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The dense l i n e a r  z-p inch has been considered as t h e  bas is  f o r  a v e r y  
simple fus ion  system s ince  t h e  e a r l i e s t  days o f  CTR. The cu r ren t  renewed 
i n t e r e s t  i s  due i n  l a r g e  p a r t  t o  a recent  Los Alamos Study [l] which concluded 
t h a t  a z-pinch based r e a c t o r  cou ld  produce 4.4 EM o f  fus ion  energy per  pu lse  
f o r  t h e  modest i n p u t  o f  140 kJ per  pulse, i f  a s t r a i g h t  p inch cou ld  be 

maintained f o r  2 psec. 

E a r l y  attempts t o  achieve s u i t a b l e  h i g h  dens i t y  z-pinches were o f  t h e  

implos ion type [2] which produced ho l low pressure p r o f i l e s  t h a t  q u i c k l y  
r e s u l t e d  i n  d i s r u p t i v e  m = 0 i n s t a b i l i t i e s .  
i n  t h e  gas embedded p inch  f 3 ,  4, 51 i n  which an i n i t i a l l y  small d iameter  
plasma ( t y p i c a l l y  100-200 IJ) i s  kep t  i n  r a d i a l  e q u i l i b r i u m  by f o l l o w i n g  a 
p rescr ibed cur ren t  waveform [3]. 

r a p i d  acc re t i on  o f  t h e  surrounding gas d u r i n g  t h e  e a r l y  stages o f  formation. 
Th is  increases t h e  l i n e  dens i t y  N, and s ince  t h e  Bennett r e l a t i o n  I* = 4 NkT 

These i n s t a b i l i t i e s  a re  no t  found 

Unfor tunate ly ,  these pinches are  prone t o  a 

appl ies,  prevents at ta inment  o f  h i g h  temperatures. This con f igu ra t i on - i s  a l s o  
sub jec t  t o  an in = 1 i n s t a b i l i t y  which t u r n s  t h e  l i n e a r  p inch  i n t o  a h e l i x ,  bu t  

which i s  not  necessar i l y  d i s r u p t i v e .  

Our approach i s  t o  form t h e  p inch  i n s i d e  small diameter quar tz  
c a p i l l a r i e s  f i l l e d  w i t h  n e u t r a l  hydrogen. This f i x e s  t h e  l i n e  dens i t y .  By  

d r i v i n g  cur ren ts  through t h e  p inch  a t  a r a t e  t h a t  exceeds t h a t  necessary f o r  
r a d i a l  equ i l ib r ium,  we expect t h e  p inch  t o  c o n t r a c t  away f rom t h e  w a l l s  and be 
sub jec t  t o  compressional, as w e l l  as ohmic heat ing.  Th is  c o n t r a c t i o n  w i l l ,  o f  
course, produce a plasma between t h e  p inch  and t h e  c a p i l l a r y  wa l l ,  b u t  we 
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a n t i c i p a t e  t h i s  "corona" w i l l  be kept a t  a low temperature (i.e., h igh 

res is tance)  by r a d i a t i o n  and hence shunt o n l y  a small f r a c t i o n  o f  t h e  p inch  

cur ren t .  
m i x i n g  t i m e  w i l l  be much longer  than t h e  p i n c h  d u r a t i o n  a t  the  d e n s i t i e s  
(1021-1022 ions/cm3) and magnetic f i e l d s  (1 - 10 MG) involved. However, we do 

expect t h e  presence of t h e  dense corona t o  reduce t h e  growth r a t e  o f  the  m = 1 
i nstab i  1 i t y  [7]. 

We a l s o  expect n e g l i g i b l e  i m p u r i t i e s  i n  t h e  p inch as t h e  c l a s s i c a l  

11. EXPERIMENTAL RESULTS 

We have produced both gas embedded and c a p i l l a r y  pinches us ing t h e  1.2 MV 

POSEIDON [8] generator as shown i n  Fig.  1. 
break output  sw i tch  proved t o  be bo th  very i n d u c t i v e  and r e s i s t i v e ,  and 

l i m i t e d  our maximum cur ren t  t o  100 kA f o r  200 nsec w i t h  a r a t e  o f  r i s e  o f  o n l y  

3 kA/nsec. 

The present water i n s u l a t e d  s e l f -  

OUTPUT SWITCH 

IAL FLUX PROBE 

OLTAGE PROBE 

CURRENT PROBE 

._. / / INSULATOR I 35a WATER DIELECTRIC UNE 

Fig.  1. The NRL Z-Pinch F a c i l i t y  

Gas Embedded Pinch 

We formed t h e  gas embedded p inch  by f i l l i n g  t h e  e n t i r e  volume between t h e  

i n s u l a t o r  and ground plane w i t h  D2 a t  pressures up t o  3 atm. Tungsten p i n s  
p laced i n  t h e  peak f i e l d  reg ion o f  bo th  e lec t rodes  prov ided enough enhaacement 
t o  des ignate a s i n g l e  i n i t i a l l y  s t r a i g h t  channel accord ing t o  b o t h  Ne l a s e r  
shadowgraphs and s t reak photography. 
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Data  f o r  t h e  gas embedded p inch a t  1 atm, D2 i s  shown i n  F ig .  2. From 

t h e  s t reak  photo (Fig. 2a) we observe t h e  p inch  t o  expand r a p i d l y  w i t h  a 
v e l o c i t y  o f  10 cm/sec, which we take  as evidence o f  t he  accret ion,  S o f t  x- 
ray  measurements (F ig .  2b) showed t h e  e l e c t r o n  temperature t o  reach 950 eV 

w i t h i n  t h e  f i r s t  10 nsec, bu t  decrease r a p i d l y  afterwards. 

man i fes ta t ion  o f  t h e  accre t ion .  While we were ab le  t o  c a l c u l a t e  from t h e  
absolute x-ray s igna l  magnitudes t h a t  t h e  r a d i a t i o n  was emanating from t h e  
e n t i r e  plasma ( w i t h i n  t h e  accuracy o f  our measurements) and hence conclude 
t h a t  t h e  p inch was un i fo rm ly  heated, we were no t  ab le  t o  account f o r  t h e  950 
eV temperature by c l a s s i c a l  ohmic hea t ing  alone. 
p inch  was anomalously r e s i s t i v e ,  and as we ca l cu la ted  t h e  d r i f t  v e l o c i t y  t o  
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This  again i s  a 

This suggested t o  us t h e  

exceed t h e  sound speed, we presume t h a t  t h e  i o n  acous t ic  i n s t a b i l i t y  was t h e  
l i k e l y  mechanism, 

I n  Fig, 2c we show osc i l l oscope  t races  o f  t h e  p inch  cu r ren t  and t h e  a x i a l  

f l u x  produced by t h e  m = 1 i n s t a b i l i t y .  The l a t t e r  was detected by a s imple 
one t u r n  loop and appears t o  occur 40 nsec a f t e r  t h e  s t a r t  o f  t h e  discharge. 

a) STREAK PHOTO 
b) X RAY DATA 

1000 7 
. .  . .  

200 nseddiv 

c) PROBE DATA 

0 5 10 15 20 

time (nsec) 

40 nseddiv 

Fig, 2. Gas Embedded p inch  data: a) Streak photograph, b) E lec t ron  
temperature determi ned by s o f t  x-ray measurements. 
Be f o i l  f i l t e r s  .5 m i l ,  5 m i l  and 10 m i l  t h i c k  were used. Although o n l y  
two de tec tors  are needed t o  determine T, a l l  t h r e e  were used t o  v e r i f y  
t h e  e lec t rons  were i n  a thermal d i s t r i b u t i o n .  
p inch  cur ren t  (upper t race )  and a x i a l  f l u x  ( lower  t race ) .  

Three p i n  diodes w i t h  

c)  Osci l lograms o f - the  
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From t h i s  data we can c a l c u l a t e  t h e  number o f  ' ' turns" n o f  t h e  h e l i c a l  

plasma. For example, a t  t = 80 nsec (when t h e  probe s i g n a l s  have s t a b i l i z e d )  

t h e  a x i a l  s igna l  i s  .25 V, t h e  cu r ren t  100 kA, and t h e  p inch  rad ius  i s  ( f rom 
t h e  s t reak  photo) .1 cm. Using these values and t h e  c a l c u l a t e d  mutual 
inductance between t h e  p inch  and t h e  loop, we have est imated n = 0.4. 
somewhat s u r p r i s i n g ,  as i t  shows t h e  p inch  has no t  r e a l l y  wound up i n t o  a 
h e l i x ,  b u t  has i ns tead  adopted a l azy  " t w i s t "  w i t h  a wavelength X = 125 r. 
This observa t ion  i s  i n  con t ras t  t o . s i m p l e  MHD theory [9J which p r e d i c t s  t h e  

most unstable mode t o  have X = 4 r. 
C a p i l l a r y  Pinch 

Th is  i s  

I n  t h i s  case one end o f  a 200 p I D  quar tz  c a p i l l a r y  was sealed w i t h  a 
s h o r t  l e n g t h  o f  tungsten w i r e  and placed i n  contact  w i t h  t h e  h i g h  vo l tage 

e lect rode.  
ground e lec t rode.  Through t h e  open end we f i r s t  evacuated t h e  c a p i l l a r y  and 

then f i l l e d  i t  w i t h  D2 a t  t h e  pressure o f  our choice (up t o  80 atmospheres). 
We then f i l l e d  t h e  remaining volume between t h e  e lec t rodes  w i t h  SF6 a t  50 p s i  
t o  prevent  breakdown ou ts ide  t h e  c a p i l l a r y .  

The o the r  end was l e f t  open and bonded t o  a ho l low screw i n  t h e  

A s t reak  photo o f  a t y p i c a l  c a p i l l a r y  p inch a t  2 atm. D2 i s  shown i n  Fig. 
I n  Fig. 3b we have sketched t h e  prominent fea tures  o f  t h i s  photo. 

While i t  i s  
3a. 
drawing i s  compensated f o r  t h e  focuss ing e f f e c t  o f  t h e  c a p i l l a r y .  

a b i t  premature f o r  us t o  g i v e  a p rec i se  explanat ion o f  a l l  t h e  fea tu res  o f  
t h i s  p i c tu re ,  we can o f f e r  a reasonable explanat ion o f  t h e  main events. A t  

t h e  beginning, t h e  very b r i g h t  f l a s h  o f  4 nsec du ra t i on  (unresolved due t o  t h e  

s l i t  be ing used) shows t h e  i n i t i a l  discharge i s  be ing formed t o t a l l y  i n s i d e  
t h e  c a p i l l a r y .  
c a p i l l a r i e s ,  i t  i s  c l e a r  t h a t  t h i s  i s  a volume discharge, and n o t  sur face  
breakdown a long t h e  c a p i l l a r y  wa l l ) .  
f o l l o w s  i s  probably due t o  f u l l  i o n i z a t i o n  of t h e  D2 plasma S o  t h a t  a l l  t h e  
s t rong  l i n e  emission i s  "burned through." Immediately a f te rwards  a d i f f u s e  
expanding luminous f r o n t  can be seen which propagates outwards f rom t h e  

c a p i l l a r y  bore a t  a speed of 2.35 mm/psec (about 40% o f  t h e  b u l k  sound speed 
i n  quar tz) .  A t  about 210 nsec a f t e r  t h e  s t a r t  o f  t h e  discharge, t h e  o u t e r  
w a l l  o f  t h e  c a p i l l a r y  becomes suddenly luminous (be fore  t h e  luminous f r o n t  

a r r i v e s )  and almost simultaneously t h e  f r e e  (ou ts ide  sur face)  begins t o  move 
outward a t  a cons tan t  speed. 

The 

(When we compare these s t reaks  w i t h  those i n  evacuated 

The 18 nsec l ong  dark reg ion  t h a t  

4 



a) STREAK PHOTO 

1 1 1 l i i l  
200 nseddiv 

c) PROBE DATA 

AXIAL FLUX 
(1.0 v/div) 

b) STREAK ANALYSIS 

CAPILLI 
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40 nseddiv 

Fig. 3, C a p i l l a r y  p inch data: a) Streak photograph. b) Analys is  of t h e  
s t reak  photograph compensated f o r  focuss ing  i n  qua r t z  c a p i l l a r y .  
Osci l lograms o f  t h e  p inch cu r ren t  (upper t race )  and a x i a l  f l u x  (lower 
t r a c e ) .  

c )  

We can i n t e r p r e t  these observations w i t h  t h e  a i d  of shock compression 
s tud ies  made i n  qua r t z  by Wackerle [lo]. 

above 40 kbar a s t rong  shockwave i s  seen t r a v e l i n g  a t  5115 mrn/usec. 
He found t h a t  f o r  d r i v i n g  pressures 

It i s  

preceeded by a f a s t e r ,  bu t  weaker, precursor  wave which propagates a t  t h e  
sound speed (5.97 mm/psec) bu t  which produces l i t t l e  mot ion when i t  a r r i v e s  a t  
t h e  f r e e  surface. When t h e  s t rong shock a r r i ves ,  however, t h e  sur face  moves 

outward a t  a constant  speed t h a t  depends on t h e  magnitude o f  t h e  d r i v i n g  
pressure, I n  a d d i t i o n ,  f o r  d r i v i n g  pressures above 160 kbar, a second 
shockwave i s  generated. T h i s  one propagates even slower than t h e  f i r s t ,  and 
causes a f u r t h e r  s tep  increase i n  t h e  f r e e  sur face  speed when i t  a r r i ves ,  
Both t h e  s t r e n g t h  and speed o f  t h i s  second shock a re  dependent on t h e  i n i t i a l  
pressure, 

Apply ing these r e s u l t s  t o  our c a p i l l a r y ,  we observe t h e  ou te r  sur face t o  

beg in  t o  move outwards a t  about 210 nsec, i n  agreement w i t h  a shock speed o f  
5-15 mm/psec (see Fig. 3b). 
(1.7 mrn/vsec) and from Wackerle's data, we es t imate  t h e  d r i v i n g  pressure t o  be 
above 1'00 kbar, bu t  as no evidence o f  a second shock i s  seen on t h e  f r e e  

surface, we conclude i t  i s  l ess  than 160 kbar, 

From t h e  observed v e l o c i t y  o f  t h e  f ree  sur face 

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



t h e  generator has d e l i v e r e d  more than enough energy b y . t  = 20 nsec t o  account 

f o r  t h i s  pressure. 

The s t reak  photo goes suddenly dark soon a f t e r  t h e  f r e e  sur face  s t a r t s  

moving, 
c a p i l l a r y  by t h e  now shat te red  ou ter  surface. 

500 nsec, which i s  c l o s e  t o  t h e  t ime a t  which t h e  o r i g i n a l  luminous f r o n t  
would reach t h e  c a p i l l a r y  wa l l ,  
re turned t o  i t s  i n i t i a l  s t a t e  ..,.sand, 

This i s  probably due t o  increased s c a t t e r i n g  o f  l i g h t  f rom i n s i d e  t h e  
The l i g h t  reappears a f t e r  about 

Needless t o  say, i n  t h e  end t h e  quar tz  i s  

Osci l loscope t races  f o r  t h i s  shot are shown i n  Fig, 3c. We observed 

v i r t u a l l y  t h e  same c u r r e n t  as i n  t h e  gas embedded p inch  (Fig. 2c), which i s  
no t  s u r p r i s i n g  s ince  t h e  c u r r e n t  waveform was determined more by t h e  swi tch  
than t h e  p inch  behavior, y e t  we saw no a x i a l  f l u x  s igna l .  I f  t h e  p inch  had 
c u r l e d  up w i t h  t h e  same uns tab le  mode as we saw e a r l i e r  (A = 125 r) then w i t h  
a rad ius  o f  100 I.I ( t h e  c a p i l l a r y  rad ius)  t h i s  would have produced a s igna l  o f  
,026 v o l t s ,  which we e a s i l y  cou ld  have detected. 

would have r e s u l t e d  i n  a 2 v o l t  s i gna l ) .  
t ime through t h e  w a l l  plasma, (assuming 10 eV and an e f f e c t i v e  Z o f  1) i s  t o o  

fas t  t o  a f f e c t  our  magnetic measurement, we can only  conclude t h a t  t h e  
c a p i l l a r y  has indeed prevented t h e  m = 1 i n s t a b i l i t y ,  

(A more convent ional  A = 4 r 

As t h e  200 psec magnetic d i f f u s i o n  

111. CAPILLARY PINCH MODEL 

We have developed a s imp le  zero dimensional model t o  desc r ibe  t h e  dynamic 
e v o l u t i o n  o f  a c a p i l l a r y  p inch  d r i ven  by a 3.5 ohm pu lse l i ne .  We assume t h e  
p inch  rad ius  r cannot exceed t h e  c a p i l l a r y  rad ius  rt, b u t  i t  can be less ,  i n  

which case t h e  vacated volume i s  f i l l e d  w i t h  a plasma c o n s i s t i n g  of t h e  
c a p i l l a r y  ma te r ia l .  The temperature o f  t h i s  corona w i l l  be kep t  q u i t e  low by 

rad ia t i on ,  but  never the less i t  can s t i l l  shunt some o f  t h e  c u r r e n t  from t h e  
pinch. 
t r e a t e d  as an i n p u t  parameter. 

As we have no t  y e t  developed a model o f  t h e  corona, i t s  temperature i s  

The equat ion f o r  t h e  t o t a l  cu r ren t  I i s  

d I  
d t  L - =  Vo - I(Z+R) , 

where L i s  t h e  t o t a l  ( s w i t c h  p l u s  load) inductance, R t h e  t o t a l  res is tance,  Vo 

t h e  vo l tage  and Z t h e  l i n e  impedance, 
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. -  
* ' .  

The equation f o r  t h e  temperature T i s  

where tl, t 2 ,  t3 are, respec t i ve l y ,  t h e  c h a r a c t e r i s t i c  t imes f o r  ohmic 

heat ing,  r a d i a l  conduction l o s s  and bremsstrahlung loss .  Since t h e  model i s  
zero-dimensional, we have al lowed f o r  an ad jus tab le  f a c t o r  a t o  g i v e  t h e  
r a d i a l  conduction l o s s  t i m e  f o r  var ious r a d i a l  temperature p r o f i l e s .  Thus 

- 3 NkT r 
2nr C(n,B,T) 7 at2 - 

c 
where C(n,B,T) i s  t h e  thermal conduc t i v i t y ,  B = 21 /r, i s  t h e  magnetic f i e l d  P 
a t  t h e  edge o f  t h e  pinch, and n i s  t h e  densi ty .  

A t  each t ime  s tep  o f  t h e  c a l c u l a t i o n  t h e  p inch  rad ius  is  ad jus ted  so t h a t  

t h e  temperature i s  brought, e i t h e r  by a d i a b a t i c  compression o r  expansion, t o  

t h a t  requ i red  f o r  t h e  Bennett e q u i l i b r i u m  ( Ip '  = 4 NkT). As we assume t h e  
t o t a l  cu r ren t  I i s  d i v i d e d  r e s i s t i v e l y  between t h e  p inch  cur ren t ,  Ip and t h e  
corona cu r ren t  IC, we can w r i t e  

rl 2 r I 
m =  . -  
I C  rt 2 -r 2 n p Y  

where np and rlc are  t h e  r e s i s t i v i t i e s  o f  t h e  p inch  and corona, respec t i ve l y .  

The r e s u l t s  of a run  i n  which we attempted t o  s imu la te  t h e  experiment a re  

shown i n  Fig. 4. We assumed a corona ' temperature of 10 eV which i s  most . 
probably an overestimate. I n  t h i s  case we found about 35% o f  t h e  t o t a l  
cu r ren t  was shunted by t h e  corona, and t h e  p inch  reached about 450 eV. 
neutron y i e l d  was p red ic ted  t o  be 2.5 x lo6 which was r i g h t  a t  t h e  th resho ld  
of our de tec to r  and probably exp la ins  why we de tec ted  none. 

To ta l  

I V .  FUTURE PLANS 

While we have 
capi  11 a r y  , we f e e l  

demonstrated t h a t  a z-p inch can be formed 

t h a t  t h e  p r e s e n t l y  a v a i l a b l e  c u r r e n t  r i s e  

i n s i d e  a 

r a t e s  and peak 
c u r r e n t  have prevented us from adequately t e s t i n g  t h i s  concept. I n  o rde r  t o  
r e c t i f y  t h i s  s i t u a t i o n ,  we have rep laced t h e  present  se l f -break water sw i t ch  
w i t h  an SF6 i n s u l a t e d  swi tch  t h a t  i s  based on a mul t ichannel ,  f l o a t i n g  
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Fig.  4. Resu l ts  o f  c a p i l l a r y  p inch  model: a) To ta l  c u r r e n t  through 
c a p i l l a r y  (upper curve) and cu r ren t  through p inch  ( lower curve) ;  b)  
e l e c t r o n  temperature; c )  p inch rad ius ;  d )  neutron y i e l d .  

midplane, o i l - i n s u l a t e d  design of John Shipman [ll]. To date, we have 

achieved cu r ren ts  o f  380 kA w i t h  i n i t i a l  r i se t imes  o f  15 kA/nsec i n t o  a 41 nH 
s h o r t  c i r c u i t .  We f u l l y  expect 450 kA a t  f u l l  charge which, accord ing t o  our 

model, p r e d i c t s  Te - 900 eV and t h e  neutron y i e l d  t o  be 10 . 9 

As described elsewhere i n  these preceedings [12], we have developed a 
r e a c t o r  based on t h i s  concept i n  which t h e  p inch  i s  formed no t  i n  a c a p i l l a r y ,  
b u t  i n  a r a p i d l y  r o t a t i n g  vor tex  o f  c o l d  water. 
concept f u r t h e r  i f  our  h igh  cur ren t  experiments prove successfu l .  

We p lan  t o  develop t h i s  
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