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ABSTRACT 

Plasma energy d e n s i t y ,  c o n d u c t i v i t y ,  and tempera- 

t u r e  were measured a t  v a r i o u s  p r e s s u r e s  r ang ing  from 3 

t o  120 k i l o b a r s .  The exper imenta l  work w a s  conducted 

i n  two p a r t s ;  plasmas wi th  p r e s s u r e s  t o  1 5  k i l o b a r s  %ere 

formed by c a p a c i t o r  d i s c h a r g e s  i n  w a t e r ,  and plasmas 

w i t h  h i g h e r  p r e s s u r e s  were formed by  d e t o n a t i n g  10 grams 

of PET" i n  t h e  w a t e r  a d j a c e n t  t o  t h e  e l e c t r i c a l  d i s c h a r g e  

p a t h .  A t  9 .4  k i l o b a r s  a n d  35 O 0 O o K ,  t h e  energy  d e n s i t y  

was 15 J/mm . An equa t ion  of s t a t e  based upon t h e  Debye 

s h i e l d i n g  t h e o r y ,  :si thcut accouilTiiig i o r  t h e  d i s t o r t i o n  

of e l e c t r o n  quantum s t a t e s ,  p r e d i c t s  an energy  d e n s i t y  

of o n l y  3 . 3  J/mm . A n  approximate c a l c u l a t i o n  is pre-  

s e n t e d  which accoun t s  f o r  t h e s e  d i s t o r t i o n s ,  and f u r n i s h e s  

an e s t i m a t e  of p a r t i c l e  d e n s i t i e s  from measured energy  

d e n s i t i e s .  

o b t a i n e d  a t  117 k i l o b a r s  and atoms/m3. A t  10  

k i l o b a r s  and 35 OOO°K,  t h e  c o n d u c t i v i t y  was 3 x l o 5  (ohm m ) - l  

and i n c r e a s e d  w i t h  p r e s s u r e .  

t h e  c o n d u c t i v i t y  w a s  2 . 5  x l o 5  ( o h m  m > - l  and a l s o  was 

an i n c r e a s i n g  f u n c t i o n  of p r e s s u r e .  

3 

3 

A peak energy d e n s i t y  of 75 J/m3 was 

A t  110 k i l o b a r s  and 10 OOO°K, 
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I i- 

I. INT30DUCTION 

Plasma energy d e c s i t g  and c o n d n c t i v i t y  have been 

measured a t  p r e s s u r e s  ranging from 3 t o  120 k i l o b a r s .  

Various t h e o r e t i c a l  s t u d i e s  of h i g h  d e n s i t y  plzsmzs 

have appeared w h i c h  a r e  g e n e r a l i z a t i o n s  upon t h e  Debye 

s h i e l d i n g  t h e o r y .  1-3 

a v a i l a b l e  t o  check r e s u l t s .  The p r e s e n t  measurements 

show t h a t  t h e  Debye theory and i ts  n?od i f i ca t ions  zre 

not  a c c u r a t e .  The d i s t o r t i o n  of e l e c t r o n  quantum 

s t z t e s  dominates t h e  s h i e l d i n g  e f f e c t  a t  h igh  d e n s i t y .  

However, d a t a  w e r e  n o t  t hen  

The p r e s e n t  r e s u l t s  a r e  t h e  outgrowth of exper i -  
a mental procedures  p rev ious ly  r e p o r t e d  by  E.  A .  X a r t i n ,  

who made some mezsurements i n  t h e  lower p o r t i o n  of t h e  

p r e s s u r e  range  be ing  considered here.  H i s  plzsmas were 

formed by d i s c h a r g i n g  a c a p a c i t o r  bank between e l e c t r o d e s  

submerged i n  wa te r ;  t h e  p r e s s u r e  was produced by t h e  

i n e r t i a l  r e s t r a i n t  of the water  upon t h e  expanding dis-  

charge  column. Higher p r e s s u r e s  than  Mar t in ' s  w e r e  

ob ta ined  i n  t h e  p re sen t  work by d e t o n a t i n g  a chemical 

exp los ive  i n  t h e  water nea r  t h e  d i scha rge  p a t h .  

Experimental  mod i f i ca t ions  have improved t h e  accuracy of 

measurements and inc reased  t h e  t ime r e s o l u t i o n  above t h e  

l e v e l s  he a t t a i n e d .  Changes i n  t h e  computat ional  pro- 

cedures  have e l imina ted  approximations which caused h i s  

p r e s s u r e  e s t i m a t e s  t o  be t o o  h igh .  

5 
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The exper imenta l  procedures  2nd c a l c u l a t i o z s  a r e  

desc r ibed  i n  s e c t i o n  I f .  The datz and r e s u l t s  of czl- 

c u l a t i o r s  a r e  the:;: presenzed  f OL- zeasu renen t s  near  10 

k i l o b a r s  in s e c t i o n  111 and fcr  masuremen t s  nezr" 100 

k i l o b a r s  i i l  section fV. 

with a d i s c u s s i o p  of tl:eorjr ~s::tafi:l:::zg ix i in ly  t o  the 

measur2ments a t  the 1.o-ver press-nr-s, Ta2xx-e c a l c u l a t i o n s  

based upon t h e  Debye s k i d l d i n g  t h e o r y  p r e d i c t  values 

for i n t e r n a l  energy f i v e  tims sxaller than measured 

v a l u e s .  

S e c t f o z  V concludes the pziper 

1 I. EXPEIEIXEXTAL PBGCEDUFLES 

Although exgerimental  findings are p resen ted  for 

t w o  d i f f e r e n t  regions of pressui-e, the  pi-oceaures for 

o b t a i n i n g  d s t a  were n o t  s u b s t a = t i a i l y  d i f f e r e n t  i;: 

t h e  two csses. The cecessz ry  ckinges in procedure a r o s e  

from t h e  use of a c h e n i c a l  e x p l c s i v e  t o  conf ine  t h e  

plasma 2 t  the h i g h e r  pressure l e v e l .  

Torna t ion  of Plasina 

For Loth r eg ions  of pressure, a bank of energy 

s t o r z g c  c a p a c i t o r s  forned t h e  p l a s m  between Lnder-water 

e l e c t r o d e s  spaced  a f e w  millimeters a p a r t .  The back, 

des igned  t o  kee2 fnductaiice l a w ,  wzs ra ted a t  20 kV and 

con ta ined  up to 56pF. Rates  of Cui-l-znt rise less t h a n  

nzxixun were obt3ined by either renoving capac i t ance  

o r  i n c r e a s i n g  the circuit indcctance. Fur a l l  t e s t s ,  
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t he  cha rg ing  v o l t a g e  was kep t  a t  20 kP t o  m i n h i z e  

v a r i a t i o n s  i n  t h e  fo rma t ive  t i m e  of the d i s c h z r g e .  The 

r a t e  of c u r r e n t  r i s e  was n e a r l y  Cai-istant whi le  da tz  were 

be ing  r eco rded  except  f o r  t h e  f irst  0 . 2  y s e c .  when the 

r a t e  was somewhat less. 

A f i n e  w i r e  was s t r e t c h e d  between t h e  e l e c t r o d e s  

t o  e s t ab l i sh  t h e  d i scha rge  pa th  ar-d t o  e l i m i n a t e  a t ime 

j i t t e r  of about  1 psec i n  t h e  T o m a t i o n  of t h e  dis- 

cha rge .  The j i t t e r  could  no t  5e ~ ; o l z r e t e d  when e x p l o s i v e  

was used because t h e  shock wzve ~ T O X  xCe e x p l o s i v e  had 

t o  be synchronized  w i t h  t h e  electl-icsl  d i s c h a r g e .  The 

plasma c o n s i s t e d  maicly of water  vzipor, with on ly  a 

small  f r a c t i o n  of the mass i n  t h e  plasma be ing  from t h e  

4 w i r e .  Because of t h e  low m o b i l i t y  of i o n s  i n  t h e  plasrua, 

t h e  metal from t h e  wire remained c o n c e n t r a t e d  on t h e  

a x i s  of t h e  d i scha rge  column, arid also i;he meta l  from 

t h e  electrodes d i d  n o t  mig ra t e  a n y  s i g n i f i c a n t  d i s t a n c e  

i n t o  t h e  plasma. Wires of 0.031 i n .  t u n g s t e n  and 0.0C” 

copper  were used s u c c e s s f u l l y ,  m5th no appa rec t  d i f f e r e n c e  

i n  t h e  r e s u l t s .  Iiowever, j i t t e r  occu r red  w i r h  w i r e  of 

0.0005 i n .  t u n g s t e n .  

B4e a s u r  emen t s 

Photographs were t a k e n  of t h e  d i s c h a r g e  columns 

w i t h  a Kerr-cell camera des igned  t o  t a k e  t w o  esposures  

d u r i n g  a s i n g l e  experiment .  A b e a m - s p l i t t i n g  m i r r o r  be- 

h i n d  t h e  l e n s  formed two l i g h t  channe l s  which were 

s h u t t e r e d  independent ly .  Exposure t imes  were 0 . 1  psec .  

- 5 -  



3 The magn i f i cz t ion  factor af t h e  cexei-8 was measured so  

t h a t  plasma dimensiozs c o u l d  be s c a l e d  from t h e  photographs.  

The d e n s i t y  of t h e  photographic  image i n d i c a t e d  

t h e  tempera ture  of t h e  plasma. The p’ lasms  r sd ia tec i  as 

a blackbody, s o  t h e  i n t e n s i t y  of r a d i a t i o r :  upon t h e  

f i l m  could  be computed as a funczion of tempera ture .  The 

measurements had o n l y  a s l i g h t  degesdence uson t h e  

s p e c t r a l  c h a r a c t e r i s t i c s  of t h e  f i l m  and camerz. The 

plasma tempera ture  was determined f o r  one s e t  of expe r i -  

mental  c o n d i t i o n s  w i t h  a photodicde u s i n g  h i a r t i n ’ s  pro- 

~ e d u r e . ~  Then photographs were t a k e n  of t h a t  sou rce  of 

known temperature  t o  c a l i b r a t e  the f i l m  d e n s i t y  s c a l e  

a g a i n s t  t he  camera f n-mber and the plzsma tempera ture .  

r 
. .  

e - e y T m P * + .  t 5 n e  

ed-, 

The a p p l i c a t i o n  of the &?bye theo ry  is n o t  h i g h l y  s e n s i -  

t i v e  t o  tempera ture  s o  t h a t  t h e  canc lus ions  a r e  u n a f f e c t e d  

by t h i s  somewhat i n p r e c i s e  method of tempera ture  measurement. 

The d i s c h e r g e  c i r c u i t  ~ 2 s  a t t a c h e d  t o  t h e  ground 

p lane  a t  one of t h e  dLscharge e l e c t r o d e s  and a t  that 

p o i n t  on ly .  Then tfie v o l t a g e  of t he  o t h e r  e l e c t r o d e  

r e l a t i v e  t o  ground w x  t h e  same a s  t h e  drop a c r o s s  t h e  

plasma. T h i s  vo l t age  was measured w i t h  a lOOOX probe and 

o s c i l l o s c o p e .  Howeve;-, a c o r r e c t i o n  mas necessary  t o  

account f o r  t h e  inductance of t h e  e l e c t r o d e s  and t h e  

plasma i t s e l f .  T h e  c o r r e c t i o n  was mezsured b y  r e p l a c i n g  

- 6 -  



-the plasma wi th  a heavy copper w i r e ,  and b y  computing 

t h e  d i f f e r e n c e  i n  inductance  between t h e  w i r e  and plasmz 

a s  2 second o r d e r  c o r r e c t i o n .  The  c o r r e c t i o n  t o  t h e  

v o l t a g e  d r o p  a c r o s s  t h e  p l a s m  CDiUilllI, g iven  by d ( L I ) / ' c i t ,  

w a s  from 10 t o  20%. 

C a 1 cii Z a t iorr 5 

P1asni;i volmie was coniputed as a fu l i c t ion  of tinie 

f r o m  t h e  d i ame te r  a n d  l e q t h  of t h c  d l s c h a r g e  colcn:ii. 

The d iameter  was foulid t o  be n e a r l y  proportional t o  

t i n e  d u r i n g  the f i r s t  rc.icrosecond ol' coluriin growth i n  

a l l  of t h e  experiincii ts .  A s l i g h t  b l u r r i n g  occur red  i n  

t h e  photographs because of  t h e  plasma growth d u r i n g  t h e  

exposure .  Tlins t h e  t ime of a p a y t i c u l a r  photograph was 

clioser, t o  be t h e  end p o i n t  of t!ie 0.1 p s e c  exposure 

i n t e r v a l ,  and t h e  d i ame te r  t o  i r -c lude t h e  outermost  

f r i n g e s  of t h e  photogsaphic  i rmge.  

P r e s s u r e  in t h e  plascia  was preci~iced i n  two w c y s .  

'i , ; e 7,v 2 t e;. SUY' i.a;] 11 d i ;g riie p l a sma  provided an i n e r t i a l  

coiifinemeiit , a n d  t h e  pinch e f f e c t  p r a v i d e d  a magnetic 

confinement .  T h e  t o t 2 1  p r e s s u r e  v:as t a k e n  t o  be t h e  sum 

._ 

of t h e  ~ W O  co i~ t r lSLt io1>s ,  

rr?, l n e  d i s c u s s i o n  of the i n e r t i a l  e f f e c t ,  cons idered  

f i r s t ,  I s  s t i f f  i c i e n t l y  gcr;cral to iiic.lude t e s t s  wi th  o r  

wi thoxt  e x p l o s i v e .  Sii cx;:jandicg c y i  I ~ d e r  of plasma 

d i s & i a c e s  w a t e r  which h a s  a c e r r a i n  an:bient p r e s s u r e ,  

1 b a r  f o r  t h e  tests without  e x p l o s i v e ,  and 100 kilobbrs 



.. . - -  

V 

f o r  t h e  tests w i t h  exp los ive .  The plzsrra p r e s s u r e  exceeds 

the  ambient p r e s s u r e  b y  an amount r e l a t e d  t o  t h e  expans ion  

r a t e .  

For t h e  computat ion of p r e s s u r e  i n  t h e  plasma,  the  

i n i t i a l  zssumptions,  s n b j e c t  t o  l a t e r  r e v i s i o n ,  are 

t h a t  t h e  p r e s s u r e  is uniform throughout  t h e  plasma and 

t h a t  t h e r e  is no mass t r a n s f e r  a c r o s s  t h e  boundary of 

t h e  plasma. Also, because of expe r imen ta l  f a c t ,  the 

growth r a t e  is assumed t o  be c o n s t a n t .  The r a d i a l l y  

expanding plasma column is sur rocnded  by a c y l i n d r i c a l l y  

symmetric r e g i o n  of water  compressed above t h e  ambient 

p r e s s u r e ,  and s e p a r a t e d  from t h e  a n b i e n t  r e g i o n  by a 

c o n c e n t r i c  shock f r o n t .  The p r e s s u r e  d i s t r i b u t i o n  and 

t h e  mass v e l o c i t y  d i s t r i b u t i o n  a r e  computed €or t h i s  

r e g i o n .  

The method used for t h e  c a l c u l a t i o n  was t h a t  of 

Taylor  as  d e s c r i b e d  by Courant and F r i e d r i c h s  .' However 

t h e  d i f f e r e n t i a l  equa t ions  of c o n s e r v a t i o n  were w r i t t e n  

i n  c y l i n d r i c a l  i n s t e a d  of s p h e r i c a l  symmet ry .  The 

e q u a t i o n  of s t a t e  f o r  wa te r  was 

(1) 
Y 

p + B = (Po -I- B.1 W P J  
5 2 where p is p r e s s u r e ,  p is d e n s i t y ,  Y = 7 ,  B = 3140x10 N/m , 

and the s u b s c r i p t  r e p r e s e n t s  1 atmosphere and 20 C .  The 

mathematical  assumption was made t h a t  t h e  dependent 

v a r i a b l e s  were f u n c t i o n s  only  of t h e  r a t i o  of plasma 

0 
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column r a d i u s  t o  t i m e  r/t and n o t  upon r or t i n d i v i d u a l l y .  

Then t h e  problem was reduced t o  s o i v i n g  

where C and U are  sound and xass v e l o c i t y  riorrxilized 

by  t h e  r a t i o  of r / t .  i;his ecpz';Lcii is analogous to 

(162.04) of Courant afid F i - iedr ichs .  A f t e r  ( 2 )  is so lved ,  

t h e  unknowns can a l l  be found Sy yuacii->tures.  The c s l c u -  

l a t i o n s  were pe r f  orx?ed by a d i g i t a l  coxputer  for d i f f e r e n t  

v a l u e s  of ambient p r e s s u r e ,  and t h e  r e s u l t s  a r e  p l o t t e d  

i n  F i g .  1, where t h e  p r e s s u r e  i t  t h e  s u r f a c e  of t h e  

expanding c y l i n d e r  is shown a s  a f i inc t ion  of t h e  expansion 

r a t e .  I n t u i t i v e l y ,  0 2 s  expec t s  ti-e p r e s s u r e  to approach 

t h e  ambient p r e s s u r e  a s  t h e  growth r a t e  is reduced .  The 

dashed l i n e  of F i g .  1 i l l u s t r a t e s  this for 100 k i l o b a r s  

of ambient p r e s s u r e .  Itiowever, f o r  s i n a l l  growth r a t e s ,  

a d e p a r t u r e  is observed from t h e  axticipated t r e n d .  

Apparent ly ,  r/t  casr,ot  be t r e a t e d  a s  t h e  independent  v a r i -  

a b l e  for such  c o n d i t i o c s .  

The displzcer;cnt r a t e  of the v ; ~ - i ? r  is :lot as g r e a t  

a s  t h e  plasma expansion i n d i c a t e s ,  Seczuse  water is in-  

duc ted  i n t o  the p l a saa  a t  i t s  b ~ u i ~ d z r y .  The e f f e c t i v e  

r a t e  is t h e n  t h e  a c t u a l  r a t e  t i ixes the f s c t o r  

7 1-2 
r ^ =  1 - (n/Eoj-' 
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where n is t h e  atomic d e n s i t y  of t h e  plasma, and n of 

t h e  water a t  ambient p r e s s u r e .  T h i s  f a c t o r  is found by 

n o t i n g  t h a t  a c y l i n d e r  of w a t e r  of u n i t  d i ame te r  expands 

0 

t o  form a plasma column of  d i a m e t e r  (n  /n)1’2. The 
0 

e f f e c t i v e  expans ion  is t h e n  (no/n) 1’2 - 1 i n s t e a d  of 

(n,/n)li2. The  f a c t o r  f becomes i n c r e a s i n g l y  impor t an t  

a s  plasma d e n s i t y  i n c r e a s e s .  The e f f e c t  of  uneven p r e s s u r e  

i n  the plasma would mean a h ighe r  average  p r e s s u r e  t h a n  

boundary p r e s s u r e ;  t h i s  e f f e c t  is n e g l e c t e d  a s  i t  has 

l i t t l e  importance i n  t h e  r e s u l t s  t o  f o l l o w .  

The plasma is c o n s t r i c t e d  by  t h e  i n t e r a c t i o n  of i ts  

c u r r e n t  w i t h  i ts  se l f -magne t i c  f i e l d .  If R is t h e  r a d i u s  

of t h e  column, t h e n  t h e  p r e s s u r e  as  a f u n c t i o n  of t h e  

r a d i u s  r is g iven  by 
R 

p ( r >  = J(r)  B ( r )  d r  (4)  
r 

where J is c u r r e n t  d e n s i t y  and B is magnet ic  f l u x  d e n s i t y .  

P r e s s u r e  is z e r o  on t h e  boundary and i n c r e a s e s  toward 

t h e  center  depending upon t h e  c u r r e n t  d i s t r i b u t i o n  i n  

t h e  d i s c h a r g e .  The average p inch  p r e s s u r e  pa, is g iven  by  

= p12&a 2 2  R )  
pa, 

r e g a r d l e s s  of t h e  r a d i a l  c u r r e n t  d i s t r i b u t i o n ,  and (5) 

was used i n  t h e  c a l c u l a t i o n s .  For t h e  s p e c i a l  c a s e  of a 

uni form c u r r e n t  d i s t r i b u t i o n ,  t h e  peak p r e s s u r e  on t h e  a x i s  

is t w i c e  the  average .  

Power is t h e  product  of c u r r e n t  and c o r r e c t e d  

- 10  - 



a 

v o l t a g e ,  and the  i n t e g r a l  of power is the energy 

d e l i v e r e d  t o  t h e  p l 2 s m .  The energy losses  because of 

mechanical work on t h e  surrounding water a d  b tcause  of 

r a d i a t i o n  are  s u b t r a c t e d  from the total energy;  the 

r e s u l t  is d i v i d e d  by t h e  plasma v c l u x s  to c b t a i n  t h e  

average  energy d e n s i t y  of T h e  plasma. 

The c o n d u c t i v i t y  of the p l a s r a  colzlmn is coxputed 

from t h e  c u r r e n t ,  t h e  c o r r e c t e d  v o l t s g e  ai1d t h e  dirriensions 

of t h e  column. 

U s e  of Explos ives  

The u s e  of exp los ives  r e q u i r e s  a n  i n t e g r a x e d  d e s i g n  

f o r  the e l e c t r o d e s  and e x p l o s f v e  cha rge .  The d e t o n a t i o n  

i n  t h e  e x p l o s i v e  must 5a synchroc izcd  wi th  t h e  e l e c t r i c s l  

d i s c h a r g e ,  and t h e  p re s su re  g e n e r a t e d  by t h e  e x p l o s i v e  

must be measured. 

The e l e c t r o d e  des ign  is sho7?lil i n  F ig .  2 .  The 

e n t i r e  assembly w 2 s  ixxersed i n  water f o r  an experiment  

s o  t h a t  t h e  space  between t h e  e l e c t r o d e s  w a s  filled 

, w i t h  water. When t h e  exp los ive  was detor-ated, a r e g i o n  

of h i g h  p r e s s a r e  mas e s t z b l i s h e d  i n  t h e  water between t h e  

explos ive-water  ia-i;erfz.ee and t h e  upvara-movizg shocli 

f r o n t .  The plasaa VES formed a t  the loca t i zn  of t h e  

i n i t i a t i n g  w i r e  i n  the r eg ion  of high p r e s s a r e  a f t e r  

t h e  shock f r o n t  had passed .  

A s e n s o r  wire was bur i ed  i n  t h e  e x p l o s i v e  Tcc d e - ~ e c t  

t h e  pessage  of t h e  d e t o n a t i o n  f r o n t .  The  de tona t ion  

- 11 - 



g a s e s  s h o r t e d  t h e  w i r e  t o  t h e  s t e e l  c a s i n g  around t h e  

e x p l o s i v e ,  and a v o l t a g e  p u l s e  was t h e r e b y  g e n e r a t e d .  

T h i s  r e f e r e n c e  p u l s e  was t r a n s m i t t e d  through d e l a y  

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

ments and t o  i n i t i a t e  t h e  c a p a c i t o r  d i s c h a r g e  w i t h  a 

t h r e e - e l e c t r o d e  s p a r k  gap s w i t c h .  

The  p r e s s u r e  behind t h e  shc:ck f r o n t  was computed 

For from measurements of t h e  v e l o c i t y  of t h e  f r o n t . 7  

UE ex@osive PETN w h i c h  was u s e d ,  t h e  shock v e l o c i t y  

was approximate ly  5 mm/usec and t h e  co r re spond ing  

p r e s s u r e  was 100 k i l o b a r s .  Thus 100 k i l o b a r s  w a s  t h e  

arnbient p r e s s u r e  used i n  applyii ig the r e s u l t s  of F i g .  1. 

For t h e  c a s e s  of i n t e r e s t  h e r e ,  t h e  e f f e c t i v e  growth r a t e  

c o n s i d e r i n g  c o r r e c t i o n  (3)  was about 200 m / s e c  and t h e  

e f f e c t  of column expansion w a s  comple te ly  n e g l i g i b l e .  

A c o r r e c t i o n  t o  t h e  ambient p r e s s u r e  a r i s e s  from t h e  

g r a d i e n t  of t h e  p r e s s u r e  behind t h e  shock f r o n t .  S i n c e  

t h e  plasma is n o t  l o c a t e d  e x a c t l y  a t  t h e  shock f r o n t ,  

bu t  some d i s t a n c e  behind i t ,  t h e  p r e s s u r e  is somewhat 

d i f f e r e n t  from t h a t  a t  t h e  shock f r o n t .  The  g r a d i e n t  

was computed, f o l l o w i n g  H a r r i s ,  from t h e  d e c e l e r a t i o n  

of t h e  shock f r o n t  and from t h e  e s t i m a t e d  c u r v a t u r e  of 

t h e  f r o n t .  The f i g u r e  of 100 k i l o b a r s  was on t h e  o r d e r  

of 10 t o  15% h i g h .  However, f o r  t h e  r e s u l t s  t o  f o l l o w ,  

t h i s  c o r r e c t i o n  w a s  neg lec t ed  a s  i t  w a s  t h e  same for a l l  

expe r imen t s .  The v a r i a t i o n  i n  p r e s s u r e  from s h o t  t o  s h o t  

must have been s m a l l ;  o the rwise  t h e  observed  d a t a  t r e n d s  

would have been obscured.  

- 12 - 



111. RES'iiLTS PXOX 3 TO 15  KI.LOBARS 

When no exp los ive  was used ,  t h e  r z t e  of c u r r e n t  

rise was a d j u s t e d  over  a 1 0  t o  1 range t o  produce 

d i f f e r e n t  p r e s s u r e s  i n  t h e  plasma. O f  cou r se ,  t h e  

e l e c t r o d e  des ign  could  be cons ide rab ly  s imple r  than  t h a t  

of F i g .  2. For any g iven  experiment ,  t h e  p r e s s u r e  

d i d  not  vary  s i g n i f i c a n t l y  w i t h  t i m e  up to a microsecond, 

b u t  remained a t  a s t e a d y  va lue  d e t e r a i n e d  by t h e  r a t e  

of r i se .  Likewise t h e  other i n t e n s i v e  p r o p e r t i e s  of 

t h e  plasma remained p r a c t i c a l l y  c o n s t z n t  even though t h e  

d i scha rge  column was expanding r a d i a l l y .  

The d a t a  from l a t e  i n  t h e  obse rva t ion  i n t e r v a l  a r e  

most a c c u r a t e  because t h e  r a d i u s  and c u r r e n t  a r e  r e l a -  

t i v e l y  large and e a s i l y  measured. For a s e r i e s  of 

i d e n t i c a l  t e s t s ,  the  measured d a t a  mere rep roduc ib le  

w i t h i n  3 10%. Each d a t a  p o i n t  i n  t h e  graphs of t h i s  

s e c t i o n  was determined from an average over  three identi- 

c a l  t e s t s .  

The energy l o s s e s  from the  plasma were on t h e  o r d e r  

of 5% or less ,  and t h e y  w e r e  neg lec t ed .  The c o r r e c t i o n s  

(3) t o  t h e  column expznsion r a t e s  for computing p r e s s u r e  

were determined from e s t i m a t e s  of d e n s i t y  i n  t h e  

t h e o r e t i c a l  d i s c u s s i o n .  

The r a d i u s  of t h e  d i s c h a r g e  column a t  1 psec is 

shown i n  F ig .  3 as a f u n c t i o n  of t h e  c u r r e n t  a t  1 psec. 

I n  F ig .  4 ,  t h e  p r e s s s r e  from i n e r t i a l .  e f f e c t s  and t h e  
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i n d i v i d u a l  experiments  i n s t e a d  of averages .  For the  

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

i n c r e a s i n g  pinch e f f e c t  caused ab rup t  changes i n  the 

d a t a  t r e n d s ,  which would be somewhat obscured by an  

averaging  process .  

For t he  experiments w i t h  e x p l o s i v e ,  t h e  energy l o s t  

by mechanical work was more s i g n i f i c a n t  t h a n  for expe r i -  

ments w i thou t  exp los ive ,  s o  a c o r r e c t i o n  w a s  inc luded  

i n  t h e  c a l c u l a t i o n s .  

The r a d i u s  is shown i n  F i g .  7 a s  a f u n c t i o n  of 

c u r r e n t  a t  0.8 psec a f t e r  i n i t i a t i o n  of t h e  e l e c t r i c a l  

d i scha rge .  A s  t h e  r a t e  of c u r r e n t  rise is i n c r e a s e d ,  a 

c r i t i ca l  va lue  is  reached where t h e  growth r a t e  of t he  

plasma column is slowed b y  t h e  pinch e f f e c t .  But t h e  

d a t a  p o i n t  for t he  h i g h e s t  va lue  of c u r r e n t  i n d i c a t e s  

t h a t  above the  c r i t i c a l  p o i n t ,  t h e  pinch effect  does 

not  develop a s  s t r o n g l y .  F ig .  8 shows t h e  pinch 

p r e s s u r e  deve loping  w i t h  an i n c r e a s i n g  r a t e  of c u r r e n t  

r i s e ,  y e t  t h e  l a s t  po in t  is much lower t h a n  t h e  o t h e r s  

preceding  i t .  

The energy d e n s i t y  v a r i e s  w i t h  p r e s s u r e  a s  shown i n  

F i g .  9.  I n  t h i s  graph t h e  d a t a  p o i n t  cor responding  

t o  t h e  maximum r a t e  of c u r r e n t  r i s e  is i n d i c a t e d  w i t h  a 

f l a g .  I t  does n o t  correspond t o  t h e  h i g h e s t  energy 

d e n s i t y  even though it r e p r e s e n t s  t h e  l a r g e s t  c u r r e n t  of 

- 1 5  - 

L ... - . ._ . .. . . _ _  .. ._ . ..  



any of the  t e s t s .  A peak energy d e n s i t y  of 75 J/mm 3 is 

t achieved a t  t h e  maximum p r e s s u r e .  

& 
The c o n d u c t i v i t y  is shown as a f u n c t i o n  of p r e s s u r e  

i n  F i g .  10.  The c o n d u c t i v i t y  g e n e r a l l y  i n c r e a s e s  w i t h  

p r e s s u r e ,  t he  odd d a t a  po in t  being t h e  excep t ion .  

Temperatures f o r  t e s t s  w i t h  exp los ives  w e r e  much 

lower than  for t h e  o t h e r  t es t s .  The  average w a s  about 

10 OOO°K, y e t  r a t h e r  l a r g e  f l u c t u a t i o n s  occur red  even 

from one p a r t  of t h e  plasma column t o  ano the r .  Whereas 

wi thou t  e x p l o s i v e ,  the photographs showed a ve ry  uniform 

plasma, t h e  h igh  p res su re  plasmas o f t e n  had uneven tempera- 

t u r e  p a t t e r n s  LLS shown i n  F ig .  11. V a r i a t i o n s  from 

10 OOOOK were on t h e  o rde r  of 2 20%. 

V. THEORETICAL CALCULATION OF ENERGY DENSITY 

A t  a p r e s s u r e  of 10 k i l o b a r s  and a tempera ture  of 

35 OOO°K, t h e  energy d e n s i t y  w a s  measured t o  be 15 J/mm 3 . 
Since  tempera ture  6 and p r e s s u r e  p t o g e t h e r  un iquely  

s p e c i f y  t he  p r o p e r t i e s  of t he  plasma a s y s t e m  i n  equi-  

l i b r i u m y 4  t h e  energy d e n s i t y  u can be computed if an 

w 
4 

a p p r o p r i a t e  t h e o r e t i c a l  d e s c r i p t i o n  of t h e  plasma can 

be found. 

One method of c a l c u l a t i n g  u might be found i n  t he  

Debye s h i e l d i n g  theo ry  which has been described by v a r i o u s  

a u t h o r s .  9y10 Y e t  t h i s  approach was found t o  be inadequate .  
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From t h i s  t h e o r y ,  the p o t e n t i a l  energy  cf 2n i c n  i n  t h e  

f i e l d  of the  s h i e l c i i r g  c lcdd  of chzrge  is g iven  by 

c = -e2/4moh ( 6 )  

i n  mks u n i t s  where fi is t h e  Debye l e n g t h .  When t h e  

t h e o r y  is a p p l i e d  t o  2 hydrogen-l ike plasma w i t h  

e l e c t r o n s ,  i o n s ,  anc! r-eutrals,  t 9 e  q u a n t i t y  a ap2eai-s 

i n  S a h a ' s  e q u a t i o n  and i n  e q u z t i o n s  e x p r e s s i n g  p an6 u. 

I n  Saha ' s  e q u a t i o n ,  c I s  3 cor:-ection t o  t h e  ioiiiza%ic;c 

p o t e n t i a l  and f o r  t h e  cc rx i i t i ons  of i n t e r e s t ,  i t  exceecls 

t h e  i o n i z a t i o n  p o t e n t i z l .  A m o d i f i c z t i o n  by Rouse 

e l i m i n a t e s  t h i s  d i f f i : : u l ty  s o  t h a t  c a l c u l a t i o n s  may be 

performed. 

be ing  1.6 x loz7 m-3 and w i t h  t h ?  i o n i z a t i c n  be ing  25% 

complete .  Y e t  u was nzasured t o  be 15. The d i sag ree -  

ment between t h e o r y  ai:d experiment i l l u s t r a t e d  i n  t h i s  

case p e r s i s t e d  f o r  a l l  of the  d a t a  r eco rded  w i t h o u t  

e x p l o s i v e .  The Debye r a d i u s  is smaller t h a n  t h e  average  

i n t e r p a r t i c l e  s p a c i n g ,  s o  t h e  i n a a p l i c a b i l i t y  of t h e  

t h e o r y  is n o t  s u r p r i s i n g .  The DeSye t h e o r y  w2s even 

less a p p r o p r i a t e  f o r  d a t a  t aken  w i t h  e x p l o s i v e s  whei-e 

p r e s s u r e  was h i g h e r  aiici t e m p r a t w e  lower .  

Then u is 2ourd to be 3 . 3  J/m3 w i t h  n 

9 Harris s u g g e s t s  t h a t  a t h e o r y  rmst properly coil- 

s i d e r  t h e  e f f e c t s  of d i s t o r t i o n  of t h e  bour,d e l e c t r o n  

quantum s t a t e s  because of t h e  high p r t i c l c  d e n s i t y .  

The quantum s t a t e s  cannot be  defizecl over a l a t t i c e  as 

i n  a meta l  because of t he  i - a r i d o ~ n ~ s s  of t h e  i o n  l c c a t i o n s .  

- 17 - 
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i o n s  which f l u c t u a t e  r z p i d l y  because of t he  h igh  i o n  

0 v e l o c i t i e s  i n  t h e  p lasxa .  The e l e c t r o n s  do not  con- 

t r i b u t e  t o  pressure  through t r a n s l a t i o n a l  motion, 

no d i s t i n c t i o n  can be made between bound and free 

e l e c t r o n s .  

and 

One zpproach f o r  cons ide r ing  the  d i s t o r t i o n  of e l e c t r o n  

s t a t e s  is the  use  of the  v i r i a l  theorem a s  a p p l i e d  to  

a c o l l e c t i o n  of p a r t i c l e s  w i t h  coulombic i n t e r a c t i o n s .  

For a system of n i o n s  and n e l e c t r o n s  i n  a u n i t  volume, 

l e t  V be t h e  expec ta t ion  va lue  of t h e  p o t e n t i a l  energy 

and l e t  T be t h e  expec ta t ion  va lue  of t h e  k i n e t i c  energy 

o p e r a t o r  

(7) - E .  (?i2/2m. >V 2 
J J J  

summed over  a l l  p z r t i c l e s .  Then t h e  v i r i a l  theorem is 

2 t  = -v + 3p/n (8) 

where v is de f ined  as V/n, and t as T/n. 

If f r e p r e s e n t s  t h e  energy p e r  p a r t i c l e  p a i r  f o r  

t h e  imaginary p rocess  of conve r t ing  l i q u i d  water  i n t o  

a c o l l e c t i o n  of s ing ly - ion ized  atoms and e l e c t r o n s  w i t h  

i n f i n i t e  spac ing ,  then  u is given  by 

(9) u = n ( f + v + t )  

where  f is 26.9 x 1 0  -1g5 

Assume t h a t  t is g iven  by 

(10) t = t '  + 3/2k0 

where 3/2ke is t h e  c o n t r i b u t i o n  of t he  i o n  and t '  is 

t h e  c o n t r i b u t i o n  of t h e  e l e c t r o n .  Furthermore assume v 

t o  be t h e  e x p e c t a t i o n  va lue  of t h e  p o t e n t i a l  energy of 
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an e l e c t r o n  i n  t h e  f i e l d  of the i o n  c l u s t e r .  Like- 

. p a r t i c l e  i n t e r a c t i m s  a r e  neg lec t ed .  

g a s  - t ' / v  and c as  t' + v ,  (8) and (9)  can  be 

w r i t t e n  as 

Then by d e f i n i n g  

(12) u = n(f  + c t- 3/2ke) 

For i s o l a t e d  atoms, g is 1/2 and ( 2 1 )  and (12) 

reduce  t o  i d e a l  gas e q u a t i o n s .  EiCwever, for h i g h  

d e n s i t i e s  where t h e  quantum s t a t e s  a r e  d i s t o r t e d ,  g is 

d i f f e r e n t  from 1/2 a3d a c o r r e c t i o n  is in t roduced  i n t o  

t h e  p r e s s u r e  e q u a t i o n .  The form21 c a l c u l a t i o n  of c and 

g r e q u i r e s  an average  mer  t h e  F e m i  d i s t r i b u t i o n  of 

e l e c t r o n s  i n  t he  v a r i o u s  d i s t o r t e d  quantum s t a t e s .  For 

a s imple  c a l c u l a t i o n ,  l e t  c be g iven  approximate ly  as  

a f u n c t i o n  of 6 by an average  over  t h e  f i r s t  two unper- 

t u r b e d  s t a t e s  of t h e  hydrogen atorr.. 

mental  d a t a ,  v a l u e s  f o r  n ang g can be computed. 

Then by u s i n g  expe r i -  
d Table  1 

shows the  r e s u l t s  of such  c a l c u l a t i o n s .  For a 

theoret ical  estimate of g i n  terms of n ,  t h e  d i s t o r t e d  

i o n  p o t e n t i a l  f u n c t i o n  can be r e p r e s e n t e d  b y  t h e  f u n c t i o n  

K r S  where the  v i r i a l  theorem r e q u i r e s  t h 2 t  g = -1/2 s. 

The c a l c u l a t i o n  is i l l u s t r a t e d  i n  F ig .  12  where a. is 

t h e  Bohr r a d i u s  and ro is g i v e n  by (3n/47r)li3. For t h e  

v a l u e s  of n i n  Tab le  I, t h e  CGrreSpOildhig t h e o r e t i c a l  

v a l u e s  of g are  0.338, 0.324, and 0.315. Cons ider ing  

t h a t  v a l u e s  of g i n  t h e  t a b l e  a re  q u i t e  s e f i s i t i v e  t o  
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t empera tu re ,  t h e  agreement is v 3 good* 
The d i s t o r t i o n  of e l e c t r o n  qEantun s t a t e s  i d e n t i -  

f i e d  w i t h  a change i n  g r e s u l t s  i n  a cohes ive  f o r c e  

through a c o r r e c t i o n  t o  t h e  k i n e t i c  p r e s s u r e  a s  s een  

i n  (11). The Debye theory  a l s o  p r e d i c t s  a cohes ive  

f o r c e  which, however, is much lower i n  magnitude. 

Because of t h e  d i s t o r t i o n  of quantum l e v e l s ,  the  

energy d e n s i t y  and t h e  p a r t i c l e  d e n s i t y  a r e  much 

h ighe r  t h a n  t h e  Debye theory  p r e d i c t s .  

The plasmas a t  100 k i l o b a r s  have p r e s s u r e s  10 times 

g r e a t e r  and tempera tures  3 t i m e s  l e s s  than  t h e  plasmas 

a t  10 k i l o b a r s .  Therefore  t h e  p a r t i c l e  d e n s i t i e s  a r e  

much h i g h e r .  However t h e  upper l i m i t  on p a r t i c l e  

d e n s i t y  is the  d e n s i t y  of t he  water  sur rounding  t h e  

column of plasma, which, w i th  e x p l o s i v e ,  is 1 . 6  x 10 m . 
Since  d e n s i t i e s  of are reached st 10 kilobars, t h e n  

a r easonab le  e s t i m a t e  for the  plasma d e n s i t y  a t  100 

k i l o b a r s  is 10 m . 
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Table  I .  Values of n and g computed from expe r imen ta l  da t a ,  

8 = 3 . 5  x lo4 OK and c = -18.7 x 10 -19 J. 

P U n g 

( k i l o b a r s )  (J/m 3 (d imens ion le s s )  

0.269 4.67 8.18 0 . 5 3 0  x 10 

9 .44  15 .2  0.985 0.275 

15.25 20.7 1 .34  0.290 

28 
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d i s c h a r g e  c u r r e n t  without  exp los ive .  

F i g .  4 .  P r e s s n r e  i n  t h e  c y l i n d r i c a l  plasma coiuma. 

The i n e r t i a l  p ressure  is i n d i c a t e d  by p .  and t h e  SUI of 

i n e r t i a l  and magnetic p r e s s u r e s  by p t .  
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F i g .  5. P lasm energy d e n s i t y  as  a f u n c t i o n  of 

p r e s s u r e  a t  35 OOO'K. 

Fig. 6 .  Plasma c o n d u c t i v i t y  as  a f u n c t i o n  of 

p r e s s u r e  a t  35 OOO'K. 

F i g .  7 ,  Plasma column r a d i u s  a s  a func t io r ,  of 

d i s c h a r g e  c u r r e n t  w i t h  e x p l o s i v e .  

F i g .  8. Plasma p r e s s u r e  as a f u n c t i o n  of 

d i s c h a r g e  c u r r e n t .  

p l u s  magnet ic  pinch p r e s s u r e .  

The cu rve  r e p r e s e n t s  100 k i l o t j a r s  

F ig .  9. Plasma energy d e n s i t y  as a f u n c t i o n  of 

p r e s s u r e  a t  10 0 0 0 ~ ~ .  

F i g .  10. Plas-aa c o n d u c t i v i t y  a s  a f u n c t i o n  of 

p r e s s u r e  a t  10 0 3 0 ~ ~ .  

F i g .  11. TWO photographs of p l a s ~ a  C O l U K i n S  st 190 

k i l o b a r s  of p r e s s u r e .  

Fig. 12.  Represen ta t ion  of the d i s t o r t e d  couloxb 

p o t e n t i a l  w i t h  t h e  f u n c t i o n  K r S .  
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Fig .  11. Two photographs of plasma columns at 
100 k i loba r s  of pressure. 
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