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The experimental  excitation of intense coll is ionless shock waves (M > 5) with subsequent 
p lasma compress ion  by the magnetic field of a shock coil is described.  A magnetic plug 
> 20 kOe is produced in ~ 100 • 10 -9 sec by a cur ren t  genera tor ,  a long line with 250-kV 
water insulation and a charac te r i s t i c  impedance of 1 ~~ At an initial deuter ium-plasma 
density of ~ 2 • 1014 cm -3, shockwaves  witha front width of ~ 20c/w0e and a velocity of 

5 • 107 c m / s e e  are recorded .  The ion energy  after  the accumulation,  determined from 
the neutron yield, turns out to be >_ 2 keV~ Axial shock waves excited by the p lasma flow 
beneath the shock coil are  observed.  

1o Studies of p lasma heating by col l is ionless  shock waves [1, 2] have shown a sa t i s fac tory  ag ree -  
ment between the final ion energy and the assumptions and resul ts  of both the simplified ' f r e e - p a r t i c l e "  
model [3, 20] and the modified "snowball" theory of Sagdeev [4]. For  0-pinch sys tems ,  iu which a mag-  
netic plug is produced by the discharge of a capaci tor  bank into a s ingle- turn coil, the final average t r ans -  
ve r se  ion energy Er0 and the charac te r i s t i c  time t c of the r ap id -compress ion  stage are for both models 

Ero V "t RILk V-n (~, L~.k ) 
t~ V~ ~+ ~' t~" v - -  (1.1) 

to ~ tl = 1/2~ ( ~  

Here V is the voltage ac ross  the capaci tor  bank, R is the coil radius,  n is the initial p lasma density, h is 
a rat io,  La  is the paras i t ic  inductance, L k is the coil inductance, l is the coil length, C is the bank capaci -  
tance,  L is the total c i rcui t  inductance, and tf  is the r ise  time of the magnetic field. These express ions  
hold for a magnetic plug of infinitesimal thickness A. This is the reason for the identical dependences of 
the average energy and p lasma compress ion  time on the coil voltage and the linear charged par t ic le  den- 
si ty in both models.  

Figure 1 shows experimental  resu l t s  obtained in 1966-1968 in experiments  involving shock heating 
of a p lasma (see Sec~ 2 below and [5-15, 21]). For  each of these studies,  the directional energies  Er0 
calculated f rom Eq. (1ol) are plotted along the absc issa .  The experimental  points are along the ordinate.  
For  compar ison,  the solid lines in this figure show the theoret ical  part icle  energies  with an account of 
the possible dissipation of the directional  energy.  Five cases  were treated: 

1) where there is no dissipation 

E,-o = Er (curve i )  

2) where all the energy is in the random t ransver se  and longitudinal motion, 

E,.o =.T~• + 1/2T~,, T~• = T~jl = 0.67Er0E~0 (curve 2) 

3) where some of the energy cor responds  to random motion, 

Ero ~ Er + T,j_ -~- 1/fl'ili, Er • TtL ---- Ti..i := 0.4ETo (curve 3) 
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Fig. io Comparison of theoretical and experimental energies of the 
plasma particles. The Math numbers and references correspon- 
ding to the numbers at the bottom of the figure are: i) 3 [5]; 2) 3 [6]; 
3) 3 [7]; 4) i0 [8]; 5) [9]; 6) 3 [10]; 7) 3 [ii]; 8) 2.6 [12]; 9) 10 [13]; 
10) 5 [14]; 11) 3 [15]; 12) 3 [7]; 13) 5 (this study); 14) 3 [14]; 15) 4 [21]. 

Fig. 2. Calculated radial  dependence of g l for various values of a 
and k. 

4) where electron heating is taken into account in a total energy redistribution, 

Ero = Ti•  -t- T e l  @ t[~Ti[J-{- 1/zTel[ 
Ti• ~ TeA = T~ll = Tell = 0.33E,.o (curve 4) 

5) where electron heating is taken into account in a partial energy redistribution, 

E,o = Er + Tii + Te• ~ I/2T~, + I/2Te, 

Er -- Ti• = Tei ~ T~ll ~ T<I = 0.2E~0 (curve 5). 

Here E r is the energy  t ransverse  to the magnetic field, Ts and T II are  the random-mot ion  tempera tures  
in the t r ansve r se  and longitudinal direct ions,  <T> is the mean temperature  at  the end of the compress ion ,  
and i and e cor respond  to ions and electrons~ The best  ene rgy- t rans fo rmat ion  conditions for nuclear 
fusion are those corresponding to curves  4 and 5. As Fig. 1 shows, the available experimental  data on the 
redis tr ibut ion of directed compress ion  energy in a 0-pinch general ly  differ f rom those of the optimum cases  
4 and 5. The basic difference is that the directional energy E r is a lmost  always g rea te r  than the calculated 
values,  while the longitudinal tempera ture  Tll is always lower than the calculated values. 

It follows f rom the Sagdeev theory [4] that when M > 3 the shock-wave front is governed by the ion 
viscos i ty  and must have a charac te r i s t i c  dimension A ~ c/w0• (w0i is the ion p lasma frequency).  In most 
exper iments ,  we have A ~ 1-3 cm,  and A makes up a significant pa r t  of the t r ansverse  dimension of the 
chamber .  Apparently,  it is just  this finite width of the magnet ic-per turbat ion front which disrupts the 
steady state of the propagating waves, result ing in a decrease  in the threshold value of the longitudinal ion 
tempera ture  and an incomplete randomizat ion of the directed motion~ 

For  M < 3, the condition for a s teady-s ta te  shock wave was satisfied in most  of the exper iments ,  
and the resu l t s  of [7, 11, 15] are in sa t i s fac tory  agreement  with the Sagdeev resul ts  [4], showing a p r e -  
dominant heating of the electronic component of the p lasma under these conditions. The grea tes t  d i sc re -  
pancy between exper iment  and calculation is therefore  observed when the cr i t ica l  Maeh number is exceeded. 
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Fig.  3. a) Schematic d iagram of the 
long-line cu r r en t  generator ;  b) osc i l -  
logram of the cur ren t  I (in kA) in the 
coil.  

The condition for a s teady-s ta te  shock wave at large Mach 
numbers  incorporates  two physical  aspects .  The f i rs t  is that the 
magnetic plug be infinitesimally thin: 

A<~R (1.2) 

The second requi rement  is that the magnetic plug must be p ro -  
duced during a time less than the time required  for a shock wave 
to propagate tolfie axis of the compress ion  coil:  

tf <~ to ~ R / M v o  (1.3) 

where v 0 is the sound velocity in the unperturbed plasma.  

This t rea tment  thus shows that when conditions (1.2) and 
(1.3) hold, the energy  of the p lasma par t ic les  will increase  with 
increasing voltage V of the cu r ren t  source .  

To sat isfy Eq. (1.2), we must  s t a r t  f rom the fact  that the 
Sagdeev theory and experiment  direct ly indicate an expansion of 
the wave front to A ~  c/w0i as the Mach number  increases .  Satis-  
faction of the second condition (1.3), although of fundamental 

impor tance ,  is of a more technical than physical  nature,  re la ted direct ly to the pa rame te r s  of the power 
sys t ems  available.  For  typical experimental  conditions, the compress ion  time is of the order  of t c ~- 10 -7 
sec.  Equation (1o3) means that the cu r ren t  r ise  time in the coil must sat isfy 

t I ~ 10 -7 sec, 

which is quite a s t r ic t  technical requi rement  and which can be satisfied by decreasing the capacitance of the 
magnetic field osci l la tor  [see (1.1)] and by increasing the osci l la tor  working voltage V to several  hundred 
kilovolts.  

An apparatus with a br ief  magnetic field r ise  time tf must t ransfer  energy to the p lasma highly ef-  
ficiently.  The efficiency V of a 0-pinch sys tem satisf ies the proport ional i ty  

n ~ (to~ t~)~ (1.4) 

and is of the order  of unity for ~ ~ t c.  For  a high-energy storage bank, and thus for large tfi the efficiency 
is low, ~ 10 -3. 

It should be noted here that an increase  in the magnetic field af ter  the compress ion  of the p lasma 
cylinder  should cause an adiabatic heating of the plasma.  However, this stage itself has a low efficiency, 
not to mention severa l  of the associa ted  disadvantages (instability of the p lasma with respec t  to penetration 
of the magnetic field into it during the shock heating, etc.) .  Figure 1 shows the maximum ion tempera tures  
obtained by adiabatic compress ion  in megajoule insulations [6, 9, 10]. It is  not difficult to see that in in- 
sulations of lower energy (having ~ 10kJ) but having a higher working voltage (V ~ 200-300 kV) and a low 
magnet ic-f ie ld  r i se  time tf  ~ 10 -7 sec,  the ion tempera tures  achieved exceed the ion energies  at the end of 
adiabatic compress ion  in megajoule insulations (see Fig. 1 and [15, 20, 21]). 

The bes t  s torage devices for producing a cyl indrical  magnetic plug during a time of the order  of 
10 -7 sec are  evidently long-line sys tems ,  which can be used at high voltages. The cur ren t  r i se  time in 

this case is given by 

t f ~ L ~ / Z  

where Z is the charac te r i s t i c  impedance of the line. As was shown by Vitovitsky [22], tf  may now be r e -  
duced to ~ 10 -8 sec at Z ~ 1 a .  The s teady-s ta te  condition (1.3) may thus be easi ly  safisfied in this manner. 
The working voltage of a long line can be easi ly increased  to ~ 1000 kV, more than an o rder  of magnitude 
g rea te r  than that of the best  capaci tor  banks. 

The equation describing the motion of a magnetic plug in the "free par t ic le"  model for  a sys tem with 

a long line is 

d (1.5) 
d--T {[~, + t -- y~ly '}  = I - -  ~y" 
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t c is the characteristic compression time [from (i.i)], L k is 
the inductance of the compression coil, and t is the time. The 

mean ion energy E at the end of the shock compression is 

o 

to2 1 

or ,when  (1.6) i s  t aken  into accoun t ,  
F i g .  4. Block  d i a g r a m  of the a p p a r a t u s .  

E - 4md~" el (1.8) 
t i ~.z 

Here  m i i s  the ion m a s s  and e l i s  a d i m e n s i o n l e s s  p a r a m e t e r  p r o p o r t i o n a l  to the mean ion e n e r g y .  

The  p a r a m e t e r  e l ,  was c a l c u l a t e d  as  a funct ion  of X and a t h rough  a n u m e r i c a l  so lu t ion  of Eq.  (1.7) in 
the a p p r o x i m a t i o n  tc < t (t* i s  the t ime  r e q u i r e d  for  the wave  to p a s s  a long the l ine);  the r e s u l t s  a r e  shown 
in F ig .  2. F o r  X << 1, the e I (oz) dependence  f o r  ~ ~ 1 can be a p p r o x i m a t e d  by  

sz ~ a -1 (1.9) 

Subs t i tu t ion  of Eq~ (1.9) into (1.8) y i e l d s  

E 4m~ R2 I (1.10) 
t f2 c~3 

Equa t ion  (1.10) shows  tha t  a mus t  be r e d u c e d  in o r d e r  to i n c r e a s e  the p a r t i c l e  e n e r g y  E fo r  g iven  
t f  and  R.  H o w e v e r ,  the l e a s t  p e r m i s s i b l e  a s a t i s f y i n g  cond i t ion  (1.3) fo r  s t e a d y - s t a t e  shock  w a v e s  i s  

a .~  t (1.11) 

Using  E q s .  (1.6), (1.9), and (1.11), we can  w r i t e  the e f f i c i e n c y  

a s  

~1 = 2e~a2Lk / Lz 

,].~ tc / t* 

w h e r e  L l i s  the induc tance  of the long l ine and t* i s  the t ime  r e q u i r e d  to p a s s  a long  the l ine .  
l i ne ,  th i s  t ime  i s  

(1.12) 

F o r  a f l a t  

t* = 8aW 
c V~ E * ~  (1o13) 

Here W is the energy stored in the long line, ~ is the dielectric constant, E* is the electric field 
intensity, and h and d are the line width and thickness. A simple estimate shows that an energy source with 
W ~ I0 kJ, a flat line with e ~ 100 and E* ~ 106 V/cm, connected to a single-turn coil H ~ 5 cm in radius, 
can heat a plasma with a density of 1014 cm -3 to thermonuclear temperatures. 

2. The current generator, shown schematically in Fig. 3a, was used in experiments on shock heating 
of plasma in a rapidly increasing magnetic field. The generator is a 250-kV long line 11, 12, filled with 
water as a dielectric. Water is used because of its high dielectric constant, e ~ 80, which permits the use 
of the comparativley small characteristic impedance Z ~ 1 ohm for a total system capacitance of C ~ 0.2 
#F. 

The generator load in these experiments is a single-turn coil (the shock coil) LH, 7 cm in diameter 
and i0 cm long, connected to a gap in the high-voltage electrode in the middle of the line. The coil is 
insulated by a polyethylene film and by water. The line is charged to its maximum voltage in 2 psec by 
means of a Marx oscillator (L, C, D in Fig. 3a). Two microseconds after the start of the charging, dis- 
charger D 1 is triggered externally and a 250-kV, 250-ka wave with a rise time of ~ 50 • 10 -~ sec passes 
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Fig. 5. Time dependence of the den- 
si ty of the p re l iminary  plasma:  1) 
dam f rom probing with beam H~ 2) 
data f rom broadening of Dfi Balmer  
line; 3) data f rom microwave probing; 
H0) osc i i t egram of the attenuation of 
a beam of neutral  hydrogen atoms; i) 
discharge current ;  V = 30 kV, H 0 = 1 
k0e, and p = 3.3 mtor r .  The discharge 
per iod is 2 # s e c .  

through the load, reaching d ischarger  D2, which is also shor t -  
c i rcui ted at this t ime. The osci l logram in Fig. 3b i l lustrates  
this line charging, the passage of the cur rent  wave through 
the load, and the resul t  of the subsequent shor t -c i rcui t ing  of 
d ischarger  D2. 

The magnetic field at the coil axis increases  during a time 
tf ~ 100"10 ~9 sec to a maximum value of H* ~ 20 k0e, than de- 
c r e a s e s ,  in correspondence with the cur ren t  shape in the line, to 
0,1 H ~ over a time of ~ 4 #sen .  

Figure 4 shows a block diagram of the experimental  ap- 
paratus  (arrow 12 indicates the direction of the pump, and ar row 
13 indicates the direction of the cur ren t  generator) .  The deu- 
ter ium plasma was ionized and heated beforehand by a Z-pinch 
discharge (C 1 and D 1 in Fig. 4) in a glass  chamber  (1) 6 cm in 
diameter and I00 cm ~ong, in a quasisteady-state magnetic 

field H 0 = 0- i  kOe (2 in Fig. 4). 

The density n and electron temperature T e of the pre- 
liminary plasma (working-pressure range of p ~ 2-14 mtorr) 
were determined by the following methods: i) the density n 
was determined by microwave (3) probing at a wavelength of 
0,4 cm; 2) the density n and the temperature T e were deter- 
mined f rom the attenuation of a beam of fast  (10-keV) neutral  
hydrogen and helium atoms (5 and 6) [16]; 3) the density n was 
determined by an optical method - the Stark broadening of the 
Dfl line (7 and 8);4) the quantity nT was determined with a dia- 
magnetic probe (9). Figure 5 shows the time dependence of the 
density of the p re l imenary  plasmao 

The t ransverse  p lasma-f i lament  dimension, required for 
the calculation of nT for the plasma f rom the diamagnetic signals 
and for calculating the attenuation of the neutral  beams,  was 

d e t e r m i n e d  by photography of a t r ansverse  aperture  by an 
image conver ter  (10). The shock-wave s t ructure  was studied 
and its velocity and the heating efficiency were measured  at 

high Mach numbers  by means of two magnetic probes  3 mm in diameter  placed r = 0.5 cm and r = 2~ cm 
f rom the chamber  axis in the centra l  plane of the coil and by high-speed photography by the image con- 
ve r t e r  (i0) and x - r a y  and neutron spec t rometers*  (11). 

Figure 6 shows osc i l lograms  f rom the two magnetic probes i l lustrating the shaping of the shock-wave 
front for "forward" (Fig. 6a) and " reve r se"  (Fig. 6b) polar i t ies  of the initial magnetic field H 0 = 1 kOe with 
n = 2 • 1014 cm -3. These resul ts  show that the threshold Mach number in these exper iments  is 

VA0 

where 
HO 

UAO = F=-r4~nml "~" ~0~ cm/sr 

is the Alfven velocity in the unperturbed plasma,  and u is the shock-wave velocity~ As the shock wave 
a r r ives  at the chamber  axis, the alternating magnetic field H* in the coil reaches  12 kOeo The signifi- 
cantly nonsteady-s ta te  nature of the wave shaping, due to the small  t ransverse  dimension of the chamber ,  
hinders extract ion of information about the width of the wave front.  

*The neutron spec t romete r  was developed by A. G. Ponomarenko and V. N. Stibunov, our collegues at the 
Institute of Nuclear Physics ,  Siberian Branch, AS USSR. 
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Figs~  6 and 7 

F i g .  6. Shaping of the r a d i a l  shock  wave:  a) H*tr . 
Below) Evo lu t ion  of the luminous  t r a n s v e r s e  d i m e n s i o n  
of the p l a s m a  o b t a i n e d  b y  the i m a g e  c o n v e r t e r ;  b) 
/ / * ~ 1 H o  . 

Fig .  7. Neu t ron  and x - r a y  e m i s s i o n  of the p l a s m a  upon 
p a s s a g e  of the shock  wave :  Is) p r e l i m i n a r y  i on i za t i on  
cur ren t ; I2 )  c u r r e n t  in shock  coi l ;  n ~ neu t rons ;  y )  x -  
r a d i a t i o n ;  H*) s i g n a l  f r o m  m a g n e t i c  p r o b e  10 c m  f r o m  
c o i l .  Above)  p h o t o g r a p h  of t r a n s v e r s e  a p e r t u r e  b e -  
nea th  the shock  wave ,~*~H0 , H  o= 1 kOe,  n = 2  • 1015 
c m  -3. 

Some i n f o r m a t i o n  can  be found about  the i n s t a n t  a t  which  the wave p a s s e s  th rough  the p e r i p h e r a l  
p r o b e .  Under  the a s s u m p t i o n  tha t  the shock  wave v e l o c i t y  is  

Ho -+- H* 
z V ~  

we f ind f r o m  the o s c i l l o g r a m  in F i g .  6 tha t  the f ron t  width  i s  ~ 0.6 c m .  Since the Mach n u m b e r  a t  th is  
t i m e  i s  ~ 3, th i s  r e s u l t  i s  in a g r e e m e n t  with the da ta  of [2, 17, 18], in which the f r o n t  width fo r  M > 3 
s a t i s f i e d  s >> 10 C/Woe. The p r o b e  n e a r  the c h a m b e r  a x i s  ( r = 0.5 cm) d e t e c t e d  a f ron t  of double  s t r u c t u r e  
with a l e s s  s t e e p  l ead ing  edge and a c h a r a c t e r i s t i c  d i m e n s i o n  of A ~ 20c/w0e . 

The s h o c k - w a v e  v e l o c i t y ,  d e t e r m i n e d  f r o m  the i n d i c a t i o n s  of the m a g n e t i c  p r o b e s  and the h i g h - s p e e d  
p h o t o g r a p h y  by  the i m a g e  c o n v e r t e r  tube of a t r a n s v e r s e  a p e r t u r e  in the co i l ,  t u r n e d  out to be ~ 5 • 107 
c m / s e c ,  which c o r r e s p o n d s  to a Mach n u m b e r  of ~ 5. 

We a l s o  s ee  f r o m  F i g .  6 tha t  with the " b a c k w a r d " p o l a r i t y  of the i n i t i a l  f i e ld  (H*I~Ho~) , the shock  wave 
i n t e r s e c t i n g  the p r o b e  r = 0.5 c m  f r o m  the a x i s  has  an a m p l i t u d e  of ~ 5 kOe.  T h e s e  da ta  can  be u s e d  to 
e v a l u a t e  the  f ina l  d i m e n s i o n  of the p l a s m a  f i l a m e n t ,  which  i s  r e q u i r e d  to d e t e r m i n e  the ion e n e r g y  f r o m  the 
n e u t r o n  y i e l d  at  the c u m u l a t i o n  t i m e .  

The t o t a l  n u m b e r  of n e u t r o n s  d e t e c t e d  a t  th i s  t ime  ( A t ~  10 -6 sec )  by  a s p e c t r o m e t e r  o p e r a t i n g  in the 
s i n g l e - p u l s e  mode  ( c a l i b r a t e d  with a neu t ron  g e n e r a t o r )  t u r n e d  out to be ~ 10 7. Hence ,  we f ind the t e m p e r a -  
tu re  of the d e u t e r i u m  ions  to be _> 2 keV.  The r e s u l t s  of  the e l e c t r o n - t e m p e r a t u r e  m e a s u r e m e n t s  a r e  s t i l l  
be ing  t r e a t e d ;  p r e l i m i n a r y  da ta  o b t a i n e d  with  a t w o - c h a n n e l  x - r a y  s p e c t r o m e t e r  y i e l d  Te ~ 1 keV.  

F i g u r e  7 shows  the neu t ron  and x - r a y  e m i s s i o n s  of the p l a s m a  upon p a s s a g e  of the s h o c k  wave 
( H ~ / / o )  . The r e a s o n  f o r  the s u p p r e s s i o n  of the s e c o n d  neu t ron  peak  has  not  y e t  been  e s t a b l i s h e d ;  a t  th i s  
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Fig. 8. Format ion of a longitu- 
dinal shock wave: tl) instant at 
which the preionization cur ren t  
is turned on; t2, t3) t imes at which 
the charging and operation of the 
lone are  begun; H 0 = 1 kOe, n = 
2 x 1014 cm -3. 

point we can suggest  that it is due to an interaction of the heated 
p lasma coming f rom beneath the coil with the pre l iminary  plasma,  
which acts  as target  at the front of the shock wave propagating in 
the axial direction.  

The plasma flow paral le l  to the magnetic field after  the cumula-  
tion of the wave beneath the coil was studied. The image-conver te r  
study through the t r ansve r se  aper ture  (Fig. 7) shows that the p lasma 
fi lament was ~ i cm in size at maximum compress ion ,  in agreement  
with the probe indications for the case H*J,'~H o 

Since the magnetic field in the shock coil was not of a corkscrew 
configuration, the heated plasma could f reely  flow in the axial d i rec-  
tion. Figure 8 shows osc i l !ograms of signals f rom a magnetic probe 
10 cm from the edge of the shock coil; they show that the supersonic 
motion of the hot p lasma v _ 2VA 0 generates  a magnetic perturbation 
having the form of a shock wave [19]. A a e s t i m a t e  of the front width 
of this perturbat ion yields A ~ 5 em, equal to the t ransverse  dimen- 
sion of the chamber .  This c i rcumstance  apparently placed an upper 
limit on the magnetic field excited. 

3. These resul ts  thus show that, in agreement  with theory [4] for high Mach numbers ,  a shock wave 
fo rms  in a collision with p lasma,  with a charac te r i s t i c  magnet ic-per turbat ion front of zx ~ 20c/w0e~ 

Because of the large value of k ~ 3.5 in these exper iments ,  it was not possible to use all the advan- 
tages of the energy storage device used, a long line with a low charac te r i s t i c  impedance.  However, the 
p lasma pa rame te r s  acheived at the end of compress ion  (n ~ 2 • 1014 cm -3, T i ~ 2 keV, T e e i keV) (Fig. 
1) show a sa t i s fac tory  agreement  between experimental  and calculated ion energies .  

A simple calculation shows that the actual efficiency of the sys tem reaches  ~? ~ 1% in this case for 
an initial s tored energy  of ~ 2 kJo It would be quite a simple matter  to obtain in the very near future a 
rat io La/hik = k << 1, which should lead to an increase  of ~? to 5% and an increase in the ion energy to ~ 10 
keV at n = 2 • 1014 cm -3. To obtain ion energies  o f~  10 keV during the f i rs t  stage of rapid compress ion  
with ordinary  0-pinch devices with a capacitive storage bank, it would be necessa ry  to have an initial 
s tored  energy of ~ 10 ~ J.  

We can conclude that there is a real  possibi l i ty of using a superfas t  0-pinch with a high-voltage line 
as a s torage device for efficient p lasma heating to thermonuclear  t empera tures  during a time of ~ 10 -7 
sec.  Such a small  time for t ransfe r r ing  energy to the p lasma ions and e lec t rons  f rom the external  mag-  
netic field is the basic reason for the opt imism that no important  macroscopic  instabilities will develop 
during this t ime. 

Fur ther  successful  p rog re s s  at ion energies  in the range ~ 10-100 keV will of course  depend strongly 
on the extent to which the energy-diss ipa t ion  mechanism at the front of superintense shock waves is under-  
stood and on the technological p roces s  toward producing high-voltage storage sys tems .  

The authors thank G. I~ Budker and R. Z. Sagdeev for formulating the problem, R. I. Soloukhin for 
in teres t  in the study, and S. P. Shalamov for construct ion of the apparatus.  
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