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SHOCK-WAVE METHOD OF GENERATING MEGAGAUSS 

MAGNETIC FIELDS 

E. I. Bichenkov, S. D. Gilev, 
A. M. Ryabchun, and A. M. Trubachev 

UDC 537.639 

Relat ively recently,  we and Japanese  invest igators  proposed a new method of generating supers t rong  mag-  
netic fields through the compress ion  of magnetic flux by a sys tem of shock waves (SW) converging in a sub- 
stance capable of convert ing f rom a nonconducting to a conducting state during compress ion  [1-4]. In the p r e -  
sent paper  we study the possibi l i t ies  of genera tors  using this principle.  

1.  C o m p r e s s i o n  o f  M a g n e t i c  F l u x  in  a P e r f e c t l y  P a c k a b l e  S u b s t a n c e  w i t h  an  

U n l i m i t e d  E i e c t r i c a l  C o n d u c t i v i t y  B e h i n d  t h e  SW F r o n t  

A fundamental p roper ty  of the method of magnetic cumulation under considerat ion consists  in the unavoid- 
able losses  of a cer ta in  (most often considerable) f ract ion of the magnetic flux. These losses  are  connected 
with the compress ib i l i ty  of the substance and occur  even when the e lect r ical  conductivity of the mater ia l  in the 
conducting state is unlimited. The mechanism of this kind of loss is s imples t  to understand on the model of a 
porous substance with an initial density P0, which acquires  e lect r ical  conductivity upon compress ion  to a den- 
si ty p .  In this case the magnetic flux initially penetrat ing a nonconducting granule of the substance remains  
f rozen into the granule mater ia l  after  the phase transi t ion,  and only that par t  of the flux which was initially in 
the pores  between granules  of the substance is displaced into the region filled with uncompressed and non- 
conducting substance.  If we designate the change in the a rea  occupied s t r ic t ly  by par t ic les  of the substance as 
dSc and cons ider  that in compress ion  this quantity is negative, and we also assume that the s izes  of individual 
par t ic les  ahead of the SW front  are  small  enough to establish equilibrium between the fields in the pores  and 
the par t ic les ,  then the equation for  the flux losses  f rom the compress ion  region can be written in the form 

d e  = BdSc. (1.1) 

Using the equation of conservat ion of the mass  flux at the SW, 

we rewri te  (1.1) for a uniform field: 

podS = pdSe~ (1.2) 

dO = - ~  ~S (1.3) p 

There a re  many reasons  to assume that in the compress ion  of metal powders coated with a fi lm of non- 
conducting oxides, e lec t r ica l  conduction develops when a cer tain density Pc is reached,  which is lower than the 
density of the crysta l l ine  state of the substance,  of course,  but which can prove to be a constant quantity for the 
same mater ia l  and for initial grains of about the same shape. Under such an assumption, Eq. (1.3) is easi ly 
integrated and yields relat ions for  the flux 

�9 �9 = ( s  ~Oo/O~ 
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and f o r  t he  f i e ld  

B ___ 

In t h i s  c a s e ,  (1.2) in the  k i n e m a t i c  a s p e c t  l e a d s  to  

P0/P, = I - -  u d D  = t - a ,  

whi le  the  a s s u m p t i o n  m a d e  m e a n s  t h a t  the  t r a n s i t i o n  of the  s u b s t a n c e  to  the  conduc t ing  s t a t e  o c c u r s  at  t ha t  
p h a s e  of  c o m p r e s s i o n  in  the  SW f r o n t  when the r a t i o  of  the  m a s s  v e l o c i t y  u of  t h e  s u b s t a n c e  to  t he  wave  v e t o c i t y  
D p r o v e s  to  equa l  a c e r t a i n  c o n s t a n t  v a l u e  ~ .  I t  i s  c l e a r  t ha t  i f  t he  SW i s  s t r o n g  enough and c o m p r e s s e s  t he  
s u b s t a n c e  above  the  d e n s i t y  Pc '  the  f i e ld  f r o z e n  into  the  s u b s t a n c e  wi l l  i n c r e a s e  in p r o p o r t i o n  to  t he  d e g r e e  of  
c o m p r e s s i o n ,  but t h i s  s a y s  p r a c t i c a l l y  no th ing  about  the  f i e ld  ahead  of  the  SW f ron t .  

Ind iv idua l  s p e c i f i c  f e a t u r e s  of the  s h o c k - w a v e  c o m p r e s s i o n  of m a g n e t i c  f lux can  be a n a l y z e d  on the  e x -  
a m p l e  of  the  p r o b l e m  of the  c o m p r e s s i o n  of  a p e r f e c t l y  p a c k a b l e  s u b s t a n c e  by  a c y l i n d r i c a l  l i n e r  mov ing  a t  a 
v e l o c i t y  u 0. We a s s u m e  tha t  t he  s u b s t a n c e  has  a d e n s i t y  P0 ahead  of  t he  SW f ron t ,  wh i l e  behind the  f r o n t  i t  h a s  

a d e n s i t y  p which does  not  depend  on the  i n t e n s i t y  of the  SW. At  t he  i n i t i a l  t i m e  the  s u b s t a n c e  o c c u p i e s  a c y l -  
i n d r i c a l  r e g i o n  wi th  a r a d i u s  R 0 and a f i e ld  B 0 in  i t .  So a s  not  to  c o m p l i c a t e  the  p r o b l e m ,  we a s s u m e  tha t  the  
l i n e r  c o m p r e s s i n g  the  s u b s t a n c e  i s  t h in  wi th  a m a s s  M p e r  uni t  l eng th  a long  the  a x i s .  The  f o r m u l a t e d  p r o b l e m  
i s  c h a r a c t e r i z e d  by  the  s e t  of  d i m e n s i o n l e s s  p a r a m e t e r s  

u 

a = --ff ---- I - -  P0/P; (1.5) 

B2 2 .  
- -  - ~ ,  (1.6) Pc---- 8u P% 

M m = ~a~p" (1.7) 

I n s t e a d  of P0 of (1.6), in  a n u m b e r  of  c a s e s  i t  i s  m o r e  c o n v e n i e n t  to i n t r o d u c e  the  i n i t i a l  m a g n e t i c  e n e r g y ,  n o r -  
m a l i z e d  to  t he  k ine t i c  e n e r g y  of the  l i n e r :  

B~ R~ 2 ;o 
eo = ~ - =  o MU i = W. 

The  p r e s u m e d  i n c o m p r e s s i b i l i t y  of  the  s u b s t a n c e  a f t e r  t he  t r a n s i t i o n  to t he  conduc t ing  s t a t e  and the  known 
law of  v a r i a t i o n  (1.4) of  the  m a g n e t i c  f i e ld  f r o z e n  into  the  s u b s t a n c e  a l low one to  c a l c u l a t e  the  e n e r g y  of the  
m a g n e t i c  f i e ld  d u r i n g  c o m p r e s s i o n ,  

e - T : -  ~ -  % "(t - -  ~ - -  az"c1-2~>), (1.s) 

w h e r e  x = r / R 0 ;  r i s  the  p o s i t i o n  of the  SW f r o n t  m o v i n g  t o w a r d  the  a x i s .  An a n a l y s i s  of  t h i s  f o r m u l a  shows  
tha t  fo r  h igh ly  c o m p r e s s i b l e  s u b s t a n c e s  (P0/P << 1, ~ ~ 1) the  m a g n e t i c  e n e r g y  g r o w s  wi thou t  l i m i t  a s  the  wave  
c o n v e r g e s  t o w a r d  the  a x i s .  S t r i c t l y  s p e a k i n g ,  fo r  t h i s  i t  i s  s u f f i c i e n t  t ha t  a > 1 /2 .  F o r  a = 1 /2 ,  f r o m  (1.8) 
we ge t  e = eo(1 - In x) ,  i . e . ,  a s i m i l a r  p h e n o m e n o n  i s  o b s e r v e d .  In r e t u r n ,  f o r  m o d e r a t e l y  and p o o r l y  c o m p r e s -  
s i b l e  s u b s t a n c e s  (~ < 1 / 2 ) ,  t h e  m a g n e t i c  e n e r g y  i s  a l w a y s  f in i t e  and 

e---+ e o i ~ 2 ~ "  
~r 0 

This  m e a n s  t ha t  in such  a c a s e  the  SW can  a r r i v e  a t  the  ax i s  of s y m m e t r y ,  i f  d i s s i p a t i v e  p r o c e s s e s  o f  the  v i s -  
cous  t ype  [5] do not  p r e v e n t  t h i s .  

M o r e  d e t a i l e d  i n f o r m a t i o n  about  the  d y n a m i c s  of SW c u m u l a t i o n  can  be o b t a i n e d  by s o l v i n g  the  equa t ion  

_ ( )  o,o , ev 2y 2 - ~ - 7  t - - ~  i + (1.9) 
dx ~ . ~ . m x 4~+1 ~" m'; 

~ 7 ~ - - F  I n 7 +  7 

to  which  the  e q u a t i o n s  o f  m o t i o n  of the  l i n e r  and the  m e d i u m  a r e  r e d u c e d .  H e r e  y = D2/D2; ~ 2 = R2/R 2 = 1 - 
a + ~x2; x = r /R0 ;  D i s  t he  SW ve loc i t y ;  r i s  t he  p o s i t i o n  of  the  SW f ront ;  R i s  the  p o s i t i o n  of  the  o u t e r  b o u n d a r y  
of the  c o m p r e s s e d  m a t e r i a l ;  the  z e r o  index  p e r t a i n s  to  i n i t i a l  v a l u e s .  
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The  change  of  v a r i a b l e s  

1 aPo 1 1 
y ~ - -  . - -  

u i - - 2 g ,  x 4~z ~2 m ~ 
~=x~ 

r e d u c e s  (1.9) to 

w h e r e  

wi th  the  i n i t i a l  cond i t ion  

du _ (i -- 2cr u (4, -- u)~ 
W- T 

i--~z i 
u ,  = I 1 -  2a (z m '~ 

xnT+ W 

(1.10) 

aPo t for ~ =  l .  U (1) = Ul --  1 --  2a 

It  i s  e a s y  to  e s t a b l i s h  t ha t  in  the  r e g i o n  of c o m p r e s s i o n  0 _< ~ _< 1 t h e r e  a r e  two s i n g u l a r  p o i n t s  of Eq.  (1 . t0) :  
= 0, u = 0, wi th  a s y m p t o t i c  b e h a v i o r  u ~ C~ 1-z~ of  the  s o l u t i o n  in  i t s  v i c in i ty ,  and ~ = 0, u = 1, wi th  a s y m p -  

t o t i c  b e h a v i o r  u ~ 1 + C~ z ~ - l .  In the  c a s e  of  h igh  c o m p r e s s i b i l i t y  (a  > i / 2 ) ,  the  po in t  ~ = 0, u = 0 c o n s i s t s  of 
a p o l e  wi th  t r a j e c t o r i e s  d i v e r g i n g  in  i t s  v i c i n i t y ,  b e c a u s e  of which  u ~ ~ and y - -  0 a s  ~ -* 0, i . e . ,  the  f a l l i n g  
SW s t o p s  and i t  i s  r e f l e c t e d  f r o m  the " m a g n e t i c  wa l l  N a t  a f in i te  va lue  of the  c o m p r e s s i o n  r a d i u s  x .  = (4 , ) 1 / 2  
And the  po in t  ~ -- 0, u = 1 c o n s i s t s  of a node  wi th  t r a j e c t o r i e s  c o n v e r g i n g  to i t  in t h i s  c a s e ,  but t h e s e  so lu t i ons  
a r e  n o n p h y s i c a l ,  s i n c e  f o r  a > 1 / 2  t hey  c o r r e s p o n d  to n e g a t i v e  v a l u e s  of y = D2 /D  2. 

F o r  m o d e r a t e  and p o o r  c o m p r e s s i b i l i t y  ( a  < 1/2)  the  s i t u a t i o n  changes"  The  po in t  r = 0, u = 0 b e c o m e s  
a node to  which  t r a j e c t o r i e s  c o n t r a c t ,  wh i l e  the  po in t  ~ = 0, u = 1 i s  c o n v e r t e d  in to  a p o l e  wi th  t r a j e c t o r i e s  d i -  
v e r g i n g  in  i t s  v i c i n i t y .  Th i s  m e a n s  t ha t  for  i n t e g r a l  c u r v e s  of the  f i r s t  t ype  c u m u l a t i o n  ends  with the  a r r i v a l  
of t he  SW at  t he  a x i s ,  whi le  fo r  t h o s e  of  t he  s e c o n d  t y p e  i t  ends  with r e f l e c t i o n  f r o m  the  " m a g n e t i c  wa l l . "  To 
which  of t he  s i n g u l a r  p o i n t s  a s o l u t i o n  b e l o n g s  d e p e n d s  on the  i n i t i a l  cond i t i ons ,  whi le  the  s e p a r a t i o n  of the  s o -  
l u t i ons  in to  two t y p e s  d e p e n d s  on w h e t h e r  o r  not  t h e y  i n t e r s e c t  the  c u r v e  

u = 4 .  (~). (i.ii) 

It i s  e a s y  to s e e  t h a t  i f  ~ = 1, u = u i, u 1 _ u .  (1) a t  the  i n i t i a l  t i m e ,  t hen  the  i n t e g r a l  c u r v e  of  Eq.  (1.10) f a l l s  
i m m e d i a t e l y  be low the  c r i t i c a l  c u r v e  (1.11) and,  a t  the  end of c o m p r e s s i o n ,  a r r i v e s  at  t he  node  ~ = 0, u = 0, 
i . e . ,  the  SW a r r i v e s  a t  the  a x i s  upon an u n l i m i t e d  i n c r e a s e  in  v e l o c i t y .  F o r  t h i s  i t  i s  s u f f i c i e n t  t ha t  the  i n i t i a l  
m a g n e t i c  e n e r g y  be s m a l l ,  

e0 ~ I - -  2a - -  ( t  c~)lm. (2.12) 

On the  o t h e r  hand,  i f  u 1 >_ 1, the  t r a j e c t o r i e s  u(~ ) d e p a r t  to  in f in i ty  a s  ~ - -  ~ , ,  i . e . ,  the  SW s t o p s  at  a c e r t a i n  
f in i t e  d i s t a n c e  f r o m  the  ax i s  and i s  r e f l e c t e d ,  f o r  which  i t  i s  su f f i c i e n t  to  s a t i s f y  the  cond i t ion  

eo ~ (t - -  2a)/cz. (1. i3)  

The  e s t i m a t e s  (1.12) and (1.13) a r e  use fu l ,  but r a t h e r  c o a r s e .  M o r e  p r e c i s e  c r i t i c a l  v a l u e s  e 0 can  be  found by 
a n u m e r i c a l  s o l u t i o n  of Eq.  (1.10) in the  s e g m e n t  6 _ ~ _ 1 wi th  the  i n i t i a l  cond i t ion  u(5)  = u .  (6) fo r  an un-  
l i m i t e d  d e c r e a s e  in  6 .  C a l c u l a t i o n s  of  t h i s  k ind w e r e  m a d e  n u m e r i c a l l y ,  and t h e i r  r e s u l t s  a r e  shown in  F ig .  1, 
w h e r e  the  d e p e n d e n c e  e~(~) i s  p lo t t ed  for  m =10, 1, and 0.2 ( I ines  1 -3) .  If e 0 > e ~ ,  the  SW d e c e l e r a t e s  and 
s t o p s .  O t h e r w i s e ,  the  c o m p r e s s i o n  p r o c e e d s  up to the  a x i s .  In t h i s  c a s e  the  f in i t e  e l e c t r i c a l  c onduc t i v i t y  and 
c o m p r e s s i b i l i t y  of  t he  now conduc t ing  m a t e r i a l  can  be a l i m i t a t i o n  on the  m a g n i t u d e  of  the  f i e ld .  

In the  c a s e  when the  e n e r g y  r e s t r i c t i o n s  p r o v e  to be  d o m i n a n t  (a h igh  i n i t i a l  m a g n e t i c  p r e s s u r e ,  a l igh t  
l i n e r ) ,  i t  i s  i n t e r e s t i n g  to c o m p a r e  the  d e g r e e  of m a g n e t i c  f i e ld  c o m p r e s s i o n  a t t a i n a b l e  ( f l . )  wi th  the  l i m i t i n g  
v a l u e  f lc l  a t t a i n a b l e  in c l a s s i c a l  m a g n e t i c  c u m u l a t i o n  by an  i n c o m p r e s s i b l e ,  p e r f e c t l y  conduc t ing  l i n e r :  f lcl  = 
I / e  0 + 1. 

C a l c u l a t i o n s  of t h i s  k ind  w e r e  m a d e  fo r  t h e  p r o b l e m  f o r m u l a t e d  above ,  and t h e i r  r e s u l t s ,  in  the  f o r m  of 
the  d e p e n d e n c e  of  t he  r a t i o  r = f l .  / # e l  on the  i n i t i a l  f i e l d  e n e r g y ,  a r e  shown in F ig .  2 a - d  f o r  ~ = 0.2, 0.4, 0.6, 
and 0.9, r e s p e c t i v e l y ,  wi th  m = 0.2, 1, and 10 ( l i nes  1 -3) .  We no te  t h a t  for  a h e a v y  l i n e r  (m _ 1), the  l i m i t i n g  
f i e ld  i s  a l w a y s  s o m e w h a t  h i g h e r  than  in  the  c l a s s i c a l  c a s e ,  whi le  f o r  a l ight  l i n e r  the  d e p e n d e n c e  i s  m o r e  co rn -  
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plicated: In a wide range of initial field energy the field strengthening is lower than the c lass ica l  value, but 
with a dec rease  in e 0 to the cr i t ica l  value e~ it inc reases  sharply.  This occurs  because of a s t rong dec rease  
in the stopping radius  in compar ison  with its value in the ideal problem of c lass ica l  magnetic cumulation. With 
an increase  in ~ to ~1 this problem approaches  the c lass ica l  one, and for ~ = 1 changes into it. 

2. C o m p r e s s i o n  of  M a g n e t i c  F l u x  by  a P e r f e c t l y  P a c k a b l e  S u b s t a n c e  w i t h  a F i n i t e  

E l e c t r i c a l  C o n d u c t i v i t y  in  t h e  C o m p r e s s e d  S t a t e  

Choosing the s imples t  subject for  analyzing the influence of finite conductivity, we consider  the plane 
problem of compress ion  o f  a magnetic field by two plane SW moving toward each other  with a velocity D. At 
the initial t ime the region containing a uniform magnetic field B 0 is filled with a nonconducting substance having 
a density P0 and a t r a n s v e r s e  s ize  2x 0. As a resu l t  of compress ion ,  the density of the substance grows top and 
a conductivity a develops in it. Fo r  simplici ty,  we take p and a as constants,  as well as the SW velocity. Then 
the mass  velocity u of the substance behind the wave front  also proves  to be constant.  By v i r tue  of the s y m -  
me t ry  of the problem, we can consider  half of the compress ion  region,  placing a per fec t ly  conducting plane in 
the middle of it. In the f rame of re fe rence  connected with the SW front, the field in the compressed  substance 
is determined by the equation 

OB : O~B (D - -  u) OB 
Ot - -  ~-~ Ox~ "~x'; 

in which the well-known dis t e rm,  descr ibed by the f i r s t  t e r m  on the r ight side, is supplemented by a 
second, convective term,  descr ibing the removal  of field by the conducting substance moving relat ive to the 
front with a velocity (D - u). 

The condition of continuity of the tangential component of the e lectr ic  field at the SW front  (x = 0) leads 
to the relat ion 

r OB OB 
4~(; Ox = (xo - -  Dt )  - -~  - -  uB .  

The formulated problem is a general izat ion of the s imples t  problem of magnetic cumulation between two con- 
ducting plane plates  [6, 7] and changes into it for u = D. 

Normal iz ing the size to x 0, the t ime to the compress ion  t ime xo/D, and the field to B 0 and introducing the 
magnetic Reynolds number  # = 4 r a D x 0 / c  2 and the kinematic compress ion  p a r a m e t e r  ~, we reduce the problem 
of the field in the conductor to the solution of the equation 

with the condition at the boundary 

0~b ab 8b x ~ 0 (2.1) 
-0x~ - ~ (1 - ~ )  ~ - -  ~ ~ / - ,  

Ob Ob b 
0-7 = ~ ( l  - t )  ~ -  - a N  , x = 0 (2.2) 

and the initial condition b(x, 0) = 1, x _ - 1 .  In the region not yet  reached by the SW (t - 1 _< x < 0), the field 
is uniform and equal to the field b(t) at the boundary of the conductor.  

We find that Eq. (2.1) and the assigned initial conditions are  satisfied by the express ion 
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which takes the value b(t) at the boundary x = 0. F r o m  the solution (2.3) it is s imple to calculate the value of 
Ob/3x Ix=0 and, af ter  substi tution into the condition (2.2), to obtain an integrodifferent ia l  equation for  the field 
ahead of the SW front: 

p, (1 - t) eb t - ~ - -  - ~  d~: 
o 1 / 7 - ~ '  

Bymethods  s imi la r  to those of [6, 7] we can reduce  this  equation to the ord inary  differential  equation 

. d3b 
_ = _ a +  

+[- -  4--cr ( i - -a)2(2+a)( t - - t ) ]  dt ~a(i--U)~b+/(t)': 4 (2.4) 

where 

l (t)  = e (1~ ~)2~t ] / ~ ' ~  ( ~_ ( i 4 ~ ) 2 ) +  a~(l--U)3erfc ( ~  ]/r~-~). 

The initial conditions are  de termined in the p ro ce s s  of der ivat ion of (2.4) and have the form 

db d2b ( ']_ ~ _ )  a t 
5 ( 0 ) = 1 ,  --xc=~, ,~t ' - ~ ( z  -7-+ V-~V-t at t = o .  (2.5) 

Integrat ion of Eq. (2.4) is connected with a number  of difficult ies,  chief of which is that  the point t = 1, c o r r e -  
sponding to the end of compress ion ,  is an i r r e g u l a r  s ingular  point. The fundamental sys tem of this equation 
consis ts  of two solutions that can be represen ted ,  at least  asymptotical ly,  in the s e r i e s  fo rm 

while a third has the fo rm 

g j ~  E e l ( i -  0 ~ ,  ] = i ,  2,. 

i 
g~ ~ [Ed~ (i -- t)kl exp ~ (l -- t)" 

(2.6) 
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The presence  of such a physical ly  unnatural solution as par t  of the fundamental sys tem leads to d iver -  
gence of the numerica l  calculation in t ime as t approaches one. Such difficulties were encountered in problems 
analyzed ea r l i e r  [8, 9] and were  bypassed by s ta r t ing  the integrat ion f rom the point t = 1. But this complicates  
the problem, since the initial conditions on the function b(t) and i ts  der ivat ives  at the point t = 1 are  unknown. 
This problem is solved as follows. F i r s t  two independent solutions of the homogeneous equation (2.4) are  sought 
in the se r i e s  fo rm (2.6), and by substituting them into (2.4), a sys tem of equations determining the coefficients 
c k is obtained. To solve this sys t em it is sufficient to ass ign only the values of c 0 and c I. Fo r  the f i r s t  of the 
solutions sought for the homogeneous equation we take c o = 1, c 1 = 0, and for  the second c o = 0, c 1 = 1. Having 
determined the next three  coefficients using r e c u r r e n t  re la t ions ,  we can move over  a cer ta in  smal l  segment  5 
f rom the singular  point and enter  into a s tandard procedure  of computer  integration of the homogeneous equa- 
t i on  (2.4) up to t = 0. The value of 6 was chosen in success ive  calculations such that its variat ion did not affect 
the final resul t .  

After  the calculation of two l inearly independent solutions of the homogeneous equation, a solution of the 
inhomogeneous equation was sought in the same way. For  this the function f(t) was expanded in a se r i e s  in 
powers  of (1 - t ) ,  while in the solution sought, which had the fo rm (2.6), the se r i e s  coefficients c o and c~ were 
taken as zero .  

After  the three auxil iary calculations descr ibed,  the general  solution of the problem was sought in the 
form of a l inear  combination of two solutions gl and g2 of the homogeneous equation and a par t i cu la r  solution 
of the inhomogeneous equation: b = alg 1 + a2g 2 + g. 

The unknown coefficients a 1 and a 2 were determined f rom the f i r s t  two conditions (2.5) at the point t = 0 
and the third was used to monitor  the accuracy  of the solution obtained. As a ru le ,  it was satisfied to within 
the fifth place. In the numerical  integrat ion of Eq. (2.4) it was found that with an increase  in the magneti  c Rey-  
nolds number  ~ and a decrease  in the compress ib i l i ty  of the mater ia l  ((~ -* 0), the calculation also becomes 
unstable in the descr ibed procedure  for solving the problem backwards in t ime.  In such cases  the calculation 
procedure  became more  complicated: Integrat ion was ca r r i ed  out f rom the points t = 1 - 5 and t = 0 to a c e r -  
tain internal point of the segment  [0, 1 - 5 ], where splicing was done. 

The resul ts  of calculations of the ext reme field strengthening b .  are  given in Fig. 3. With an increase  in 
the compress ib i l i ty  and the magnetic Reynolds number,  b ,  inc reases .  For  infinitely compress ib le  mater ia l  
(~ -* 1), the ext reme strengthening coincides with the analytical resul t  of [6], corresponding to field c o m p r e s -  
sion in a plane slot between two conductors ,  fl, = # / 8  + (# /v)~/2  + 1. In the case of finite compressibi l i ty ,  
b ,  is less than fl. for the same  value of p ,  and in an incompress ib le  mater ia l  it is ent irely absent. 

The growth of the field with t ime is shown in Fig. 4, where we give the resu l t s  of calculations for p = 
1000 and ~ = 1, 0.75, 0.5, and 0.25 (lines 1-4). It is seen that 99% of the time, the compress ion  is well de-  
scr ibed by a s t ra ight  line in l o g - l o g  coordinates ,  which cor responds  to the power law (1.4), allowing only for 
convective removal  of flux f rom the compress ion  region.  The finite e lec t r ica l  conductivity is felt only at the 
las t  instant of compress ion,  bringing the field strengthening to the final value b . .  

The relat ive ro le  of diffusional flux losses  is small  in the initial s tages of compress ion,  but it becomes 
decisive by the end of compress ion .  This is indicated by the resu l t s  of calculations of the relat ive decrease  
in the coefficient of field strengthening due to the finite conductivity of the compressed  substance,  Ab /b  = 
(fl - b ) /b  [fl(t) and b(t) are  the coefficients of field strengthening in the substance for ideal conductivity in the 
compressed  state and for finite e lec t r ica l  conductivity, taken at a cer ta in  time]. The t ime dependence of this 
quantity is shown in Fig. 5 for  the same values of ~ and ~ as in Fig. 4. 
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3.  E x p e r i m e n t a l  R e s u l t s  

To de t e rmine  the influence of the compres s ib i l i t y  of the m a t e r i a l  on the field s t rengthening and to obtain 
magnet ic  f ields in the megagauss  range,  we set  up two s e r i e s  of expe r imen t s .  The f i r s t  s e r i e s  was c a r r i ed  out 
jointly with K. Nagayama  in a l abo ra to ry  at Kumamoto  Univers i ty  (Japan). We used a ve ry  compact  genera to r  
of a converging cyl indr ica l  wave, desc r ibed  in [4], that  he developed.  As the working subs tance  we used a lum-  
inum powder  with well  ca l ib ra ted  gra ins  of a ce r t a in  s ize .  The c o m p r e s s i o n  region consis ted of a polyvinyl 
chlor ide  p las t ic  cyl indr ica l  can with an inside d i a m e t e r  of 44 ram; the fitting for  the p r e s s u r e  s e n s o r  had an 
outside d i a m e t e r  of ~5 mm.  A cyl indr ica l  tubular  charge  of p las t ic  explosive  was placed outside the can con-  
taining the a luminum powder.  Using auxi l ia ry  cha rges  and s p a c e r s  of iner t  substance,  s imul taneous  init iation 
along the middle of the main cha rge  was accompl ished  and a good a x i s y m m e t r i c ,  converging SW was c rea ted .  
The t ime  and the read ings  f rom the s e n s o r s  were  r eco rded  by an ins t rumen t  with digital s to rage ,  which s i m -  
plified the fu r the r  t r e a t m e n t  of the r e s u l t s  obtained. 

The conditions and some  r e s u l t s  of the expe r imen t s  a re  given in Table  1. The t e s t s  differed in the gra in  
s ize  of the a luminum powder  and the init ial  densi ty.  In o rde r  to compact  the fine a luminum powder,  in tes t  2 
it  had to be wetted with acetone and p r e s s e d  in this fo rm,  bringing i ts  densi ty approx imate ly  to the densi ty  of 
the c o a r s e r  powder.  The tes t  was made a f te r  exposing the p r e s s e d  and wetted powder for  about 12 h, resul t ing  
in the evapora t ion  of a cons iderab le  amount  of acetone.  The powder st i l l  r emained  moi s t  immedia te ly  before  
the explosion,  however .  A d e c r e a s e  in the initial  density ( t ransi t ion f r o m  tes t  1 to 3) cons iderably  inc reased  
the degree  of field s t rengthening and hardly  affected the r ecord ing  t ime.  On the o ther  hand, the d e c r e a s e  in c~ 
upon wetting of the m a t e r i a l  (compare  t es t  2 with t e s t s  3 and 1) shows that  the coeff icient  of field s t rengthening 
d e c r e a s e s  ca tas t roph ica l ly .  

It is in te res t ing  to depict  the r e s u l t s  of these  th ree  expe r imen t s  in l o g - l o g  coordina tes ,  In (B/B 0) and 
ln[(tf - t 0 ) / ( t  f - t)], where  B 0 and t o a re  the init ial  field and the t ime  of the s t a r t  of compres s ion  and tf is  the 
conditional t ime  of a r r i v a l  of the SW at  the axis of the s y s t e m .  If the SW velocity is  taken as constant,  then 
the value of (tf - t0)/(tf - t) equals  the ra t io  of the initial s ize  of the c o m p r e s s i o n  region to the s ize  of the r e -  
gion bounded by the converging SW at the t ime  t; such a construct ion allows one to judge the appl icabi l i ty  of the 
assumpt ions  of Sec. 1 to these  expe r imen t s .  Unfortunately,  the low accu racy  in de te rmin ing  B 0 and t o f r o m  a 
r ecord ing  of the exper imen ta l  r e su l t s  and a ce r t a in  a r b i t r a r i n e s s  in the choice of the value of t f  hinder  the ex-  
ecution of this a t t r ac t ive  scheme ,  while the assumpt ion  that  the c o m p r e s s i o n  veloci ty  is  constant  s e e m s  ex-  
t r e m e l y  bold and can be adopted at all only for  a cons iderable  m a s s  of explosive  charge  and s t rong  s temming,  
which occur red ,  for tunate ly ,  in our  expe r imen t s .  With allowance for  these  r e se rva t i ons ,  let us cons ider  the 
expe r imen ta l  r e su l t s  t r ea t ed  in this  way, which a r e  shown in Fig. 6, where  the points a r e  exper imenta l  readings  
while the s t r a igh t  l ines a r e  const ructed by the method of l eas t  squa re s .  The numbers  by the l ines co r respond  
to the expe r imen t  number .  It is  seen  that  the expe r imen ta l  points can be a r r anged  fa i r ly  well  on the c o r r e -  
sponding s t ra igh t  line, and the assumpt ion  that  the c o m p r e s s i o n  veloci ty  and amount of compact ion  a r e  constant  
p roves  to be not so bad. The r e s u l t s  of ce r t a in  calculat ions based on these  cons t ruc t ions  a r e  s u m m a r i z e d  in 
Table  2. 

Thus,  our  expe r imen t s  showed that  the dec is ive  fac tor  for  obtaining high magnet ic  field s t rengthenings  
is  the choice of the init ial  s ta te  of the ma te r i a l ,  while the deg ree  of i ts  c o m p r e s s i b i l i t y  in the t rans i t ion  to the 
conducting s ta te  is the de te rmin ing  indicator  fo r  succes s  of the exper iment .  

A second s e r i e s  of expe r imen t s  was c a r r i e d  out at Novos ib i r sk  [10] with the a im of obtaining magnet ic  
f ie lds  in the megagauss  range,  for  which we improved  the shock-wave  gene ra to r  descr ibed  in [3], in which 
PAP-1  a luminum powder  with an initial  densi ty  of 0.33 g / c m  3 was used,  as before .  The changes introduced 
into the gene ra to r  (Fig. 7) cons i s t  in the introduct ion into it  of a copper  l iner  2 with a s l i t  for the penet ra t ion  
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TABLE 1 

number Test I Material 

i I Powder 
2 Powder+ acetone 
3 Powder 

G~ain 
size, '~m. 

lO0 
lO 
lO 

Field C~ression 
P0, . streng~- time, g/cm ~ 

enxng , ~sec , ,, 

t,t 2,3 " 7,4 
~0,5 i8,9 9,2 

TABLE 2 

Test 
humber 

t 
2 
:3 

0,28 0,t 
0,t8 0,t9 
0,66 0,22 

P/P0 

t,4 
1,22 
2,95 

p, g/cm s 

1 1,59 t ,35 
t,5 

I D, km/sec Ip , GPa 

I I 2,42 1,9 
2,97 i,8 
2,39 i,9 

'(~/B~ / In 

z 

7 

! 
In [(tf  - t0)/ tf  - t)]Z 

Fig. 6 

5--  

S I ~ 3 S 

: 2 4 : ' : : : ' . ' w  " 

: 2 2 " 2  . . . . .  5 

Fig. 7 

of magnetic flux into the compress ion  region.  Besides the liner,  the complete assembly  contained a charge of 
TG 50/50 explosive 1 with a weight of 500 g, the working substance 3, and an inductive sensor  4. The dimen-  
sions of the working region were 130 • 130 • 50 ram. The initial magnetic field was produced in the substance 
using busbars  mounted at the top and bottom, forming a Helmholtz pair  of coils.  The explosive charge was ini- 
tiated at the four co rne r s  5 of the genera tor  over  the entire height at once. After the charge is fired, a near ly  
cyl indrical  sys tem of converging SW is organized in the worMng region (shown by dashed lines in Fig. 7). In 
the genera tor  being described,  the l iner  fills severa l  functions at  once: 

it s e rves  for the more  efficient t r ans f e r  of the explosive energy into the SW; 

it pe rmi t s  the use of prac t ica l ly  all the magnetic flux created in the working region for  compress ion;  

it fills the role of a kind of concent ra tor  of magnetic flux, somewhat increas ing  the initial field in the 
genera tor .  

In the experiments  we were  able to achieve the following resul ts :  The initial field B 0 = 40 kG was s t r eng-  
thened about 90-fold and reached 3.5 MG. An osc i l logram of one of the tes ts  is given in Fig. 8. The field in 
the genera tor  is given by both channels, the sensi t ivi t ies  of which differ by a factor  of 10. The time markings  
are  10 psec.  

Es t imates  show that in the p r o c e s s  of compress ion ,  the p r e s s u r e  behind the SW front in the powder does 
not exceed severa l  gigapascals ,  while the magnetic p r e s s u r e  is ~50 t imes higher by the end of the operat ion 
of the genera tor .  Despite this, no pecul iar i t ies  a re  observed on the osc i l log rams  indicating a slowing of the 
ra te  of r i se  of the magnetic field. It s eems  that the initial magnetic field in the genera tor  can be increased 
considerably  without significant det r iment  to the magnetic field strengthening. 

Our exper iments  also showed that sufficiently p rec i se  focusing of the SW onto the sensor ,  3 mm in d iam-  
eter ,  is accomplished in the genera tor ,  s ince the sca t te r  of the resu l t s  of severa l  exper iments  proved to be 
small .  If one considers  that the size of the l inear  region of compress ion  var ies  by a factor  of about 40 in this 
case,  it must  be acknowledged that effects connected with instability and mixing of the field with the substance,  
which complicate experiments  with c lass ica l  genera to r s  of the MK-1 type [11], are  great ly  suppressed in the 
genera tor  descr ibed.  
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Fig. 8 

The authors  see  future p rospec t s  for  the shock-wave  method of obtaining megagauss  magnet ic  fields in 
the ra t iona l  choice of the working subs tance  with a low densi ty  and a r a the r  high compress ib i l i ty ,  as well as 
in an i nc rea se  in the sca le  of the exper iment .  On the whole, shock-wave  magne t ic -cumula t ion  g e n e r a t o r s  of 
megagauss  magnet ic  f ie lds  r ep re sen t ,  in our opinion, a r a t h e r  s imple  to build and inexpensive source  fo r  phys -  
ics  expe r imen t s .  

In conclusion, the authors  thank K. Nagayama  fo r  making it poss ib le  to conduct and use  the r e su l t s  of the 
s e r i e s  of expe r imen t s .  
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