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The phenomena accompanying the diffusion of super in tense  pulsed magnet ic  fields in meta l s  a re  studied. 
Solutions are  obtained for the diffusion of a constant  supe r in tense  magnet ic  field into a ha l f - space  with a 
plane boundary  and for the diffusion of an axial concentra ted magnet ic  field. The l imi t ing  magnet ic  f ields 
which can be obtained in var ious  exper imenta l  devices  are  found. The resu l t s  are compared with 

experiment .  

Exist ing theor ies  for the superheat ing of the skin l ayer  of a metal  are  based on the assumpt ion  that the 
conductivity is e i ther  independent of the t e m p e r a t u r e  T [1] or  has the dependence [2] 

z = ~o / (t § ~7), 

where  fl is the t empe ra tu r e  coefficient of the r e s i s t ance ,  and G 0 is the conductivity at T = 0. However,  Joule heating 
dur ing the diffusion of a super in tense  magnet ic  field evaporates  the metal .  Since pure  meta l s  are  e lementa l  
(monatomic) subs tances ,  they do not d i ssoc ia te  in the evaporated state,  and can have a nonvanishing conductivi ty only 
as a resu l t  of ionization.  During pulsed evaporat ion of a meta l  heated to its boi l ing t e mpe r a t u r e  T , ,  however,  
ionizat ion of its vapor  is prevented  by the high density.  An example of the evidence for the vanish ing  conductivi ty of a 
highly dense evaporated meta l  is the "cu r ren t  pause" [3] dur ing  the e lec t r i ca l  explosion of wires .  

A study is therefore  in o rde r  of the effect on magnet ic  field diffusion of the vanishing of the conductivity when a 
meta l  is heated to its boi l ing t empe ra tu r e  and evaporated.  

1. Diffusion of a constant  super in tense  magnet ic  field into a hal f -space .  We consider  the diffusion of a magnet ic  
field H(x, t) into the ha l f -space  x > 0 where  H(x, 0) = 0 and I~(0, t) = H0, where  H 0 is the constant  superintem,~e magnet ic  
field. 

We as sume  the conductivity of the meta l  in the ha l f -space  sa t i s f ies  

= const (Q<Q.), ~ =  0 (Q = Q.), (1.1) 

where Q(x,t) is the heat evolved per  unit volume at c ross  sect ion x before  t ime ,  t, Q(x,0) = 0, and Q.  is  the heat 
requi red  to heat unit  volume of the metal  f rom its  ini t ia l  t e mpe r a t u r e  to its boil ing t e m p e r a t u r e  and to completely 
evaporate  it. We thus a s sume  that the absorpt ion of Q.  is  accompanied by a change in physical  s ta te :  the meta l  
conver ts  f rom a conductor to a d ie lec t r ic .  

If the magnet ic  field is l a rge  enough, the sur face  at which the conductivity vanishes  (the phase-tran, '~ition surface) 
pene t ra tes  into the ha l f - space  according to x = ~(t). At the phase - t r ans i t i on  sur face ,  the following condition is 
sat isf ied : 

Q (L t) = Q. (L2) 

The the rmal  conductivity of molten meta l s  at all t e m p e r a t u r e s  below the c r i t i ca l  t e m p e r a t u r e  [4] follows the 
Wiedemann-  F r  anz-  Lorent  z law 

= L g T  (1.3) 

where L = 2.44 �9 10 -8 W. ohm/deg  2 is the Lorentz  constant.  

In that par~ of the ha l f - space  in which the t r ans i t i on  has not yet occur red ,  heat conduction is desc r ibed  by 
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OQ o f O T \  t f o i l \  ~ 
- E  -- ~ L '< ~ z )  + w L-~-~ ) ' (1.4) 

which t akes  into account Jou le  heating.  F o r  the reg ion  below the boi l ing point T. ,  the o r d e r  of magni tude  of the 
quant i t ies  on the r i gh t -hand  s ide  of th is  l a s t  equation can be evaluated f rom (1.3) : 

o f O T \ !  i / O H \ 2  L'~T~ 

for  G < 5.107 ohm - ~ . m  -1,  T<< T,  = 2600~ and H > 108 a / m  (1 MOe). 

Heat conduction can t h e r e f o r e  be neglec ted  in th is  reg ion  dur ing the diffusion of an in tense  magne t ic  f ield.  In the 
region  in which the evapora t ion  is  o c c u r r i n g ,  the t e m p e r a t u r e  r e m a i n s  constant  unti l  the me ta l  is  comple te ly  
evapora ted;  i . e . ,  the f i r s t  t e r m  on the r ight  of (1.4) van i shes ,  and t h e r e  is  no heat  conduction. Heat conduction can 
t h e r e f o r e  be neglec ted  throughout  the reg ion  in which the phase  t r ans i t i on  has not occu r r ed ;  Eq. (1.4) becomes  

OQ L< ~i '  
a-T = ~ \ Ox ) ( ~ < z < ~ ) "  (1.5) 

During the diffusion of the magne t i c  f ie ld ,  the d i sp l a c e me n t  cu r r en t s  outs ide  the  conductors  can also be 
neg lec ted ,  so 

g @, t) = go (0 ~ x ~ ~), (1.6) 

Accord ing  to (1.1), the conduct ivi ty  is  constant  in that  pa r t  of the h a l f - s p a c e  in which the t r a n s i t i o n  has not 
o c c u r r e d ,  and the di f fus ion equation fo r  the  magne t i c  f ie ld  is  

ot =~l~-g7 ~<x<~o ,  n~= , (1.7) 

whe re  ~72 is  the diffusion coeff ic ient  fo r  the magne t i c  f ie ld ,  and # i s  the magne t i c  p e r m e a b i l i t y .  

The p r o b l e m  of the  diffusion of a constant  supe r in t ense  magne t ic  f ie ld  H 0 into a h a l f - s p a c e  with a conduct ivi ty 
sa t i s fy ing  (1.1) thus r educes  to s y s t e m  (1.5), (1.7). 

We seek  a solut ion of Eq. (1.5} in the  fo rm 

z 
, , , ,  ) 

H (~, t) = A + B e  ( O  (z) = - ~ )  e- ~ ,  A, B = r  . ( 1 . 8 )  
0 

F r o m  the in i t ia l  condit ions for  the magne t i c  f ie ld in tens i ty  and condition (1.6) at the p h a s e - t r a n s i t i o n  boundary ,  we 
find 

//o AI i  -- �9 (~ / ~q If0]. (1.9) 

Since this  l a t t e r  equation holds fo r  a l l  t ,  we have 

/ Vt-= a - r (1.10) 

Equation (1.10) d e s c r i b e s  the mot ion  of the p h a s e - t r a n s i t i o n  boundary.  F r o m  (1.9) and (1.10), we find 

A = H 0 / [ i  - -  (D (~  / 2~l) ] .  (1.11) 

Using solut ion (1.8) and (1.5), we find, a f t e r  some  s imp le  ca lcu la t ions ,  

z 

where  <p(x) is  an a r b i t r a r y  function. 
t r a n s i t i o n  boundary ,  we find 

F r o m  (1.11), (1.12), the in i t ia l  condit ion q~(x) -- 0, and the condit ion at the p h a s e -  
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q- ~ H ~ -E~ (~/.2u3) (i. 13) 
, - -  ~ 0 [i--O(a/2~])]~" 

Using the asymptot ic  e x p r e s s i o n s  for  the functions r [5] and Ei(z) [6], we find the l imi t ing  magne t i c  f ie ld  

H m a x  a s  z ~ c c .  �9 

Hma x = (2Q,/~)% (r -+ co). (1.14) 

ff the f ield H 0 r eaches  Hma x,  i ts  diffusion ra te  is infinite.  This  means  that f ie lds  g r e a t e r  than Hma x cannot be 

mainta ined in any type of expe r imen ta l  apparatus with plane boundar ies .  

2. Diffusion of a constants super in tense ,  axial  magne t ic  field. We assume  that at t i m e  t = 0 the super in tense  
magne t i c  f ie ld  H 0 is  concent ra ted  at the l ine  r = 0, where  r is a cy l indr ica l  coordinate.  We cons ider  the diffusion of the 
f ield into a space  with a conductivi ty sa t is fying condition (1.1). We also assume that some ex te rna l  apparatus  holds the 

magnet ic  f ie ld  intensi ty  constant at H 0 at the l ine r = 0 dur ing the diffusion. 

Since the same phys ica l  p r o c e s s e s  occur  in this case  as during diffusion into the ha l f - space ,  the p rob lem 
reduces  to the solution of the fol lowing sys t em of equations in cy l indr ica l  coordinates  : 

OH ~ 0 (r ~H) oO t (OH~ 2 
O f =  ~---gq- -gT-r ' -97-=-~ ' \ - -57)  (~<r<o<) ,  

where  r = ~(t) is the law of motion for  the p h a s e - t r a n s i t i o n  boundary.  The ini t ia l  conditions a re  

the boundary conditions a re  

Q(r, 0 )=0 ,  //(r, 0 ) = 0 ;  

(2. i) 

(2.2) 

H(r, t )=H0 (0-.<r~< ~), Q(L t) = p.. (2.3) 

We seek a solution of the f i r s t  equation in (2.1) in the f o r m  

H (r, t) = A -Jc BE ,  (r2/4~]~t) (AB ~ coast). (2.4) 

It fol lows f r o m  the second ini t ia l  condition in (2.2) that A = 0, and it fol lows f rom boundary condition (2.3', that 

Ho = BE, (~2 / 4~l~t) ; ( 2 . 5 )  

then the law of mot ion of the p h a s e - t r a n s i t i o n  boundary is of the same  f o r m  as for  the magne t ic  f ield diffusion into the 
h a l f - s p a c e  : 

/ lfT-= zr = const. (2.6) 

F r o m  (2.5) and (2.6) we find 

B = go / E1 (~ / 4n~). (2.7) 

The solut ion of the second equation in (2.1) becomes  

oo 

r ~ / 2 ~  t -~-~(r) E~(z)= e-ZUu-~du , ( 2 . S )  
1 

where  r is an a r b i t r a r y  function. We see  f r o m  ini t ial  condition (2.2) for  Q that r = 0; f r o m  {2.7), (2.8), and 
boundary condition (2.3), we find an equation fo r  the mot ion of the p h a s e - t r a n s i t i o n  boundary:  

Q, = ~ H o ~  E~(a~/2~12) (2.9) 
[E, (~ / 4~1~)] ~ cr / 2~1~ " 

Using asymptot ic  exp re s s ions  for  the functions El(Z) and E2(z) [6], we find the l imi t ing  magnet ic  f i e lds :  

/ /max  = (2~Q,  / v) l'~ (cr -~ oo). ( 2 . 1 0 )  

Equations (2.4) and (2.8) a re  used to solve  the p rob l em  of the diffusion of a super in tense  magne t ic  f ield f r o m  an 
ape r tu re  of f in i te  radius  R. Fo r  this  purpose ,  we mus t  specify at r = R and at ini t ial  t ime  t o the magne t i c - f i e ld  and 
hea t -evolu t ion  d i s t r ibu t ions  given by Eqs.  (2.4) and (2.8), with an account of (2.3) and (2.9) and under  the condition 
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H (R, t 0) = H 0. For  the l imi t ing  va lues  Hmax, the introduct ion of the new ini t ia l  condition is evidently inconsequent ia l ,  
so (2.10) r ema ins  valid. 

H \ 

x 

8 8  /.2 

Fig. 1 

3. Compar ison  with exper imenta l  data. F igures  1 and 2 show the magnet ic - f ie ld  and heat -evolut ion d is t r ibu t ions  
with respec t  to depth for  var ious  ve loci t ies  X = x / 2~ l / 2  of the phase - t r ans i t i on  boundary  dur ing  the diffusion of the 
magnet ic  field into the ha l f -space .  The curves  cor respond to the values  ~/2~ = 0.1, 0.4, 1.0, as indicated in the 
f igures .  The slopes of the d i s t r ibu t ions  a re  seen to inc rease  with i nc r ea s ing  ~. P r e s u m a b l y ,  the re fore ,  at a 
suff icient ly la rge  ~ the magnet ic  field diffuses into the meta l  at the veloci ty of the p h a s e - t r a n s i t i o n  boundary,  and 
hardly passes  the la t ter .  

0. 

0 0. ~ 0.8 Ig 

Fig. 2 

F igure  3 shows the dependence of the field propagat ion veloci ty on the quantity H* = Ho/(TrQ.//~)l/2, given by (1.14), 
is  approached, the magnet ic  field begins  to propagate  into the metal  much more  rapidly. This  m e a n s t h a t  as the 
magnet ic  field source  i nc r ea se s  in in tens i ty ,  field leakage i nc rea se s  even more  rapidly,  and Hma x is not reached.  

z~ I 

/ 

o.~ 0.8 

Fig. 3 

0.8 

Let us evaluate the l imi t ing  magnet ic  field which can be reached in an apparatus  with plane meta l l i c  boundaries .  

We evidently have 

Q.  ~ s ( 7 ,  - -  To) + ~, + q ,  (3.1) 

where s is the heat capacity,  q is the heat of fusion,  k is the latent  heat of vapor iza t ion  per  unit  volume of the meta l ,  
and T O is the in i t ia l  t empera tu re .  For  copper,  we have s ~ 6 ca l /mo le  - deg and k ~ 73 kca l /mole ;  at T, - 2600 ~ C we 
find f rom (3.1) and (1.14) that Hma x N 2.9 �9 108 a/m (3.6 MOe). We note that the values  of Q,  and Hma x may be 
sens i t ive  to the vapor  p r e s s u r e  at the p h a s e - t r a n s i t i o n  boundary.  

The magnet ic  p r e s s u r e  Pn in the region at which the p h a s e - t r a n s i t i o n  has occur red  is zero,  s ince it is a 

consequence of ponderomotive  forces  : 

x 

o 
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~6 

O.6 

~6 

Fig. 4 

In exper iments  in cavity and coaxial  m a g n e t i e - c o m p r e s s i o n  gene ra to r s  [7-10],  magnet ic  f ields up to 1.6 MOe 
have been achieved, r ega rd l e s s  of the l i nea r  d imens ions ,  the ini t ial  magnet ic  fields and c u r r e n t s ,  or  the compress ion  
ra tes .  In one ease ,  af ie ld  of 2.6 MOe was repor ted  [11]. 

0.G f 
0.~ 

~, ad 1.2 x 

Fig. 5 

F igures  4 and 5 show the magne t ic - f i e ld  and heat -evolut ion d i s t r ibu t ions  with respec t  to depth for  va r ious  
t r ans i t i on -boundary  veloci t ies  dur ing  the diffusion of a concentra ted axial magnet ic  field held constant  at a supe r in tense  
level.  The curves  are seen to have a g rea t e r  slope than in the case of field diffusion into a ha l f -space .  

Fig. 6 

Figure  6 shows the dependence of the t r ans i t i on -bounda ry  veloci ty on the magnet ic  field. Using (3.1) and (2.10) 
for the l imi t ing  magnet ic  field in tens i ty ,  we have the following for copper shel ls  : 

Hmax N 5.t - J0 s A/m (6.4 MOe). 

Magnetic fields up to 1.6 MOe have been produced experimentally through the discharge of a capacitor battery 
into a single-turn solenoid of copper, bronze, or hardened steel [12]. In this case, however, the solenoid was fitted 
with a planar radial gap through which the magnetic field entered. According to (2.10) the ma~]etic field in the gap, 
and thus that in the solenoid, cannot exceed 3 MOe; this is close to the experimentally observed value. 

The agreement between the limiting field intensities in solenoids of various materials having initial 
eonductivities differing by a factor of at least ten can be explained by the fact that, according to (i. 14) and (2.10), the 
limiting magnetic field depends not on the conductivity but on the heat of vaporization Q., which is roughly the same 
for the materials used. In axially symmetric magnetic-compression generators, it is a simple matter to produce 
magnetic fields up to 4-5 MOe [9,13-15], close to the value given by (2.10). 

Only in exceptional  exper iments  can magnet ic  f ields of 14-25 MOe be produced [7,8, 16]. 

In contras t  with these  sy s t ems ,  in an axially s y m m e t r i c  m a g n e t i c - c o m p r e s s i o n  genera to r  high p r e s s u r e s  may 
a r i se  in the region in which the phase t r ans i t i on  has occur red  and at the p h a s e - t r a n s i t i o n  boundary ,  because  of shel l  
compress ion.  Let us evaluate the p r e s s u r e  P which a r i s e s  in an ideally i ncompres s ib l e  shel l  of densi ty  p. We are 
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p r i m a r i l y  in te res ted  in the p r e s s u r e  in the region which has undergone the phase t r ans i t i on  and at its boundar ies ,  
where there  are  no volume ponderomotive  forces.  In this region the hydrodynamic equations for an incompress ib le  
l iquid a re  

where r is a cy l indr ica l  coordinate.  

Orv Ov Ov 1 OP 
0 - ~  = 0 '  "~'+v-&-r = - -  p Or (3.2) 

It has been es tabl ished exper imenta l ly  [9, 16] that the inner  boundary of the shell  moves at a constant  velocity 
v b for near ly  the en t i re  t ime  in terva l  unt i l  it stops completely;  then we have rb = r0 - vbt, where  r 0 and r b are the 
ini t ia l  and ins tantaneous  rad i i ,  r espec t ive ly ,  of the inner  boundary of the shell. Since the inner  boundary of the shell  is 
a f ree  surface ,  we have P (rb, t) = 0. 

Under these  condit ions the solution of sys tem (3.2) is 

p = pvb2[ln r~ r b -~ I/2 (l -- rb~/ r2)] 

Fo r  copper,  we have p = 8.9 �9 103 kg/m3; at v b = 3000 m / s e e  and r b / r  ~ 0.5, we find f rom this equation that P = 800 
kbar ,  cons iderably  above the c r i t i ca l  p r e s s u r e s .  

It follows that in an axial ly s y m m e t r i c  m a g n e t i c - c o m p r e s s i o n  genera tor ,  the phase - t r ans i t i on  boundary stops 
af ter  it reaches  a depth at which the p r e s s u r e  is equal to the cr i t ica l  p r e s su re ;  if the p r e s s u r e  continues to inc rease ,  
this boundary s ta r t s  to move in the opposite direct ion.  P resumably ,  therefore ,  as the magnet ic  field in tens i ty  
i n c r e a s e s ,  the depth to which it diffuses inc reases ;  however,  there  is a s imul taneous  inc rease  in the p r e s s u r e  nea r  the 
p h a s e - t r a n s i t i o n  boundary ,  so the magnet ic  field may u l t imate ly  exceed the es t imate  in (2.10). 

Exper imenta l  s tudies  conf i rm this  assumption.  For  roughly identical  geomet r ic  and energe t ic  condit ions,  Hma x 
values  of 2 -3  MOe [16], 3.7 MOe [15], and 14.3 MOe [16] have been obtained at in i t ia l  magnet ic  f ields of 25, 33, and 90 
kOe, respect ively .  

A field of Hma x ~ 25 MOe has been repor ted  at v b ~ 10 - 20 k m / s e c  [7, 8]. In this  case the ini t ia l  magnet ic  field, 
produced by a solenoidal  m a g n e t i c - c o m p r e s s i o n  genera to r ,  was apparent ly g rea t e r  than 90 kOe. 
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