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I .  INTRODUCTION

S ev era l in v e s t ig a to rs ^ ”^ have re p o r te d  i n i t i a l  su ccess i n  s t a b i ­
l i z in g  a p inched  d isch arg e  th rough  th e  u t i l i z a t i o n  of an a x i a l  B 
m agnetic f i e l d  and conducting w a lls  and th e o r e t i c a l  w o rk ^ "!-, xd.fh 
s im p lifjrin g  assum ptions, p r e d ic ts  s t a b i l i z a t i o n  under th e s e  c o n d it io n s . 
At Los Alamos th i s  approach has been examined in  l i n e a r  (Columbus) and 
to ro id a l  (P erhapsatron) geom etries.

Perhapsatpon S-3 (PS-3) d e sc rib e d  e lsew h ere^ , was found to  be 
re s is ta n c e  l im ite d  i n  th a t  th e  d isch a rg e  c u r re n t d id  n o t s ig n i f i c a n t ly  
in c re a se  fo r  prim ary v o lta g e s  o ver 12 lev (120 v o lts /c m ) . The minor 
in s id e  diam eter of t h i s  machine was s m a ll ,  5 .3  cm, and th e  o n se t o f  
im p u rity  l i g h t  from  w a ll m a te r ia l  i n  th e  d isch arg e  o ccu rred  e a r ly  i n  
th e  gas c u rre n t cy c le . I t  was t e n ta t i v e ly  concluded th a t  i n  th e  sm all 
PS-3 to ru s  th e  f lu x  o f energy to  th e  w a lls  had reach ed  an in to le r a b le  
v a lu e . The r e s u l t in g  e v ap o ra tio n  o r  s p u t te r in g  o f  w a ll m a te r ia l  th e n  
contam inated th e  d isch arg e  causing  th e  r e s is ta n c e  o f th e  d isch a rg e  to  
r i s e .  For t h i s  rea so n  th e  nex t i n  th e  p ro g re ss io n  o f  to ro id a l  m achines, 
P erhap sa tro n  S-il; (PS-I4) was c o n s tru c te d . F ig . 1 ,

The machine has a  qu artz  to r u s ,  lU.O-cm minor in s id e  d ia m e te r , 218- 
cra mean circum ference, and w a ll th ic k n e s s  0 .6  cm. An alimiinum p rim ary , 
1 .25  -cm th ic k  surrounds th e  q u a r ts  to ru s  w ith  minimum sp ac in g , 0 .I4. cm, 
and can be en erg ized  by 90,000 jo u le s ,  20 kv a t  two feed  p o in t s , p e r ­
m ittin g  a maximum e l e c t r i c  f i e l d  o f  l5 0  v o lts /c m . A tw o-ton  iro n  core  
( lam in a tio n s  0 .002-inch  th ic k )  l in k s  th e  p rim ary  and secondary  and has 
a r a t in g  o f 0 ,2  v o l t - s e c .  A s o le n o id , 1 ,6  tu rn s  p e r  cm, wound around 
th e  prim ary i s  en e rg ized  by a  2400 p f  c a p a c ito r  a t  v o lta g e s  up to  3 kv 
and produces an a x ia l  Bg m agnetic f i e l d  up to  I4OOO gauss. A s p l i t  i n  th e
aluminum prim ary allow s ra p id  B f i e l d  p e n e tra t io n .z
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II*  EIECTEICAL GM M OmiSTIGS

Tlie typ ical behavior of gas eiirrent and secoruiary v o lta g e  a t  25 kv 
i s  shown in  Fig# 2. The carreat-voltage phase r e l a t io n  shcfws th a t  th e  
gi^ current i s  largely  indiactance lim ited and n o t r e s is ta n c e  l im ite d  as 
‘obs®ved in  PS-3» After gas breakdown ^80% of th e  oDndenser v o lta g e  
appe«s ffl’ound the secondary in  agreement w ith  th e  r a t i o  o f - sou rce  and 
load inductaaces* The ra te  of r ise , o f gas c u r re n t  a t  f i r s t  i s  large^
^1 * 3 'X amps/sec, u n til  the  gas current c o n tra c ts  to  cause  an
increase in  inductance a t which time the ,.gas c u r re n t i s  a  good a p p ro x i-  
jaatioa to  a sine curve. The gas cutrenfc imximum i s  found to  r i s e  l i n e a r l y  
with pfiaaiy  Toltage, Fig. 3, deviating as e x j^ c te d  a t  the h ig h e r  v o lta g e s  
because of iron  -core sstta 'ation,

- At th© discharge current m»3jBUi!i, the secondary v o ltag e  i s  n o t z e ro , '
- and i f  one aasunes tha t there i s  no large change o f  in d u c ta n c e , th e  t o t a l  

resistaxxce o f th e  d isch arg e  (R ~ V /I )  i s  computed to  be 28 m illio h it^ ,

I I I .  IXffiRM W il RESULTS

A. Meutron ^ ‘odtiction

Tto to ta l  average y ield  of neutrons i s  ^  U x  10^ p e r d isch arg s  a t  
30 kv and m utron yields as as ^10» p e r  d ischarge  have been r e ­
corded. Me cSrcurferential asysaietry in  n eu tro n  y ie ld  has b een  observed ,

avera^  y ield  of neutrons i s  found to  v ary  w ith  p re s s u re  as 
shown in  Fig, It* The isaxisium neutron-yield i s  found a t - a  low er p re s su re  
(»«l5 |i) than with the smaller machiiB, PS-3 (>^30 p ) .  Tte n e u tro n  y ie ld  
also i s  observed  to  d ecrease  more r a p id ly  w ith  in c re a s in g  p re s su re  th a n
for PS-3 and 'is reduced to  om -half of i t s  maxirmmi v a lu e  a t  a  p re ssu re  
of 21.5 p.. . ' . '

The dependence of the average  n eu tro n  y ie ld  from  PS-U on th e  i n i t i a l  
axial B_ m agnetic f i e l d  (F ig . 5a) e x h ib i ts  a  s t r ik i n g  s im i la r i ty  t o  th a t  
repOTted fo ri PS-3 with an optiiauffl v a lu e  o f  g iv in g  th e  umximum y ie ld .
I t  i s  also foxmd th a t the optimum va lu e  o f  v a r ie s  w ith  th e  a p p l ie d
prim ary  v o lta g e  as shown i n  F ig . 5b , A gain a  com parison x jith  PS-3 can  
be made i n  th a t  a  sm a lle r va lue  o f  B i s  r e q u ire d  i n  th e  l a r g e r  machine 
to  op tim ize  th e  n eu tro n  y ie ld  f o r  a f iv e n  d isch arg e  c u r r e n t .  I t  i s  o f 
f u r th e r  i n t e r e s t  to  no te  t h a t  f o r  th e  f i e l d  a d ju s te d  f o r  optimum 
neutron .yield a t  v a r io u s  p rim ary  v o lta g e s ,  th e  y ie ld  ex p e rien ces  e s ­
s e n t i a l l y  a  l in e a l ' r i s e  w ith  in c re a s in g  p rim ary  v o lta g e . These d a ta  a re  
summarized i n  F ig . 6 .

The average t im ’s o f  o n s e t ,  c e s s a t io n ,  and d u ra tio n  o f  n eu tro n  
' e jn ission  a re  shovm in  F ig . ?a and 7b. As the  p rim ary  v o ltag e  i s  i n ­

c re a se d  th e  n eu tro n s  appear e a r l i e r  i n  tim e and t h e i r  d u ra tio n  grows' 
s h o r te r .  The o n se t o f neu tro n s a t  a  f ix e d  f i e l d  may w e ll  be  a s s o c i­
a te d  w ith  a  c r i t i c a l  value  o f d isch a rg e  c u r re n t  ( 1 8 0  ka) so th a t  as  
th e  more th e  prim ai'y v o lta g e  i s  in c re a s e d , w ith  the r e s u l t in g  in c re a s e
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i n  th e  r a t e  o f r i s e  o f gas c u r re n t ,  th e  e a r l i e r  w i l l  t h i s  c r i t i c a l  c u rre n t
be reached  and neu tro n s  e m itted . The te iin in a tio n  o f  th e  n eu tro n  bxscrst i s  
c o r re la te d  w ith  th e  appearance o f r a d ia t io n  from w a ll i]Daterial.s. At th e  
loifSr v o lta g e s  (20  to  2k k v ) , n eu tro n  em issio n  occu rs  alm ost sym m etrica lly  
i n  tim e about th e  c u r re n t maxitmim w ith  l i t t l e  o r  no iinpusdty l i g h t  (S i I I )  
em itted  i n  t h i s  tim e in te rv a l ,-  At th e  xiigher v o lta g e s  {> 2 k  k v ) , im p u rity  
l i ^ h t  corns s i n  e a r l i e r  w ith  an  ap p aren t quencidng o f th e  n ea teo n s , th u s  
le a d in g  to  s h o r te r  b u r s t  d ts ra tio n .

The re g io n  o f em ission  o f  n eu tro n s  i n  th e  to ru s  has been measured 
tx ith  a la rg e  p a r a f f in  c o llim a to r  used  i n  co n jim c tio n  w ith  a  f a s t  phosphcr 
and p h o to m u ltip lie r  d e te c to r .  The r e s u l t s  o f  th e  measurement a re  shown 
i n  F ig , 8 . W ithin  th e  experinK ntal e r r o r s ,  th e  r e s \ i l t s  fo r  th e  h o r iz o n ta l 
and v e r t i c a l  scar: a c ro ss  th e  miner d iam ete r a r e  th e  same, and i t  i s  con” 
eluded  th a t  th e  source i s  p robab ly  symmetric ab o u t th e  m inor a x i s .  From 
a knowledge of th e  r e s o lu t io n  o f th e  c o l l im a to r ,  th e se  d a ta  have been  un­
fo ld e d  w ith  th e  a id  o f  a  ?0U computing m achine. The r e s u l t s  o f  th e  u n fo ld ­
ing  p ro c e s s , (Fig# 9 , A) show th a t  th e  n eu trons a re  produced i n  a  hollosf 
c y l in d e r ,  2 cm I ,D , and cm O .D ,, w ith  some c o n tr ib u tio n  betw een 8 -" 

lU-cm diam eter* The d a ta , how ever, a re  n o t in c o n s is te n t  v d th  neu tro n s 
be in g  produced un ifo rm ly  in  a ro d  3 cm i n  d iam ete r w ith  a  sm all c o n t r i ­
b u tio n  betw een t h i s  ro d  and th e  to ru s  w a ll .  F ig . 9,B .

The energy d is t r ib u t io n s  o f th e  e m itte d  neu trons have been measured 
i n  two d ir e c t io n s  ta n g e n tia l  to  th e  m ajor c ircum ference: one i n  th e
d i r e c t io n  i n  which deu terons a re  a c c e le ra te d  by th e  induced  e l e c t r i c  
f i e l d ,  and th e  o th e r  opposed. An ea^ an sio n  ty p e  c loud chamber, 30-cm
I .D . ,  f i l l e d  w ith  CH|̂  a t  a p re ssu re  o f  1 .3  atm ospheres p la ced  one m eter 
from th e  to ru s  was used  a s  th e  d e te c to r .  A p a r a f f in  c o llim a to r  betw een 
th e  c loud  chamber and the  to ru s  l im ite d  th e  accep ted  n eu trons t o  th o se  
e m itte d  ta n g e n t ia l ly  from th e  to r u s .  To m inim ize x - ra y  background a  0 .6 -  
cm th ic k  le a d  s h ie ld  surrounded th e  c loud  chamber. The h igh  r e l a t i v e  
n eu tro n  y ie ld  from  th i s  machine has made i t  p o s s ib le  to  o b ta in  070 
u sab le  tr a c k s  i n  '**'1600 expansions. The r e s u l t s  w ith  th e  machine o p e ra tin g  
a t  2 7 ,6  kv , 1300  gauss f i e l d  and 1 2 ,3  p- Dg gas p r e s s u re ,  a re  shown i n  
F ig . 10  to g e th e r  w ith  a  c a l ib r a t io n  ru n  made on a  G cckcroft-W alton  ac­
c e l e r a to r .  I t  i s  seen  th a t  th e  n eu tro n  e n e rg ie s  m easured in  th e  d i r e c t io n  
in  which deu terons may be a c c e le ra te d  i n  th e  machine a re  h ig h e r  th a n  th o se  
i n  th e  o p p o s ite  d i r e c t io n ,  w ith  pronounced energy  peaks a t  2 ,39  Mev i n  th e  
forw ard d i r e c t io n  and 2.37 Mev i n  th e  backward d i r e c t io n .  The w id th s  a t 
h a l f  maximum o f th e  n eu tron  energy  peaks a re  0 ,3  and 0 .33  Mev and o n ly  
s l i g h t ly  la rg e r  th a n  th a t  of th e  c a l ib r a t io n  ru n ,  0 ,2  Mev, These energy 
s h i f t s  show th a t  th e  c e n te r  o f  mass o f th e  r e a c tin g  deu terons i s  moving 
in  th e  d i r e c t io n  o f  th e  induced e l e c t r i c  f i e l d  w ith  a  v e lo c ity  o f  '*«/ 3 x  1 0 ' 
cm /sec. I f  th e  as  sunlit io n  i s  made th a t  f a s t  d eu te ro n s r e a c t  w ith  deu terons 
a t  r e s t ,  th e  peak o f th e  n eu tro n  energy  d i s t r i b u t io n  im p lie s  a  d eu te ro n  
energy  o f  10 kev,

B. tfegne tic  F ie ld  and P ressu re  D is tr ib u t io n s

The B0 and Bg m agnetic f i e l d  d i s t r i b u t io n s  have been  measured ac ro ss  
a  minor d iam eter o f th e  to ru s  i n  th e  h o r iz o n ta l  p la n e . I f  th e  assum ption
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o f symmetry o f th e  d isch a rg e  about th e  h o r iz o n ta l  p lane i s  c o r r e c t ,  th e n  
on ly  two components o f th e  m agnetic f i e l d ,  Bq and B^, need be m easured 
as Bj. i s  z e ro . Subsequent to  th e s e  m easvrem snts, o th e r  r e s u l t s ^ ^  a t  Los 
Alamos i n  c y l in d r ic a l  geom etry in d ic a te  a  g ro ss  b o d ily  movement o f th e  
d isch a rg e  w ith  th e  r e s u l t in g  in fe re n c e  t h a t  a  more d e ta i le d  program  o f 
m easurerfents in c lu d in g  th e  t h i r d  component ( r a d ia l )  i n  to r o id a l  geom etiy 
i s  re q u ire d .

The m agnetic f i e l d s  a re  m easured by p re v io u s ly  d e sc r ib e d  te c h n iq u e s^ , 
and th e  r e s u l t in g  c a lc u la te d  and jg  c u r re n t  d e n s ity  d i s t r i b u t io n s  a t  
30 kv p rim ary  v o lta g e  and 1700 gauss s t a b i l i z in g  f i e l d  a re  shown i n  
F ig s . U a  and l i b ,  r e s p e c t iv e ly .  The d isch a rg e  ^ p e a r s  to  be co n fin ed  
by th e  p in c h  f i e l d  and i s  c o n ce n tra te d  ab o u t th e  a x is  w ith  l i t t l e  o r  no 
c u rre n t n ear th e  w a lls  a f t e r  th e  i n i t i a l  p in ch in g  a t  about one m icrosecond.

The d isch a rg e  c u r re n t  along th e  a x is  i s  n o t zero  when th e  t o t a l  secon­
dary  c u r re n t  p a sse s  th rough  z e ro . This phenomenon has been observed  i n  
th e  l i n e a r  d ischarge  m achine, Columbus 3-U^^ and i s  o f course  due to  f i n i t e  
v e lo c i ty  o f  d i f fu s io n  o f c u r re n ts  th ro u g h  th e  conducting  medium.

P re ssu re  and cu rre n t d is t r ib u t io n s  were c a lc u la te d  from a  knowledge 
o f th e  m agnetic f i e l d s  m easured along a  m iner d iam ete r o f th e  to r u s .  The 
e q u a tio n  used f o r  c a lc u la t in g  th e  p re s su re s  along t h i s  d iam eter i s

2 1^2

E l R -A
+ C, (1)

where R i s  th e  major ra d iu s  to  th e  p o in t  under c o n s id e ra tio n , A i s  d e te r ­
mined by th e  c o n d itio n  Bg = 0 a t  R = A, and th e  a r b i t r a r y  c o n s ta n t C i s  
determ ined  a t  some p o in t where th e  p re ssu re  i s  known. The q u a n tity  
(r2-a2 ;  /2R i s  th e  minor ra d iu s  o f th e  to r o id a l  co o rd in a te  su r fa c e  througli 
th e  p o in t .  The eq u a tio n s  fo r  th e  c u r re n t d i s t r i b u t io n s  along th e  d iam ete r 
a re

O b,1 %  . 2R „  \
- - i n r l y T - "  ^  V

-  T V  ( ? i -  — y

T ypical r e s u l t s  of th e  p re ssu re  c a lc u la t io n s  a re  shown i n  F ig . 12 .

An exam ination  o f  th e  p ressu re  p r o f i l e s  rev ea ls  s e v e ra l o u ts ta n d in g  
f e a tu r e s :  (1) th e  c e n te r  of th e  d isch a rg e  as d e f in e d  by  Bq -  0 does not
move a p p re c ia b ly  du ring  th e  f i r s t  h a l f  cyc le  o f  gas c u r re n t b u t  i s  lo c a l ­
iz e d  w ith in  l e s s  th a n  t l .O  cm along  th e  a x is ,  (2) a p re ssu re  minimurni occurs
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on th e  a x is  and p e r s i s t s  d ttring  iriost o f th e  f i r s t  h a l f  p e r io d . Two 
p re ssu re  peaks o f v ary in g  am plitude a re  p re s e n t  on each s id e  o f  the 
p re ssu re  minimujn a t  a r a d iu s  of 2 cm, (3) a p p rec iab le  p re s s u re s  o f  
Ysrjing am plitude a re  p re se n t a t  th e  in s id e  and o u ts id e  w a ll s .

These pressxxre d i s t r ib u t io n s  w ere uxBxp^cted as t h ^  have n o t been 
ob ta in ed  in  to ro id a l  machines h e re to fo re .  The p o s s i b i l i t y  e x i s t s  t h a t  
th e  assim p tions made in  th e  d e r iv a tio n  of Eq. 1 a r e  not v a l id  and a 
com plete mapping o f  th e  f i e l d s  i s  re q u ire d . I t  i s  in t e r e s t in g  to  note^ 
however^ th a t  one p o ss ib le  c o n f ig u ra tio n  f o r  the  r a d ia l  d i s t r i b u t io n  of 
th e  e m itted  n eu tro n s  (see  F ig , 9 ,A) i s  a  t l i in  s h e l l  and th a t  t h i s  s h e l l  
i s  lo c a te d  on th e  p re ssu re  peaks a t  ra d iu s  ^  2 cm.

At l e a s t  th re e  p o s s ib le  ex p lan a tio n s  e x i s t  f o r  th e  la rg p  p re s s u re s  
c a lc u la te d  a t  th e  w allss  (1) th e  d isch arg e  moves b o d ily  about th e  tube 
and la rg e  inw ard and outx'/ard a c c e le ra t io n s  a re  p re s e n t as  has been ob­
served  r a d ia l ly  in  th e  l i n e a r  syster?!^^ (th e  p re se n t d a ta  a re  no t su f ­
f i c i e n t l y  p re c ise  a t  th i s  tim e to  make a. more d e ta i le d  a n a ly s is ) ; , (2) 
h igh energy  runaway e le c tro n s  a re  c o n tr ib u tin g  to  th e  p re ssu re  by  th e i r  
c e n tr i fu g a l  fo rce^  o r (3) e r ro r s  i n  f i e l d  measurements e x i s t  near th e  
w a lls  o r near th e  probe openings i n  th e  p rim ary  s h e l l ,

C. Powered. CroTfbar O peration

For some c o n d itio n s  i t  has been  found p o s s ib le  to  s u s ta in  th e  c u r re n t 
siaximum fo r  tim es as long as 30 m icroseconds. The c u r re n t i s  m ain tained  
by sw itch ing  an ad d i.tio n a l 2h m i i l i f a r a d s  o f  c a p a c ita n c e  (1 .1  x  1q5 jo u le s  
a t  3 kv) i n  p a r a l l e l  w ith  th e  p rim ary  energy su p p ly  a t  th e  tim e o f  c u rre n t 
maximum. Because of th e  unexpected  high Impedance o f 'the d ischarge^  th e  
d ischarge  c u r re n t could be h e ld  c o n s ta n t by th e  crowbar bank o n ly  a t  th e  
le v e l  corresponding  to  a t o t a l  p rim ary  v o ltag e  o f lU kv. I f  sw itch ing
ta k e s  p la c e  a t  c u r re n t maximum vrith  i n i t i a l l y  ? kv and 3 kv on th e  prim ary
and s u s ta in in g  crowbar su p p lie s  r e s p e c t iv e ly ,  th e  r e s u l t s  shown in  F ig , 13 
a re  o b ta in ed . W ith an i n i t i a l  a p p lie d  secondary  v o ltag e  o f  13 kv , i t  
i s  observed th a t  th e  d ischarge  c u r re n t  i s  h e ld  r e l a t i v e l y  c o n s ta n t ,  -^180 
k a , fo r  *^30 usee by th e  crowbar system .

The Bq and m agiBtic f i e l d  d is t r ib u t io n s  have been  m easured as a 
fu n c tio n  of tim e w ith  a s u s ta in e d  crowbar o p e ra tio n , and the  corresponding  
c u r re n t d e n s i t ie s ,  j^  and c a lc u la te d  (F ig . l i ; a ,b ) . P ressu re  p r o f i l e s  
have a lso  been c a lc u la te d . I t  i s  su rp r is in g  th a t  f o r  tim es  as long  as 
32 psec a f t e r  th e  f i r s t  c u r re n t maximum th a t  th e  m agnetic f i e l d  d i s t r i ­
b u tio n s  vary  a s  l i t t l e  as they  do. I t  i s  ap p a re n t t h a t  th e  a x ia l  d ischarge
c u rre n t rem ains se p a ra te d  from th e  w a lls  f o r  «^U8 m icroseconds a f t e r  i n i t i ­
a t io n  o f  d ischarge c u r re n t .

A n eu tron  y ie ld  o f  ^  2 x  10^ p e r b u r s t  under normal o p e ra tin g  co n d itio n s  
w ith  13 kv a p p lie d  secondary v o ltag e  in c re a s e s  w ith  crowbar o p e ra t io n  a t  
13 kv to  <^2 X 10° p e r  b u r s t  w ith  d trra tio n  in c re a se d  up to , ^  60 psec (F ig . 
1 3 c ) . The r a t e  o f n eu tro n  em ission  rem ains r e l a t i v e l y  c o n s ta n t during  t h i s  
tim e . This r e s u l t  a p p a re n tly  p re c lu d e s  e x p la n a tio n s  o f n e u tro n  p ro d u c tio n  
which use shocks o r ig in a t in g  by r a p id  r a t e  o f r i s e  o f d isch a rg e  c u r re n ts
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or sudden a p p l ic a t io n s  o f h ig h  v o lta g e s .  I t  ap p ea rs  n ecessa ry  th a t  th e  
n eu tro n  p roducing  mechanism be con tinuous fo r  r e l a t i v e l y  lo n g  tim es and 
th a t  i t  in v o lv e s  no perm anent breakup of th e  p in d i s t r u c tu r e .

D uring th e  s u s ta in e d  crowbar o p e ra t io n , a  c o n s id e ra b le  amount o f 
energy (9 .0  x  10^ jo u le s  per psec) i s  b e in g  t r a n s f e r r e d  to  the d is c h a rg e . 
Ko ap p re c ia b le  ch an g es, however, a re  found d u rin g  th e se  tim es i n  th e  
p re ssu re  d i s t r i b u t io n s . The co n c lu sio n  i s  in e sc a p a b le  th a t  energy i s  
be in g  l o s t  by th e  d isch a rg e  as f a s t  as i t  i s  b e in g  r e c e iv e d .

D. S p e c tra l O bserva tions

The i n t e n s i t i e s  o f  th e  deu terium  Dg, and s i l i c o n .  S i I I  (1^128 A ), 
l i n e s  v a ry  w ith  tim e a s  shown i n  F ig . 1>. The hydrogen l i n e  i n i t i a l l y  
i s  r e l a t i v e ly  in te n s e .  R a d ia tio n  from th e  d isch a rg e  gas becomes much 
weaker when io n iz a t io n  has tak en  p la c e , and th e n  becomes v e ry  s tro n g  
presum ably due to  th e  io n iz a t io n  o f  hydrogen r e le a s e d  from  th e  w a lls .
The tim e o f o n se t o f  s i l i c o n  l i g h t  i s  a  fu n c tio n  o f  p rim ary  v o lta g e  
(F ig . 7a) and i s  a s s o c ia te d  w ith  th e  bombardment of th e  w a lls  by p a r t i ­
c le s  o r r a d ia t io n .

E . X -rays

For p rim ary  v o lta g e s  a b o v e 20 kv a  sh o r t b u r s t  o f  x - r a y s ,  d u ra tio n  
^ 2  p sec , i s  d e te c te d  o u ts id e  o f  th e  aluminum prim ary  a t th e  s t a r t  o f  gas 
c u r re n t .  L i t t l e  o r no x - ra y  em ission  o f  energy  > JO kev occurs  d u rin g  th e  
rem ainderuof the. d isch a rg e  c y c le . The mean energy o f  th e  x -ra y s  o u ts id e  
th e  aluminum prim ary  i s  68 kev as  measured w ith  f i lm  b ad g es. With an 
a p p lie d  p rim ary  vol-^age o f  30 kv, a  maximum x - r a y  energy  o f 0 .6  Mev was 
determ ined by le a d  A bsorbers. The x - ra y  in t e n s i ty  v a r ie s  w idely  from 
d isch a rg e  to  d isch a rg e  w ith  an average read in g  o f  / v l  mr p e r  d isch arg e  
measured w ith  a  d osim eter p la c e d  a lo n g sid e  th e  to ru s  p rim ary .

I I I .  DISCUSSION

From th e  above d a ta  some co n c lu sio n s  can be drawn concerning th e  
plasma confinem ent and  h e a tin g  i n  P e rh ap sa tro n  S-J4 .

A. E l e c t r i c a l  R e s is ta n c e

In  th e  o p e ra tio n  o f  PS-U, th e  e l e c t r i c a l  r e s is ta n c e  o f th e  d isch arg e  
was found to  be co n s id e ra b ly  la r g e r  th a n  exp ec ted . At the  d isch arg e  
c u rre n t maximum (3 x  lo 5  a n p e re s ) , f o r  exam ple, th e  secondary  v o ltage  was 
measured to  be 8.U kv xjhich g iv es  from  Ohm's law  a  t o t a l  d isch arg e  im­
pedance o f  28 m illiohm s. From th e  jg  and jg  c u r re n t  d e n s ity  d i s t r ib u t io n s  
(F ig . l l a , b )  i t  would appear t h a t  th e re  are  no la rg e  f lu c tu a t io n s  i n  the  
c u rre n t d e n s ity  d i s t r i b u t io n s  a t  th e  c u r re n t maximum ( t  = i2 .3 -p s e c )  
in d ic a tin g  th a t  a t  t h i s  tim e th e re  i s  l i t t l e  change i n  th e  secondary 
induc tance and hence th e  v o lta g e  drop i s  p u re ly  r e s i s t i v e .  The c u rre n t 
channel d iam eter a ^ 7 .2  cm i s  a ls o  d e fin e d  by th e  j z  d i s t r i b u t io n .  ¥ i t h  
th e  assum ption th a t  th e  e l e c t r i c  f i e l d  i s  c o n s ta n t th roughou t the  d i s ­
charge we c a lc u la te  a  r e s i s t i v i t y  o f I4 .0  x  10~3 ohms-cm, p i tc h  o f
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th e  m agnetic f i e l d  l in e s ^  and a  co rrespond ing  e le c tro n  tem pera tu re  o f 
*^6 ev  assu 
^  = 3 X 10"

     ^  —̂ —   ^  —       ---
*^6 ev  a s ^ ^ n ^ ^ v a ^ i ^ t y  of th e  r e s i s t i v i t j ’-j tem fsrat-u re r e l a t i o n

A second n^asurem ent o f th e  d isch arg e  r e s is ta n c e  i s  a v a ila b le  from  
th e  perfc<rmance o f th e  d ischar’ge during  th e  su s ta in e d  ercr/?bar o p e ra tio n .
In  t h i s  case  th e  d isch arg e  c u rre n t was h e ld  e s s e n t i a l ly  c o n s tan t f o r  
30 ixsec w ith  l i t t l e  observed  change in  th e  c ^ r e n t  d is t r ib u t io n s  
(F ig , lU a ).  The d isch a rg e  cu rre n t was 1 ,8  x  10^ amperes w ith  a  secondary 
v o ltag e  of 5*0 kv. From th e  fo reg o in g  crowbar o p e ra tin g  c o n d itio n s ,
th e  t o t a l  d isch arg e  r e s is ta n c e  i s  c i c u l a t e d  to  be 28 m illiohm s i n  
agreement w ith  th e  c a lc u la t io n  made a t  th e  h ig h e r v o lta g e s  and c u r re n ts .
At th e  reduced  power le v e l  re q u ire d  fo r  crowbar o p e ra tio n  th e  d ischarge  
rem ains rem arkably  f r e e  from Im p u rity  r a d ia t io n  fo r  hO p sec . This 
enab les  us to  r e j e c t  im p u r it ie s  a s  a s e r io u s  c o n tr ib u to r  to  th e  h igh  
r e s i s t i v i t y ,

A more p re c is e  and m eaningful measurement of th e  r e s i s t i v i t y  o f th e  
d isch arg e  can be mads w ith  th e  knowledg^ o f  th e  Bq and d i s t r i b u t io n s .
The e l e c t r i c  f i e l d s  and c u r re n t d e n s i t ie s  p a r a l l e l  to  th e  m agnetic f i e l d  
can be c a lc u la te d  throughout th e  d ischarge  and from th e s e  d a ta  changes 
in  th e  r e s i s t i v i t y  o b ta in ed  a s  a  fu n c tio n  o f tim e. These c a lc u la t io n s  are 
now be in g  made b u t no r e s u l t s  a re  a v a i la b le  a t  t h i s  tim e .

In  summary, th e  experim en tal r e s u l t s  in d ic a te  th a t  th e  apparent 
r e s i s t i v i t y  of th e  d isch arg e  i s  la rg e  (U.O x  10“ 3 ohms-cm) w ith  a c o r re s ­
ponding low 6 ev  e le c tro n  tem p era tu re . I t  should be em phasized, however, 
th a t  th e se  c a lc u la t io n s  u se  th e .s im p l i f ie d  Ohm's law  r e l a t i o n  fo r  th e  
plasma.3-3 ig n o rin g , i n  p a r t i c u la r ,  v e lo c i ty  te rm s th a t  would e x i s t  i n  th e  
presence  o f  plasm a waves or tu rb u le n t  c o n d it io n s ,

B. Energy Balance

I t  i s  in s t r u c t iv e  to  account f o r  th e  energy  ta k e n  from th e  c a p a c ito r
barJcs du ring  th e  d isc h a rg e . ¥ i t h  PS-U o p era tin g  a t  15 kv, th e  energy
d ep o s ited  i n  th e  v a r io u s  s e c tio n s  o f th e  macliine a t  a tim e o f 6 psec has
been c a lc u la te d . The r e s u l t s  a re  summarized i n  Table I ,

Table I
1 .  I n i t i a l  energy  in  condenser bank 50,600 jo u le s
2 . Energy rem ain ing  in  condenser bank a t  6 psec 28,200 jo u le s
3 . Energy i n  e x te rn a l  induc tance 2 ,760  ”
U. M agnetic f i e l d  energy a s s o c ia te d  w ith  d is c h a rg e ,

/ b^ B it dV +/B^/6fr dV - / b^ ^ B tt dV 11,620 "

5 . R e s is ta n c e  lo s s e s  5U0 "
6 . Energy i n  prim ary induc tance 300 "

T o ta ls  50 ,6 0 0  jo u le s  U3,U20 Jo u le s

Siasrgy unaccounted fo r  7,180 jo u le s
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I f  th e  rem ain ing  en erg y , 7180 jo u le s ,  were used t o  h e a t a l l  th e  
gas i n i t i a l l y  p r e s e n t - in  th e  to ru s  a  plasm a tem peratu re o f  ?60 ev  
would e x i s t  a t  6 pisec i n  th e  d isc tia rg e  c y c le . This r e s u l t  i s  c l e a r ly  
incom p atib le  w ith  th e  6 -ev  e le c tro n  te m p era tu res  c a lc u la te d  from  th e  
r e s i s t i v i t y .

The su s ta in e d  crow bar o p e ra t io n  g ives  us a d d i t io n a l  in fo rm a tio n  a s  ^ 
to  th e  problem  of h e a tin g  th e  p lasm a. With a  co n stan t c u r re n t o f  1 .8  x  10^ 
amperes th e  secondary v o lta g e  rem ains e s s e n t i a l ly  c o n s ta n t a t  5»0 kv fo r  
<v30 p sec . Energy i s  th e n  being  t r a n s f e r r e d  to  th e  d isch arg e  a t  a r a te  

o f approx im ately  (1 .8  x  10-^) (5 x  10^) 10“°  = 900 jo u le s  p e r  a s e c . The 
c a lc u la te d  c u rre n t d e n s ity  d i s t r i b u t io n s  (F ig . lU a,b ) in d ic a te  t h a t  t h i s  
energy i s  n o t appearing  i n  th e  m agnetic f i e l d  s in c e  th e s e  d is t r ib u t io n s  
do n o t change a p p re c ia b ly  d u rin g  t h i s  time i n t e r v a l .  The energy  must 
th e n  be d ep o s ited  to  th e  gas a t  a  r a t e  o f 95 ev p e r  p a r t i c l e  p e r p sec . 
However, th e  c a lc u la te d  p re s s u re s  du rin g  Jfchis tim e in t e r v a l  do n o t r i s e  
a p p re c ia b ly  nor does th e  r a t e  of n eu tro n  p ro d u c tio n  in c re a s e  as would be 
expected  from a. s te a d i ly  r i s i n g  tem p era tu re .

These argum ents le a d  to  th e  obvious co n c lu sio n  th a t  th e re  a re  
mechanisms a t  work by which energy i s  being  c o n tin u o u s ly  d ra in e d  from 
th e  d is c h a rg e . The m agnetic probe measurements in d ic a te  th a t  th e  d i s ­
charge c u r re n t i s  a t  l e a s t  g ro s s ly  con fined  away from  th e  tube  w a lls , 
b u t  th e  experim en ta l r e s u l t s  dem onstrate  th a t  th e  energy t r a n s f e r r e d  to  
th e  plasm a i s  n o t con fin ed . The n a tu re  of th e  lo s s  mechanism i s  n o t y e t 
known though i t  i s  su sp ec ted  t h a t  lo s s  by  escape o f e n e rg e tic  p a r t i c l e s  
ac ro ss  th e  co n fin in g  m agnetic f i e l d ,  p a r t i c l e  a c c e le ra t io n  by th e  e l e c t r i c  
f i e l d ,  and lo s s  by r a d ia t io n  g en era ted  by plasm a waves and tu rb u le n c e  may 
be c o n tr ib u tin g  f a c to r s .

C. P ressu re  B alance R e su lts

The p re s su re  d i s t r ib u t io n s  c a lc u la te d  from  th e  m easured m agnetic f i e l d  
d is t r ib u t io n s  in  PS-ii show ,in  g e n e ra l ,a  p re ssu re  maximum a t  a  r a d iu s  o f 
"»2 cm. With a  p re ssu re  minimum on th e  a x is  i t  can be  concluded  th a t  th e  

p re s su re  d if fe re n c e  betw een th e  peak p re ssu re  and th e  a x ia l  p re s su re  i s  
n o t a  r e s u l t  o f  fo rc e s  such as  th o se  produced by runaway e le c t r o n s .  The 
p re s su re  d if fe re n c e s  betw een th e  peaks and th e  minima a t  th e  a x is  vary  up 
to  ^  2 .5  atm ospheres w ith  co rrespond ing  energy d e n s i t ie s  of 0 .2 5  jo u le s  
p e r  cm3. I t  i s  no t c le a r  w hether t h i s  energy  e x i s t s  as gas tu rb u le n c e , 
shock waves, plasm a w aves, o r i n  the rm al m otion of the  gas p a r t i c l e s .  I f  
i t  i s  assumed th a t  a l l  th e  gas i s  con fined  u n ifo rm ly  in  a  ro d  o f  d iam ete r 
3 .5  cm, and th a t  an energy d e n s ity  o f  0 ,25  jo u le  s/cm '*is expended i n  th erm al 
m otion o f  th e  gas p a r t i c l e s  w ith in  th e  ro d  th e n  a  te m p era tu re  o f 220 ev i s  
deduced from  th e  p re ssu re  m easurem ents. This tem pera tu re  i s  perhaps I m  
s in c e  co n s id e ra b le  p re s s u re s  are observed  between 3.5'Cm r a d iu s  and th e  
w a ll ,  which in d ic a te s  th a t  a l l  th e  gas may n o t be co n fin e d  w ith in  th e  
3.5*cm ra d iu s .

A tem pera tu re  o f  220 ev i s  n o t s u f f i c i e n t  to  e x p la in  th e  PS~h n eu tron  
y ie ld  based  on therm onuclear r e a c t io n  c o n s id e ra tio n s , a lth o u g h  as s ta te d
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ab o v e 'th e  r e s u l t s  o f th e  c o llim a te d  n eu tron  o b se rv a tio n s  a c ro s s  a  minor 
d iam eter su g g est th a t  th e  neu trons .a re  produced i n  the m easured h ig h  
p re ssu re  re g io n s  of th e  d isc h a rg e .

D. Heutro n  Energy D is tr ib u t io n s

The energy s h i f t s  i n  th e  n eu tro n  energy  d i s t r i b u t io n s  d e sc r ib e d  
e a r l i e r  i n  t h i s  r e p o r t  show c o n c lu s iv e ly  th a t  most o f the  n eu tro n s  
ai’e g en era ted  by r e a c t in g  d eu terons hav ing  a  c e n te r  'of mass v e lo c i ty  o f  

107 cm /sec.

Tiro p o s s ib le  mechanisms re p re s e n t in g  ex tre ire s  o f  v ie i-jpo in ts  can be 
co n sid ered  by m ic h  th e  neu trons may be produced w ith  th e  observed  c e n te r  
of mass v e lo c i ty :  ( l )  a sim ple a c c e le ra t io n  p ro c e ss  i n  id iich  10-1<bv
d eu te ro n s , wiaich a re  a a n a l l  f r a c t io n  o f th e  t o t a l  d eu te ro n s  p re s e n t  i n  
th e  to ru s ^ re a c t  i-jith th e  rem ain ing  d eu terons a t  r e s t ,  and (2) a  s tream ing  
o f d eu terons o f v e lo c i ty  ^  x  10? cm /sec r e a c t in g  m th  each o th e r  by th e i r  
r e l a t i v e  v e l o c i t i e s .

(1) In  th e  a c c e le ra t io n  p ro cess  we can c a lc u la te  th e  c u r re n t o f  
10 -kev deu terons re q u ire d  to  produce th e  o b se rv ed .n e u tro n  y ie ld .  ¥ i t h  
an i n i t i a l  gas p re ssu re  o f  1 2 .5  M- and an assumed com pression o f  t e n ,  a 
deu teron  c u rre n t o f 370 amperes i s  r e q u ire d  to  g ive  th e  observed  r a te  
o f n eu tro n  p ro d u c tio n  o f 5 x  1 0 ^  n e u tro n s /s e c . ( I f  a  sm a lle r  com­
p re s s io n  i s  assumed, th e  c u r re n t  m i l  in c re a se  in v e r s e ly  as th e  com pression.-) 
The p ercen tage  of th e  t o t a l  number of deu terons p re s e n t;  i n  th e  to ru s  which 
would c o n tr ib u te  to  t h i s  c u rre n t would be s m a l l , ^  0 .0 2 / ,  and th e  energy 
re q u ire d  to  a c c e le ra te  them to  10 kev q u ite  re a s o n a b le , ^  8 jo u le s .

P o ss ib ly  th e  s tro n g e s t argument t h a t  can be made a g a in s t  t h i s  p ro cess  
of n eu tro n  p ro d u c tio n  i s  th a t  th e  re q u ire d  d eu te ro n  c u r re n t  i s  too  la r g e .
I f  co n se rv a tio n  o f  momentum i s  to  occur i n  th e  d isc h a rg e , then  th e  r a t i o  
of th e  d eu te ro n  and e le c tro n  c u r re n ts  should be in v e rs e ly  p ro p o r t io n a l  to  
t h e i r  m asses. With a t o t a l  d isch arg e  c u r re n t of 300 k a , th e  d eu te ro n  
c u rre n t would be only  80 amperes.

The above c a lc u la t io n  o f th e  re q u ire d  deu te ro n  c u r re n t  has assumed 
th a t  a l l  th e  a c c e le ra te d  d eu terons  have an energj’" o f  10 kev correspond ing  
to  th e  peak i n  th e  n eu tro n  energy d i s t r i b u t io n .  This may w e ll be i n  e r ro r  
s in c e  comparable numbers o f low er energy d eu te ro n s  may be p r e s e n t ,  which 
woiild not c o n tr ib u te  much to  th e  t o t a l  n eu tro n  y i e l d  s in c e  th e  c ro s s -  
s e c tio n  i s  such a r a p id ly  r i s i n g  fu n c tio n  o f energy . U n fo r tu m te ly  th e  
cloud  chamber d a ta  a re  n o t s u f f i c i e n t ly  p re c is e  to  perm it a  d eu te ro n  
energy  d i s t r i b u t io n  to  be c a lc u la te d .

(2) I f  i t  i s  assumed th a t  deuterons a re  s tream ing  p a r a l l e l  to  th e  
a x is  o f th e  to ru s  i t  can be shown th a t  th e  deu terons i n  th e  gas cannot 
a l l  have th e  in d ic a te d  v e lo c ity ,  of 5 x  10^ cm/sec 2 .5  Icev e n e rg y ) .
To a c c e le ra te  a l l  th e  deu terons to  t h i s  en e rg y , a t o t a l  energy o f
1 .2  X 10^ jo u le s  i s  re q u ire d . In  th e  energy  b a lan ce  c o n s id e ra tio n  d i s ­
cussed  above, -only 7.2  x  10^ jo u le s  a re  a v a i la b le  fo r  t r a n s l a t i o n a l  k in e t ic



A/C0NF.15/P/2488 - 10 -
USA

energy. One must then conclude that only a fraction, 6o;̂  at most, of the 
deuterons could cooperate in this process. A difficulty arises in that 
this nximber of deuterons traveling at a velocity of 5 x 107 ati/sec would 
produce a current of 6.5 x 10^ amperes. In order to he consistent id.th 
the observed current and momentum conservation, the steady deuteron current 
must not exceed 80 amperes. The pressure distribution also establishes 
a limit on the maximum temperature and density which can exist. We mxist 
then conclude if hypothesis (2) is correct that in order to be consistent 
vrith current and energy balance the reaction must proceed at large relative 
deuteron velocities in a small fraction of the total gas. The necessarily 
high transient pressures which would then exist would not be observed by 
the present techniques. This highly localized source of neutrons receives 
some experimental confirmation in that during the collimated neutron 
measurements, at a given collimator position,the numbers of neutrons de­
tected on successive shots frequently varies by a factor of three.

Further experiments may reveal that the models developed above are 
gross oversimplifications of the true mechanism for neutron production
in VS-k.
E. Summary

The preceding comments may be summarized as follows,
(1) The discharge has been stabilized in a gross sense 

(the discharge current confined from the walls) for 
times U8 (isec.

(2) From the measured resistivity of the discharge the 
electron temperature is 6 ev.

(3) By some as yet unknown mechanism,energy is being 
lost by the discharge at a rate of 900joule s^^ec 
under certain operating conditions.

(k) Maximum gas pressures of '^2.5 atmospheres are
measured during the current cycle.

(5) There is a center of mass velocity of 5 x lo"̂  cm/
sec of the reacting deuterons which produce the 
neutrons. The mechanism responsible for the pro­
duction of these neutrons is not clear.
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F ig , 1 . Photograph o f  P e rh ap sa tro n  S-U showing th e  t o r u s ,  i ro n  c o re s ,  
e l e c t r i c a l  fe e d  p o in t s ,  and a  s e c t io n  o f the  vacuum system .
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F ig . 5>b. A x ial m agnetic f i e l d  fo r  optimtm n eu tro n  y ie ld  
as a  fu n c tio n  o f  p rim ary  v o l t  age. Deuterium gas 
p re ssu re  = 1 2 .5  m icrom .
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F ig . 10. N eutron energy d is t r ib u t io n s  measured ta n g e n t ia l ly  to  th e  to ru s  
circum ference i n  th e  d ir e c t io n  of a c c e le ra te d  deu terons and i n  
a  d ir e c t io n  o p p o site  to  th a t  of the a c c e le ra te d  d eu te ro n s . Also 
p ic tu re d  i s  a c a l ib r a t io n  measurement perform ed w ith  a  mono- 
e n e rg e tic  source o f neu trons from a  Cockcroft-W alton a c c e le ra to r .
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