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An 2nveistigation of the phenomena accanpanyfng the acceleration of the 
f a s t  plasma from a coaxial gun has been made using 8 var ie ty  of techniques 
including par t ic le  analysis, e l ec t r i c  probing, space current probing by 
Rogawsky loops, diamagnetism as meaau~ed by external plckup loops, high speed 
gbotography both d i rec t ly  of the discharge between the gun electrodes and in- 
d i rec t ly  by the l igh t  of the secondary p l a s m  produced when the f a s t  plasma 
s t r ikes  a target .  The-gun is normally operated with an ax ia l  bias magnetic 
f i e l d  between the electrodes,  The f a s t  plasma injected in to  a guide f i e l d  
contains - 5 x ld7 deuterons with a wide spread of energy peaking around 
8 keV, It i s  generated over a period of s l igh t ly  m e  than 1 psec, beginning 
2 gaec a f t e r  f i r s t  breakdown. When the gun is f i r ed  in to  a f i e l d  f r e e  region, 
the producrien of the f a s t  plasma appears t o  be consistent with a model based 
on tb expansion of a fu l ly  foniaed magnetized mmiq plasma in to  vacuum. 
Such a w d e l  would predict  t ha t  a large fract ion pf the magnetic and streaming 
kinet ic  energy of the mowing plasma b e h e n  the gun alactrodes would appear as  
kinet ic  energy of the front  par t  s f  the plasma. The acceleration of the plasma 
i s  a gradual o m  w e r  a distance of 50 cm or so beyoad the gun muzzle. When 
the gun i e  fared i n t o  a 16-W ax ia l  guide f i e l d  the acceleration prooess is 
localized eo a region within a few cm of the gun muzzle, the ions and electrons 
enter  the guLb f i e l d  by separate prmesses and by di f ferent  paths. The 
detailed acceleration mechanism i a  s t i l l  not underrtood. 
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THE FAST PLASMA FROM. A COAXIAL GUN 

John Marshall and Ivars Henins 

Los Alamos Sc i en t i f i c  Laboratory, Universi ty of Ca l i fo rn ia  
Los Alamos, New Mexico 

1. Introduction 

This paper ' i s  an attempt t o  describe and, a s  near ly  as  poss ible ,  t o  explain 
the phenomena responsible fo r  the accelera t ion of the f a s t  component of the 
plasma from a coaxial  gun.[1,2) It must be emphasized t ha t  t h i s  i s  one par t i c -  
u l a r  gun, and tha t  another coaxia l  gun may d i f f e r  v io l en t l y  i n  i t s  character-  
i s t i c s .  The di f ferences  depend on d e t a i l s  of design and on adjustment of 
easi . ly var iab le  parameters, which a re  optimized according t o  the immediate 
objectives of the experimenter. The gun discussed here i s  the r e s u l t  of a 
parameter search i n  which a l l  gun dimensions except inner e lect rode diameter 
were optimized fo r  the production of thermonuclear type deuterium plasma. The 
yie ld  was judged by the  number of neutrons produced when the f a s t  plasma was 
di rected against  a strong magnetic mirror .  Target neutrons produced when 
deuterons s t r i k e  the wal ls  of the system are  dis t inguishable  from these neutrons 
and were excluded from consideration.  The reason i s  t ha t  optimization on 
ta rge t  neutrons tends t o  lead t o  a d i f f e r en t  mode of gun operation and a com- 
p l e t e ly  d i f f e r en t  s e t  of parameters. Contaminati-on of the  f a s t  plasma by i m -  
p u r i t i e s  e i t h e r  of other ions than deuterium or of slow deuterium plasma was 
not considered. in  the optimization procedure so  long a s  i t  d idn ' t  i n t e r f e r e  
with neutron y i e ld .  Later ,  however, changes have been made i n  gun design 
which were intended t o  reduce such contamination, and which a re  believed t o  
have done so .  I n  addi t ion the gun i s  now operated with an a x i a l  b ias  magnetic 
f i e l d ,  s ince t h i s  was found t o  improve the qua l i t y  of the  f a s t  plasma. Regret- 
tably the more in f lex ib le  gun parameters have not been reoptimized a f t e r  these 
changes because of the large  .amount of e f f o r t  required.  
2 .  Gun Design and operating Parameters 

The gun design is  s h m  i n  Fig. 1. The electrodes a re  of copper. The 
a x i a l  va r i a t i on  of the  bias  f i e l d  i s  shown i n  F ig .  2 .  It i s  pulsed on by a 
large diameter c o i l  surrounding the gun b a r r e l ,  Timing i s  such t ha t  the bias  
f i e l d  has soaked through the outer gun e lect rode,  and the f i e l d  ex te rna l  t o  
the ba r r e l  due t o  the c o i l  i s  small a t  gun f i r i n g  time. The gun bank has 
30-pF capacity and i s  normally charged t o  21 kV. It i s  switched by 6 igni t rons  
through 3G low  i nduc tnn~e  cables and as seen from the terminal end of the  gun 
electrodes has about 10 nH inductance. A purposely inductive e l e c t r o l y t i c  
r e s i s t o r  i s  connected across the  gun terminals t o  d i s s ipa te  energy s a f e ly  i n  
case of an ign i t ron  p r e f i r e ,  but so  as  not t o  i n t e r f e r e  s i gn i f i c an t l y  with 
terminal voltage during approximately the f i r s t  2 psec. The f a s t  valve i s  
operated by thermal expansion of a shor t  sec t ion  of mechanical transmission 
l i n e ,  which i s  heated by ahout 50°c i n  10 psec by current  from a low energy 
aux i l i a ry  capaci tor  bank. Approximately 1-cm3 atm of deuterium gas i s  in t ro -  
duced by the valve through a labyr inth ,  which prevents erosion of the valve 
gasket by the plasma and consequent introduction of impurit ies,  but  which a l s o  
slows down gas admission and therefore a f f e c t s  the d i s t r i bu t i on  of gas densi ty  
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a t  gun f i r i n g  time. This i s  probably the only s i gn i f i c an t  mechanical design A t CL 

change made a f t e r  para~neter optimization. 1 6 3.  Gun Barrel Phase I Li 
It appears tha t  gun operation can be considered a s  consis t ing of two I ?  

separate  subsequent phases. The f i r s t  one, the gun ba r r e l  phase, l a s t s  from 
f i r s t  breakdown u n t i l  current  appears a t  the  muzzle. This requires  about 
2 psec. Before the  gun bank i s  tr iggered enough time delay has been allowed 
a f t e r  gas admission t o  provide a subs tan t ia l  gas density throughout the gun 
ba r r e l ,  from terminals t o  the space jus t  beyond the muzzle. Apparently the gas 
density near the gun terminals has an optimum value,  large enough so  tha t  a 
discharge can form i n  t h i s  low inductance region, dense enough so t ha t  i n  being 
driven toward the muzzle a large amount of k ine t i c  energy of streaming plasma 
can r e s u l t ,  but tenuous enough tha t  i t  can be driven t o  high ve loc i ty  and so 
absorb energy. The y ie ld  of f a s t  plasma appears t o  depend on the amount of 
energy which can be stored i n  the f i r s t  p a r t  of the discharge i n  the magnetized 
streaming plasma ins ide  the gun ba r r e l .  The f ron t  of the r a d i a l  discharge mwes 
through the deuterium gas between the e lect rodes  a t  a roughly uniform speed of 
about 2.5 x lo7 cm/sec. The resu l t ing  plasma i s  not snowplowed ahead of the  
current  f ron t  but i s  l e f t  behind, mwing a t  a lower speed than the f ron t  and 
s t i l l  carrying some r a d i a l  cur ren t .  The gun terminal current  i n  the meantime 
i p  r i s i n g  almost l i nea r ly  (Fig. 3 ) ,  so t ha t  by the time the current  f ron t  
reaches the muzzle the  terminal current  i s  about 2.7 x 106 A about three-fourths 
of which 4 s  being carried by plasma behind the front.  Fast plaema is emitted 
by the gun only a f t e r  the current  f ron t  has reached the  muzzle. Violent e lec-  
t r i c  and magnetic phenomena take place there while i t  i s  being emitted but a r e  
not apparent i n  the current  and voltages measured a t  the  terminals.  The f a s t  
plasma c a r r i e s  1000 J or more of k ine t i c  energy, a subs tan t ia l  f r ac t i on  of the 
energy delivered e l e c t r i c a l l y  t o  the gun terminals before i t s  emission. I t s  
speed i s  much la rger  than the speed of the  plasma behind the  current  f ron t ,  
and three  or  four times the  speed of the current  f ron t  i t s e l f .  It appears 
then t ha t  it i s  accelerated by some phenomenon a t  the muzzle which i s  driven 
by energy s tored during the gun ba r r e l  phase. Differences wi thin  reasonable 
l im i t s  i n  the gun ba r r e l  phase produce quan t i t a t ive  but not qua l i t a t i ve  d i f f e r -  
ences i n  the f a s t  plasma accelera t ion phenomenon. It appears t h a t ,  i f  con- 
d i t ions  a t  the gun muzzle remain subs tan t ia l ly  the same, the speed and energy 
content of the f a s t  plasu~a w i l l  depend on the amount of energy s tored i n  the 
gun ba r r e l  phase and on the  azimuthal uniformity of the gun ba r r e l  discharge 
when i t  reaches the  muzzle but t ha t  the accelera t ion mechanism w i l l  not change 
e s sen t i a l l y .  

The exact  r o l e  of the gun ba r r e l  b ias  f i e l d  i s  not understood.' It i s  
known t o  a f f e c t  the breakduwn condit ions,  allowing the gun t o  be f i r e d  a t  
lower gas pressures,  and t o  have a d i f f e r en t  optimum time delay a f t e r  gas 
admission fo r  production of f a s t  plasma (- 245 psec without Boy - 330  vsec 
with Bo). With bias  f i e l d  the f a s t  plasma i s  somewhat f a s t e r  than without 
and there i s  considerably l e s s  l a t e  diamagnetism observed i n  the guide f i e l d  
beyond the  muzzle. The most l i k e l y  implication of t h i s  i s  t ha t  there  i s  l e s s  
slow plasma injected i n t o  the  guide f i e l d .  The slow plasma is  assumed t o  be 
t o  a large extent ,  the  streaming plasma behind the  current  f ron t  i n  the gun 
ba r r e l .  I n  the case of zero bias  f i e l d  i t  i s  observed t o  account approxi- 
mately fo r  the  amount of deuterium admitted by the valve.  The amount of slow 
plasma with bias  f i e l d  i s  i~nknown. 

The amount and energy of f a s t  plasma produced a t  the gun muzzle appears 
t o  depend on the gas densi ty  d i s t r i bu t i on  i n  t h i s  region a t  gun f i r i n g  time 
a s  well  a s  on the  density along the gun ba r r e l .  A high muzzle densi ty  leads 
t o  a lower p a r t i c l e  energy i n  the f a s t  plasma, perhaps simply because more 
mass i s  present t o  share the ava i lab le  energy. On the other hand it appears 
t ha t  a large  f r ac t i on  of the f a s t  plasma i s  derived from gas adsorbed on the  



- 1  

- 3 -  
i 

elect rodes  between shots .  Neutron y ie ld  has been observed on shots  immediately 12 2 a f t e r  deuterium has been pumped out of the valve system and replaced by hydrogen. 1 2 
Also when the system was contaminated with hydrocarbons from an imperfectly c! 
trapped d i f fus ion  pump, a much larger  f r a c t i on  of highly ionized carbon.appear- / g 
ed as an impurity of the f a s t  plasma than could be accounted fo r  by gas phase 
contamination. The gas densi ty  d i s t r i b u t i o n  along the gun ba r r e l  and a t  the 
muzzle were optimized as wel l  a s  could be by varying the  pos i t ion  of the gas 
i n l e t ,  the amount of gas admitted and the delay a f t e r  gas admission. Most 
l i k e l y  a b e t t e r  gas d i s t r i b u t i o n  is  poss ible ,  but i t  w i l l  be complicated t o  I 

achieve. 
4 .  Magnetized Plasma Expans ion Mode 1 

A model which may be capable of explaining p a r t i a l l y  the  generation of 
f a s t  plasma a t  the gun muzzle i s  simply the  expansion of the mwing magnetized 
plasma between the e lect rodes  of the  gun ba r r e l  i n t o  the evacuated space beyond 
the muzzle. The presence of the azimuthal magnetic f i e l d  i n  the plasma, which 
i s  due t o  the a x i a l  cur ren t  along the cen te r  e lec t rode and along the  current  
j e t  extending out i n  f r o n t  of the cen te r  e lec t rode ,  tends t o  make the plasma 
behave l i k e  a continuum, and allows pressure t o  be transmitted from one p a r t  t o  
another a t  Alfvln speed, which may be f a s t e r  than ion thermal speed. Alfvin 
waves i n  the expanding p a r t s  of the plasma w i l l  be expected t o  have AlfvLn 
ve loc i t y  r e l a t i v e  t o  the mwing plasma so  t h a t  expansion w i l l  not be l imi ted 
t o  t h i s  speed. On the other hand the expansion process w i l l  be slow f o r  speeds 
much g r ea t e r  than the Alfv6n ve loc i ty .  The process would be r e l a t i v e l y  simple 
f o r  a one dimensional expansion (plane surface separat ing magnetized plasma 
from vacuum), and could presumably be calcula ted from known i n i t i a l  condi t ions .  
Here one would expect a l l  magnetic and thermal energy t o  be t rans fe r red  eventu- 
a l l y  t o  streaming energy wi th  the p a r t i c l e s  near the edge of the plasma having 
a much la rger  energy than those deep ins ide .  

This model has se r ious  def ic iencies  when applied t o  the coaxia l  gun i n  
t ha t  the radius of the gun i s  about of the same s i z e  as  the gyro radius of the 
f a s t  plasma ions i n  the magnetic f i e l d  of the niuzzle cu r r en t .  This makes the 
behavior of the ions highly non-adiabatic, so  t h a t  they cannot be considered 
t o  be at tached t o  f i e l d  l i n e s  as  is  required by the model. The s i t u a t i o n  i s  
fu r the r  complicated by the  non-uniform azimuthal magnetic f i e l d  i n  t h i s  case ,  
and the three dimensional expansion t o  be expected. For these reasons i t  would 
appear t o  be a f r u i t l e s s  endeavor t o  attempt t o  solve the expansion problem 
f o r  t h i s  case .  Qua l i t a t i ve ly  the model may have some value,  however, pa r t i c -  
u l a r l y  s ince  the. expansion mighe be expected t o  take place mostly i n  the a x i a l  
d i r ec t i on  where the  large  f i e l d  gradients  might be expected t o  be found a t  the 
f ron t  of the current  j e t ,  and inc iden ta l ly  t h i s  i s  the d i r ec t i on  i n  which the 
f a s t  plasma i s  observed t o  emerge. 

The expansion of magnetized plasma away from the gun i s  equivalent  t o  the 
emergence of a j e t  of current  together with the plasma necessary t o  c a r ry  i t .  
In  any case ,  f l ux  i s  transported from between the gun e lect rodes  i n t o  the 
space beyond the muzzle and a voltage bepeez the  e lec t rodes  i s  implied. The 
voltage can be thought of e i t h e r  as  the v x B type generator emf of the  emerg- 
en t  magnetized plasma stream or as  the voltage required t o  account f o r  the 
r a t e  of f l ux  emergence, the two p ic tu res  being equivalent .  The vol tage  be- 
tween the gun e lect rodes  i s  of such a d i r ec t i on  as  t o  d r ive  a plasma continu- 
a t i on  of the a x i a l  current  along the e lec t rodes .  As the magnetized plasma 
expands, the magnetic f i e l d  decreases even i n  the case  of a pe r f ec t l y  con- 
ducting plasma, and the current  c a r r i ed  by the j e t  beyond the gun muzzle f a l l s  
off  wi th  d i s tance .  The E / B  f i e l d  l i n e  o r  p l a ~ m a  speed, r e su l t i ng  from the 
crossed r a d i a l  e l e c t r i c  f i e l d  and azimuthal magnetic f i e l d  of the  cur ren t  j e t ,  
can only increase i f  a sample of plasma is  followed i n  i t s  motion away from 
the gun muzzle. Non-adiabatic e f f e c t s  having to4do ~ i t h  large  gyro r a d i i  of 
ions can d i s t o r t  t h i s  se r ious ly  s o  t h a t  a l o c a l  E x B d i r ec t i on  can ac tua l l y  
be opposite t o  the streaming motion of ions.  



5 .  Experimental Observations 
A number of d i f f e r en t  kinds of measurements have been made i n  the  region 

beyond the gun muzzle, both with and without an a x i a l  guide f i e l d .  They in-  
clude e l e c t r i c  probing, space current  measurements with Rogowsky loop probes, 
spectroscopic measurements, p a r t i c l e  analys is ,  diamagnetic measurements from 
outside the vacuum chamber, high-speed photography, and o thers .  A r e l a t i v e l y  
simple p ic tu re  emerges i n  the absence of a guide f i e l d ,  which appears t o  be 
cons i s ten t  with the magnetized plasma expansion model discussed abwe .  I n  the 
presence of a guide f i e l d  the process i s  much more complicated so  t ha t  observa- 
t ions  and explanations become d i f f i c u l t .  
5 .1 ~ i ~ h - ~ ~ e e d  Photography , Muzzle Phenomena 

High speed photographs looking d i r e c t l y  i n t o  the gun muzzle were taken a t  
shor t  time i n t e rva l s  over about 8 psec from f i r s t  breakdown (Fig. 4 ) .  During 
the f i r s t  2 psec the appearance of the discharge depends on whether o r  not 
there  i s  a b ias  f i e l d ,  but from then on the presence of b ias  f ield-makes l i t t l e  
d i f fe rence ,  and.most of the l i g h t  appears t o  be local ized on the t i p s  of the 
e lec t rodes .  On the center  e lec t rode (cathode) the l i g h t  appears a s  a b r igh t  
r ing  with the  t i p  of the e lec t rode remaining dark fo r  about another psec. On 
the outer  e lec t rode i t  appears as  a number of b r igh t  spo t s ,  a large  number with 
b ias  f i e l d  approximately evenly d i s t r i bu t ed  around the circumference, one t o  
three  spots without b ias  f i e l d .  Semi-quantitative considerat ions of ion o r b i t s  
j u s t  ins ide  the muzzle ind ica te  t ha t  the outer  surface  of the cathode i s  prob- 
ab ly  heavily bombarded by ions,  and t h i s  may be responsible f o r  the lumines- 
cence. Inspection shows supe r f i c i a l  melting of inner e lec t rode near the  
muzzle. Lovberg has found e lec t ron  emission unnecessary t o  expla in  cathode 
cur ren t  under condit ions t yp i ca l  of the b a r r e l  phase, but h i s  mechanism breaks 
down a t  the muzzle, and i t  may be t ha t  e lec t ron  emission secondary t o  the ion 
bombardment i s  an e s s e n t i a l  pa r t  of the phenomena observed. Recent work by 
S t r a t t on  [33 on low voltage d .c . coaxia l  guns shows t h a t  ion o r b i t s  a r e  s imi la r  
t o  those in fe r red  here and t h a t  cathode current  i s  probably due t o  thermionic 
emission of e lec t rons .  
5.2 Rogowsky Loop Volume Current Probes 

The a x i a l  current  j e t  from the muzzle of the gun was invest igated with 
Rogowsky loops inser ted-  i n t o  the sys tem i n  appropr ia te ly  bent g l a s s  tubes . 
The tubes were passed through t e f l on  compression glands from the end opposite 
the gun and could be adjusted i n  a x i a l  pos i t ion  without breaking vacuum. The 
t e f l on  glands allowed enough angular adjustment s o  t h a t  the loops could be 
ccntcrcd on the axis of the system. T.,oops of approximately 5 ,  10 and 18-cm 
diameter were used. The g l a s s  tubing was 8-rmn diaineter Pyrex. The 10-cm 
loop was of a s i z e  j u s t  t o  s l i p  w e r  the outer gun e lect rode while the 18-cm 
loop would j u s t  s l i d e  ins ide  the g lass  vacuum wal l .  Loops and other probes 
probably d i s t u rb  the gun plasma a t  posi t ions  downstream from the t i p .  It i s  
believed,  however, t ha t  e f f e c t s  on cur ren t s  and po t en t i a l s  a t  the t i p s  a r e  
small .  

I n  the absence of guide f i e l d  a j e t  of negative cur ren t  grows outward 
from the center  e lec t rode with a speed of about 6 x lo7 cm/sec . Within 30-cm 
of the gun muzzle the cur ren t  i s  pinched i n t o  a narrow enough stream tha t  a l l  
of i t  passes through a 10-cm diameter c i r c l e .  The r e tu rn  cur ren t  appears t o  
pass along the g lass  wal l  behind the large diameter Rogwsky loop. Beyond 
30 cm the negative space current  spreads out so  t h a t  more passes through the 
18 cm than through the  10-cm diameter loop. It i s  suspected t ha t  current  and 
po t en t i a l  phenomena f a r  from the muzzle involve wal l  e f f e c t s  and would be 
qu i t c  d i f f e r en t  i n  a larger systqm, 

With a 16-kG guide f i e l d  no cu r r en t  i s  seen wi th  the l a rger  loops. With 
a 5-cm loop, however, qu i te  a d i f f e r en t  current  system is seen. Within 10-cm 
of the gun muzzle a negative cur ren t  j e t  continues i n  space, the cur ren t  along 
the cen te r  e lec t rode .  Farther away the current  reverses  and becomes pos i t ive .  
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5.3 E l ec t r i c  Probes 

Plasma po ten t ia l s  were studied by the use of simple passive e l e c t r i c  probes 
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Since no current  i s  seen with the 10-cm loop, the current  through the 5-cm loop 1 5 
must re tu rn  ins ide  a 10-cm diameter. Presumably the posi t ive  current  along the I z 

inser ted through the same sea l s  as the Rogowsky loop probes. The probes were 
constructed by epoxy cementing copper caps w e r  the ends of g lass  tubes through 
which coaxial  cable was led.  The cable braid was l e f t  unconnected a t  the e lec-  
trode end, but was grounded t o  the screen room wal l  and the center  conductor 
was connected t o  i t  through a 100-ohm termination r e s i s t o r  on the probe s ide  of 
a voltage divider  network. The 100-ohm termination was found necessary t o  re -  
duce noise t o  a to le rab le  l eve l .  Since probe s igna l s  were many k i l ovo l t s  i n  
amplitude, currents  of up t o  100 A were drawn from the plasma. The large probe 
currents  apparently d i s t o r t  voltage s igna l s ,  i f  they d i s t o r t  them a t  a l l ,  only 
a t  very ea r ly  times when the plasma a t  the probe t i p  i s  tenuous. No d i f f e r -  
ence i s  seen between s ignals  obtained with 100-ohm and 50-ohm terminators with- 
i n  the r e p r o d u c i b i l i t y  of the system. Summaries of po ten t ia l  probe observa- 
t ions  a r e  given i n  Figs .  7 and 8 fo r  the measurements with and without guide 
f i e l d .  

For the  case of no guide f i e l d  the po ten t ia l s  have f i r s t  been smoothed by 
averaging a number of shots a t  each posi t ion,  and then have been corrected fo r  
inductive voltages due t o  the changing a x i a l  space cur ren t .  Some of the f l ux  
surrounding the current  j e t  a l s o  surrounds the  probe and should be expected t o  
induce an emf i n  i t  which has nothing t o  do with the po ten t ia l  of the  probe 
t i p .  It must be emphasized t ha t  the p lo t ted  po ten t ia l s ,  because of the smooth- 
ing and correct ing which has been necessary, a re  only approximate. With no guide 
f i e l d  the  po ten t ia l s  a r e  negative everywhere. This i s  not too surpr is ing s ince  
the anode i s  grounded and the  po ten t ia l s  are.measured r e l a t i v e  t o  ground. 

With guide f i e l d  the current  system i s  not so  extended or strong as with- 
out the f i e l d  and no correct ions  have been made f o r  inductive emfs i n  the  probe 
stems. Considerable smoothing has been necessary, however, £02 a disturbance 
a t  a frequency of approximately 2 Mc which ro t a t e s  i n  the E x B d i rec t ion .  The 
disturbance has an amplitude of about 2 kV fo r  probe posi t ions  near the gun 
muzzle, and was observed i n  three probes when t h e i r  t i p s  were ac tua l l y  touch- 
i n g , t h e  anode 1200 apa r t .  The inference i s  t ha t  i t  i s  caused by magnetic in- 
duction from a ro t a t i ng  current  f i lament.  The frequency of ro t a t i on  i s  not 
unreasonable fo r  the E / B  speed inferred from the observed e l e c t r i c  f i e l d s  and 
applied guide f i e l d .  The e l e c t r i c  po t en t i a l  i s  negative c lose  t o  the ax i s  and 
pos i t ive  away from the a x i s .  The pos i t ive  po ten t ia l  off axis  presumably i s  a 
sheath e f f e c t  having t o  do with the large  gyro r a d i i  of the ions i n  the guide 
f i e l d ,  a s  mentioned above. 

The probes indicate  high po ten t ia l s  out i n  f ront  of the cur ren t  system 
measured with the Rogowsky loops. The f i r s t  s igna l  i n  the absence of guide 
f i e l d  mwes with a speed of about 2 x 1Cf cmlsec. With guide f i e l d  the ea r ly  
s ignals  tend t o  be noisy and no r e l i a b l e  f ron t  ve loc i ty  has been obtained 
from the probe data .  Another measurement, however, has been made from outside 
the vacuum vesse l  by using capaci t ive  pickup el-ectrodes on the burface of the 
g lass .  This shows t ha t  a posi t ive  po ten t ia l  f ron t  propagates along the tube 
with a speed of 4 x 1@ cmlsec. The impedance of t h i s  measurement i s  high 
while the  probe r e s u l t s  a re  with low impedance, so  there  may be no s i g n i f i -  
cance t o  the di f ference of the f ron t  v e l o c i t i e s  i n  the two cases .  

axis  i s  due t o  non-adiabatic behavior of deuterons which have large enough 
o rb i t s  i n  the f i e l d  t o  extend outward from f i e l d  l i ne s  along which e lect rons  

8 
M 
4: 
-1 from the cathode can accompany them. This produces a sheath of posi t ive  space .A 

charge and po ten t ia l ,  which can then draw i n  e lect rons  from the anode or from 1 '  
L 

the system wal l  which i s  e f f ec t i ve ly  connected t o  the anode (witness the re tu rn  
current  along the wa l l ) .  Space current  measurements with and without guide 
f i e l d  a r e  summarized i n  Figs . 5 and 6 .  



5 .4  p a r t i c l e  Analysis  13 - 
An ion  energy,  momentum ana lyze r  us ing  a s l i t  c o l l i m a t o r  wi th  e l e c t r o -  I E 

s t a t i c  and magnetic d e f l e c t i o n  was cons t ruc t ed  and used on the  system w i t h  t h e  ? 
I M 

ob jec t  of s tudying  i m p u r i t i e s .  We do not  wish t o  d i s c u s s  t he  i m p u r i t i e s  he re  
beyond the  s ta tement  t h a t  they  form a ve ry  minor p a r t  of t he  f a s t  plasma w i t h  
the  p re sen t  system. However, t he  p a r t i c l e  ana lyzer  made i t  p o s s i b l e  t o  i d e n t i f y  , .. 
deuterons ,  measure t h e i r  e n e r g i e s ,  and determine a t  what time they  a r r i v e d  a t  
the  Faraday cup c o l l e c t o r  4.9-m from t h e  gun muzzle. From t h e  known v e l o c i t i e s  I 

a s s o c i a t e d  w i t h  the  measured deuteron ene rg i e s  i t  was then  p o s s i b l e  t o  i n f e r  
t h e  time a t  which they l e f t  the  gun muzzle. The r e s u l t s  of t hese  measurements, 
made w i t h  a 16-kG guide f i e l d ,  a r e  d isp layed  i n  Fig.  9 .  It w i l l  be observed 
t h a t  t h e  f i r s t  deuterons appear  t o  leave  t h e  muzzle 2 psec a f t e r  f i r s t  break- 
down, i n  agreement w i t h  the  measurements d iscussed  a b w e .  The f i r s t  deuterons 
a r e  of low energy but t h e  maximum energy observed inc reases  w e r  about  t h e  next  
psec and then  decreases  a g a i n .  The gun muzzle appears  t o  be a source of f a s t  
plasma w e r  about  t he  t ime t h a t  a s t r o n g  c u r r e n t  shea th  flows between the  
e l e c t r o d e s .  These measurements were made wi th  an  instrument  capable of d e t e c t -  
i ng  only  p a r t i c l e s  on the  a x i s  of t h e  system and mwing a t  ang le s  of  l e s s  than  
a few degrees from t h e  a x i s .  The deuterons have a broad energy d i s t r i b u t i o n  
peaking a t  about  8 keV and extending a b w e  14  keV. It can  be seen from the  
f i g u r e  t h a t  t h e  f i r s t  deuterons  observed by t h i s  method t o  pas s  t h e  diamagnetic 
loops a r e  roughly co inc iden t  w i t h  the  beginning of t h e  diamagnetic s i g n a l s .  
What appears  t o  be exces s ive  diamagnetic s i g n a l  a t  l a t e  t imes i s  l a r g e l y  due t o  
p a r t i c l e s  moving wi th  a l a r g e  f r a c t i o n  of t h e i r  v e l o c i t i e s  i n  t h e  t r a n s v e r s e  
d i r e c t i o n  where they  a r e  ou t s ide  the  ana lyze r  c o l l i m a t i o n  l i m i t s .  Some p a r t i c l e s  
a r e  stopped and r e f l e c t e d  i n  what amounts t o  a mi r ro r  f i e l d  produced by plasma 
diamagnetism i n  the  guide  f i e l d .  The diamagnetism being l a r g e r  near  t h e  gun, 
t h e  guide f i e l d  is  reduced by a l a r g e r  amount t h e r e  than  i t  i s  f a r t h e r  away, 
and t h e  r e s u l t i n g  f i e l d  r i s e s  w i t h  d i s t a n c e .  P a r t i c l e s  s o  r e f l e c t e d  spend a 
r e l a t i v e l y  long time a t  t h e i r  r e f l e c t i o n  p o i n t s  and c o n t r i b u t e  l a r g e  amounts t o  
l a t e  diamagnetism. Peak diamagnetism i n  t h e  two loop s i g n a l s  p l o t t e d  c o r r e -  
sponds t o  about 5 and 2.5-5 pe r  cm of t r ansve r se  p a r t i c l e  energy,  assuming the  
plasma t o  be of low $ . 
5.5 High Speed Photography of Fas t  Plasma by Secondary Luminescence 

High speed photographs were taken of t he  secondary l i g h t  produced when the  .. 

f a s t  plasma i s  allowed t o  bombard a g l a s s  p l a t e .  Under t h e  l a r g e  energy f l u x e s  
involved (- lo7 W/CII?) t he  s u r f a c e  of t he  g l a s s  evapora tes  and forms a luminous 
plasma. Thc d u r a t i o n  of t h e  l i g h t  fol lowing a pu l se  of f a s t  plasma depends on 
t h e  presence o r  absence of a magnetic f i e l d ,  and 'li.ght product ion  i s  c e r t a i n l y  
non- l inear  w i t h  energy d e l i v e r e d ,  s o  a l t o g e t h e r  t he  method is  good only f o r  
q u a l i t a t i v e  informat ion .  It w i l l  i n d i c a t e ,  however, when an e n e r g e t i c  plasma 
f i r s t  a r r i v e s  and where. The camera was a f a s t  three-frame image conve r t e r  
u n i t ,  t h e  exposures being of 2 x 10-'-sec d u r a t i o n  a t  l ( r7-sec  i n t e r v a l s .  The 
amount of l i g h t  was s o  l a r g e  t h a t  even a t  t h i s  s h o r t  exposure i t  was necessary  
t o  s t o p  down t h e  l e n s  t o  f / 7 0  w i t h  a f a c t o r  100 n e u t r a l  f i l t e r .  A Pyrex d i s k  
was used a s  a t a r g e t .  The s i d e  away from t h e  gun was f r o s t e d  and t h e  d i s k  was 
viewed from t h e  f r o s t e d  s i d e  s o  t h a t  t he  gun could no t  be seen  by t h e  camera. 
Typica l  r e s u l t s  a r e  s een  i n  F ig .  10 .  F i r s t  luminescence w i t h  a guide f i e l d  
appears  on a x i s ,  w i t h  l a t e r  l i g h t  reaching  out  approximately t o  t h e  r a d i u s  of 
t h e  gun muzzle. The s i z e  of t h e  f a s t  plasma column appears  t o  be almost i n -  
dependent of gu ide  f i e l d  s t r e n g t h  except  t h a t  below 5 kG some of t h e  plasma 
seems t o  f l u t e  outward producing i r r e g u l a r  p a t t e r n s .  Some of t h e  p>oto$raphs 
show s i c k l e  shaped p a t t e r n s  which are probably a s s o c i a t e d  w i t h  t h e  E x B r o t a -  
t i o n  d iscussed  a b w e  under e l e c t r i c  probing.  The f i r s t  plasma t o  a r r i v e  i s  
d i s t i n c t l y  f a s t e r  w i t h  l a r g e  guide f i e l d  s t r e n g t h  than  i t  is when the  guide  
f i e l d  is smal l  o r  absen t .  



6 . Summary and C onc Lu s  ions 
The p i c t u r e  of t he  f a s t  plasma a c c e l e r a t i o n  mechanism which emerges from - 

t he  measurements descr ibed  here  i s  q u i t e  d i f f e r e n t  wi th  and without  guide f i e l d .  f f  
12 

With no guide f i e l d  t h e  magnetized plasma expansion model discuss2d a k w e  
appears  t o  apply  a t  l e a s t  q u a l i t a t i v e l y .  C e r t a i n l y  a t  l e a s t  the j x B f o r c e s  i n  
t he  gun muzzle c u r r e n t  system must be app l i ed  t o  some r e a c t i o n  f o r c e ,  and t h e r e  1 "  
appears  t o  be noth ing  a v a i l a b l e  f o r  t he  r o l e  except  i o n  i n e r t i a .  Since c u r r e n t  
and magnetic f i e l d  a r e  extended w e r  a  l a r g e  volume i n  f r o n t  of t h e  gun muzzle 
t h e  a c c e l e r a t i o n  must he a  gradual  one a s  it would be i n  the  expansion model. 
According t o  t he  expazs ioz  model, t h e  s t reaming v e l o c i t y  of t he  plasma should 
everywhere be i n  t h e  E x  2 d i z e c t i o n  and i t s  speed should be E/B. In spec t ion  
of F i g ,  8 shows t h a t  t h e  E x  B d i r e c t i o n  i s  s u b s t a n t i a l l y  forward w i t h  almost 
a  . cons tan t  va lue  of r a d i a l  e l e c t r i c  f i e l d  and a  t r ansve r se  magnetic f i e l d  which 
decreaszs  w i t h  inc reas ing  d i s t a n c e  from the  gun. The expanding plasma, moving 
i n  t h e  E x B d i r e c t i o n  should then a c c e l e r a t e  g r a d u a l l y  p a r a l l e l  t o  the  e l e c t r i c  
e q u i p o t e n t i a l s .  The model breaks down badly i n  reg ions  where the  p a r t i c l e s  
behave non-ad iaba t i ca l ly .  This i s  s o  p a r t i c u l a r l y  a t  the  gun muzzle where 
e s t ima te s  of p a r t i c l e  t r a j e c t o r i e s  show t h a t  deuterons s t a r t i n g  a t  r e s t  on the  
inner  s u r f a c e  of the  o u t e r  e l e c t r o d e  pass  v e r y  c l o s e  t o  the  s u r f a c e  of t h e  inne r  
e l e c t r o d e  s o  t h a t  i n  f a c t  many of them might be expected t o  s t r i k e  i t .  Bombard- 
ment of t h e  inne r  e l e c t r o d e  t i p  may w e l l  be r e spons ib l e  f o r  luminescence observ- 
ed t h e r e  dur ing  the  time of emission of f a s t  plasma and may a l s o  account  f o r  t he  
l a rge  e l e c t r o n  c u r r e n t s  which probably o r i g i n a t e  t h e r e .  The inward t r a j e c t o r i e s  
of t he  deuterons toge the r  w i t h  the  magnet ic  d e f l e c t i o n  of t h e i r  o r b i t s  i n  t he  
forward d i r e c t i o n  probably account f o r  t he  apparent  small  s i z e  of t h e  plasma 
source beyond the  t i p  of t he  c e n t e r  e l e c t r o d e .  

With a  16-kG guide f i e l d  t h e  magnetized plasma expansion model appears  no t  
t o  apply  t o  t h e  s i t u a t i o n  a t  a l l .  The c o n t i n u a t i o n  beyond the  e l e c t r o d e  t i p s  
of t he  c u r r e n t s  e s t a b l i s h e d  along them dur ing  the  gun b a r r e l  phase never  reaches  
out  more than  about 12 cm. Beyond t h i s  t h e  measured c u r r e n t  i s  a c t u a l l y  i n  t he  
oppos i te  d i r e c t i o n  from t h e  e l e c t r o d e  c u r r e n t .  This  p o s i t i v e  c u r r e n t  i n  t he  
neighborhood of t h e  a x i s  might be expected t o  be p re sen t  when f a s t  plasma from 
any l abo ra to ry  source whatever impinges a g a i n s t  t h e  end of a n  a x i a l  guide f i e l d .  
It a r i s e s  from t h e  r e l a t i v e l y  l a r g e  magnetic r i g i d i t y  of t h e  ions  i n  t h e  end of 

, the guide f i e l d  which a l lows  them t o  c r o s s  app rec i ab le  amounts of f i e l d  wh i l e  
the  e l e c t r o n s  cannot do s o .  Plasma e l e c t r o n s  can  s t ream i n t o  t h e  f i e l d  along 
the  a x i a l  l i n e ,  bu t  t o  t h e  s i d e ,  where t h e  ions  can  p e n e t r a t e  because of t h e i r  
l a r g e  o r b i t s ,  the  e l e c t r o n s  cannot  come d i r e c t l y  from t h e  plasma and a  p o s i t i v e  
space charge r e s u l t s ,  which can  p u l l  e l e c t r o n s  i n ' f r o m  any a v a i l a b l e  conduct ing 
su r f ace  a long  t h e  f i e l d  l i n e s  i n  q u e s t i o n .  A mechanism of t h i s  s o r t  has  been 
i n f e r r e d  by Ashby [43 from somewhat d i f f e r e n t  measurements of t h e  c u r r e n t s  in -  
volved and a t  much sma l l e r  plasma d e n s i t i e s .  I n  a  s i t u a t i o n  l i k e  t h i s ,  where 
t h e  ions  and e l e c t r o n s  of a  plasma a c t u a l l y  come from d i f f e r e n t  sou rces ,  i t  
would be meaningless even t o  t h i n k  of t h e  process  a s  desc r ibab le  by the  be- 
hav io r  of a  plasma continuum. Ins t ead  one must t h i n k  of  t he  mechanism a s  i n -  
vo lv ing  in te rdependent  bu t  s e p a r a t e  non-adiaba t ic  behavior  of e l e c t r o n s  and 
ions .  Under such cond i t i ons  t h e r e  i s  no d i f f i c u l t y  i n  unders tanding  the  
thorough mixing of f a s t  plasma and f i e l d  which f i r s t  appeared r a t h e r  myster ious 
when the  plasma was cons idered  from a hydromagnetic v iewpoin t ,  

When t h e  gun i s  f i r e d  i n t o  t h e  guide f i e l d  n e a r l y  a l l  of t h e  f a s t  plasma 
a c c e l e r a t i o n  occurs  a t  t he  gun muzzle o r  v e r y  c l o s e  t o  i t .  This  fo l lows  from 
the  d i r e c t  obse rva t ion  thaf t h z  e n t i r e  c u r r e n t  from anode t o  cathode c l o s e s  
c l o s e  to t h e  muzzle.  The j x  I3 f o r c c s  which must be r e spnns ib l e  f o r  the 
a c c e l e r a t i o n  occur  only i n  t h i s  region. I n  t h e  p o s i t i v e  c u r r e n t  whorl i n s i d e  
the  .guide f i e l d  t h e r e  i s  probably a  f u r t h e r  a c c e l e r a t i o n  of a  p a r t  of t h e  plasma 
t o  h ighe r  speeds a t  t h e  expense of some of t he  ions  which g e t  slowed down o r  
tu rned  back. The basis f o r  t h i s  s ta tement  i s  no t  ve ry  s o l i d  and i n  any c a s e  
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t he  e f f e c t  i s  probably not  a  l a rge  one. The a c c e l e r a t i o n  process  w i t h  t h e  
guide f i e l d  i s  obviously more complicated than  wi thout  i t ,  and many d e t a i l s  a r e  
no t  y e t  understood.  
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FIGURE CAPTIONS 

Fig .  1. 1,. Gas i n l e t .  2 .  16 Rex 4 c a b l e s  t o  va lve  d r i v e r  c a p a c i t o r  bank 
(240 pF, 2 kV). 3 .  Driver  s e c t i o n  (2 c o a x i a l  0.25-mm w a l l  i ncone l  - 
x t u b e s ) .  4 .  Gl.ass i n s u l a t o r .  5 .  Luci te  clamping r i n g .  6 .  36 
B. I .C .C.  type 20 c a b l e s  t o  gun c a p a c i t o r  bank (30 pF, 21  kV). 7 .  Sonic 
l i n e .  8 .  Copper o u t e r  e . lec t rode .  9 .  Copper i nne r  e l e c t r o d e .  
10. Gas o u t l e t  ho le s  (15 h o l e s ,  3-mm d iame te r ) .  11. Valve s p r i n g .  
12.  Valve plenum. 13. Teflon bumper washer.  14 .  Polyethylene 
i n s u l a t i o n .  15.  Phenolic  i n s u l a t o r ,  16.  Cooling a i r  i n l e t .  
17. Small ho le s  f o r  a i r  o u t l e t .  

F ig .  2.  Experimental arrangement and a x i a l  magnetic f i e l d  s t r e n g t h .  

F ig .  3 .  Time v a r i a t i o n  of gun c u r r e n t  and v o l t a g e s .  Gun muzzle v o l t a g e  measured 
w i t h  probe touching t i p  of c e n t e r  e l e c t r o d e .  

F ig .  4 .  Image conve r t e r  camera photographs of gun ~uuzz le  . Gun b i a s  f i e l d ,  
.Bo = 1.4 kV. The time s c a l e  i s  t he  same as i n  F ig .  3 .  Exposure time 
0.05 psec ,  

F ig .  5. Plasma c u r r e n t  measured w i t h  5-cm diameter  Rogowsky loop .  Bias f i e l d ,  
Bo = 1.4 kG. Guide f i e l d ,  BZ = 16' kG. 

Fig .  6 .  Plasma c u r r e n t  measured w i t h  10-cm and 18-cm diameter  Rogowsky loops .  
Bias f i e l d ,  B0 = 1 .4  kG. Guide f i e l d ,  Bz = 16 kG. 

F ig .  7 . .  P o t e n t i a l  and c u r r e n t  d i s t r i b u t i o n s  a t  v a r i o u s  t imes .  Bias f i e l d ,  
Bo = 1.4  kG. Guide f i e l d ,  Bz = 16 kG. Note t h a t  t h e s e  r ep re sen t  
smoothed d a t a  from a  l a r g e  number of s h o t s ,  and t h a t  a  cons ide rab le  
amount o f i m a g i n a t i o n  has been employed i n  drawing the  c u r r e n t  
s t r eaml ines .  

F ig .  8 .  P o t e n t i a l  and c u r r e n t  d i s t r i b u t i o n s  a t  v a r i o u s  t imes .  Bias f i e l d ,  
Bo = 1.4 kG. Guide f i e l d ,  Bz = 0 .  

F ig .  9 .  Axia l  d i s t a n c e  vs time of deuterons  of v a r i o u s  e n e r g i e s  observed by 
p a r t i c l e  ana lyze r .  Diamagnetic s i g n a l s  a t  two loop p o s i t i o n s  p l o t t e d  
on same time and d i s t a n c e  s c a l e .  

Fig.10. Image conve r t e r  camera photographs of secondary luminescence produced 
by f a s t  plasma bombardment of g l a s s  p l a t e  48 cm from gun muzzle. 
Bias f i e l d ,  Bo = 0 .  Guide f i e l d ,  B, = 16 kG. Three gun s h o t s ;  
t h r e e  20-nsec exposures pe r  s h o t  a t  i n d i c a t e d  times'. 
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Fig. 1. 1. Gas i n l e t .  2. 16 Rex 4 cables t o  valve d r iver  capaci tor  bank 1 ' -  
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Fig. 2. Experimental arrangement and axial magnetic: field strength . . . . . '  
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, Fig,. 3 .  , ' -  Time vat iat ibn of gun current and voltages.  Gun muzzle vo l tage  measured': 1 
-.,: wi.th--probe :touching t i p  of center electrode.  -- 

. . 



2.9 
TIME (gsec) 







___ - -  " - ------._C7*_p---------_-- 

' T i p i  "5. Tim :curriifif measured w i t s  5-cm diameter Rogouslcy loop. Bias f i e ld ,  
Bo = 1.4 kG. Guide f i e ld ,  BZ = 16' kG. 
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Fig. 6. Plasma current measured with 10-cm and 18-cm diameter Rogowsky loops. .. + Bias field, Bo = 1.4 kG. Guide field; BZ = 16 kG. - 
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Fig. 8. Potentialland current distributions at various times. Bias field, 
- .  

Bo = 1.4*kG.' 'Guide field; B; = 0. 
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