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1 .  E x p e r i m e n t  
I 

The  pulsed p l a s m a  a c c e l e r a t o r  with e lec t rodes  of coaxial  geome t ry  [1] and a s to rage  capac i to r  with 
an ene rgy  of 25 kJ  (working vol tage 6 kV, m a x i m u m  d i scharge  cu r r en t  400 kA) genera ted  dense p l a s m a  c lus t e r s  
which were  e jec ted  f r o m  the a c c e l e r a t o r  gap with a veloci ty  of (2.5-3) �9 104 m / s e c  at a working gas  (Ar) p r e s -  
su re  of 20 m m  Hg. The  e m e r g e n c e  of the p l a s m a  occu r r ed  at the momen t  of the m a x i m u m  d i scharge  cur ren t ,  
so that  p a r t  of the  cu r r en t  could be  c a r r i e d  out along with the p l a s m a  and c i rcu la te  inside it fo r  some  t ime .  
D imens ions  of the coaxial  e l ec t rodes :  The innerone  had a d i ame te r  of 10 and the ou te r  one 17 mm;  the length 
of the a c c e l e r a t o r  gap was 300 nun,  the  inner  e lec t rode  being 150 m m  shor t e r  than the ou te r  one. The  e l ec -  
t r o d e s  w e r e  made  of molybdenum impregna ted  with copper  to r educe  t he i r  e ros ion .  

The photography of the p l a s m a  fo rmat ion  a f t e r  e jeet ion f r o m  the coaxial  e lec t rodes  was c a r r i e d  out with an SFI~- 
2M s t r e a k  c a m e r a i n t h e  mode of f r a m e w i s e  f i lmingwith  a f requency o f l . 25  �9 106 f r a m e s / s e c .  A c h a r a c t e r i s t i c  SFR- 
g r a m i s  p r e sen t ed  in Fig .  1. At the exit f r o m  the e lec t rodes  the emissiDn front  is almo st flat,  but then it b e c o m e s -  
peaked .  The  luminous  reg ion  cons i s t s  of a head pa r t ,  expanding intensely in the rad ica l  d i rec t ion  with a ve -  
loc i ty  of ~ 5.103 m / s e c ,  and a " ta i l , "  a conical fo rmat ion  which does  not v a r y  i ts  t r a n s v e r s e  d imens ions .  

The  separa t ion  of the  head p a r t  f r o m  the ' t a i l , "  whose length is then about 5 cm,  occu r s  about 5 # s e e  
a f t e r  the e jec t ion  of the p l a s m a .  Af t e r  separa t ion  the  head pa r t  somewhat  i n c r e a s e s  i ts  veloci ty  in the longi-  
tudinal direct ion~ 

In o r d e r  to study the in ternal  s t r u c t u r e  of the flow, we c a r r i e d  out i n t e r f e r o m e t r y  of the p l a s m a  on a 
M a c h - Z e h n d e r  i n t e r f e r o m e t e r  with a ruby l a s e r  i l luminator  opera t ing  in t heg i an t -pu l s e  mode ( f rame exposure  
of ~ 20 nsec) .  T h e  in te rp re ta t ion  was  c a r r i e d  out on a compute r  using an Abel t r an s fo rma t ion .  The e lec t ron  
densi ty  Ne �9 10 -17 as a function of the rad ius  R at dif ferent  t i m e s  is shown in Fig .  2. I t  should be  noted that  
i n t e r f e r o g r a m s  in the reg ion  of the f ron t  of the head pa r t  a r e  not subjected to in te rpre ta t ion  (evidently b e c a u s e  
of s t rong  turbulence)  and a lso  that  in F ig .  2c, the head pa r t  pa s sed  outs ide the field of view of the i n t e r f e r o m e -  
t e r .  The e lec t ron  densi ty  at the axis  is  (1-3) �9 10 is cm -3 and it decl ines  toward  the pe r iphe ry .  The  br idge  
between the head pa r t  and the " tai l"  at the  m o men t  of separa t ion ,  co r responding  to a min imum e lec t ron  con-  
cent ra t ion  (4.1017 cm-3),  is seen  in Fig .  2c. 

One can a t tempt  to explain the exper imen ta l  data obtained by using the scheme of p l a s m a  eject ion p r e -  
sented  in Fig .  3. In the p l a s m a  a d i scha rge  cu r ren t  f lows which is par t ia l ly  c a r r i e d  out beyond the e lec t rode  
cut (Fig. 3a, b). With fu r the r  m o v e m e n t  of the p l a s m a  s t r e a m  the cu r r en t  in the head pa r t  c loses  into a loop 
(Fig. 3c), as  a consequence  of which it acqu i re s  additional acce le ra t ion  in the axial  d i rec t ion  and s e p a r a t e s  
f r o m  the " t a i l . '  The  p a r t  of the cu r r en t  r ema in ing  inside the e lec t rodes  continues to p e r f o r m  the e ject ion of 
the  p l a s m a  f o r m e d  both by ionizat ion of the res idua l  gas and by e ros ion  of the e lec t rode  m a t e r i a l .  

The  cu r r en t  c a r r i e d  out by the  head pa r t  can be e s t ima ted  ff one a s s u m e s  that  all the  p r e s s u r e  behind 
the  f ron t  of the  r ad ia l  shock wave exci ted by the  expanding p l a s m a  is  de te rmined  by the magnet ic  field within 
the p l a s m a .  Th i s  g ives  a cu r ren t  of ~ 80 kA, i .e . ,  about 20% of the m a ~ m u m  value of the d i scharge  cu r ren t .  

The  initial  m a s s  of the c lus t e r  i s  also needed for  fu r the r  ca lcula t ions .  I t  can be roughly e s t ima ted  as  
fol lows.  F r o m  calcula t ions  on the ba s i s  of F ig .  2a, one can conclude that  the total  number  of e l ec t rons  in the 
p l a s m a  c lus t e r  at  the m o m e n t  of i t s  e m e r g e n c e  f r o m  the nozzle  was  not l e s s  than ~ 101~. I f  we take the av e r ag e  
cha rge  of the Ar  ions as  two, which genera l ly  co r r e sponds  to the t e m p e r a t u r e  and p r e s s u r e  of the p l a sma ,  then 
t h e r e  should be  ~ 5 �9 1018 ions in the c lu s t e r  and i t s  m a s s  should be about 3 ~ 10 -Y kg, which co r r e sponds  to 
about 15% of the m a s s  of gas  which is  inside the  coaxial  e l ec t rodes  in  the initial  s ta te .  
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2 .  C a l c u l a t i o n  o f  D i s p e r s i o n  

Model  told Calcula t ion  Method.  The  m a t h e m a t i c a l  model  d e s c r i b e d  below was intended for  the s t a tement  
of the  p r o b l e m  of the  d i s p e r s i o n  of ju s t  the  head p a r t  of a c l u s t e r .  Calcu la t ion  of the dynamics  of  the  t a i l  p a r t  
b e e o m e s  p o s s i b l e  a f t e r  one i s  able to obtain in fo rmat ion  about the  inflow of m a s s  f rom the a c c e l e r a t o r  into 

the  t a i l  p a r t  and the c u r r e n t  d i s t r ibu t ion  in i t .  

I t  is  p roposed  to model  the  d i s p e r s i o n  of the head pa r t  of a c l u s t e r  in the fol lowing way.  The c l u s t e r  i s  
r e p r e s e n t e d  in the  f o r m  of a p l a s m a  c u r r e n t  sheath,  depic ted  in F i g .  4. In the  approx ima t ion  of an inf ini te ly  
conducting p l a s m a  the equat ions of mot ion  and ene rgy  of the  sheath have the fo rm 
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where  r and z a re  the  radia l  and axial coordinates ,  respec t ive ly ;  u and v, radia l  and axial veloci ty  components;  
p ,  density;  pg, gas  p r e s s u r e ;  p, p r e s s u r e ;  e ,  specif ic  internal  energy .  

The  influence of the externa l  medium (Ar in the s ta te  be fore  the s ta r t  of the discharge) was taken into 
account using a snowplow model [1]. Such a s implif icat ion was just if ied by the necess i ty  of  est imating,  if only 
in a f i r s t  approximat ion,  the effects  of the p re sence  of an external  medium.  Moreover ,  the p re sence  of  some 
uncer ta in ty  in the conditions of the problem (the amount of m a t t e r  in the calculated par t  of the c lus ter ,  the 
amount of c u r r e n t  c a r r i e d  out, etc.)  gave an additional r e a so n  to be confined to this  approximation.  

F o r  c losure  of the sys tem (2.1) we used tables  of the the rmodynamic  functions of Ar  kindly presen ted  
by I .  B.  Rozhdestvensldi .  F r o m  these  tab les  the functions p = p ( p ,  c) and T =T(p ,  c) were  obtained in the fo rm 
of second-degree  polynomials ,  and these  were  used  in the calculation.  

The  sys t em (2.1) was solved using a modif ied method of pa r t i c l e s  in cel ls  [2]. F o r  this  the p lasma sheath 
was divided into ce l l s  of an Eu le r i an  grid of one l a y e r  in space (see Fig.  4). The  number  of ce l ls  was gradually 
inc reased  in the p r o c e s s  of  deformat ion  of the sheath.  In calculating the p r e s s u r e  acting on the boundary of 
any cell ,  we took into account  both the gas p r e s s u r e  of the cel l  adjacent  to the calculated cell  and the magnetic 
p r e s s u r e .  The  m a t t e r  of each cell  was modeled by 1000 pa r t i c l e s  in the t r a n s f e r  calculation. The boundar ies  
of  the sheath w e r e  t r aced  cell  by cell  in accordance  with the maximum and minimum values of the coordinates  
of  the pa r t i c l e  found in (or c a r r i e d  into) a given cell .  

Initial  and Boundary  Conditions.  At the  s tar t ing  t ime  the sheath was taken as  a d isk  compressed  in the 
shock wave of the p lasma.  The flow p a r a m e t e r s  of the Ar being compressed  beyond the shock wave f ront  were  
de te rmined  f r o m  data obtained in the exper iment  on the p lasma flow velocity,  which was 3 �9 104 m / s e c .  Under 
these  conditions,  the degree  of compress ion  proved to equal about 10. The total  d i scharge  cur ren t ,  also 
m e a s u r e d  in the exper iment ,  compr i sed  400 kA and was constant .  The p lasma t e m p e r a t u r e  in the c lus te r  was 
T = 8-104~ while p = 0.45 k g / m  s and pg = 3.9.107 Pa .  The  sheath had an initial axial velocity v 0 = 3" 104 m / s e c  
and Uo= O. 

The boundary conditions were determined by the following considerations. The pressure outside the 
sheath was 2.6" 103 Pa  and p = 0.04 k g / m  3. Inside the sheath at a dis tance r f r o m  its axis the p r e s s u r e  beyond 
the cu r r en t  br idge  was pure ly  magnet ic  and was de te rmined  by the express ion  

P., = ~ \-~Tnr ] ' 

r e g a r d l e s s  of the configurat ion of the cavity,  where  I i  is  the cu r r en t  flowing through the br idge (a p lasma 
column); # 0 is the  magnet ic  pe rmeab i l i ty  of a vacuum. Inside the  cu r r en t  br idge  t h e r e  is  only gas p r e s s u r e ,  
equal to the magnet ic  p r e s s u r e  at i ts su r face .  
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To model the flow of mat ter  f rom the accelera tor  in cell 2 (see Fig. 4) the initisl conditions were main- 
tained. Cells 1 and k were fictitious, simulating boundary conditions of the "rigid-wall" type. The initial 
thickness of the head was assigned in accordance with the amount of mat ter  forming the dus t e r .  The outer 
radius of the disk was 8.5 mm. 

Results of Calculation and Comparison with Experiment.  The f i r s t  variants of the calculations, made 
with the condition that the total discharge current  passes through the sheath while its mass equals the original 
mass  of gas in the accelerator ,  showed the unsatisfactory nature of these assumptions. The radial expansion 
of the sheath and its axial movement proved to be overstated by two to three ~mes  in comparison with the 
experiment.  

The var iantwith  a zero current  and a full mass  also proved to be unsatisfactory.  The axial movement  
of the sheath considerably exceeded the values obtained from the experiment and, moreover ,  the overall  con- 
figuration of the sheath differed strongly f rom the experimental configuration. 

An analysis of the resul ts  of the f i r s t  variants of the calculation made it possible to conclude that the 
current  through the sheath comprises  a fract ion of the total discharge current,  while the mass of the sheath 
is also some fract ion of the mass  of gas in the acce lera tor .  And this prompted us to make the est imates given 
in Sec. 1. 

The best  agreement with experiment was obtained when the fract ion of current  captured by the sheath 
was 20% of the discharge current,  which corresponds to the est imate of Sec. 1, and the fraction of the mass 
of the sheath out of the mass of gas in the acce lera tor  was the same, which does not differ too much from the 
est imate of Sec. 1. 

The t ime dependences of the radial expansion and axial movement of the sheath are shown in Fig. 5, and 
the experimental points are  also plotted here .  

Figure  6 allows one to compare the sheath configuration calculated under these assumptions with the 
configuration of the head par t  obtained from the experiment.  

F rom an analysis of Figs.  5 and 6 it is seen that the experiment and calculation a re  in good agreement.  
It should be noted that the analysis of the experiment revealed certain character is t ic  features of the dispersion 
of the sheath: the presence  of a peak at the center of the sheath and the almost constant velocity of axial 
movement of the cluster,  established after  t ~ 1/~ sec and equal to about half of v. It turned out that the calcu- 
lation also caught these subtle effects: The calculated configuration also has a peak, while an almost constant 
axial velocity of movement of the cluster  is established after  t ~ 1/~ sec and equals about 0.5v 0. 

We note that these effects do not develop in a calculation of the dispersion with a zero current  (by inertia). 
The head of the disk remains  fiat, while the velocity of axial movement, like the velocity of radial  expansion, 
decays monotonically. 

The explanation for the above-mentioned effects may be the following. Up to t ~ 1 ~ sec, the gas of the 
surrounding medium "raked up" by the central part  of the cluster  re ta rds  the dispersion. But subsequently, 
a mode of dispersion is evidently reached such that the interaction of the "raked-up" mass,  the rarefact ion 
wave outrunning the gas f rom the central  zone of the cluster  to the periphery,  and the magnetic p ressure  pro-  
r ides for  the above-noted constancy of the axial velocity. The absence of this effect in the radial  motion is due 
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to the fact tha~L the magnetic pressure,  decllniug quadratically with radins, has considerably less effect on the 
side wall of the sheath. 

The formation of a peak at the center can be explained by the fact that the magnetic pressure  is highest 
in this region, while the inertia of this part of the sheath is comparatively high (the radial flow of matter  i s  
~ i l l  slight). 

Thus, the results  obtained through the numerical experiment made it possible not only to calculate the 
kinetics of the motion of the cluster but also to show that the cluster (at least  i ts head part) consists of a 
plasma current sheath expanding under the action of magnetic pressure.  

In conclusion, one can add that the resul ts  of the calculation provided information which is not exhausted 
by the data of Figs. 5 and 6. The calculation made it possible to trace the thickness of the plasma sheath and 
the thermodynamic parameters  averaged over its thickness. It was found, e.g., that by a t ime of 3-3.5 ~sec 
the temperature of the sheath along the wall varies  slightly and is within the limits of 7.5 �9 10 t �9 10%~ The 
pressure  and density increase monotonically along the direction toward the head and vary within the limits of 
0.4.10 Y < p < 1.4.107 Pa and 0.04 < p < 0.17 k g / m  3. The pattern of the distribution of thermodynamic quantities 
over the surface of the sheath is nonmonotonic and is due to the nonequilibrium of the distribution of magnetic 
pressure  and to the influence of the rarefaction wave, which is appreciable by this time. The head proves to 
be cooler than the wall (owing to the raking up of cool matter of the surrounding medium). The average pres-  
sure at the head is 107 Pa and the density is 0.16 k g / m  3. 

Thus, the results  of the experimental-numerical  investigation of the dispersion of a plasma cluster 
revealed a number of important phenomena and made it possible to give the following picture of the dispersion. 
The plasma flying out of the accelerator forms two sharply differing regions adjacent to each other: 

1. A head part,  consisting of a sheath with a mass of ~ 0.2 of the mass of the cluster and within which 
a current, comprising about 20% of the discharge current, t ravels  through a current bridge. This part dis- 
perses  under the action of the magnetic and gas pressures .  The head part has a tendency toward the forma- 
tion of a peak at the center of the cluster.  

2. A tai l  part,  consisting of a plasma jet of variable cross section, which moves in the axial direction. 

1. 

2. 
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