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ABSTRACT 

l -  P r o f i l e s  of electric f i e l d  d i s t r i b u t i o n  wi th in  t h e  
propagating cu r ren t  s h e e t  of a dynamical pinch discharge 
have been determined by a coaxia l  double electric probe. 
The a x i a l  electric f i e l d  component p a r a l l e l  t o  t h e  shee t ,  
EZ, is  found t o  be e s s e n t i a l l y  t h a t  induced by the  changing 
magnetic f lux ,  r a t h e r  than a r e s i s t i v e  p o t e n t i a l  drop along 
t h e  shee t  column, The r a d i a l  electric f i e l d  component, Er ,  
noma1 t o  the  shee t ,  i s  found t o  funct ion p a r t l y  t o  h e l p  
a c c e i e r a t e  ambient ions  t o  sheet ve loc i ty ,  anu p a r t l y  t o  
d r i v e  a x i a l  e l e c t r o n  c u r r e n t  by Er x Be d r i f t .  
a n a l y t i c a l  models the  p r o f i l e  of ion  dens i ty  through t h e  
s h e e t  can be computed, and t h e  e f f e c t i v e  values of the 
a d i a b a t i c  exponent, b', t h e  e l e c t r o n  temperature, and t h e  
ion  temperature a t  t h e  back of the shee t  may be estimated. 

By simple 

An improved p iezo-e lec t r ic  pressure  probe h a s  been 
developed which reduces the i n i t i a l  s i g n a l  r i s e t i m e  b e l o w  
1 psec, y e t  more f a i t h f u l l y  reproduces the d e t a i l s  of t h e  
pressure  p r o f i l e  through and behind propagating c u r r e n t  
s h e e t s  a f t e r  the  i n i t i a l  impact s igna ls .  High r e so lu t ion  
vol tage  records have been obtained with o u t e r  and inne r  
d i v i d e r s  and a "D-loop" which permit eva lua t ion  of t h e  
very l o w  r e s i s t a n c e  of  the discharge plasma and provide 
i n s i g h t  i n t o  t h e  breakdown i n i t i a t i o n  mechanism, A gas 
laser in te r fe rometer  has been constructed for t h e  purpose 
of determining t h e  e l ec t ron  d e n s i t y  d i s t r i b u t i o n s  which 
arise near  t h e  cu r ren t  shee t s  during the  pulsed plasma 
acce le ra t ion  processes  of i n t e r e s t .  The microwave r e f l e c t i o n  
in te r fe rometer  technique has been extended t o  two coia?ple- 
mentary modes of  operat ion which y i e l d  add i t iona l  information 
on these  e l e c t r o n  dens i ty  p r o f i l e s ,  

Prototype u n i t s  of low-inductance capac i to r s  s u i t a b l e  
f o r  simple, v e r s a t i l e  assembly i n t o  pulse- l ine conf igura t ions  
have been constructed,  and have performed s a t i s f a c t o r i l y  i n  
i n i t i a l  tests, Construction o f  t h e  f i r s t  low-impedance 
ta i lored-pulse  f a c i l i t y  is  c u r r e n t l y  underway. 

S tudies  of the  e j e c t i o n  of pulsed plasmas from o r i f i c e s  
have been expedited by a la rge  P lex ig l a s  exhaust tank, and 
a mechanized ca r r i age  capable of  p r e c i s e l y  a l ign ing  a 
battery of magnetic probes i n  t h e  exhaust plume region. 

. 
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I. INTRODUCTION 

Since t h e  previous semi-annual r epor t ,  we have 

submitted t o  t h e  p ro jec t  o f f i c e  a renewal proposal  which 
included a broad review of the research accomplishments of 
t h i s  program s ince  i t s  inception, ' 
r e p ~ r t  bzscd or? the Ph-D. t h e s i s  of D r .  Nevi l le  A. Black 
dea l ing  with t h e  dynamics of pinch discharges dr iven  by pulse- 

This s t a t u s  r epor t ,  t he re fo re ,  w i l l  forming networks. 
omit both of these  topics ,  and concentrate on o the r  s p e c i f i c  
s t u d i e s  which have shown progress during t h e  p a s t  s i x  months. 
Some of t hese  a r e  also nearing completion as Ph.D. theses ;  
o t h e r s  a r e  i n  a phase of data  accumulation: s t i l l  o the r s  are 
only beginning explora tory  experiments. Without exception, 
however, each i s  designed t o  answer s p e c i f i c  quest ions 
regarding pulsed plasma acce le ra t ion  processes ,  and each is  
c l o s e l y  coupled t o  o the r  s tud ie s  of t h e  program. 

and a lengthy t echn ica l  

[I-371 

I -  
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11. ELECTRIC FIELD PROFILES I N  THE CURRENT SHEET (Burton) 
1 -  

The previous semi-annual r epor t  descr ibed t h e  
measurements of r a d i a l  and a x i a l  e l e c t r i c  f i e l d s  wi th in  t h e  
cur ren t  shee t s  generated i n  a 5" closed chamber pinch discharge.  
The experimental da t a  were obtained with an e lectr ic  f i e l d  
A - -  nrobe discussed i n  d e t a i l  t he re in ,  which displayed t h e  f l o a t i n g  
p o t e n t i a l  d i f f e rence  s igna l  measured by two e l ec t rodes  immersed 
i n  t h e  plasma a t  a separa t ion  of 2 nun. Typical osc i l loscope  
t r a c e s  are shown i n  Fig. 1. Point-by-point surveys of  t h e  
r a d i a l  and a x i a l  e lectr ic  f i e l d s  w e r e  made i n  t h i s  manner 
every 1/8", i n  10 KV discharges i n  1 2 0  p argon. The develop- 
ment of t h e  r a d i a l  electric f i e l d  i s  shown i n  Figs. 2 and 3 .  
The axial  e lectr ic  f i e l d  was found t o  be near ly  independent of 
a x i a l  pos i t i on ,  and t y p i c a l l y  resembled t h a t  shown i n  Fig. lb .  

The t r a j e c t o r y  of the  r a d i a l  e lectr ic  f i e l d  maxima i s  
displayed on a radius-time p l o t  i n  Fig. 4. A f t e r  an i n i t i a l  
acce le ra t ion  period, t h e  e l e c t r i c  f i e l d  i s  seen t o  convect 
inward a t  a constant  ve loc i ty  of  4.3 x lo4 m / s e c ,  
i n  t h e  E f i e l d  t r a i l  s l i g h t l y  behind the  maxima i n  t h e  cu r ren t  
dens i ty ,  j, determined i n  earl ier magnetic probe experiments, 
and t h e  t r a j e c t o r i e s  of E and j agree c lose ly  with modified 
snowplow theory mass and cur ren t  t r a j e c t o r i e s ,  

The maxima 

W e  can e s t a b l i s h  t h a t  t h e  a x i a l  e lectr ic  f i e l d ,  EZ, i s  

e s s e n t i a l l y  t h a t  induced by t h e  changing magnetic flux: 

E =  
2 i 0 

BQdr 

r a t h e r  than  a resist ive drop along t h e  discharge column. Using 
an inner  vol tage d iv ider ,  t h e  r e s i s t i v e  drop along t h e  cur ren t  
shee t  w a s  found t o  be about 10 volts/cm, (c f .  Sect. I V )  whereas 
t h e  maximum induced E reached 450 volts/cm. Figure 5 shows a 
comparison of t h e  measured EZ p r o f i l e ,  with t h e  in t eg ra t ed  f l u x  
change found from B probe measurements. 

z 

2 
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I -  

a) SIMULTANEOUS ELECTRIC AND MAGNETIC PROBE RESPONSES, E, AND bo 
l20p ARGON, 5" CHAMBER, R/Ro= .66,z/h= 0.5 

b) SIMULTANEOUS ELECTRIC AND MAGKTIC PROBE RESPONSES, E, AND 68 
120p ARGON, 5" CHAMBER,R/Ro = . 6 6 , ~ / h = 0 . 5  

3 FIGURE I 
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To t h e  approximation t h a t  EZ i s  established s o l e l y  by . 
Be, it follows tha t  i n  a coordinate  system moving along wi th  
the cu r ren t  sheet, s i n c e  B i s  zero,  E w i l l  a l s o  be zero,  and 
t h e  t o t a l  electric f i e l d  i s  pure ly  radial  (see Fig. 6 ) .  

. 
e Z 

It is  possible t o  i l l u s t r a t e  the o r i g i n  and func t ion  of 
the r a d i a l  electric f i e ld  i n  t h e  cu r ren t  shee t  by r e fe rence  
t o  a s i m p l i f i e d  magnetogasdynamic model. I n  thz reference 
f r a m e  moving wi th  t h e  cur ren t  shee t ,  n e u t r a l s  stream i n t o  t h e  
sheet from t h e  l e f t  a t  ve loc i ty  Us. 
the shee t ,  t h e  e l e c t r o n  temperature rises ab rup t ly  t o  a value 
adequate t o  ion ize  the particle stream completely, l eav ing  a 
stream of ions  and e l ec t rons  o f  equal  d e n s i t y  n+ = n 
Since t h e  e l e c t r o n  H a l l  parameter, a , is  l a r g e r  than  u n i t y  
i n  t h i s  environment, t h e  e l ec t rons  w i l l  gy ra t e  i n  t h e  perpen- 
d i c u l a r  Er and Be f i e l d s  (Fig.  6) ,  conducting an axial  c u r r e n t  
i n  accordance wi th  Ohm's Law 

A t  t h e  lead ing  edge of 

= n. e 

[I-411. 

= a. 5 E = (  $) ii Er = ne - Er 
J Z  'e 

N o t e  t h a t  t h e  axial  e l e c t r o n  c u r r e n t  is  independent of  c o l l i s i o n  
frequency dc. 

Equation (2) is  the 

conducted by e l e c t r o n s  i n  
of H a l l  parameter fi . 
t o  show tha t  t h e  fo rce  on 
force on t h e  ions ,  enEr. 

s ta tement  tha t  t h e  a x i a l  cu r ren t  is  
E x B d r i f t ,  independent of t h e  value 
The  equat ion can also be rearranged 
t h e  e l e c t r o n s ,  jzBe, is  equal  t o  the 
Furthermore, f r o m  Eq. (2) one may 

A >  

c a l c u l a t e  t h e  p a r t i c l e  dens i ty  n, f r o m  measured values  of  j,, 
and Er. A t y p i c a l  dens i ty  p r o f i l e  i s  plotted i n  Fig. 7, ' e ,  

normalized t o  ambient dens i ty  nA , a t  120 p argon. 
r a t io  rises s t e a d i l y  through the shee t ,  reaching a compression 
ra t io  of about 6 a t  the  point  of maximum electric f i e l d .  This  
c a l c u l a t i o n  i s  accu ra t e  t o  wi th in  about 25 percent  a t  the f r o n t  

and c e n t e r  of the cu r ren t  s h e e t ,  s i n c e  t he  accuracy is l i m i t e d  
on ly  by t h e  experimental  measurement of  Be and Er . 

The d e n s i t y  

Moving 

8 
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f u r t h e r  back i n  t h e  sheet ,  however, t h e  Er f i e l d  devia tes  
s t rongly  from the  value it would have had i n  a t r u l y  one- 
dimensional cur ren t  shee t .  Spec i f i ca l ly ,  t h e  e f f e c t  of f i n i t e  
r a d i a l  cur ren t  dens i ty  causes E t o  reverse  s ign  a t  t h e  back r 
of t h e  shee t ,  and Eq. (2) is  not v a l i d  i n  t h i s  region. 

A second estiizate cf t h e  p r o f i l e  of dens i ty ,  n ( r )  through 
t h e  sheet  may be made from t h e  r a d i a l  component of Ohm's Law: 

From a x i a l  B probe surveys, w e  have found t h a t  t he  r a d i a l  cur ren t  
dens i ty  i s  near ly  zero, and t o  t h i s  approximation, 

Subs t i t u t ing  Eq. (4) i n t o  Eq. (218 

To est imate  U from measured values of j 

es t imate  t h e  scalar conductivity,  U . For a Maxwellian e l e c t r o n  
s w a r m  i n  a n e u t r a l  plasma where Coulomb c o l l i s i o n s  predominate, 

and Be, we need t o  z 

0 

0 i s  independent of  e l ec t ron  dens i ty ,  and may be wr i t ten :  [I-411 
0 

3/2 mhos/m (6) 0- = - 5 5  x 10 (Te[e.v.]) 4 
0 

Relat ing j t o  B by M a x w e l l ' s  equation, and U t o  n ( r )  by 
con t inu i ty  (Eq. 8 )  we have 

- -  
(7)  

d (,R/ B r )  
-3/2 r 

Te [e.v. ] dBr - 145 - nA r - =  
n( r )  rsUsCopoBr d r  rsus d r  

I n  regions of t he  plasma where T i s  a constant ,  Eq. (7)  

s tates t h a t  n ( r )  is  inversely propor t iona l  t o  a logari thmic 
de r iva t ive ,  which can be evaluated t o  20 percent accuracy from 

experimental magnetic probe data .  
t o  change e l e c t r o n  temperature however, and it is not expected 

e 

Several  processes compete 

11 



t h a t  Te w i l l  remain constant through the  sheet,  

de t a i l ed  thermodynamic and gas k i n e t i c  arguments, 
can be es tab l i shed  t h a t  the e l ec t ron  temperature wi th in  
t h e  sheet  must be of the order of a few e l ec t ron  v o l t s ,  t h e  
poin t  a t  which the  energy loss by i n e l a s t i c  c o l l i s i o n s ,  thermal 
conduction, and rad ia t ion ,  balances the power input  by ohmic 
heating. Tne s e n s i t i v i t y  of the  caiculation sf ~ ( r ) , h  te A 
the  p r o f i l e  of Te may be infer red  from Fig, 
n ( r ) /nA is  p lo t t ed  f o r  two cases  of assumed temperature 
p r o f i l e s ,  In  the  f i r s t  case,  T assumes a constant value of 
1.1 e,v, throughout the  sheet,  This p a r t i c u l a r  value i s  
ca lcu la ted  d i r e c t l y  from Eq. (7)  a t  the leading edge of the  
shee t ,  where the densi ty  r a t i o  i s  assumed t o  be unity.  In  
t h e  second case,  which more r e a l i s t i c a l l y  approximates the 
a c t u a l  temperature p r o f i l e ,  T rises smoothly from 1.1 e,v.  e 
t o  a maximum of 3 e.v. a t  the  shee t  center, re turning t o  
1.1 e,v.  a t  t he  r ea r  edge. A l s o  included f o r  comparison i n  
Fig. (8) i s  the  p r o f i l e  n ( r ) /nA from Fig, ( 7 ) .  

Through 
[1-411 it 

( e ) ,  where 

e 

Because the  cur ren t  shee t  i s  e f f i c i e n t l y  sweeping up 
and acce lera t ing  mass a s  it propagates inward, the  dens i ty  
p r o f i l e  i n  t h e  sheet  is necessar i ly  an unsteady one, To 

formulate a model of t h i s  unsteady process,  one may envisage 
two a l t e r n a t e  methods f o r  s t o r i n g  the  accumulated mass. I n  
t h e  f i r s t ,  t h e  shee t  volume remains constant,  and incoming 
p a r t i c l e s  are stagnated i n  a reservoi r  of increasingly higher 

dens i ty ,  In  t h e  second, the shee t  behaves l i k e  a s t rong,  
albeit  th ick ,  gasdynamic shock. Fluid passing through the  

shee t  i s  accelerated t o  a l a rge  f r ac t ion  of sheet  ve loc i ty ,  
and i s  compressed t o  a constant high dens i ty  behind it, 
where it i s  s tored  i n  a region of increasingly l a r g e r  volume, 
I n  both of  these models the compressive e f f e c t  due t o  t h e  
c y l i n d r i c a l  geometry must be included. 

Unfortunately,  the  co r rec t  choice between these two 
unsteady models cannot be made on the  basis of present  

1 2  
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experimental evidence, m e  d i f f e rence  between t h e  cons tan t  
volume and cons tan t  compression models w i l l  most r e a d i l y  
manifest  i t s e l f  i n  a measurement o f  t he  t i m e  h i s t o r y  of the  
dens i ty  a t  t h e  back o f  the  shee t ,  o r  of t he  thickness  of 
the  high dens i ty  region, and measurements of t h i s  type have 
proven extremely d i f f i c u l t .  Lacking any experimental 
i nd ica t ion  of t h e  more proper poir;t cf view, the cons tan t  
compression model has  been  adopted a r b i t r a r i l y ,  l a r g e l y  
because it has the  v i r t u e  t h a t  t he  dens i ty  p r o f i l e  becomes 
steady i n  the  reference frame of  t h e  cu r ren t  shee t ,  over 
propagation d i s t ances  small compared with the  radius .  

F r o m  t h i s  p o i n t  of v i e w  it is  then reasonable t o  w r i t e  
"jump condi t ions"  across  the e n t i r e  shee t ,  and f o r  propagation 
d i s t ances  s m a l l  compared with t h e  shee t  rad ius ,  to  view t h e  
shee t  a s  a s teady,  one-dimensional, d i s s i p a t i o n  zone. These 
condi t ions may be derived from t h e  d i f f e r e n t i a l  form of  t h e  
equat ions of  motion: 

- -  dnU - 0 
dx 

provided each term can be w r i t t e n  as an exact  de r iva t ive ,  
The only troublesome term is t h a t  i n  bracke ts  i n  t h e  energy 
Eq. (10) .  However, t h i s  t e r m  conta ins  the  d i f f e rence  between 
ohmic hea t ing  and work done on the  f i e l d s  by the  plasma, and 
i s  i d e n t i c a l l y  zero by Eq, ( 5 ) .  I n t eg ra t ing  across  t h e  
shock, we have : 

2 1 2 2 1 2 
B 1  = QU2 + P2 + - B2 u + p l + -  A e l  2p0 2r"0 
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C T  + y U 1  1 2  = C T  + - U  1 2  
P 1  p 2  2 2 

d iv ide  the  momentum equation by elUl 2 , t h e  energy equat ion 

1 B1 2 , and C T we 
P 1' 

by(1/2)U12 and neglec t  the terms p 

find: 

- 
1' 2ro 

The parameter i n  Eq. (14) is the  r a t i o  of  magnetic energy 

and has  a measured value of 1-33, 
n l/n2 = 0, p2 = 0,  and 6 = 2,)  I n  t h e  present  experiment, 
s ince  t h e  compression n 2/n1 7 2 1 ,  we may combine Eqs, (14) 

and (15 ) ,  assuming p = nkT, t o  give,  

dens i ty  t o  streaming k i n e t i c  energy dens i ty ,  B2 2 / p O e l U ,  2 , 

( I n  the  snowplow theory, 

2 n E k 
2 - 2 m C  n 

- 1 - --/3 

+ P  1 

W e  may view Eq, (16) a s  a requirement f o r  a constant  v e l o c i t y  
c u r r e n t  sheet.  I f  E is greater than 2 ,  f o r  example, t h e  
equation cannot be s a t i s f i e d ,  and the  cu r ren t  shee t  w i l l  
accelerate. As approaches 2 ,  t h e  average s p e c i f i c  h e a t  
C 
I n  t h e  p re sen t  experiment, E = 1-33: thus t o  conform t o  the  
observed cons tan t  ve loc i ty ,  we must require k n2 

2m C nl + P  

must be very l a r g e  i f  t h e  sheet is  to  have cons tan t  ve loc i ty .  
P 

- -  - -33. 

For example, f o r  n 2/nlC= 10, C = 3.1 x 10 3 joule/kg°K 
P 

(corresponding t o  2' = $ = 1 - 0 7 ) .  

Eq, (15) y i e l d s  an ion temperature a t  t h e  r e a r  of t h e  shee t ,  
T2 = 2 8  e-v.  

In se r t ing  t h i s  value i n  
V 

Note t h a t  t h i s  ion temperature i s  one order  

15 
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of  magnitude l a r g e r  than T and thus  t h e  ions  can h e a t  
e l e c t r o n s  i n  the  sheet ,  

e, 

As y e t  we have not  attempted t o  relate t h e  electric 
f i e l d  t o  o the r  p rope r t i e s  of t h e  sheet.  Combining E q s .  ( 2 )  

and (5) : . 2  - 
volts/meter Jz E = - -  

en 11 ---A S 
r 

Thus the  r a d i a l  electric f i e l d  is propor t iona l  t o  t h e  a x i a l  
ohmic hea t ing ,  and inverse ly  propor t iona l  t o  t h e  r a d i a l  ion  
cu r ren t ,  which by cont inui ty  i s  constant  through the  sheet .  
From measured values of Er and j z  w e  may c a l c u l a t e  do, and 
hence t h e  e l e c t r o n  temperature. A t  t he  maximum i n  t h e  c u r r e n t  
dens i ty ,  we c a l c u l a t e  do = 2.1 x 10 
Te = 2.5 e.v., confirming our  e a r l i e r  assumption, 

by t h e  shee t  f r o n t a l  a rea ,  w e  may f ind  t h e  t o t a l  ohmic 

hea t ing  wi th in  t h e  sheet:  

4 mhos/m and hence 

In t eg ra t ing  Eq. (17)  through t h e  shee t ,  and mult iplying 

- dV = - enAUs(2Tf'rh) E d r  [watts]  (18) J 6, J 
Over much of 
be about 200 
rate i s  then 
i n p u t  t o  t h e  

t h e  chamber the i n t e g r a l  - Edr i s  measured t o  
vo l t s .  A t  a r ad ius  of  5 cm. ,  t he  jou le  hea t ing  
90 megawatts, compared with t h e  maximum power 
chamber of  o v e r  700 megawatts, 

I 

The d e t a i l e d  de r iva t ion  and r e s u l t s  of t h e  a n a l y t i c a l  
model sketched here ,  along with a complete d e s c r i p t i o n  of t h e  
electric and magnetic f i e l d  mapping experiments a r e  presented 
i n  a forthcoming Ph.D. t h e s i s  by R. L. Burton. [ 1-41] 
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111, PRESSURE MEASUREMENTS I N  CLOSED CHAMBER DISCHARGES 
( Y o r k )  

The general  technique of p i e z o e l e c t r i c  probing of 
t h e  pressure  i n  a c losed chamber pinch discharge and some 
prel iminary experimental r e s u l t s  w e r e  presented i n  the 

previous semi-annual report. I t  was reported t h a t  a 
p i e z o e l e c t r i c  probe with a s u f f i c i e n t l y  f a s t  r i s e t i m e  
(approximately 1 psec) had been constructed b u t  t h a t  internal.  
stress wave o s c i l l a t i o n s  were present  and had a d e l e t e r i o u s  
e f f e c t  on the  probe response a f t e r  pressure  pu l se  a r r i v a l  
was sensed. The a c t u a l  response of t h i s  probe t o  a r e f l e c t e d  
shock wave i n  a shock tube and t o  a cu r ren t  shee t  i n  the 

closed pinch chamber were displayed. Since t h a t  t i m e ,  both 
i n i t i a l  and long-time probe response have been s u b s t a n t i a l l y  
improved by development of a 'I tailored-performance'' probe, 
descr ibed below. 

In  a f i r s t  e f f o r t  t o  improve the f i d e l i t y  o f  the probe 
response, t he  b r a s s  backing rods previously used w e r e  replaced 
by ma te r i a l s  more c l o s e l y  matching t h e  acous t i c  impedance of 
t h e  PZT-5 c r y s t a l  elements. Surpris ingly,  t h e  r e s u l t s  w e r e  
no better than w i t h  t h e  b ra s s ,  suggesting t h a t  t h e  degree of 
wave r e f l e c t i o n  a t  the crystal-rod sur face  was i n s e n s i t i v e  
t o  t h e  backing rod mismatch. Rather, it was found f a r  m o r e  
important t o  suppress sympathetic r a d i a l  c r y s t a l  o s c i l l a t i o n s  
by matching Poisson ' s  r a t i o  between the c r y s t a l  and t h e  
backing rod. S t a i n l e s s  s tee l  was found t o  be t h e  m o s t  
reasonable match for PZT-5 i n  t h i s  regard,  and s t u d i e s  revealed 
tha t  v a r i a t i o n  of the crystal-backing rod diameter had s igni -  
f i c a n t  e f f e c t  on t h e  r a d i a l  o s c i l l a t i o n s ,  Largely by t r i a l  
and error a 5/32" s i z e  w a s  s e l ec t ed  as optimum. F ina l ly ,  t he  
m a t e r i a l  bonding t h e  s ides  of t h e  crystal was a l s o  found t o  
p l a y  a role, and t h e  best compromise here  w a s  found t o  be 

Apiezon put ty .  

. 
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The improvements derived from these  s t u d i e s  w e r e  
incorporated i n  one probe (#1) ,  and t h e  performance determined 
by examining i t s  response to a r e f l e c t e d  shock wave (Fig .  9a-f) .  
These records show probe response t o  a r e f l e c t e d  shock i n  a 
7/8" diameter shock tube w i t h  a 21-3/4" helium f i l l e d  d r i v e r  
and a 20-3/4" dr iven  sec t ion  f i l l e d  with a i r ,  both a t  room 
tezqerat-ire, ~igi l re  3s s>'=gs t>&z t 4 m n  4 n t a r x r a l  

C A ' L . b  A*.C-.. 1 -- r\f J 7  n y i m a r y  - ------ 
i n t e r e s t ,  and r evea l s  t h a t  t h e  onse t  o f  t h e  r a d i a l  o s c i l l a t i o n  
h a s  been delayed u n t i l  approximately 1.5 psec. The o ther  
records d i sp lay  successively longer t i m e  i n t e r v a l s  which 
i n d i c a t e  the  f a i t h f u l n e s s  of reproduction of  t he  probe t o  
t h e  complete pressure h is tory .  

I n  order  t o  make pressure measurements i n  t he  pinch 
chamber, it is  necessary t o  i n s u l a t e  t he  c r y s t a l  sur face  from 
t h e  discharge.  This insu la t ion  i s  probably t h e  most c r i t i c a l  
aspect i n  the  cons t ruc t ion  of  t h e  gauge, On t h e  b a s i s  of a 
number of tests with both t h i n  tapes  and lacquers ,  a reasonably 
s a t i s f a c t o r y  covering was found t o  be provided by one l a y e r  
of Scotch Brand Polystyrene Type (#74, 1 m i l  th ick)  and 
s e v e r a l  c o a t s  o f  Zapon lacquer. I t  w a s  experimentally determined 
that  t h i s  covering produced no not iceable  delay or d ispers ion  
of the  pressure  pulse.  The response of  a probe (#2) with 
t h i s  covering t o  a r e f l ec t ed  shock wave is  shown i n  Fig. loa. 

This i n su la t ed  probe w a s  next i n s e r t e d  i n t o  t h e  8" 
diameter pinch chamber f lush  with the cathode surface.  A 

magnetic probe w a s  a l s o  mounted i n  t h e  s i d e s  of  t h e  nylon 
ho lde r  of the pressure  probe, perpendicular t o  the  plane o f  
the e l ec t rode ,  and posi t ioned to  measure B (Fig,  11). The 

p res su re  sensing c r y s t a l  was of 5/32" diameter,  t he  magnetic 
probe was of 3/32" i,d. A series o f  simultaneous measure- 
merits of Be and pressure  a t  var ious r a d i i  i n  a 100 p argon 
d ischarge  dr iven  by a 5 usec rec tangular  pu l se  a r e  presented 
i n  Fig. 10 b-e. It can be  seen t h a t  i n  a l l  cases  a l a rge  

0 

0 

- 

18 



a)  0.5 psec/DIV b) 1.0 F s e c / D I V  

c) 2.0 psec/DIV d)  IO psec / D I V  

e )  100 psec /D IV  f )  500 psec / DIV 

PRESSURE PROBE RESPONSE TO A REFLECTED SHOCK IN 
SHOCK TUBE 

19 FIGURE 9 



I -  
ST-T- 38 

a) RESPONSE OF INSULATED PRESSURE 
PROBE TO A REFLECTED SHOCK 

1-1314 

e )  R = 3/41' 

T- I315 

(b) - ( e ) :  SIMULTANEOUS MEASUREMENTS 
O F  be AND PRESSURE AT VARIOUS R A D I I  

- c  s 
20 FIGURE I O  



BNC CONNECTOR 

G 
I 

! \ B - PROBE I 

I 
I 

PRESSURE AND MAGNETIC PROBE UNIT IN 8 "  
DISCHARGE CHAMBER (SCHEMATIC ) 

21 FiGURE i i  



p o s i t i v e  pressure  jump a r r i v e s  almost simultaneously with 
the  Be peak, followed by a negat ive pressure  drop of  comparable 
magnitude. The s i g n a l s  following t h i s  drop correspond t o  
r a d i a l  "r inging" o f  t he  probe, b u t  are centered about a 
r e l a t i v e l y  l o w  pressure.  The i n d i c a t i o n  i s  thus t h a t  t he  
cu r ren t  shee t  i s  en t ra in ing  a l a r g e  f r a c t i o n  of t h e  ambient 
gas. 

Present  e f f o r t s  a r e  being d i r e c t e d  toward e l imina t ing  
extraneous s i g n a l s  through t h e  pressure  probe i n s u l a t i o n  so 
t h a t  a complete survey o f  pressures  wi th in  the  closed chamber 
pinch discharge can be made under var ious experimental 
condi t ions.  Further ,  t he  d e t a i l e d  e f f e c t s  of the  magnetic 
probe on the  pressure  gauge response a r e  being examined i n  
order  t h a t  s i g n i f i c a n t  c o r r e l a t i o n  of  these  two va r i ab le s  
can be made. 
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IV. VOLTAGE SIGNATURES FROM PULSED PLASMA DISCHARGES ( C a r r e l l i )  

l -  

High r e so lu t ion  voltage records have been obtained 
across  a 5" pinch machine f o r  t h e  double purpose of  i d e n t i f y i n g  
t h e  r e s i s t i v e  and the  inductive components of  t h e  plasma load 
on t h e  supply, and of cont r ibu t ing  s o m e  i n s i g h t  on the  na ture  
o f  t h e  mechanisms which i n i t i a t e  t he  breakdown, The discharge 
is dr iven  by a 10 KV 15 pF capac i tor  bank, axid argoii presstires 

f r o m  15 t o  1600 p have been s tudied.  The 5" apparatus  has  
been completely described elsewhere, bu t  it is  worthwhile t o  
recall  c e r t a i n  of  i t s  c r i t i c a l  fea tures .  The chamber i t s e l f  
i s  formed by t w o  c i r c u l a r  plane aluminum e lec t rodes  separated 
by a two-inch gap f o r  t e s t  gas and a g l a s s  r i n g  i n s u l a t o r  
7 mm t h i c k  (Fig, 1 2 ) .  A r e s i s t o r  keeps the  e l ec t rodes  a t  
t h e  same p o t e n t i a l  before the breakdown of the  gas ,  and then 
p l ays  a neg l ig ib l e  r o l e  during t h e  main discharge,  The pinch 
chamber i s  connected t o  the  capac i to r  bank through a l o w  
inductance switch, i n  such a way t h a t  t he  o v e r a l l  inductance 
of t h e  c i r c u i t  i s  of t he  order  of  lo-'- lo-* henr ies .  Hence 
t h e  r ing ing  frequency is roughly 450 KC. The maximum value 
of  t h e  cu r ren t  i s  3x10 Amp. A l l  of  t h e  vol tage  measurements 
are taken with a Tektronix vol tage probe type P6013 connected 
d i r e c t l y  t o  a Type L preamp of  a 551 Tektronix scope. 

5 

The t o t a l  vol tage across  the  chamber may be wr i t ten :  
(see Figure 12) 

da' w h e r e  p i s  t h e  va r i a t ion  of t h e  f lux  l inked  by the  

plasma sheet. I f  we i d e n t i f y  a plasma inductance, L then 
d t  

P' 

d I  dLP J = Lp dt + I dt 
da' 
d t  
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i n  (19) i s  the v a r i a t i o n  of  t h e  f l u x  l inked  d(a'in The term- d t  
by the  i n s u l a t i n g  g l a s s  r ing  and may be represented by a 
f ixed inductance Lin: 

- -  d(a'in d I  
d t  - L i n  dt 

R denotes the  r e s i s t a n c e  of  t h e  plasma, and Rres t he  
r e s i s t a n c e  of t he  ex terna l  resistor across  t h e  chamber. 
N o t e  t h a t  t h e  o v e r a l l  voltage conta ins  four  terms, two o f  

which a r e  i n  phase w i t h  t he  cu r ren t  and 

P 

t w o  leading it by about 90 degrees, 
vo l tage  t r a c e  i s  compared t o  t h e  c u r r e n t  and to  i t s  de r iva t ive ,  

I n  order  t o  separate  the  r e s i s t i v e  component and t h e  
con t r ibu t ion  from t h e  change o f  f l u x  i n  t h e  i n s u l a t o r  g l a s s  
r i n g  to  t h e  o v e r a l l  voltage,  t w o  o t h e r  types of vol tage 
probe have been employed--the d i rec t - loop  o r  "D-loop" , and 
t h e  inner  vol tage divider .  The former i s  made with an 
in su la t ed  t h i n  w i r e  passing through both t h e  e l ec t rodes  i n  
such a way t h a t  it e n c i r c l e s  a l l  t h e  f l u x  l inked within the  
chamber, b u t  of course records no r e s i s t i v e  drop (Fig. 142) .  
The l a t t e r  c o n s i s t s  of an in su la t ed  b r a s s  rod, 1.5 mm i n  
diameter, passing through one of t he  e l ec t rodes ,  and touching 
t h e  o t h e r  as shown i n  Fig. 14b. The i n s u l a t i o n  employed 
is t e f l o n  rather than g l a s s  f o r  better r e s i s t a n c e  t o  thermal 
shock. In  t h i s  device,  the vol tage  is  measured between t h e  
d i v i d e r  t i p  and t h e  electrode A. As shown i n  Fig. 14b, t h e  
c i r c u i t  is closed along the marked path,  hence no magnetic 
f l u x  is  enclosed and, consequently, t h e  inner  d iv ide r  
measures only the  resistive component of  t he  o v e r a l l  vo l tage  
across t h e  chamber, Typical responsejof these  devices  are 
shown i n  Fig. 15 a ,  b, and Fig, 18, 

I f  w e  c a l l  V1 and V2 t h e  vol tage records of the  
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1 .  

inner  d i v i d e r  and of the  D-loop, respec t ive ly ,  it f o l l o w s  
t h a t  

where, 
V1 = R I  

P 

and, -2,- da' d'in 
v2 - d t  d t  

It  might s e e m  t ha t  measurement of V1 i s  redundant s ince  
measurement of V and V should s u f f i c e  t o  determine it, ch 2 
However, Vch and V2 a r e  of the same order o f  magnitude, i n  
t h e  k i l o v o l t  range, whereas V1 is  q u i t e  small except during 
discharge i n i t i a t i o n .  
from a sub t r ac t ion  process, 

Hence considerable  error may r e s u l t  

The inner  d iv ide r  measurements s e e m  p a r t i c u l a r l y  usefu l  
during t h e  i n i t i a t i o n  phase, and seve ra l  records have b e e n  
taken a t  var ious r a d i a l  pos i t ions ,  R/Ro = -85, .66, .48, and 
0. Typical responses are shown i n  Fig. 16. These may be 

explained as follows. A f t e r  t h e  breakdown, t h e  cu r ren t  
starts r i s i n g ,  b u t  the  plasma r e s i s t a n c e  decreases m o r e  
rap id ly ,  so t h a t  t he  inner vol tage V1 recedes t o  t h e  low 
value R I; when the  current  shee t  passes  by the  d iv ide r  

P 
loca t ion ,  t he  device t h e n  ceases  t o  be an " inner  d i v i d e r , "  
b u t  now responds to  the  enclosed f l u x  var ia t ion .  I n  the 

s p e c i a l  case where the  inner d i v i d e r  i s  r i g h t  a t  t he  wa l l ,  
t h e  c i r c u i t  w i l l  enclose a l l  t he  magnetic f lux ,  except t h a t  
w i th in  t h e  in su la to r .  I n  t h i s  way it is poss ib l e  t o  obta in  
only t h e  f lux  v a r i a t i o n  within the plasma, A t y p i c a l  record 
i s  shown i n  Fig. 16, for R/R_ = 0.95. N o t e  t h a t  excluding 

v d I  - term from t h e  vol tage trace y i e l d s  a d i f f e r e n t  the L i n  d r  
phase and less s t eep  f i r s t  h a l f  cyc le  than t h e  V2 records. 
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On t h e  b a s i s  o f  measurements such a s  t h e s e  it is  now 
poss ib l e  t o  conclude t h a t  t h e  r e s i s t i v e  component o f  t h e  
vol tage  across  t h e  cu r ren t  shee t  does no t  exceed 30 V while 
t h e  o v e r a l l  vo l tage  reaches about 2.5 KV a t  t h e  maximum. For 
a peak discharge c u r r e n t  of  s o m e  3 x 10 amps, a plasma 
r e s i s t a n c e  of t he  order  of 10-40hms is thus  ind ica ted .  
plasma inductance is of t h e  o rde r  of henry and i ts  
d e r i v a t i v e  with r e spec t  t o  t i m e  henry/sec. These 

experimental  r e s u l t s  a r e  i n  good agreement with t h e  snowplow 
t h e o r e t i c a l  c a l c u l a t i o n s ,  f o r  a t  l e a s t  t h e  f i r s t  micro- 
second of  t he  records w h e r e  t he  second c u r r e n t  shee t  has  
n o t  y e t  reached an appreciable  s t rength ,  

5 

The 

Study of  the breakdown mechanism was begun by experi-  
mental determination of the  Paschen curve f o r  argon i n  the  
same apparatus  descr ibed above. The curve w a s  t r aced  ou t  
by connecting the  capac i tor  bank d i r e c t l y  t o  t h e  t w o  e l ec t rodes  
of  t h e  chamber, and then slowly increas ing  the vol tage  u n t i l  
breakdown occurred a t  t h e  set  pressure,  The range of pressure  
covered was from 22 t o  1700 p8 corresponding t o  a pressure  x 
gap spacing (pd) range from 110 t o  8500 p-cm. The measured 
Paschen curve i s  shown i n  Fig. 17 ,  

A second series o f  breakdown d a t a  was c o l l e c t e d  using 
t h e  chamber i n  i t s  normal c i r c u i t ,  wi th  a 1000 ohm r e s i s t o r  
i n  p a r a l l e l ,  and recording t h e  e l ec t rode  p o t e n t i a l  on a 
very r ap id  t i m e  base (0.1 psecjcm) using t h e  inner  vo l tage  
d i v i d e r ,  This d i v i d e r  was placed i n  t h e  cen te r  of t h e  chamber 
t o  avoid f l u x  l inkage. A t y p i c a l  response i s  shown i n  
Fig, 18a; and suggests  the following q u a l i t a t i v e  explanation. 
When t h e  switch i s  closed,  t h e  vol tage  rises t o  t h e  sparking 
va lue  i n  about 0.04 ysec, a t  which t i m e  t h e  chamber breaks 
down, Although t h e  c u r r e n t  a l s o  inc reases  r a p i d l y  from 
t h i s  t i m e ,  t h e  conduct ivi ty  of  t h e  gas  inc reases  even more 
r a p i d l y ,  and t h e  gap voltage f a l l s  s t e a d i l y .  The magnitude 
o f  t h e  vol tage  peak i s  found t o  be independent of t h e  bank 
vo l t age ,  b u t  dependent on  t h e  chamber pressure.  The r e s u l t s  
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obtained varying the pressure  are also shown i n  Fig. 1 7  

i nd ica t ed  as dynamic breakdown poin ts .  

A f t e r  t h i s  series of experiments, the electrode 
su r faces  w e r e  po l i shed  somewhat ,  and the sequence repeated. 
I n  t h i s  case, o rde r  of magnitude h igher  vol tage  peaks w e r e  
obtained--of t h e  o r d e r  of 7-8 KV {F ig ,  i i j b j  . ~uebt:  peaha 

w e r e  also q u i t e  reproducible ,  and w e r e  confirmed by o v e r a l l  
vo l tage  measurements, (Fig. 19a) b u t  w e r e  not  observed w i t h  

the D-loop (Fig. 19b) thus  excluding any f l u x  change dependence. 

4- - - -  ----I-- 

A poss ib l e  explanat ion of t h i s  s t rong  dependence of  
breakdown vol tage  on sur face  condi t ion  is t h a t  the t i m e  
requi red  by the gas  t o  break down i s  increased by c lean  
electrodes, Over t h i s  longer t i m e ,  the c u r r e n t  would continue 
t o  rise through the p a r a l l e l  e x t e r n a l  resistor, and the 

vo l t age  across t h e  e l ec t rodes  would increase  correspondingly. 
To check t h i s  hypothesis, s eve ra l  measurements w e r e  made with 
var ious  smaller va lues  of the e x t e r n a l  resistor, and w i t h  

s o m e  inductance i n  series w i t h  it, t o  s l o w  down the cu r ren t  
rise and hence t o  lower the  vol tage  peak. N o  s u b s t a n t i a l  
v a r i a t i o n  i n  maximum vol tage a t t a i n e d  w e r e  found i n  any 

of t h e s e  cases, 

I t  thus  s e e m s  t h a t  the e l e c t r o d e  su r faces  c o n t r o l  t he  
t r a n s i e n t  breakdown vol tage,  p e r  se. To follow t h i s  po in t ,  
a series of measurements w e r e  taken w i t h  a h igh ly  pol ished 
p a i r  of e l ec t rodes .  In  t h i s  case t h e  gap vol tage  w a s  found 
t o  reach the f u l l  10 KV bank vol tage,  and t o  remain there 

for a f i n i t e  t i m e  i n t e r v a l ,  p r imar i ly  dependent on gas 

p re s su re  (Fig. 20a-d, and 2 1 ) .  

Further s t u d i e s  on the effect  of electrode su r faces  on 
breakdown t r a n s i e n t s  a r e  i n  progress  i n  the hope of i d e n t i f y i n g  
the role of e l e c t r o d e  ma te r i a l  i n  the i n i t i a t i o n  process.  
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V. GAS LASER INTERFEROMETER FOR ELECTRON DENSITY MEASUREMENTS 
(Cooke) 

l -  

It is des i r ed  t o  develop a l a s e r  in te r fe rometer  capable 
o f  providing measurement of the  e l e c t r o n  d e n s i t y  p r o f i l e s  
which develop during t y p i c a l  pulsed plasma a c c e l e r a t i o n  
processes ,  Data of  t h i s  sor t ,  p a r t i c u l a r l y  i n  t h e  region 
of high dens i ty ,  h igh iy  ionized c u r r e n t  sheets, coiild theii 

be c o r r e l a t e d  with previous experimental r e s u l t s  o f  o t h e r  
measureables and wi th  a n a l y t i c a l  models. This measurement 
has  r e s i s t e d  seve ra l  o t h e r  d iagnos t ic  techniques e s p e c i a l l y  

i n  t h e  m o r e  vigorous discharges,  including our  o m  
m i l l i m e t e r  wave r e f l e c t i o n  probe. I n  o p t i c a l  in te r fe rometry  
l a s e r  l i g h t  sources  are p re fe r r ed  because of  t h e i r  high 
i n t e n s i t y ,  coherence, monochromaticity, and u n i d i r e c t i o n a l i t y .  [ 11-11  

A l l  i n t e r f e r o m e t r i c  methods of  e l e c t r o n  d e n s i t y  measure- 
ment are based on t h e  func t iona l  dependence of  t h e  r e f r a c t i v e  
index of  a plasma on its f ree-e lec t ron  dens i ty .  Recently 
Ashby and Jephcot t  descr ibed an i n t e r f e r o m e t r i c  method which, 
i n  a d d i t i o n  t o  us ing  a l a s e r  l i g h t  source,  r e l i e d  upon a 

self-modulation of  t h e  l a s e r  c a v i t y  by i t s  own r e f l e c t e d  
l i g h t  t o  s impl i fy  t h e  o p t i c a l  apparatus.  Several  
papers  on t h i s  s u b j e c t  have been w r i t t e n  s ince ,  and have 
encouraged t h i s  technique. However, t hese  papers  p re sen t  
c o n f l i c t i n g  accounts of  t h e  t i m e  r e s o l u t i o n  obta inable ,  by 
t h i s  technique, i ,e, of the r e l axa t ion  t i m e  of t h e  s e l f -  
modulation process.  

This in te r fe rometer  cav i ty  w i l l  support  resonance 
when t h e  o p t i c a l  pa th  i n  t h e  c a v i t y  is  a mul t ip l e  of t h e  
laser r a d i a t i o n  wavelength, t h e  o p t i c a l  pa th  be ing  def ined 
as t h e  i n t e g r a l  o f  t h e  cav i ty  r e f r a c t i v e  index over  t h e  
p h y s i c a l  l ength  t raversed ,  i.e., from t h e  laser mirror t o  
the e x t e r n a l  mir ror  and back. A s  t h e  o p t i c a l  pa th  v a r i e s ,  
the l i g h t  i n t e n s i t y  i n  the  in te r fe rometer  c a v i t y  w i l l  change 
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i n  a pe r iod ic  manner, each pe r iod  being a complete c y c l e  of 

laser i n t e n s i t y  are observed from t h e  oppos i te  end of t h e  
laser (Fig. 2 2 a ) .  Therefore, when a chaniber of  ionized gas  
is placed ir: t he  e x t e r ~ a l  c a ~ i t x 7 .  rhancjing electron dens i ty ,  

because of  i t s  a f f e c t  on r e f r a c t i v e  index, can be monitored 
1 8 

by means o f  t h e  f r i n g e s  seen i n  t h e  l a s i n g  i n t e n s i t y .  I n  
ou r  propose2 app l i ca t ion ,  a t y p i c a l  discharge i n  100 p Argon 
is expected t o  sweep a 0.5 cm.  t h i c k  c u r r e n t  shee t  w i th  an 
e l e c t r o n  d2ns i ty  o f  1017 p a s t  t h e  probing l a s e r  beam 
i n  seconds, t hus  producing i n t e r f e r e n c e  f r i n g e s  a t  a 
rate of  up t o  l o 8  f r i n g e s  pe r  second f o r  l a s e r  r a d i a t i o n  
i n  t h e  v i s i b l e  o r  near  in f ra red .  Several  i n v e s t i g a t o r s  
r e p o r t  t h a t  t h e  maximum frequency response of  t he  Ashby- 
Jephco t t  in te r fe rometer  i s  less than lo6  f r i n g e s  p e r  
second. [11-2,3,4 and 51 

l i g h t  i n t e n s i t y  called an in t e r f e romet r i c  "fr inge."  Because 
the l i g h t  i n t e n s i t y  i n  t h e  e x t e r n a l  c a v i t y  s t rong ly  a f f e c t s  
the l a s i n g  process ,  corresponding changes ( f r i n g e s )  i n  

Our f i r s t  s t u d i e s ,  therefore ,  cons is ted  of measuring 
the response t i m e  of our vers ion  of t h e  in te r fe rometer ,  
u s ing  a moveable e x t e r n a l  m i r r o r  t o  vary the  o p t i c a l  path.  
A Spectra  Physics Model 1 3 0  He-Ne gas  l a s e r  emi t t i ng  red 
l i g h t  a t  a wavelength o f  6328  angstroms w a s  d i r e c t e d  a t  a 
r o t a t i n g  s t r e a k  camera m i r r o r  (Fig,  22b) .  When t h e  
f r i n g i n g  frequency approached 10 /sec, t h e  suspected modulation 
degradat ion w a s  v e r i f i e d  (Fig. 2 3 ) .  

6 

I t  appears then t h a t  t h e  f r i n g i n g  rate obtained wi th  
the Ashby-Jephcott in te r fe rometer  is  t w o  o rde r s  of magnitude 
b e l o w  t h a t  requi red  f o r  our appl ica t ion .  Fortunately,  it 
s e e m s  p o s s i b l e  t o  improve t h e  response o f  t h i s  device up t o  
the requi red  lo8  f r i n g e s  p e r  second, by a r e l a t i v e l y  t r i v i a l  
change i n  t h e  optical  arrangement (Fig. 2 2 c ) .  Reasons f o r  
the large var iance  i n  obta inable  f r i n g i n g  rates between the  
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[11-4#5] t w o  de t ec t ion  si tes are explained i n  the l i t e r a t u r e .  
Because of  the f a l l o f f  i n  high frequency response of the 

a v a i l a b l e  osc i l loscope ,  modulation r e s u l t s  w e r e  n o t  obtained 
beyond 50 MC (see Fig. 2 3 ) .  Sample osc i l l og raphs  w i t h  
f r i n g i n g  r a t e s  from 100 KC t o  50 MC a r e  shown i n  Fig. 24. 

The l o w e r  t r a c e s  show t h e  modulation of t h e  l i g h t ,  and the 

s t ra ight  l i n e  i n  the  middle of each osci l logram is t h e  zero  
l i g h t  s igna l .  The upper traces monitor the speed of 
r evo lu t ion  of  t h e  r o t a t i n g  m i r r o r  and are used t o  compare 
t h e  a c t u a l  and ca l cu la t ed  f r i n g i n g  r a t e s ,  which always agree 
wi th in  t e n  percent .  Since the l a s e r  beam f a l l s  on the s t r e a k  
camera mirror only 3 . 5  m i l l i m e t e r s  f r o m  i t s  a x i s  o f  r o t a t i o n  
(measured perpendicular ly  t o  the beam) 8 the mirror reflects 
the l i g h t  back along the i n c i d e n t  beam f o r  only a very s h o r t  
t r a v e l  of the m i r r o r .  Based on the measured divergence o f  
the beam, t h e  t o t a l  number of f r i n g e s  should be about 
seven, which is  seen t o  bethe case i n  Fig. 24, w i t h  the 

modulation l e v e l  decreasing on either s ide of  dead c e n t e r  
due t o  the s m a l l e r  amount of l i g h t  i n  the r e f l e c t e d  beam 
being  r e f l e c t e d  back along the inc iden t  beam. 

W i t h  these prel iminary experiments t h e  a p p l i c a b i l i t y  
of the laser as a d iagnos t ic  tool  f o r  ob ta in ing  d e t a i l e d  
t i m e  and space r e so lu t ion  of free e l e c t r o n  d e n s i t y  i n  t h e  
dense, h igh ly  ionized cu r ren t  sheet has  been v e r i f i e d .  
Once t h e  plasma environment i s  shown no t  t o  i n t e r f e r e  wi th  
t h e s e  measurements a t  a p a r t i c u l a r  l a s e r  wavelength, t h e  
in t e r f e romete r  w i l l  be i n s t a l l e d  on a pinch machine. 
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VI.  REFINEMENTS I N  MICROWAVE PROBE TECHNIQUES ( E l l i s )  

I n  the l a s t  report, the basic elements o f  a 

theory r e l a t i n g  measurements of the complex r e f l e c t i o n  
c o e f f i c i e n t  R = I R I e i q r  of a lossy, inhomogeneous plasma 
t o  t h e  fundamental plasma parameters such a s  number dens i ty ,  
///grit, and c o i i i s i o n  frequeiicy, z---,L was preaentd .  

During t h i s  r epor t ing  per iod,  the techniques of measuring 
IRI and <Qr i n  the labora tory  have been improved. These 

measurements have proved to  involve s o m e  r a t h e r  s u b t l e  
po in t s ,  

n r r t  

Phase measurements can only  be made i n d i r e c t l y ,  by 
employing the in te r fe rometer  p r i n c i p l e  , The microwave 

in te r fe rometer  prev ious ly  descr ibed responds t o  t h e  
n e t  electric f i e ld  a t  the d e t e c t o r ,  w h i c h  f i e l d  may be 

expressed as t h e  vec to r  sum of  a u n i t  re fe rence  s i g n a l  and 
t h e  complex reflection c o e f f i c i e n t  i n  t h e  normalized form 

[ 1  + 5 2 ( R \ c o s  qrl 1 / 2  
(25) - - - =  

2 2 E 
n e t  

The choice of  the + or  - s ign  i n  Eq.25 i s  i n  the hands of 
t h e  experimenter, t h i s  choice determining whether t h e  b r idge  
y i e l d s  a n u l l  or an t i -nu l l  when incorpora t ing  the r e f l e c t e d  
s igna l :  v i z ,  whether the s i g n a l s  add or  sub t r ac t .  For 

convenience we  w i l l  refer t o  use of the + s i g n  as " m o d e  1" 
opera t ion ,  and use of the - s i g n  as "mode 2" operat ion.  
Both modes have the i r  uses, 

Operation of these modes w i t h  a square l a w  detector 
is shown i n  Fig, 25 and F i g ,  26, f o r  r e f l e c t i o n s  c a l c u l a t e d  
from a semi - in f in i t e  plasma slab using a previously descr ibed  
model. Figures  27a and 27b show the a c t u a l  response 
of t h e  in t e r f e romete r  t o  a discharge i n  30 of Argon. The 

greater cusp h e i g h t s  of  mode 1 opera t ion ,  i n  Fig .  25  and 27a, 
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c l e a r l y  demonstrates i t s  g r e a t e r  s e n s i t i v i t y  t o  c o l l i s i o n a l  
damping, and hence t o  measurements of  eC/u . 
a l s o  shows t h e  absence of  t h e  top  re ference  l i n e  i n  mode 1 
opera t ion ,  an unavoidable f ea tu re  which makes mode 1 
opera t ion  i n  gene ra l  d i f f i c u l t  t o  c a l i b r a t e .  

Figure 27a 

~ i g c r e c  38 and 2 9  s h o w  cornpiitred i n t e r f e romete r  responses 
f o r  t h e  two modes from a plasma wi th  an exponent ia l  d e n s i t y  
g r a d i e n t  a t  t h e  boundary, a ( z )  = n, (1 - e - (2mz) h0) 
assuming a cons t an t  c o l l i s i o n  frequency and a d e t e c t o r  wi th  
a l i n e a r  response l a w .  These f i g u r e s  a r e  simply p l o t s  of  

In s t ead  o f  us ing  t h e  quan t i ty  "m" i n  t h e  exponent ia l  t o  
i d e n t i f y  these  curves,  a new parameter Z is employed. Z 

is  def ined  t o  be t h e  value of Z/xo, f o r  a given rn, which 
makes Y\(e) / p ,  = 1 - e -2mz/7(o = 0.99. Thus t h e  phys ica l  

i n t e r p r e t a t i o n  o f  Z 

i n  u n i t s  o f  lo, t h e  f r e e  space wavelength. 

Eq. 25 based on t h e  theory presented i n  t h e  prev ious  repor t .  [ 1-32] 

* * 

* 
i s  t h e  th ickness  of t h e  g r a d i e n t  reg ion  

A l i n e a r  d e t e c t o r  can be r e a l i z e d  i n  p r a c t i c e  by 
employing a forward vol tage b i a s i n g  c i r c u i t  i n  conjunct ion 

w i t h  a Phi lco  IN2792 germanium diode and a compensating 
c i r c u i t  f o r  t h e  osci l loscope.  The measured v o l t  ampere 

c h a r a c t e r i s t i c ,  employing normalized q u a n t i t i e s  a c t u a l l y  used 
f o r  t h e  experiments, i s  shown i n  Fig. 30. The l i n e a r i t y  of  
t h i s  c h a r a c t e r i s t i c  i s  evident.  Its usefu lness  s t e m s  from 
t h e  f a c t  t h a t  mode 1 opera t ion  can now be m o r e  e a s i l y  c a l i b r a t e d ,  

by  l o c a t i n g  a top  c a l i b r a t i o n  l i n e  a t  t w i c e  t h e  h e i g h t  o f  
t h e  c e n t r a l  c a l i b r a t i o n  l i n e .  This i s  s i g n i f i c a n t  because 
a unique determinat ion o f  ramp th ickness  a t  t h e  plasma 
boundary becomes p o s s i b l e  by ope ra t ing  t h e  b r idge  i n  both  

mode 1 and mode 2. 

A close examination of Figures 2 8  and 29 shows t h a t  
t h e y  are no t  symmetrical about t h e  c e n t e r  l i n e ,  a cond i t ion  
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a r i s i n g  from the  square root  funct ion i n  Eq. 25. The curves 
of Fig. 28 are much more c lose ly  bunched a t  high d e n s i t i e s  
than a r e  those of  mode 2 i n  Fig, 29. Simultaneous measure- 
ment o f  f/2 i n  each mode, w i t h  l i n e a r  d e t e c t o r s ,  determines 
a unique value of the ramp parameter w h i c h  can be read o f f  
d i r e c t l y  from these  curves,  and used t o  y i e l d  values  of  
e lec tr~n  density vs, time. C o l l i s i o n  frequencies  can st i l l  
be determined, from o t h e r  computed sets of these curves,  
because the ramp thickness ,  Z , does not  appreciably a f f e c t  

cusp height .  

* 

The model used fo r  these computed curves assumes a 
plane wave  i nc iden t  on the plasma boundary, Departure 
of  t he  experimental  s i t u a t i o n  from t h i s  presumption causes 
no t roub le  so long a s  the inc iden t  microwave energy is, o r  
can be,  t o t a l l y  r e f l e c t e d  by the plasma. Due t o  the  roughly 
s p h e r i c a l  na ture  of the emerging wavefront d i f f r a c t i n g  o u t  
of the horn mouth, t h e r e  is a tendency f o r  some energy t o  
" leak" t r ansve r se ly  down the boundary l aye r ,  i n  v i o l a t i o n  
of  one-dimensional assumptions : t h i s  would cause1 Rimax< 1, 
and appropr ia te  cor rec t ions  would have t o  be appl ied t o  t h e  
data .  Thus it is  necessary t o  measure \ R \  simultaneously 
whenever f/2 measurements a r e  made w i t h  t he  in te r fe rometer .  
These measurements together  w i l l  determine the  complex 
r e f l e c t i o n  c o e f f i c i e n t  uniquely. 

I RI measurements cannot, by d e f i n i t i o n ,  be dependent 
on the  phase of t h e  r e f l e c t e d  s igna l .  This  condi t ion  i s  
u s u a l l y  assumed t o  be s a t i s f i e d  i f  a n u l l  i s  f i r s t  set a t  
t h e  d e t e c t o r ,  b u t  it has been found t h a t  such balancing 
methods a r e  no t  s u f f i c i e n t  t o  guarantee accurate  measurements 

of \ R \  . 
r e f l e c t o r  placed i n  the  waveguide a t  the  equiva len t  of t h e  
horn p o s i t i o n  can be o s c i l l a t e d  back and for th .  The ideal 

r e s u l t ,  I R (  = 1 with no o s c i l l a t i o n s ,  was never observed t o  

T o  check phase - sens i t i v i ty ,  a movable m e t a l l i c  
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occur, O s c i l l a t i o n s  w e r e  always p re sen t ,  apparent ly  due 
t o  the altered e f f e c t i v e  terminat ion impedance appearing 
a t  the waveguide end when r e f l e c t i o n s  w e r e  introduced. 
The s i t u a t i o n  i s  n o t  unl ike t h e  mechanical concepts o f  
s t a t i c  and dynamic balancing. The dynamic balance,  as it 
w e r e ,  w a s  accomplished w i t h  a r e f l e c t i o n  br idge ,  w h i c h  
could be "ualaiizzd to give p, = 1 5:. i tk? RQ Qccillations from 

a metal l ic  plungerby introducing a bucking s i g n a l  of care- 

f u l l y  chosen amplitude and phase t o  cance l  the spurious 
o s c i l l a t i o n s .  The procedure i s  ted ious  and involved, b u t  
t h e  r e f l e c t i o n  measurements w h i c h  have been made using 
t h i s  approach a r e  considerably m o r e  a ccu ra t e  than those 
prev ious ly  obtained. 

The d e t a i l e d  r e s u l t s  of microwave measurements on the 

dynamical plasma events  i n  c losed chamber d ischarges  are 
c u r r e n t l y  being reduced, and w i l l  be presented i n  f u l l  i n  
a forthcoming Ph.D. thesis t o  be completed dur ing  the 

coming 6-month period. 
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I .  

V I I ,  HIGH-PERFORMANCE CAPACITOR DEVELOPMENT (Staf  f-Corson) 

. 

The program of  design and cons t ruc t ion  of a series of  
low-inductance capac i to r s  s u i t a b l e  f o r  simple assembly i n t o  
pulse  l i n e  conf igura t ions  has continued along the  schedule 
ou t l ined  i n  t h e  proposal. 
vol tage models, a fu l l - s ca l e  10 Kv prototype was assembled 
an6 t e s t e d  as an isolated tizit, =is capacitor; shown i n  
Fig. 31, is  7-1/4(H) x l O " ( W )  x 7-5/8"(L) i n  dimension, 
weighs 26-1/2 lbs., and was found t o  have a capaci tance of  
7 p f d ,  and a se l f - resonant  frequency of 1 megacycle. 
Following t h i s  s a t i s f a c t o r y  opera t ion ,  t h r e e  o the r  i d e n t i c a l  
capac i to r s  have been assembled, and now a r e  being t e s t e d  i n  
var ious  connection configurat ions t o  determine the  behavior 
of the group when assembled as a l i n e ,  Presuming confirmation 
of  the a n t i c i p a t e d  low-impedance ta i lored-pulse  c a p a b i l i t y  
of  t h i s  assembly, a f i n a l  group of s i x  u n i t s  w i l l  be added 
which, along with the present  four ,  should provide t h e  c u r r e n t  
pu lse  length  and magnitude des i r ed  f o r  matched impedance 
a c c e l e r a t i o n  s t u d i e s  i n  the 8" closed chamber discharges,  

Based on prel iminary low 
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V I I I .  PLASMA EXHAUST STUDIES (Clark-Eckbreth) 

The s tudy of  t h e  exhaust of a pulsed plasma from an 
o r i f i c e  has  been continued during t h i s  r epor t ing  per iod,  
b u t  has  p r imar i ly  involved cons t ruc t ion  and c a l i b r a t i o n  of 
more soph i s t i ca t ed  d iagnos t ic  equipment which w i l l  f a c i l i t a t e  
m o r e  rap id  and accura te  da ta  accumulation dur ing  t h e  d e t a i l e d  
program to f o i i o w .  As r,oted in A-L- - -~- . - - . . IC 

LllC v L U G  semi-annual 

r e p o r t  t he  most s t r i k i n g  observat ion made i n  t h e  pre- 
l iminary s t u d i e s  was a n  apparent s t a b i l i z a t i o n  of the  
exhaust plume c u r r e n t  p a t t e r n  i n t o  a s teady  conf igura t ion  
over t he  l a s t  two t h i r d s  of a 20 psec - 1 2 0  kiloampere 
pulse .  Whether t h i s  was a consequence of t h e  c o n s t r a i n t  
imposed by t h e  r e l a t i v e l y  small  exhaust v e s s e l  used then,  o r  

a m o r e  b a s i c  proper ty  of the e j e c t i o n  process  was t h e  main 
ques t ion  guiding the  most r ecen t  work. 

Exhaust s t u d i e s  have now been i n i t i a t e d  i n  the  l a r g e  
P lex ig l a s  vacuum f a c i l i t y  a l s o  discussed i n  t h e  previous 
r e p o r t ,  and c e r t a i n  t e n t a t i v e  r e s u l t s  can be quoted, Speci- 
f i c a l l y ,  t h e  discharge chamber has been dr iven  with var ious  

r ec t angu la r  pu lse  currentwaveforms: 120  kiloamps f o r  20 psec, 
60 kiloamp f o r  40 psec, and 30 kiloamps f o r  80 psec. 
p u l s e  r ep resen t s  a f ixed  energy i n  the  capac i to r  bank of  
about 6,500 joules .  The back pressure  i n  t h e  tank has  a l s o  
been var ied  over t he  complete range f r o m  .02 p t o  100 p of  
Argon using t h e  shock tube gas i n j e c t i o n  t r i g g e r i n g  technique 
descr ibed  earlier.  The following t r ends  have been observed 
i n  these  s tud ie s :  

Each 

1, For a given pu l se  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  higher tank back p res su res  than a t  

l o w e r  back p res su res  . 
2. For a given energy pu l se ,  a g r e a t e r  percentage 

of c u r r e n t  appears  t o  f l o w  i n t o  t h e  plume f o r  longer  pu l se  
t i m e s  than wi th  s h o r t e r  pulses. 
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. 

3. A t  high back pressures  t h e  c u r r e n t  d i s t r i b u t i o n  
appears t o  s t a b i l i z e  i n  the exhaust plume: a t  low back 
pressures  t h i s  s t a b i l i z a t i o n  has  not  y e t  been observed. 

4. The c u r r e n t  p a t t e r n  propagates more r ap id ly  
through the  plume, both a x i a l l y  and r a d i a l l y  i n  the low 
back pressure  cases  than i n  the high pressure  cases .  

These p re l imina ry  s t u d i e s  a r e  now being supplemented 
by more d e t a i l e d  and systematic probing of t he  exhaust. To 

accomplish t h i s ,  t h e  l a r g e  P lex ig l a s  f a c i l i t y  has  been 
equipped w i t h  a probe rake with a x i a l  and r a d i a l  d r i v e s  
capable of handling 13 magnetic probes a t  one t i m e  and 
capable of  supporting o ther  types of probes (Fig,  32). I n  
add i t ion  t o  t h i s  device,  a 4" diameter Rogowski c o i l  has  
been provided which i s  capable of surveying enclosed c u r r e n t  
on the  a x i s  of the exhaust ves se l  from the  o r i f i c e  t o  t h e  
f a r  end of the  tank: a vol tage d i v i d e r  has  been mounted 
ac ross  the  e l ec t rodes ;  and var ious  Faraday probes a r e  under 
cons t ruc t ion ,  
ment, these  w i l l  permit rapid,  accura te  survey of  plume 
c h a r a c t e r i s t i c s  over a broad range of  opera t ing  condi t ions ,  
and hopeful ly  w i l l  c l a r i f y  t h e  process  of c u r r e n t  s t a b i l i z a -  
t i o n  and back pressure  e f f e c t s .  

Coupled with t h e  e x i s t i n g  photographic equip- 

57 



MULTIPLE PROBE ARRANGEMENT FOR PLEXIGLAS 
VACUUM TANK 

58 I FIGURE 32 



I. PROJECT REFERENCES 

1-1. "Proposed Studies  of t h e  Formation and S t a b i l i t y  o f  
an Electromagnetic Boundary i n  a Pinch." Proposal f o r  
NASA Research Grant NsG-306-63, 5 March 1962. 

1-2, F i r s t  Semi-Annual Progress Report f o r  t h e  per iod  
1 J u l y  1962 t o  3 1  December 1962, Research Grant 
NsG-306=63 8 Aerznautical EngheerFng R-eport No. 634, 
Pr inceton Universi ty ,  Pr inceton,  New Jersey.  

1-3, "The Plasma Pinch as  a Gas Acce le ra to r , "  AIAA Electric 
Propulsion Conference, 11-13 March 1963, P r e p r i n t  No. 
63013. 

1-4 . Second Semi-Annual Progress Report f o r  t h e  per iod  
1 January 1963 to  30 June 1963, Research Grant NsG- 
306-63, Aeronautical  Engineering Report No. 634a, 
Pr inceton Universi ty ,  Pr inceton,  New Jersey .  

1-5. "S t ruc tu re  of a Large-Radius Pinch Discharge, I' A I M  
Journa l  A, 8, 1809-1814, (1963). 

1-6, "Gas-Triggered Inverse Pinch Switch, Review of  
S c i e n t i f i c  Instruments 34, 1 2 ,  1439-1440 (1963) . - 

1-7, "A Gas-Triggered Inverse Pinch Switch, 'I Technical 
N o t e ,  Aeronaut ical  Engineering Report N o ,  660, 
Pr inceton Universi ty ,  Pr inceton,  New Je r sey ,  August, 
1963. 

1-8. "Pulsed Electromagnetic Gas Acce lera t ion ,"  Paper No. 11, 
8, Fourth NASA In te rcen te r  Conference on P l a s m a  Physics 
i n  Washington, D. C . ,  2-4 D e c e m b e r  1963, 

1-9, "Current D i s t r ibu t ions  i n  Large-Radius Pinch Discharges,  II 
A I M  Aerospace Sciences Meeting, 20-22 January 1964, 
AIAA P r e p r i n t  No. 64-25. 

1-10. "Current D i s t r i b u t i o n s  i n  Large-Radius Pinch Discharges , Ii 
AIAA B u l l e t i n  - 1, 1, 1 2  (1964). 

1-11. "Current D i s t r ibu t ions  i n  Large-Radius Pinch Discharges , 
AIAA Journa l  2, 10, 1749-1753 (1964). 

1-12. Third Semi-Annual Progress Report f o r  t h e  per iod  1 J u l y  
1963 t o  31 December 1963, Research Grant NsG-306-63, 
Aemnau t i ca l  Engineering Report No. 634b, Pr inceton 
Univers i ty ,  Princeton, New Jersey .  

59 



I. PROJECT REFEmNCES - CONTD. 

. 

1-13. "Pulsed Electromagnetic G a s  Accelerat ion,  I' R e n e w a l  
Proposal f o r  15 months extension of  NASA Research 
Grant  NsG-306-63, Princeton Universi ty ,  Princeton, 
New Jersey,  dated 15 January 1964. 

1-14, Fourth Semi-Annual Progress Report f o r  t he  per iod  
1 January 1964 t o  30 June 1964, Research G r a n t  NsG-306-63, 
Department of Aerospace and Mechanical Sciences Report 
No. 634c, Princeton Universi ty ,  Princeton, New Jersey.  

1-15. "Gas-Triggered Pinch Discharge Switch, Princeton 
Technical N o t e  No. 101, Department of  Aerospace and 
Mechanical Sciences, Pr inceton Universi ty ,  Princeton, 
New Jersey ,  Ju ly  1964. 

1-16, " G a s  Triggered Pinch Discharge Switch," The Review of  
S c i e n t i f i c  Instruments - 36, 1, 101-102 (1965). 

1-17, "Double Probe Studies i n  an 8" Pinch Discharge," M.S.E. 
Thesis of J. M, C o r r ,  Department of Aerospace and 
Mechanical Sciences, Pr inceton Universi ty ,  Princeton, 
New Jersey ,  September 1964. 

1-18, "Exhaust of a Pinched P lasma  from an Axial O r i f i c e , "  
AI- B u l l e t i n  - 1, 10, 570 (1964). 

1-19. "Exhaust of a Pinched Plasma from an Axial O r i f i c e , "  
AIAA Second Aerospace Sciences Meeting, New York, New 
York, 25-27 January 1965, Paper No. 65-92. 

1-20. "Ejection of  a Pinched Plasma from an Axial O r i f i c e , "  

1-21. F i f t h  Semi-Annual Progress Report f o r  t he  per iod 1 J u l y  

AIAA Journal - 3, 10, 1862-1866 (1965). 

1964 t o  31 December 1964, Research Grant NsG-306-63, 
Department of  Aerospace and Mechanical Sciences Report 
No. 634d, Princeton Universi ty ,  Princeton, New Jersey.  

1-22, "On t he  Dynamic Eff ic iency of  Pulsed Plasma Accelerators, It 

1-23. 

AIAA Journal  2, 6, 1209-1210 (1965). 

"Linear Pinch Driven by a High-Current Pulse-Forming 
Network," AIAA Bu l l e t in  2, 6, 309 (1965) , 

1-24. "Linear Pinch Dr iven  by a High Current  Pulse-Forming 
Network," 2nd AIAA Annual Meeting, San Francisco, 
Ca l i fo rn ia ,  26-29 July 1965, Paper No. 65-336. 

60 



I, PROJECT REFEmNCES - CONTD, 

1-25, "The D e s i g n  and Development o f  Rogowski C o i l  Probes 
f o r  Measurement of Current Density D i s t r i b u t i o n  i n  a 
Plasma Pinch," M.S.E. Thesis o f  Edward S. Wright, 
Department of Aerospace and Mechanical Sciences,  Pr inceton 
Universi ty ,  Pr inceton,  New Jersey ,  May 1965, 

1-26. "The Design and Development of  Rogowski Co i l  Probes 
for Measurement of  Current Density D i s t r i b u t i o n  i n  a 
P l a s m a  Pinch," Department of Aerospace and Mechanical 
Sciences Report No. 740, Pr inceton Univers i ty ,  Pr inceton,  
New Jersey ,  June 1965, 

1-27. "Pulsed Elec t romagnet ic  G a s  Accelerat ion,  Renewal 
Proposal f o r  1 2  months ex tens ion  o f  NASA Research Grant 
NsG-306-63, Pr ince ton  Universi ty ,  Pr inceton,  New Jersey ,  
dated 7 June 1965. 

1-28, "Miniature R o g o w s k i  Coi l  Probes for D i r e c t  Measurement 
o f  Current Density D i s t r i b u t i o n s  i n  Trans i en t  P l a s m a s , "  
The Review o f  S c i e n t i f i c  Instruments 36, 1 2 ,  1891-1892 
(1965). 

- 

1-29. S ix th  Semi-Annual Progress Report f o r  t h e  per iod  
1 January 1965 t o  30 Ju ly  1965, Research Grant NsG-306-63, 
Department of  Aerospace and Mechanical Sciences Report 
No. 634e, Pr inceton Universi ty ,  Pr inceton,  New Jersey ,  

1-30, "Cyl indr ica l  Shock Model of  t h e  Plasma Pinch,"  M.S.E. 
Thesis of Glen A. R o w e l l ,  Department of  Aerospace and 
Mechanical Sciences,  Princeton Univers i ty ,  Pr inceton,  
New Je r sey ,  February 1966, 

1-31. "Cy l ind r i ca l  Shock Model o f  t h e  Plasma Pinch," Department 
o f  Aerospace and Mechanical Sciences Report No. 742, 
Pr inceton Univers i ty ,  Pr inceton,  New Je r sey ,  February 1966. 

1-32. Seventh Semi-Annual Progress Report f o r  t h e  per iod  1 J u l y  
1965 t o  3 1  D e c e m b e r  1965, Research Grant NsG-306-63, 
Department of  Aerospace and Mechanical Sciences Report 
No,  634f, Pr ince ton  Universi ty ,  Pr inceton,  New Jersey ,  

1-33. "Electric and Magnetic F ie ld  D i s t r i b u t i o n s  i n  a 
Propagating Current Sheet," AIAA B u l l e t i n  2, 1, 35, (1966). 

1-34. "Electric and Magnetic F ie ld  D i s t r i b u t i o n s  i n  a 
Propagating Current  Shee t , "  A I M  F i f t h  Electric Propulsion 
Conference, San D i e g o ,  Ca l i fo rn ia ,  7-9 March 1966, Paper 
NO, 66-200, 

61 



. 

I. PROJECT REFERENCES - CONTD. 

1-35. "Pulse Forming Networks f o r  Propulsion Research, 'I Paper 
presented a t  t h e  Seventh Symposium on Engineering 
A s p e c t s  o f  Magnetohydrodynamics, Princeton Universi ty ,  
Princeton, New Jersey,  March 30-April 1, 1966 (p. 10-11 
w -c I uy C * - n n - i r i r n  *uyYvu * U.. Drnreedings) L - - - - - I 

1-36, "Dynamics of a Pinch Discharge Driven by a H i g h  Current  
Pulse Forming Network," Ph.D. Thesis of Nevi l le  A. Black, 
Department of Aerospace and Mechanical Sciences, 
Princeton University,  Princeton, New Jersey, May 1966. 

1-37, "Dynamics of  a Pinch Discharge Driven by a High Current 
Pulse-Forming Network," Aeronautical  Engineering Report 
No,  778, Department of Aerospace and Mechanical Sciences,  
Princeton Universi ty ,  Princeton, New Jersey, May 1966, 

1-38, "Pulsed Plasma Propulsion, I '  Paper presented a t  t h e  
F i f t h  NASA In te rcen te r  and Contractors Conference on 
Plasma Physics,  Washington, D. C. ,  24-26 May 1966, 
p. 75-81, P a r t  V of  Proceedings. 

1-39. "Pulsed Electromagnetic Gas Acceleration, Renewal 
Proposal f o r  24 months extension of NASA Research 
Grant NsG-306-63, Princeton University,  Princeton, New 
Jersey ,  25 May 1966, 

1-40. "A Large Dielectric Vacuum F a c i l i t y , "  AIAA Journal  4, 
6, 1135, (1966) . 

1-41 . "St ruc ture  of  the Current Sheet i n  a Pinch Discharge," 
Ph.D. Thesis of Rodney L. Burton, Department of Aerospace 
and Mechanical Sciences,  Princeton Universi ty ,  Princeton, 
New Jersey ,  August 1966, 

62 



b 

11, GENERAL REFERENCES 

- 

I . 

11-1. Jahoda, F. c., Little, E. Me, QUinn, w. E.,  Ribe, F. L. 
and Sawyer, G. A., "Plasma Experiments with a 570-KJ 
Theta-Pinch," Journal of Applied Physics, 358 8, 2351 
(1964) . - 

ii-2. As'n'by, E. E. T. r". and ~zphz~tt, E. F., l t ~ e a ~ ~ r e ~ e n t  
of Plasma Density Using a Gas Laser as an Infrared 
Interferometer, 'I Applied Physics Letters, 38 1, 13 
(1963). 

- 

11-3, Wheeler, C. Bo and Dangor, A. E . ,  "Laser Interferometric 
Measurements of Rapid Electron Density Changes in a 
Plasma," Paper No. 2, Session VII, 26th Meeting of the 
NATO AGAFW Propulsion and Energetics Panel in Pisa, 
Italy, 6-10 September 1965, 

11-4. Verdeyen, J. T. and GerardO, J. B. ,  "Plasma Diagnostics 
with Gas Lasers," Paper No, 38 Session VII, 26th Meeting 
of the NATO AGARD Propulsion and Energetics Panel in 
Pisa, Italy, 6-10 September 1965, 

11-5, Gerardo, J. B., Verdeyen, J, T. and Gusinow, M. A., 
"High-Frequency Laser Interferometry in Plasma Diagnostics," 
Journal Of Applied Physics, 36, 7, 2146 (1965). - 

63 



c 
c 

APPENDIX A: 

S e m i - A n n u a l  Statement of E x p e n d i t u r e s  

PULSED ELECTROMAGNETIC 

GAS ACCELERATION 

G r a n t  NsG-306-63 

1 January 1966 - 30 June 1966 

D i r e c t  C o s t s  

I. Salaries and Wages 

A. Profess iona l  $ 10,500 
B. S tudents  4,301 
C. Technicians 7 , 050 

D. Supporting Staff  7 # 915 

11, E m p l o y e e  B e n e f i t s  
( 1 2 %  of I t e m  I) 

111. E q u i p m e n t  

IV. Materials and Serv ices  

V, C o m m u n i c a t i o n s  and Shipping 

V I ,  T r a v e l  

Total Direct C o s t s  

Ind i rec t  C o s t s  

V I I ,  O v e r h e a d  ( 2 0 %  of I t e m s  I t h r u  V) 

Total C o s t s  

$ 29,766 

3 , 5 7 2  

450 

5 649 

8 , 2 7 0  

$ 4 9 , 6 2 3  
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