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F I E L D S  

Experiments  conducted to produce megaGauss toroidal  magnetic fields by flux compress ion  
are  described.  The possibili ty of intensifying the field by more  than 20 t imes is shown ex- 
perimental ly.  The experimental  resul ts  a re  compared with theory.  It has been shown pre -  
viously experimental ly that when compress ing  a longitudinal magnetic field by a liner which 
is also acce lera ted  by magnetic p re s su re  it is possible to obtain stable motion and good 
s y m m e t r y  of the collapse [1-3]. These conditions a re  n e c e s s a r y  for effective field intensi- 
fication. However a configuration with closed lines of force is neces sa ry  f rom the viewpoint 
of the possibili ty of p lasma containment and heating by a magnetic field. With this objective 
we examined the possibil i ty of intensifying a toroidal  field by magnetic flux compress ion.  

The operating principle of the sys tem is easily seen f rom the schematic  shown in Fig. 1. The metal 
ring 6 t ravels  with the veloci ty v between two coaxial cyl inders  so that in the process  of the motion re l i -  
able e lectr ical  contact is provided between the ring and the cyl inder  at the point of sliding. In this case  
the magnetic field Hq9 will be in a closed contract ing volume. If we assume that the condition LI = const 
(for the contract ing contour) is sat isfied in the compress ion  process ,  then the magnetic field intensity will 
increase  in the compress ion  process  

H = LoHo/L 

Hence we see that in the case of ring motion between cyl inders  it is necessary  that the length l 0 of 
the compress ion  segment be ~ 5-10 cm in o rde r  to obtain a sufficiently large compress ion  ratio for a final 
length on the o rde r  of a few mi l l imeters .  

The ring was acce le ra ted  by an azimuthal magnetic field. As a resul t  of the long diffusion t ime in 
compar ison  with the compress ion  time, the penetration of the accelerat ing magnetic field into the com-  
press ion volume can be neglected. In view of the fact that the accelerat ing and retarding magnetic p r e s -  
sure  depends on the radius 

PH "~ r-2 

to obtain uniformity of the motion it is neces sa ry  to ensure  uniformity of the ring mass  distribution. 

However, it is not possible in pract ice  to satisfy the uniform accelera t ion condition in the region near  
the wall because of the existence of friction. Therefore  it is possible that unbalanced forces may develop 
which will lead to overturning of the ring. This phenomenon was actually observed in experiments with 
smal l  ring thickness (~ 1.5 mm) and large travel .  Therefore  the ring thickness was made quite large in 
o rde r  to stabilize the motion. In this case  the motion is stabilized as a resul t  of the mechanical  forces de- 
veloped in the ring mater ia l .  

Bimetall ic rings (copper and aluminum, diffusion bonded together) were used in the experiments.  
Typical ring dimensions were:  outside diameter  77 mm, inside diameter  63 ram, thickness 7 ram, mass  
40 g. 
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The  a c c e l e r a t i n g  m a g n e t i c  f i e ld  is c r e a t e d  b y  the  d i s c h a r g e  of  the  
c o n d e n s e r  bank  1 of c a p a c i t y  42 - 10 -3 ef w i th  v o l t a g e  5 -5 .5  kV t h r o u g h  
the  s y s t e m  of d i s c h a r g e  g a p s  4. The  d e s i g n  of  the  c o n d e n s e r  bank  and 
the  swi t ch ing  s y s t e m  is  ana logous  to tha t  d e s c r i b e d  in [2]. The  in i t i a l  
d i s c h a r g e  c i r c u i t  i nduc t a nc e  L0 = 1 . 4 - 1 0 - s  H, t he  r e s i s t a n c e  R = 2 �9 10 -4 
Ohms.  

It was  found e x p e r i m e n t a l l y  tha t  the  mo t ion  b e t w e e n  the  c y l i n d r i -  
ca l  s u r f a c e s  did  not  e n s u r e  good e l e c t r i c a l  c on t a c t  w i th  the  r i ng ,  t h e r e -  
f o r e  in the  s u b s e q u e n t  e x p e r i m e n t s  t he  c y l i n d e r s  w e r e  r e p l a c e d  by  
cones  wi th  t a p e r  ~ 1 ~ to the  a x i s .  In t he  e x p e r i m e n t s  we  used  a 5 - c m -  
long cone ,  wi th  a 1 0 - c m - l o n g  cone  be ing  u sed  in s o m e  of  t he  t e s t s ,  but  
b e c a u s e  of the  doub led  e n e r g y  l o s s e s  in f r i c t i o n  the  m a x i m a l  m a g n i -  
t ude  of  the  f i e lds  o b t a i n e d  in th i s  c a s e  was  s o m e w h a t  l o w e r .  To r e d u c e  
the  f r i c t i o n  c o e f f i c i e n t  the  cone  s u r f a c e s  w e r e  c o v e r e d  wi th  a th in  l a y e r  
of t in  (v ~ 10 -2mm) .  The  i n i t i a l  m a g n e t i c  f i e ld  was  c r e a t e d  by  t h e  d i s -  
c h a r g e  c u r r e n t  of the  a dd i t i ona l  c o n d e n s e r  bank  2 of c a p a c i t y  5 �9 10 -a ef. 

The  f i e ld  p e n e t r a t e d  into t he  c l o s e d  c o m p r e s s i o n  v o l u m e  b e c a u s e  of the  c o n s i d e r a b l y  s h o r t e r  d i f fus ion  
t i m e  (r  ~ 300 m s e c )  in c o m p a r i s o n  wi th  the  d i s c h a r g e  p e r i o d .  Ma tch ing  of  the  l o w - r e s i s t a n c e  load  wi th  
the  d i s c h a r g e  c i r c u i t  was  a c c o m p l i s h e d  by the  c u r r e n t  t r a n s f o r m e r  3. 

The  t r a n s f o r m e r  was  m a d e  s t r u c t u r a l l y  in the  f o r m  of a c o i l  ( length 35 cm,  d i a m e t e r  26 c m ,  i nduc -  
t a n c e  5 �9 10 -~ H) wound f r o m  50 t u r n s  of c o p p e r  b u s b a r  of  s e c t i o n  4 x 10 m m  2. The  wind ing  was  b a k e d  in 
epoxy  r e s i n  to i n c r e a s e  t he  m e c h a n i c a l  s t r e n g t h .  The  s e c o n d a r y ,  wound f r o m  8 - m m - t h i c k  c o p p e r  shee t ,  
was  p l a c e d  a r o u n d  the  co i l .  The  t r a n s f o r m e r  l e a k a g e  i nduc t a nc e  was  10 -4 H and t o g e t h e r  wi th  t he  l e ad  in-  
d u c t a n c e p r o v i d e d  a bank  d i s c h a r g e  p e r i o d  T = 5 m s e c .  

W i t h  a v o l t a g e  of  10kV on the  supp ly  c o n d e n s e r  bank  the  t r a n s f o r m e r  p r o v i d e d  a c u r r e n t  of up to 
1.2 �9 l 0  G A into the  R ~ 5 �9 10 -5 Ohm r e s i s t i v e  load .  The  i n i t i a l  m a g n e t i c  f ie ld ,  m e a s u r e d  in the  c o m p r e s -  
s i o n  v o l u m e  in t he  d i f f e r e n t  e x p e r i m e n t s ,  v a r i e d  f r o m  20 to 50 kG. 

Induc t ive  p r o b e s  w e r e  u s e d  to  m e a s u r e  t he  f i e ld  in t he  c o m p r e s s i o n  p r o c e s s .  The  p r o b e  was  m a d e  
f r o m  two t u r n s  of 0 . 1 5 - m m - d i a m  P]~V-1 w i r e ,  wound on a 1 .0 -1 .5  m m  d i a m e t e r  f r a m e .  The  four  p r o b e s ,  
s p a c e d  90 ~ a p a r t ,  w e r e  moun ted  in the  end of  the  c o m p r e s s i o n  v o l u m e  so  tha t  the  p r o b e s  w e r e  d e s t r o y e d  as  
the  mov ing  r i ng  r e a c h e d  ful l  t r a v e l .  Th i s  p o s i t i o n i n g  of  the  p r o b e s  m a d e  it p o s s i b l e  to e v a l u a t e  the  un i -  
f o r m i t y  of t he  m o t i o n  of the  e n t i r e  r i ng  in the  f i e ld  c o m p r e s s i o n  p r o c e s s .  The  p r o b e  l e a d s  p a s s e d  t h r o u g h  
h o l e s  in the  o u t e r  f r a m e .  One of  t he  p r o b e s  was  a l so  u sed  to m e a s u r e  the  i n i t i a l  f i e ld  i m m e d i a t e l y  p r i o r  
to  i n i t i a t i on  of  the  c o m p r e s s i o n  p r o c e s s .  

The  e x p e r i m e n t a l  r e s u l t s  w e r e  c o m p a r e d  wi th  n u m e r i c a l  c a l c u l a t i o n s  m a d e  on a M i n s k - 2 2  c o m p u t e r .  
T h e  c a l c u l a t i o n s  w e r e  m a d e  fo r  the  c a s e  of  r i ng  m o t i o n  be tw e e n  c y l i n d r i c a l  s u r f a c e s .  We  e x a m i n e d  a 
s y s t e m  c o n s i s t i n g  of the  c a p a c i t a n c e  C, i nd uc t a nc e  L = L 0 + L (x), and r e s i s t a n c e  R. At  the  t i m e  t = 0 the  
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capaci tor  was charged to the voltage U0, L = L 0. The equations describing the e lectr ical  p rocesses  in the 
c i rcui t  may be writ ten as follows af ter  simple t r ans fo rmat ions :  

dI U o - - q / C - - R l - - 2 . t O - T l x ' l n ( r 2 / r l )  dq 
-~ = L0 -~ 2.10-7 x In (r~/rl) ' d'--F = I (1) 

4~ 

Here I is the cur ren t  in the circui t ,  x is the distance t raveled by the ring, rt,  r 2 are  the radii  of the 
inner and outer  cyl inders ,  q is the charge.  

We combine with these equations the equation of motion of the ring under the action of magnetic 
p re s su re  

d~x In (r~ / rl) [ [  2 lo~lo ~ ] F 
"dt ~ - -  n~ ( l~--x)Z J m (2) 

Here I 0 is the initial current ,  l 0 is the compress ion  chamber  length, m is the ring mass ,  F is the 
frict ion force.  

The frict ion force was found f rom the equation 

F = kab S 

Here k is the fr ict ion coefficient,  ~b is the ultimate strength,  S is the frict ion surface area; all quan- 
t i t ies were  assumed to be constant in t ime. In the calculation the fr ict ion coefficient k = 0.2, ~b = 15 kgf/  
mm 2 (for aluminum). 

Figure  2 shows curves  of the accelera t ing cur ren t  I and the distance x t raveled  by the ring. The dis-  
tance ve r sus  t ime curve was obtained after  analyzing the magnetic probe signals under the assumption r = 
const. Also shown for compar ison  are  the calculated curves  (dashed). The approximately identical nature 
of the theoret ical  and experimental  curves  up to t = 80 ~ sec (H = 250 kG) suggests  that up to these fields 
the condition r = const is satisfied quite well in this experiment.  The slight difference between the curves  
at this stage is obviously explained by the inaccuracy in determining the pa ramete r s  affecting the velocity, 
and also the e r r o r  in measur ing the magnitude of the magnetic field, which amounts to ~ 5%. The com-  
parat ively marked difference in the behavior of the curves  in the final stage of the motion can be explained 
by increase  of the losses result ing f rom strong cur ren t  heating of the contact surfaces  and walls of the 
compress ion  chamber .  

Comparison of the signals f rom the four probes shows that the ring retains its flat form throughout 
the motion to within ~ 1 mm. In cer tain experiments with high initial fields the ring was brought to a stop 
by the magnetic forces .  In this case  no r eve r s e  motion was observed thanks to the relat ively low magni-  
tude of the field (H - 250 kG) and the presence  of considerable friction. Therefore  it appears that the ring 
retained the same form it had at the moment  it stopped. Stopping of the ring is indicated by the existence 
of a maximum of the field and the part ial ly undamaged condition of the magnetic probes.  In examining the 
ring we found that the portion which t raveled opposite the holes for the probe leads protrudes ahead some-  
what, since because of field nonuniformity in this location the retarding force is less than on the remain-  

ing segments.  

F igure  3 shows the experimental  curve of magnetic field intensity as a function of t ime; here  again 
the theoret ical  curve is shown for comparison.  The maximal  value of the field recorded  in the experiment 
was N = 840 kG. In the volume of about 4 cm 3 the ring velocity reaches  ~105 c m / s e c .  The studies made 
showed the possibili ty of producing a strong magnetic field in such a system.  In the experiments we were 
able to obtain more  than 20-fold field intensification. It was also shown that stable motion with good uni- 

formity can be obtained. 

In conclusion the authors wish to thank G. I. Budker for his support and continued interest  in the 
project ,  P. Z. Chebotaev for ass is tance  in the computer  calculations,  V. N. Karasyuk for constructing the 
apparatus,  and also A. V. Kutovenko and P. G. Zubov for help in car ry ing  out the experiments.  
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