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A C C E L E R A T I O N  

In the expe r imen t s  de sc r i bed ,  an o rgan ized  acce l e r a t i on  of a p lasmoid  to high ve loc i t i e s  (0.5-2 �9 108 
c m / s e c )  was obtained by  use  of e l e c t r o d e s  with a spec ia l  r ibbed  sur face  s t r u c t u r e  in the a c c e l e r a t o r .  This 
paper  is a continuation of a s e r i e s  of p a p e r s  [1-3] on the effect of e l ec t rode  p r o c e s s e s  on p l a sma  a c c e l e r a -  
t ion in e l ec t rode  a c c e l e r a t o r s .  

P l a s m a  a c c e l e r a t i o n  was inves t iga ted  in a r a i l  a cce l e r a to~  with a t r a n s v e r s e  magnet ic  f ield Hz under  
condit ions c lose  to the plane l a y e r  conf igurat ion.  E lec t rons  in the bunch were  magne t ized  (WH~-ei ~ 10). 
The a c c e l e r a t o r  g e o m e t r y  i s  shown in F ig .  1, where  1 is the base  of the e l ec t rode  (s ta inless  s tee l ) ,  2 is  a 
t r a n s v e r s e  r ib  (tantalum), 3 is  insula t ing  m a t e r i a l  (mica, c e r amic ) ,  4 is  a conducting cy l i nd r i ca l  segment  
(copper),  and 5 is a contact  tab (tantalum). 

The bas ic  data about p l a s m a  p r o c e s s e s  were  obtained by noncontact  methods :  

1) r e c o r d i n g  of the l ight  f rom the p l a smoid  was accompl ished  with e l ec t roop t i ca l  c o n v e r t e r s ;  

2) moni tor ing  of the admiss ion  of hydrogen,  the degree  of ionizat ion of the p r e l i m i n a r y  p la sma ,  and 
i ts  in i t ia l  g e o m e t r y  was accompl i shed  with a Michelson opt ical  i n t e r f e r o m e t e r  with a 140-mm in t e r f e r ence  
f ie ld  [2, 3]. 

This  same  i n t e r f e r o m e t e r  in conjunction with ruby and neodymium l a s e r s  in pulsed and quas icont inu-  
ous modes  (light sources )  and e l ec t roop t i ca l  c o n v e r t e r s  ( recording sys tem)  provided  a study of the dynam-  
ics  of p l a s m a  a c c e l e r a t i o n  with high t ime  (bet ter  than 10 -8 sec) and spa t i a l  (~ 1 mm) r e so lu t i ons .  The 
method of opt ical  i n t e r f e r o m e t r y  with the indica ted  t ime and spa t i a l  reso lu t ion  made i t  poss ib le  to observe  
e l ec t ron  concent ra t ions  in the p l a sma  as a function of the two spa t i a l  coord ina tes  x and y and the t ime t,  

N (x, y, t) = I n ( x ,  y, z, t) dz 

d 

Fig. 1 

F o r  be t t e r  approximat ion to a p l a n e - l a y e r  model ,  a spec i a l  
s y s t e m  of pulsed gas input was used  (e lec t rodynamic  va lves  with a 
f l ow-sp read ing  chamber )  which made it poss ib le  to obtain in the 
i n t e r e l e c t r o d e  gap a gas  cloud having the d imens ions  Ax ~ 2.5 cm, 
Ay = 3 era,  and Az ~ 10 cm.  

In typ ica l  i n j ec to r  opera t ing  modes ,  the hydrogen concen t r a -  
t ion in the "gas para l le lop iped"  was n H ~ 5 �9 1015 cm -3 for  a total  
number  of in jec ted  molecu les  N o ~ 3 - ~017. The magni tude of the 
nonuniformity in gas d i s t r ibu t ion  a c r o s s  the gap was no more  than 
10% [2]. P r e l i m i n a r y  ionizat ion was accompl i shed  in a t r a n s v e r s e  
magnet ic  f ield H0z = 7 kG by a low-capac i ty  osc i l l a t ing  d i scha rge  
(0.1 ~tF x 25 kV, T = 1.2 #sec) .  At the t ime the acce l e r a t i ng  bank 
(C = 18 #F ,  U = 20-30 kV, T / 4  = 3 ~sec) was turned  on, the degree  
of ionizat ion a at  the cen t e r  of the gap was approx ima te ly  50% and 
fell  to 10% at the e l e c t r o d e s .  
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Fig. 2 
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Fig .  3 

Accord ing  to e s t i m a t e s ,  the mean  f ree  path for  neu t ra l  a toms in such a p l a sma  was >~H ~ 2 ram; for  
protons  i t  was ~H + ~ 0.3 ram.  The magnet iza t ion  p a r a m e t e r  for  ions was WHiTii < 1 and for  e l ec t rons ,  
OJHerei ~ 10. As is  c l e a r  f rom these  e s t i m a t e s ,  the pa r t i c l e  mean  f ree  path was c ons i de r a b l y  l e s s  than 
the d imensions  of the p l a s m a  l aye r ,  which p e r m i t t e d  complete  capture  of the gas  in acce l e r a t i on .  

The e l ec t rode  s y s t e m  of the r a i l  a c c e l e r a t o r  was loca ted  in a vacuum space  pumped down through a 
n i t rogen t r ap  by an oil--vapor pump to 1.5 �9 10 -6 t o r t  and 10 -s t o r t  by using an in te rna l  loop cooled by l iq-  
uid n i t r o g e n .  E l e c t r o d e s  of t h r ee  d i f ferent  conf igurat ions  were  used  in the study of a cce l e r a t i on .  The 
p lasmoid  acce l e r a t i on  t ime  was ~1 �9 10 -6 sec in each case .  D i s c u s s e d  below a re  the phenomena obse rved  
and the s t r u c t u r a l  fea tures  of the e l e c t rodes  which made i t  poss ib le  to obtain monoenerge t i c  p l a smoids  at 
the a c c e l e r a t o r  exi t  with ve loc i t i e s  above 108 c m / s e c .  

1. Model with Smooth E l e c t r o d e s .  In this  case ,  smooth acce l e ra t ion  to a ve loc i ty  v ~ 2 �9 107 m / s e c  
over  a d is tance  of 6 cm is  obse rved  for  a p l a smoid  having a densi ty  n o ~ 1016 cm -3. (The final ve loc i ty  of 
the main m a s s  of ionized gas  in coaxia l  a c c e l e r a t o r s  i s  approx imate ly  the same [4, 5].) 

A s t rong p l a s m a  t r a i l  a s soc i a t ed  with outgass ing f rom the e l ec t rode  is obse rved  outside the c u r r e n t  
l a y e r  at the cathode su r f ace .  The e l ec t ron  densi ty  i n c r e a s e s  monotonica l ly  toward  the cathode vary ing  f rom 
1016 to ~ 1017cm -3 in a d is tance  of ~1 mm at the su r face  of the e l ec t rode .  The anode t r a i l  has a d i f ferent  
s t r uc tu r e ;  an i n t e r f e r o g r a m  f r ame  of a p lasmoid  10 -6 sec af te r  the beginning of a c c e l e r a t i on  is  shown in 
F ig .  2 for  the smooth e l ec t rode  c a s e .  The max imum e lec t ron  densi ty  i s  s e v e r a l  m i l l i m e t e r s  r emoved  f rom 
the anode and moves  toward  the e l ec t rode  at a ve loc i ty  of ~106 c m / s e c .  

F u r t h e r  acce l e ra t ion  (for Ax > 6 cm) is  e x t r e m e l y  unstable;  the c u r r e n t  l a y e r  begins to s e p a r a t e  f rom 
the anode. At tempts  at s epa ra t i on  are  accompanied  by potent ia l  sp ikes  at the e l e c t r ode s  and the a c c e l e r a -  
t ion of sma l l  por t ions  of the p r i m a r y  p l a s m a  to ve loc i t i e s  of the o r d e r  of 108 c m / s e c .  (Typical magnitude 
of the ve loc i ty  of a h igh - speed  r a r e f i e d  p l a sma  observed  ahead of the main  bunch in coaxia l  a c c e l e r a t o r s  
and ca l l ed  a forebunch [5].) In th is  case ,  the emis s ion  of s t rong  p l a sma  je t s  f rom the e l e c t r ode s  is  ob-  
se rved ;  they move into the gap with ve loc i t i e s  up to 107 e m / s e c .  

The obse rved  anomal ies  in p l a s m a  dens i ty  d i s t r ibu t ion  in the anode l a y e r  a re  p r i m a r i l y  a s soc ia t ed  
with the development  of the Hall effect .  The e s sence  of this  phenomenon, well  known to s p e c i a l i s t s  in MHD 
g e n e r a t o r s ,  is  the following. In a p l a sma  acce l e r a t ed  ac ros s  a magnet ic  f ield,  the re  a r i s e s  a longitudinal  
e l e c t r i c  f ie ld  

E x  m i  d~ x 

e dt 

d i r ec t ed  along the l ine of ion acce l e ra t i on .  
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Fig. 4 

Upon contact of the polar ized plasma with the conducting 
electrodes,  longitudinal e lectr ic  cur rents  Jx ar ise  in it. The in te r -  
action of the lat ter  with the magnetic field H z leads to plasma ac-  
celerat ion across  the channel with the accelerat ion being directed 
so that the plasma layer  tends to separate  f rom the anode. Split 
e lectrodes  are used in stat ionary sys tems in o rder  to reduce this 
effect [6]. This method is inapplicable in pulsed acce le ra tors  be- 
cause of the difficulties associated with the problem of rapid 
switching of cur rent  between sections as a consequence of the d is -  
placement of the cur rent  layer  along the e lect rodes .  Nevertheless ,  
the problem of the creat ion of a longitudinal field E x can be solved 
at least  for the anode, which is mainly responsible for the "cutoff" 
of plasma layer  accelerat ion.  

Perpendicular  to the anode surface,  we set up thin conduct-  
ing plates having a height by(x) and oriented along the z axis with 
a spacing Ax in the direction of accelerat ion (Fig. 1). With d i s -  
placement of the cur ren t  layer  between ribs,  there now ar ises  an 
e lec t r ic  field 

h y  (x )  d H  z v x O H  z 

E x a  = - -  c d t  ~ - -  h y  ( x )  c Ox 

By selecting the r ib height by(x), one can equalize the field E x at the anode and the field E x in the 
plasma [3]. 

As far  as the cathode is concerned, one can look for means to reduce the area of cur rent  contact be-  
tween plasmoid and cathode [3]. The pract ica l i ty  of this asser t ion  is confirmed by the following cons idera -  
t ions.  It is well known that in areas  of cur rent  contact between plasma and cathode (arc spots}, the cur rent  
density reaches  values of 10~-109 A / c m  2 [7]. There  consequently occurs  strong outgassing f rom the surface 
of the electrode with the resul t that :p lasma density at the cathode is considerably g rea te r  than in the in te r -  
e lectrode gap. A sharp increase  in plasma density at the cathode with an average gradient (dne/dy)  
1018 cm-3 /cm was actually observed in the experiments  descr ibed above (Model 1). It is natural  that the 
cathode plasma lag behind the motion of the cur ren t  l ayer  in the gap during accelerat ion.  

2. Model with Shaped Elect rodes .  In the experiments  descr ibed below, the longitudinal field Ex at the 
anode was crea ted  by a sys tem of t r ansve r se  tantalum ribs oriented along the z axis. Rib height was 10 mm 
in the region of gas input and decreased  monotonically to 2 mm at the exit f rom the e lect rodes .  The spac-  
ing between neighboring sections was 5 ram. 

To reduce the a rea  of plasma current  contact with the cathode, six longitudinal (along the x axis) r ibs 
8 mm high at a spacing of 2 cm were installed on the surface of the cathode. 

Figure 3 shows the "instantaneous" e lectron density distribution 10  -6 s e c  after  the beginning of ac -  
celerat ion for  e lect rodes  shaped by the method described.  It should be noted that the average plasma dens-  
ity near  the cathode is now little different f rom the density in the interelectrode gap. The cathode trai l  has 
pract ica l ly  disappeared.  The s t ructure  of the anode trai l  is changed; the e lectron density r i ses  monotonic-  
ally toward the anode, now reaching a value (nemax~ ~ 1.5 �9 1026 cm -3 in compar ison with n e ~ 1017 cm -3 
for Model 1. The profile of the anode trai l  shows that its formation is mainly associated with bombardment  
of the t r ansve r se  anode r ibs by the flow of accelera ted plasma.  The stable velocity for  macroscopic  ac-  
celera t ion of the plasma layer  as a whole reached v ~ 4 �9 107 c m / s e c  for Model 2 with the total number of 
accelera ted  protons N i ~ 2 �9 1027. Thus the creat ion of a longitudinal e lect r ic  field at the anode and reduc-  
tion of the cur ren t  contact area  between plasma and electrode made it possible to obtain higher  values for 
stable plasmoid velocities in compar ison  with the resul ts  obtained in an acce le ra tor  with smooth e lect rodes .  

Fur the r  improvement  of the rail  acce le ra tor  natural ly proceeded in the direction of maximum pos-  
sible isolation of the plasma from the e lec t rodes .  We now turn to a consideration of the last  model.  

3. Model with Small P l a sma-E lec t rode  Contact Area.  In the last  model, thin contact tabs oriented 
along the x axis and forming six rows with a 2-cm spacing were mounted on the cathode in place of the six 
continuous longitudinal tantalum ribs (along the x axis). The fiat portions of the cathode between the rows 
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of tabs were  covered  by copper  ba r s  (20 x 2cm 2) in the shape of segments  3 m m  high. These  were  insulated 
f rom the cathode by mica  i n se r t s  and were  covered  with c e r a m i c  segments  on the p l a sma  side (Fig. 1). 

A s i m i l a r  cons t ruc t ion  was employed at the anode with the exception that the contact  tabs were  mounted 
on the r ib s t ruc tu re  descr ibed  in Model 2 and not on the e lec t rode  base .  Because  of the p re sence  of the cop-  
pe r  segments ,  the p rev ious ly  uni form magnet ic  field was now cor ruga ted  nea r  the e lec t rode  su r faces  with 
the m a x i m u m  field being achieved above the ve r t i c e s  of the segmen t s .  Such a field configurat ion hinders  
p l a s m a  diffusion to the wal ls .  

F igure  4 shows a t i m e - s m e a r  i n t e r f e r o g r a m  of p l a sma  acce le ra t ion  (the sl i t  is  along the di rect ion of 
acce lera t ion;  in a the sl i t  is at the anode and  in b the sli t  is at the center  of the gap); f rom these  i n t e r -  
f e r o g r a m s ,  one can follow the general  t rends  in the var ia t ion  of the ave rage  e lec t ron  densi ty  N(x, y, t) in a 
p lasmoid  as it is acce le ra t ed .  Analysis  of the i n t e r f e r o g r a m s  revea l s  the following: 

1) the longitudinal d imension of the acce le ra ted  bunch remains  p rac t i ca l ly  unchanged over  the ent i re  
acce le ra t ion  cycle;  

2) the path length over  which s table  acce lera t ion  is achieved inc reased  to 17 cm;  in this case ,  a m a s s  
veloci ty  of approximate ly  l0  s c m / s e c  was achieved for  the p lasmoid .  Note that in o v e r a c c e l e r a t e d  modes  
and with s m a l l e r  gas input, p lasmoid  veloci ty  at the a c c e l e r a t o r  exit  was ~2 �9 108 c m / s e c ;  

3) the anode t ra i l  d i sappeared  a lmos t  comple te ly  in the final s tages  of acce lera t ion;  

4) approximate ly  half the p l a s m a  par t i c les  were  lost  in the final s tages  of acce lera t ion .  Thus the 
number  of acce le ra ted  protons was 3 �9 1017 and the i r  velocity,  108 c m / s e c .  The kinetic ene rgy  of the p ins-  
mold  could be e s t ima ted  f rom that.  It  was approximate ly  250 J .  
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