  l o c a t i o n  on t h e  
anode remains cons tan t  u n t i l  t h e  end of t h e  pulse .  The a x i a l  

behavior  i s  not  a s  c l e a r .  On t h e  one hand, t h e  e x t e r i o r  edge 

of  t h e  p a t t e r n  appears  t o  progress  s lowly outward throughout 

t h e  pu l se ,  but  some of t h e  h ighe r  value i n t e r i o r  contours  

r e g r e s s  backward toward the  o r i f i c e .  

Maintaining t h e  same pu l se  d u r a t i o n  of 20 sec but  /LA 
dec reas ing  t h e  c u r r e n t  amplitude from 140,000 amps t o  40,000 

amps y i e l d s  t h e  c u r r e n t  contours shown i n  F igs .  6a through 6 i .  

H e r e  again,  no t  of a l l  t h e  c u r r e n t  t akes  p a r t  i n  t h e  pinch, 
b u t  now t h e  f r a c t i o n  i s  60%, which i s  roughly t w i c e  t h e  r e s u l t  
found i n  t h e  prev ious  higher  c u r r e n t  case.  A s  be fo re  only  t h a t  
p o r t i o n  of  t h e  t o t a l  cu r ren t  which pinches p a r t i c i p a t e s  i n  t h e  

exhaust  plume. I n  t h i s  case both r a d i a l  and a x i a l  p rogress ion  

cont inue  throughout t h e  du ra t ion  of t h e  pulse .  This  may be 

r e l a t e d  t o  t h e  f a c t  t h a t  the  d r i v i n g  c u r r e n t  i s  down by a 

f a c t o r  3 . 5  and hence t h e  d r i v i n g  fo rce  of t h e  c u r r e n t  shee t  
is down by an o rde r  of  magnitude. Hence, t h e  pinch t i m e  becomes 

comparable ' to  t h e  pu l se  t i m e  and one would na ive ly  expect an 

unsteady process  throughout t h e  d u r a t i o n  of  t h e  pulse .  

When t h e  pu l se  time i s  increased  t o  7 0 p s e c  a t  t h e  

same c u r r e n t  l e v e l ,  t h e  plume behavior  shown i n  Figs .  7a 
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through 7g i s  found. Again, on ly  about 60% of t h e  c u r r e n t  
p a r t i c i p a t e s  i n  t h e  pinch and then  exhausts .  A s  i n  t h e  

f i r s t  case,  r a d i a l  s t a b i l i z a t i o n  occurs ,  now a t  about 40 

p s e c .  Unlike t h e  f i r s t  case, however, a x i a l  s t a b i l i z a t i o n  

also occurs  a f t e r  about 4 0 ~ s e c .  

p a t t e r n  remains e s s e n t i a l l y  s t eady  f o r  t h e  remaining 

3 0 y s e c  of t h e  pulse .  

T h e r e a f t e r  t h e  e n t i r e  

I n  t h e  low back p res su re  cases ,  .OS,u with  shock 
t u b e  i n j e k t i o n ,  a q u a l i t a t i v e  d i f f e r e n c e  i s  no t i ced  i n  t h e  

exhaust  process .  Figs .  8a through 8 i  show t h e  plume growth 

f o r  t h e  140,000 amp - 2 0 y s e c  pulse .  
’ r e s u l t s  wi th  those  of t h e  f i r s t  case  (same pulse ,  pB = l o o p )  
it i s  seen t h a t  approximately t h e  same percentage of c u r r e n t  

p a r t i c i p a t e s  i n  t h e  pinch process .  However, less c u r r e n t  

p rogres ses  out  i n t o  t h e  exhaust,  and t h a t  which does cont inues  

t o  progress  both  r a d i a l l y  and a x i a l l y  throughout t h e  pulse .  

P a r t  way through t h e  pu l se ,  t h e  h ighe r  contours  of enclosed 

c u r r e n t  draw back i n s i d e  the  pinch chamber and i n  so doing 

break  o f f  a t o r u s  of enclosed c u r r e n t  much l i k e  a smoke r i n g  

o r  s t a r t i n g  vor tex  shed from a n  a i r f o i l .  

I n  comparing t h e s e  

Meaningful d a t a  could not  be obta ined  from t h e  40,000 

amp, 2 0 , U s e c  pu l se  w i t h  shock tube  i n j e c t i o n  due  t o  t h e  
i r r e p r o d u c i b i l i t y  of t h e  da ta  over t h i s  t i m e  i n t e r v a l .  By 

ex tending  t h e  pu l se  a t  t h e  same c u r r e n t  l e v e l  and back 

p r e s s u r e  from 20 
/Ltsec. Figs .  9a t h a t  t h i s  i r r e p r o d u c i b i l i t y  ceased a f t e r  20 

through 9g show t h e  plume development from 20 t o  70 p s e c .  
It i s  apparent  t h a t  some degree of s t a b i l i z a t i o n  e x i s t s  

bo th  r a d i a l l y  and a x i a l l y  f o r  t i m e s  a f t e r  40 y s e c .  
t o  t h e  high current- low back p res su re  case,  t h e  c u r r e n t  he re  

appears  t o  be more evenly d i s t r i b u t e d  than  before .  The 

r e s u l t s  of t h e s e  surveys a r e  summarized i n  Table 2 .  

sec t o  70 p s e c ,  however, it w a s  found P 

Compared 
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r, 

% I  
Pinched 

- 30 - 60 - 60 

5 2  

rJ 

% I i n  
Exhaust S t a b i l i z a t i o n  

- 30 

r~ 60 None 
+ 60 Radial  and Axial 

Radial ,  t > 8 p s e c  

t 7 40 y s e c  

Table 2 

30 

I *  

+ 30 
( i n i -  
t i a l l y )  

P r e s s u r e  

Pinch i n  irre- 
producible  p o r t i o n  

I 

140,000 

40,000 

40,000 

loor 

Radial  and Axial 
t > 40 p s e c  

0 . 0 5 ~  1 140,000 

40,000 

40,000 

T 

20 

20 
70 

20 

20 

7 0  

I 1 

None 

The f a i l u r e  of l a r g e  f r a c t i o n s  of t h e  d ischarge  c u r r e n t  

t o  p a r t i c i p a t e  i n  t h e  pinch process  i s  somewhat i n  c o n t r a d i c t i o n  

wi th  o u r  prev ious  experience with c losed  chamber d ischarges  a t  
h i g h e r  c u r r e n t  l e v e l s .  To pursue t h i s  p o i n t  a b i t ,  t h e  i n t e r i o r  

of  t h e  chamber w a s  probed, and c u r r e n t  d e n s i t y  p l o t s  a s  a func t ion  
of  r a d i u s  a t  var ious  a x i a l  p o s i t i o n s  were cons t ruc t ed  f o r  t i m e s  

o f  1, 2, 3 p s e c ,  and compared wi th  those  observed i n  a c losed  

chamber. These r e s u l t s  a r e  shown i n  Figs.  10, 11, 12 .  Comparing 

t h e  two cases ,  one i s  a b l e  t o  say t h a t  a s h e e t  i s  formed i n  each 

case and t h a t  bo th  propagate i n t o  pinch a t  roughly t h e  same rate. 

Other t han  t h i s  t h e r e  i s  no c lose  resemblance between t h e  two 

p a t t e r n s .  

Typica l  vo l t age  measurements ac ross  t h e  pinch chamber 

f o r  t h e  40,000 amp, 7 0 p s e c  pulses  a t  both  back p r e s s u r e s  are 
shown i n  Figs .  13a and 13b. There i s  l i t t l e  q u a l i t a t i v e  o r  
q u a n t i t a t i v e  d i f f e r e n c e  i n  t h e  vol tage  f o r  t h e  two back p res su res .  

The average vo l t age  ac ross  t h e  pinch chamber i n  t h e  i n t e r v a l  from 
10 t o  60 P s e c  i s  approximately 200 v o l t s .  Since t h e  average 

c u r r e n t  i n  t h i s  s a m e  i n t e r v a l  i s  40,000 amps, t h e  t o t a l  power 
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I '  
i n  t h e  d ischarge  i s  roughly 8 megawatts. I n  t h e  case of t h e  

140,000 amp p u l s e  f o r  20 ,,&sec, we  f i n d  an  average o f  about 
800 v o l t s  corresponding t o  an average power of  about 110 

megawatts (Fig.  13c) .  

The foregoing observa t ions  of  t h e  exhaust  p a t t e r n s  

suggest  c e r t a i n  gene ra l i za t ions :  

1) For t h e  s e l e c t e d  r ec t angu la r  waveforms d r i v i n g  t h e  

d ischarge ,  on ly  a s i n g l e  " shee t "  i s  c r e a t e d  and pinched, b u t  

t h i s  s h e e t  does not c o n t a i n  t h e  t o t a l  c u r r e n t .  A s i z e a b l e  

f r a c t i o n  remains a t  t h e  o u t e r  edge of  t h e  pinch chamber. 

2)  For a given p u l s e  t i m e  and c u r r e n t  amplitude a 
g r e a t e r  p o r t i o n  of  t h e  a r c  c u r r e n t  appears  t o  flow i n t o  t h e  

exhaust  plume a t  h igher  back p res su res  than  a t  lower back 

p res su res ,  p r i m a r i l y  as a r e s u l t  of t h e  r e t r o g r a d e  motion of 
t h e  h igh  c u r r e n t  contours  i n  t h e  l a t t e r  case. Whether t h i s  i s  
t r u l y  a back p res su re  e f f e c t  o r  i s  r e l a t e d  t o  t h e  gas  i n j e c t i o n  

v e l o c i t y  and d e n s i t y  p r o f i l e s  i s  n o t  y e t  known. 

3 )  For a given energy pu l se  a g r e a t e r  percentage of 

c u r r e n t  flows i n  t h e  plume f o r  t h e  lower amplitude,  longer  

p u l s e s  . 
4) If  t h e  magnitude of t h e  c u r r e n t  i s  he ld  cons tan t  and 

t h e  l eng th  of t h e  pu l se  increased,  t h e  p a t t e r n  f o r  t h e  longer  

p u l s e  i s  t h e  s a m e  over t h e  t i m e  span of  t h e  s h o r t e r  pu l se  and 

t h e  remainder i s  a cont inua t ion  of t h e  p rocess  from t h a t  p o i n t  

on. (This seemingly t r i v i a l  p o i n t  demonstrates  t h e  i n s e n s i t i v i t y  

of t h e  development of t h e  bulk of  t h e  p a t t e r n  t o  s m a l l  d i f f e r e n c e s  

i n  t h e  e a r l y  p o r t i o n s  o f  t h e  d r i v i n g  c u r r e n t  p r o f i l e . )  

5) The plume development progresses  through t h r e e  phases:  

a)  a n  i n i t i a l ,  unsteady po r t ion  wi th  wel l -def ined propagat ing 
c u r r e n t  zones; b) a t r a n s i t i o n  phase of d i f f u s e  bu t  unsteady 

c u r r e n t  p a t t e r n s ;  and c) a s t a b i l i z e d  or pseudosteady phase wi th  

fixed c u r r e n t  p a t t e r n .  The l a t t e r  phase i s  not  a t t a i n e d  i n  a l l  

cases w i t h i n  t h e  t e s t i n g  t i m e s  a v a i l a b l e .  I n  par t icu lar ,  pinch 
t i m e  must be cons iderably  l e s s  than  t h e  d r i v i n g  pu l se  l eng th  i f  
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t h i s  i s  t o  be poss ib l e .  I n  these  experiments, complete 
s t a b i l i z a t i o n  i s  observed only  f o r  t h e  7 0 p s e c  p u l s e s ,  i n  

bo th  ambient and i n j e c t i o n  condi t ions .  Figs.  14a,b and 15a,b 

at tempt  t o  summarize t h e  development i n  t i m e  of p a r t i c u l a r  

enclosed c u r r e n t  contours  f o r  i l l u s t r a t i v e  cases. 

Prel iminary work wi th  ion c o l l e c t i n g  probes has  shown 

t h a t  a l l  t h r e e  of  t h e  p a t t e r n  phases are p ropu l s ive  i n  nature;  

i .e. ,  they  accelerate and e j e c t  plasma. It  has  been poin ted  

out  i n  previous r e p o r t s  t h a t  using phase ( c ) ,  t h e  MPD arc may 
be s imulated and s tud ied .  Phase (b) i s  i n t e r e s t i n g  because 
t h e  microscopic d e t a i l s  o f  t h e  gas  a c c e l e r a t i o n  process  must 

be changing, and a s tudy of t h i s  t r a n s i t i o n  may l ead  t o  a 
b e t t e r  understanding of t h e  atomic-scale i n t e r a c t i o n s  which 

p a r t i c i p a t e  i n  both mechanisms. A t  t h i s  t i m e ,  t w o  new accel- 
erators  are under des ign  and cons t ruc t ion  t o  explore  each of 

t h e s e  p o s s i b i l i t i e s  s epa ra t e ly ,  i n  more a p p r o p r i a t e  conf igu ra t ions .  

The MPD arc  s imula t ion  device  w i l l  more c l o s e l y  resemble i t s  

s t e a d y  flow pro to type ;  and t h e  t r a n s i t i o n  s tudy  w i l l  be made i n  

a s impler ,  p a r a l l e l  p l a t e  geometry. 
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111. Closed Chamber Probe S tud ie s  ( E l l i s ,  Turchi)  

I n  a d d i t i o n  t o  t h e  exhaust s tud ie s ,  much a t t e n t i o n  

cont inues  t o  focus on c losed  chamber d ischarges .  

goa l  i n  t h e s e  s t u d i e s  i s  t o  wed p r e c i s e  experimental  measure- 

ments  of t h e  b a s i c  plasma parameters and f i e l d s  wi th  a sel f -  
c o n s i s t e n t  t h e o r e t i c a l  model of t h e  gas  a c c e l e r a t i o n  mechanism. 
The p h y s i c a l  even t s  which p a r t i c i p a t e  i n  t h e  processes  of c u r r e n t  

conduction and gas entrainment a r e  most a c c e s s i b l e  t o  d e t a i l e d  

i n v e s t i g a t i o n  i n  c losed  chamber d ischarges ,  due t o  t h e  h ighe r  

shot-to-shot r e p r o d u c i b i l i t y  and t h e  reduced number of  
experimental  v a r i a b l e s .  

The b a s i c  

Typica l ly ,  probes t o  measure magnetic f l u x ,  e lectr ic  
f i e l d ,  e l e c t r o n  dens i ty ,  e t c . ,  are mounted i n s i d e  t h e  c y l i n d r i c a l  

d i scha rge  v e s s e l  a t  some given p o s i t i o n  r, 8, Z .  The output  of 
t h e s e  devices  i s  then  displayed on o s c i l l o s c o p e  traces as a 

func t ion  of t i m e .  The most troublesome d a t a  t o  o b t a i n  has been 

t h e  d i s t r i b u t i o n  of f r e e  e l e c t r o n  d e n s i t y  w i t h i n  t h e  c u r r e n t  
shee t .  For t h i s  purpose a r a t h e r  s o p h i s t i c a t e d  microwave probe 

was developed, and previous  progress  r e p o r t s  have d e a l t  i n  some 
d e t a i l  wi th  t h i s  device  [14,21,32,43]. T h e o r e t i c a l  methods of 

i n t e r p r e t i n g  t h e  response of t h i s  probe i n  t e r m s  o f  e l e c t r o n  

d e n s i t y ,  temperature,  and c o l l i s i o n  frequency have a l s o  been 

p rev ious ly  d iscussed  [32,43]. During t h i s  r e p o r t i n g  per iod  
t h e s e  plasma p r o p e r t i e s  have been obtained i n  t h e  8" T-machine, 

a t  a s e l e c t e d  p o s i t i o n  i n  t h e  chamber, as a func t ion  of t i m e  
under c a r e f u l l y  c o n t r o l l e d  condi t ions.  

S imi l a r ly ,  simultaneous records  have been obtained of  

t h e  e lec t r ic  and magnetic f i e l d  components as a func t ion  of 
t i m e ,  under i d e n t i c a l  condi t ions .  To i n s u r e  p r e c i s e  c o r r e l a t i o n ,  

new electr ic  f i e l d  probes and magnetic probes have been developed 

s p e c i f i c a l l y  f o r  t h e s e  complementary measurements. The g l a s s  

envelopes which had previous ly  been used t o  p r o t e c t  t h e  probe 

t i p s  from t h e  d ischarge  and t o  provide a vacuum seal have been 

r ep laced  wi th  nylon s l eeves .  Nylon makes t h e  probes much more 
adap tab le ,  i n  a mechanical sense,  and i n  a d d i t i o n  has  proved t o  
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I -  

be an e x c e l l e n t  vacuum mater ia l .  Thin c o a t s  of epoxy and 

r a d i o  cement are used t o  p r o t e c t  t h e  probe t i p s  and t o  provide 

s i e c t r i c a l  i n s u l a t i o n ,  thereby  p resen t ing  a much smaller energy 
s i n k  t o  t h e  plasma than  d i d  t h e  bulky g l a s s  enc losures .  I n  

a d d i t i o n ,  t h e  bra ided  sh ie ld ing  has  been rep laced  wi th  c o a x i a l  
b r a s s  rods which both  improve t h e  s igna l - to-noise  r a t i o  and 

add s t r u c t u r a l  r i g i d i t y .  All t h e  probes used i n  t h e s e  experi- 
ments have a s p a t i a l  r e s o l u t i o n  of  about 2 mm (Fig. 1 6 ) .  

These t h r e e  probing devices  have provided d a t a  from 

which maps of  many plasma p r o p e r t i e s  throughout t h e  c u r r e n t  
s h e e t  can be obtained.  These inc lude  t h e  e l e c t r o n  number 

d e n s i t y ,  n - e lec t ron - ion  c o l l i s i o n  frequency, 

n e u t r a l  c o l l i s i o n  frequency, 

t h e  e l e c t r i c a l  conduc t iv i ty  of t h e  plasma t o  t h e  app l i ed  

e lectr ic  f i e l d s ,  s' : t h e  Hal l  parameter,  - !  : t he  magnetic 

r 8  Be, r' f i e l d  components B 

'e8 - A  r' 
I n s e r t i o n  

of  t h e s e  measured va lues  i n t o  var ious  t h e o r e t i c a l  models 

commensurate wi th  t h e  s o p h i s t i c a t i o n  of  t h e  measurements 

[37#42]#  permit p r e d i c t i o n s  t o  be made about c e r t a i n  d e t a i l s  
of t h e  c u r r e n t  shee t  s t r u c t u r e ,  such a s  which zones of  t h e  

s h e e t  c a r r y  predominantly e l e c t r o n  o r  i on  c u r r e n t ,  which reg ions  

e x h i b i t  p r i m a r i l y  s c a l a r  or H a l l  conduction, etc. 

dei; e l e c t r o n -  e '  
7J'en; e l e c t r o n  temperature ,  Te; 

BZ; t h e  e lec t r ic  f i e l d  components E 

bo th  app l i ed  and induced: t h e  c u r r e n t  d e n s i t i e s  J 

Jz; and t h e  d i s t r i b u t i o n  of body fo rces ,  J x B. Je, 

This  work w i l l  be f u l l y  d e t a i l e d  i n  a Ph.D. t h e s i s  t o  

be submitted s h o r t l y  [45]. 



FIGURE 16 
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IV. G a s  Laser-Interferometer  S t u d i e s  of  E lec t ron  D e n s i t i e s  
(Cooke, von Jaskowsky) 

I .  Following t h e  completion of a series of  p re l imina ry  

s t u d i e s  wi th  a borrowed l a s e r  which e s t a b l i s h e d  t h e  f e a s i -  

b i l i t y  of t h e  l a s e r  i n t e r f e romete r  concept f o r  mapping f r e e  

e l e c t r o n  d e n s i t i e s  i n  closed-chamber d i scha rges  [43] ,  a more 

s e r v i c e a b l e  instrument  w a s  purchased f o r  t h e  d e t a i l e d  develop- 

ment of t h i s  technique. This i s  an Opt ics  Technology H e l i u m -  
Neon Gas Laser, Model 70, which e m i t s  coherent  l i g h t  a t  6328 8 
i n  t h e  v i s i b l e  red.  Using t h i s  n e w  device,  t h e  e a r l i e r  r e s u l t s  

of frequency response t o  50 megacycles using a r o t a t i n g  mi r ro r  

t o  modulate t h e  o p t i c a l  pa th  w e r e  reproduced. 

Before a t tempt ing  t o  u s e  t h e  l a s e r  t o  probe a d ischarge ,  

a n e u t r a l  gas expansion chamber was cons t ruc ted  as a c a l i b r a t i o n  

dev ice  f o r  t h e  proposed in t e r f e romete r  arrangement. A s  shown i n  

Fig.  17,  a c y l i n d r i c a l  chamber wi th  P l e x i g l a s  ends w a s  provided 

w i t h  a diaphragm-covered o r i f i c e  i n  i t s  s idewa l l .  This  chamber 
w a s  placed a x i a l l y  i n  t h e  o p t i c a l  pa th  of  t h e  in t e r f e romete r ,  

f i l l e d  with room-temperature argon a t  var ious  p r e s s u r e s  above 

atmospheric,  and t h e  diaphragm then  ruptured.  The r e s u l t i n g  

sudden r educ t ion  i n  gas  dens i ty ,  which i s  l i n e a r l y  p r o p o r t i o n a l  

t o  t h e  change i n  i t s  index of r e f r a c t i o n ,  was t h u s  monitored as 

a changing o p t i c a l  pa th  by f r i n g e  s h i f t s  i n  t h e  in t e r f e romete r .  

From t h e  measured argon p res su res  be fo re  and a f t e r  t h e  diaphragm 

w a s  ruptured,  t h e  a n t i c i p a t e d  f r i n g e  s h i f t s  could be c a l c u l a t e d  

from t h e  known dimensions, wavelength, and r e f r a c t i v i t y  of 

argon, and t h e s e  values  then compared with t h e  exper imenta l  

r e s u l t s .  

Sample osc i l l og raphs  from t h i s  experiment a r e  shown i n  
F igs .  18a,b. The upper t r a c e  of  each d i s p l a y s  t h e  e n t i r e  

modulation i n t e r v a l ,  and the  lower trace is  a t e n f o l d  expansion 

o f  a p o r t i o n  of t h e  upper trace t o  f a c i l i t a t e  e s t i m a t i o n  of  t h e  

t o t a l  number o f  i n t e r f e r e n c e  f r i n g e s .  Despi te  t h e  excess ive  

number of  f r i n g e s  provided by t h i s  crude experiment, t h e  value 

e s t ima ted  from t h e s e  d a t a  a r e  w i t h i n  t e n  percent  of t h e  t o t a l  
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f r i n g e  s h i f t  c a l c u l a t e d  from t h e  i n i t i a l  and f i n a l  p r e s s u r e s  

i n  t h e  chamber. Bearing i n  mind t h a t  t h e  magnitude of  t h e  

c o n t r i b u t i o n  of  t h e  bound e l e c t r o n s  i n  such a n e u t r a l  gas  i s  

more than  an o rde r  of  magnitude l o w e r  than  t h a t  of t h e  

a n t i c i p a t e d  f r e e  e l e c t r o n s  i n  t h e  v i c i n i t y  of  t h e  c u r r e n t  

shee t  i n  t h e  plasma, we  may i n f e r  t h a t  ou r  device  should have 

ample s e n s i t i v i t y  f o r  t h e  proposed a p p l i c a t i o n ,  and t h a t  t h e  

bound e l e c t r o n s  w i l l  not  s i g n i f i c a n t l y  a f f e c t  t h e  accuracy of 

t h e  f r e e  e l e c t r o n  d e n s i t y  measurements. 

Having e s t a b l i s h e d  t h a t  t h e  laser  in t e r f e romete r  would 

respond a p p r o p r i a t e l y  t o  changing r e f r a c t i v e  index i n  a f ixed-  

dimension chamber, it w a s  i n s t a l l e d  on t h e  o r i g i n a l  8" pinch 

machine [2,3,12] wi th  t h e  l a s e r  beam p a r a l l e l  t o  t h e  a x i s  of 

t h e  d ischarge  chamber (Fig.  1 9 ) .  The anode used w a s  o r i g i n a l l y  

designed f o r  Kerr-cell  photography, and has a 6" diameter  

c i r c u l a r  g l a s s  i n s e r t .  Through t h i s  t h e  laser  beam may be 
passed a x i a l l y  a t  any des i r ed  r a d i a l  and azimuthal  p o s i t i o n .  

A s m a l l  m i r ro r  i s  a t t ached  t o  t h e  l o w e r  e l e c t r o d e  (cathode) t o  

a s s u r e  t h a t  t h e  r e f l e c t e d  l i g h t  i s  u n i d i r e c t i o n a l  and uniphase. 

S u i t a b l e  masks and red-cutoff f i l t e r s  l i m i t  t h e  magnitude of  

t h e  d i scha rge  r a d i a t i o n  admitted by t h e  pho tomul t ip l i e r  t o  a 

s m a l l  f r a c t i o n  of t h e  magnitude of  laser  l i g h t  admitted.  Samples 

of  p re l imina ry  osc i l l og raphs  obta ined  a t  a chamber r a d i u s  o f  

1-5/16" 

are shown i n  Figs .  20a,b. I n  bo th  o s c i l l o g r a p h s  t h e  topmost, 

f l a t  trace i s  t h e  photomul t ip l ie r  zero-s igna l ;  t h e  second t race 

i s  t h e  p inch  r a d i a t i o n  s i g n a l  and i s  seen t o  be q u i t e  f l a t  and 
o f  r e l a t i v e l y  s m a l l  magnitude: t h e  t h i r d  trace i s  t h e  modulated 
laser s i g n a l  i n d i c a t i v e  of  the development o f  t h e  f r ee -e l ec t ron  

d e n s i t y  w i t h i n  t h e  discharge:  t h e  l o w e s t  t race i s  t h e  i n t e g r a t e d  

Roqowski c o i l  s i g n a l ,  i n d i c a t i n g  t o t a l  d i scharge  c u r r e n t .  The 

o n s e t  of t h e  modulation p a t t e r n s  a t  5.4 and 13 
120 and 535 r e spec t ive ly ,  agree  w e l l  w i th  t h e  

a r r i v a l  t i m e s  of t h e  luminosi ty  f r o n t s  seen i n  s t r e a k  [4,14] 

and Kerr-cell [5,14] photographs, and wi th  t h e  c u r r e n t  s h e e t s  
d e t e c t e d  by magnetic probes. Because of  t h e  mul t ip l e  c u r r e n t  

(R/Ro = 0.33) and p res su res  of 1 2 0  and 535 / in argon 

Fsec for the 

/M Hg cases' 
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sheets p r e v a i l i n g  with t h i s  p a r t i c u l a r  machine [12], and 

because of t h e  d i f f i c u l t y  of i d e n t i f y i n g  r e v e r s a l s  of s lope  

of  t h e  free e l e c t r o n  dens i ty ,  t h e  o s c i l l o g r a p h s  cannot p r e s e n t l y  

be t r a n s l a t e d  unambiguously i n t o  time-dependent e l e c t r o n  dens i -  
1 

1 t ies,  but  t h e s e  problems w i l l  presumably be overcome by sirnul- 
taneous use of an i n f r a r e d  wavelength wi th  t h e  p r e s e n t  v i s i b l e  

system, o r  by examining a geometr ica l ly  less complex d ischarge  
' 
I p a t t e r n  d r iven  by o u r  pulse-forming network. 
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V. Pressure  Measurements i n  Closed Chamber Discharses  (York) 

Previous semi-annual r e p o r t s  have d e a l t  wi th  g e n e r a l  
s t a t e -o f - the -a r t  p i e z o e l e c t r i c  probe c o n s t r u c t i o n  and per- 

formance 1321 and have d e t a i l e d  t h e  development and performance 

of a high speed p i e z o e l e c t r i c  probe wi th  improved t ime-his tory  

response [43]. I n  t h e  l a t te r ,  some d a t a  w a s  p resented  of 

simultaneous p re s su re  and magnetic probe response t o  cond i t ions  

a t  t h e  cathode s u r f a c e  of a closed chamber d i scha rge  d r iven  by 

a pulse-forming network. A s  o u t l i n e d  below, work has  cont inued 

along t h e s e  same l i n e s  i n  an  at tempt  t o  de te rmine  t h e  distri-  
bu t ion  of p re s su re  throughout t h e  chamber dur ing  t h e  dynamic 

pinch process .  

The cathode d a t a  repor ted  ear l ier ,  a l though reproducib le ,  

was achieved wi th  some d i f f i c u l t y  because of  t h e  s e n s i t i v e  

coupl ing of t h e  e lectr ical  i n s u l a t i o n  and a c o u s t i c  d i s t o r t i o n  

problems. I n  o r d e r  t o  improve i n s u l a t i o n  r e l i a b i l i t y  and t o  

a l l o w  f o r  more f l e x i b l e  probing, a new probe was cons t ruc t ed  

t h a t  incorpora ted  a s i g n i f i c a n t l y  t h i n n e r  (1/64") b r a s s  mounting 

s h e l l ,  making t h e  mylar t a p e  covering more e f f e c t i v e  (Fig. 2 1 ) .  
The i n t e r a c t i o n  of  t h e  t h i n  s h e l l  wi th  o t h e r  probe components 

r e s u l t e d  i n  t h e  appearance of a s i g n i f i c a n t  low frequency 

o s c i l l a t i o n  which f o r t u n a t e l y  d i d  not  degrade t h e  short- t ime 

( <  5 p s e c )  c a l i b r a t i o n  i n  t h e  shock tube ;  t h e  probe t h u s  w a s  
s a t i s f a c t o r y  f o r  t h e  q u a l i t a t i v e  survey of  i n t e r e s t .  

This  t ransducer ,  l i k e  some of  i t s  predecessors ,  i s  
equipped wi th  a magnetic probe u n i t  p r e c i s e l y  pos i t i oned  so 
t h a t  simultaneous measurements of p r e s s u r e  and l o c a l  magnetic 
f i e l d  may be obta ined  on each c u r r e n t  s h e e t .  

probe, d a t a  w a s  t aken  i n  t h e  8" T-machine wi th  a 100 argon 

d i scha rge  d r i v e n  by a 5 sec r e c t a n g u l a r  c u r r e n t  pu lse .  For 
a g iven  r a d i a l  p o s i t i o n ,  t h e  probe w a s  p laced  a t  var ious  a x i a l  
l o c a t i o n s :  s ens ing  s u r f a c e  f l u s h  wi th  cathode (W-C); i n s e r t e d  

through cathode b u t  midway between e l e c t r o d e s  (M-C);  i n s e r t e d  

through anode b u t  midway between e l e c t r o d e s  (M-A); f l u s h  wi th  
anode (W-A). A series of sho t s  i n d i c a t i n g  t y p i c a l  behavior  i s  

With t h i s  b ina ry  

P 
.Y 
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presented  i n  Fig. 22. Severa l  f e a t u r e s  may be noted: 
a )  p re s su re  p r o f i l e s  a t  W-C and M-C a r e  s i m i l a r ,  wi th  t h e  

except ion of a "negat ive"  pressure  p o r t i o n  which may i n d i c a t e  
a gasdynamic i n t e r a c t i o n  with t h e  probe s t r u c t u r e :  b)  a l though 
probe o r i e n t a t i o n  M-C and M-A a r e  a t  t h e  same a x i a l  p o s i t i o n ,  

t h e  sens ing  s u r f a c e  i s  fac ing  i n  oppos i t e  d i r e c t i o n s .  The 
observed d i f f e r e n c e s  i n  response thus  i n d i c a t e  an an i so t ropy  

i n  t h e  shee t  s t r u c t u r e ,  which may provide information on t h e  

c u r r e n t  conduction process ;  c) p r o f i l e s  of  bo th  p re s su re  and 

B a r e  q u i t e  d i f f u s e  on t h e  anode. There a r e  a l s o  i n d i c a t i o n s  

of  a gene ra l  anode t o  cathode asymmetry i n  t h e  magnitude o f  

probe output :  t h i s  has  been noted more c l e a r l y  a t  o t h e r  r a d i a l  

p o s i t i o n s ,  f o r  example, a n  a x i a l  survey of p r e s s u r e s  a t  pinch 
r a d i u s  ( R  = 0) a r e  presented i n  Fig. 23. A t  t h i s  p o s i t i o n ,  5, 
behavior  i s  q u i t e  anomalous, presumably because of  t h e  c u r r e n t  

s i n g u l a r i t y  a t  t h e  cen te r ,  but 2 s t rong  reproducib le  asymmetry 

does e x i s t  i n  t h e  p re s su re  probe response. 

e 

It i s  of i n t e r e s t  t o  compare t h e s e  experimental  r e s u l t s  
and e a r l i e r  luminosi ty  s t u d i e s  wi th  snowplow theory  f o r  t h e  

c u r r e n t  p r o f i l e .  Using da ta  recorded a t  l o c a t i o n  M-C y i e l d s  

t h e  r e s u l t s  shown i n  F ig .  24. Within experimental  e r r o r ,  t h e  

luminosi ty ,  8, , and pressure  f r o n t s  co inc ide ,  b u t  s l i g h t l y  

l e a d  t h e  snowplow t r a j e c t o r y .  S imi l a r  d i sc repanc ie s  have been 

observed and d iscussed  i n  e a r l i e r  experiments [12]. 

S i m i l a r  surveys of p re s su re  and B p r o f i l e s  made f o r  
argon d ischarges  d isp layed  s i m i l a r  behavior .  

e 
150r and 50/" 
It now remains t o  r e f i n e  the  probe technique t o  t h e  p o i n t  th.at  

d e t a i l e d  p re s su re  p r o f i l e s  may be t r a c e d  throughout t h e  gas  

a c c e l e r a t i o n  zone, from which some assignment of l o c a l  p a r t i c l e  
d e n s i t y  d i s t r i b u t i o n s  hopefu l ly  may be made. 
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VI, Biqh-Performance Capacitors and Low Impedance Pulse 
Network (Wilbur) 

The program of design and construction of a series of 
low-inductance capacitors suitable for simple assembly into 
pulse line configurations has continued along the schedule 
outlined in the proposal [27] ,  toward the objective of pro- 
viding a power source which will transfer its energy to the 
plasma with optimum efficiency. To date, seven units have 
been received from the supplier, Corson Electric Manufacturing 
Corporation of East Hampton, Connecticut. Preliminary low 
voltage tests have shown the average unit has about 6 . 3  micro- 
farads of capacitance and in the range of 15 to 20 nanohenries 
inductance. Inserting these values into the usual relation 
for the characteristic impedance of a distributed transmission 

line, 
these units in the range of 50 to 60 milliohms. 

= m, one obtains a characteristic ifipedance for 
In order to verify that the units would behave as a 

transmission line, a shorting ring with a resistance in the 
range of the calculated characteristic impedance of the 
capacitors was constructed and installed in the 8" pinch 
machine. Four capacitors were connected in series and dis- 
charged through the shorting ring. An oscillogram of the 
discharge current waveform in this test (Fig. 25a) demonstrates 
two important points: 1) The four units connected in series 
do have the flat-topped current response characteristic of a 
transmission line. 2) Since the current damps essentially to 
zero after the first pulse, the characteristic line impedance 
is approximately equal to the shorting ring resistance 
(56 milliohms) , 

When the shorting ring was removed and the capacitors 
were used to drive the 8" pinch discharge, the current wave- 
form again exhibited a flat-topped pulse, characteristic of a 
transmission line (Figs. 25b,c). Note in both cases the current 
rings down in an overshoot pattern, as would be predicted 
because of the mismatch between the pinch and characteristic 
1 ine impedances. 
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A numerical analysis was undertaken in conjunction 
with this testing to determine an analytical model which 
would describe the discharge under the nonlinear conditions 
prevailing when the characteristic line impedance is near 
the pinch impedance. This analysis, in contrast to previous 
work, does not assume a current waveform; rather, the pinch 
process is described by the snowplow equation: 

= permeability of free space 

= gas density 
P O  

IT = Total current through machine 

r = current sheet radius 

r =  initial current sheet radius 

t = time 
1 

and the capacitor bank is represented by the equations 
describing a transmission line: 

= o  c - - -  av 21 
at ax 

v =  
I =  

x =  

t =  

L =  

c =  

voltage on transmission line 

current in transmission line 

position on transmission line 

time 

inductance per unit length of line 

capacitance per unit length of line 

The unique current.profile satisfying both sets of equations 
is then solved numerically on the I B M  7094 and 1620 computers. 
T h e  analysis is assumed valid until pinch occurs or the voltage 
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appl ied  ac ross  t h e  machine reverses  and secondary breakdown 

occurs.  The c u r r e n t  waveforms p r e d i c t e d  by t h i s  a n a l y s i s  f o r  

t h e  cond i t ions  of t h e  experiments shown i n  Figs .  25b,c are 
d isp layed  i n  Figs .  26 and 27. These show good q u a l i t a t i v e  

agreement with t h e  experimental  r e s u l t s  i n  t h a t  t h e  c u r r e n t  

magnitude, r ise t i m e  and pulse  l eng th  f a l l  w i th in  t h e  accuracy 

of t h e  measured q u a n t i t i e s .  

From t h i s  computer a n a l y s i s  program it has  a l s o  been 

determined t h a t  t h e  d e s i r e d  match of impedance between t h e  
l i n e  and t h e  developing dynamical d i scharge  can be achieved 

only  by connecting four  p a r a l l e l  l i n e s  of two o r  t h r e e  u n i t s  

each t o  t h e  8" chamber. Tests  of t h i s  arrangement now await  

d e l i v e r y  of t h e  f i n a l  group of c a p a c i t o r s  from t h e  s u p p l i e r .  
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VII. Other Studies (Baumgarth, Bruckner, DiCapua, Oberth, 
Turchi) 

In addition to the programs described separately above, 
the laboratory supports several other studies, both experi- 
mental and analytical, which are less advanced, and whose 
results are less clearly defined at this time. These include 
the development of a voltage dividing network that will 
unambiguously follow the excursions of arc voltage in the 
long-pulse studies of current-sheet stabilization and MPD 
simulation; a systematic examination of the effect of driving- 
current waveform on current sheet shape and amplitude: 
application of coaxial electric field probes to tailored-pulse 
discharges; further gasdynamic and magnetogasdynamic analysis 
of current sheet structure: and analytical formulation of 
"magnetic nozzle" processes appropriate to the experimental 
exhaust studies. As each of these efforts matures, it will 
be integrated into the more tightly-knit spectrum of active 
studies described in preceding sections, and its results will 
be appropriately reported. 
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