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We examine the problem of the e lec t r ica l  explosion of a conductor with flat boundary in a 
strong magnetic field. We est imate  the ro le  of heat conduction in order  to determine the 
cr i t ical  e lect r ical  fields in which fusion and vaporizat ion of the metal  take place. The 
charac te r i s t i c  features of the explosion of a layered medium are examined. 

The physical picture of conductor explosion under the action of a high-density cur ren t  is descr ibed in 
[1, 2]. Calculations are  made in [2, 3] under the assumption that the cur ren t  is distributed uniformly ac ross  
the section of the conductor. In the case  of fast  p rocesses ,  in which the cur ren t  r i se  time is less  than the 
effective penetration time of the magnetic field into the conductor ("skin" time), the thin surface layer  
explodes and the vaporizat ion boundary t ravels  into the conductor. In this case the use of charac te r i s t i c s  
averaged ac ros s  the conductor section no longer ref lec ts  sa t is factor i ly  the essence  of the phenomenon. The 
assumption that the conductivi ty-loss front (vaporization boundary) t ravels  in the conductor with the speed 
of sound [2] also cannot always be made. In fact, the rate  of growth of the skin layer,  which determines  the 
velocity of the thermal  wave into the depth of the conductor,  is proport ional  to 1/~ft, i.e., it sooner or later  
becomes less than the speed of sound. F r o m  this instant on, the vapor iza t ion-f ront  veloci ty will be de te r -  
mined by the magnetic field diffusion p rocesses  and not by the elast ic proper t ies  of the conductor.  

In the following we examine se l f - s imi la r  propagation of the vaporizat ion wave (more  precise ly ,  the 
conductivi ty-loss wave,  or the e lectron-decol lect ivizat ion wave following the terminology of [2]). It is 
assumed that heat conduction and motion of the medium are  negligible and that the e lec t r ica l  conductivity 
is independent of the tempera ture  up to the vaporizat ion point, upon reaching which the conductivity d i s -  
appears .  

1. Self-s imilar  Problem of Conductor Explosion. Let us assume that in the initial state the conduc-  
tor fills the ha l f -space  0 -< x < ~. The magnetic field at the boundary of the conductor is paral lel  to its 
surface  and equal to H0(t). At the initial t ime the field in the conductor is zero.  The conductivity 
r emains  constant until vaporizat ion at t ime to, at which a unit volume of the conductor obtains ,as  a resul t  
of current  heating,the heat of sublimation Q0, after which (r = 0. In this p rocess  a vaporizat ion wave, whose 
equation of motion x = X(t) is unknown, propagates  into the depth of the conductor.  Under these assumptions 
and neglecting displacement cur ren ts ,  determination of the magnetic field intensity H in the conductor 
reduces  to the solution of the diffusion equation 

Ot 4n~ Ox 2 

in the region t ~ 0, X (t) -< x < r (Fig. 1) satisfying the conditions 

H (x, O) = O, H (x, t)x=x(l) = Ho (t), Q (x, t)~-z(t) = Qo (1.2) 

Here  Q(x, t) is the heat re leased  per unit volume of the conductor in the process  of its heating by the 
current .  General ly speaking, the exact solution of the problem of heating of a conductor by a skin cur rent  
reduces  to the solution of the heat-conduction equation with Joule heat sources  of intensity 

-- 16~ (1.3) 
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However,  it was shown in [4] that for metall ic  conductors we can neglect 
heat conduction; this makes it possible to rewri te  the last  vaporizat ion condi-  
tion (1.2) in the form 

to 
0 2 Qo l ~ "  l / OH \2 d 

o 

(1.4) 

The formulated problem has a se l f - s imi la r  solution for constant H 0 and 
Q0. In this ease we can form the following dimensionless combinations from 
the defining pa ramete r s  of the problem and the var iables  x and t: 
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~-- c]/'? , h=~oo,  8 =  8~Qo 

This implies that the solution depends only on the single variable ~. 
Then (1.1) reduces  to 

h" = --2~h' (1.6) 

and the initial condition (1.2) yields 

h (oo) = 0 (i.7) 

while the boundary condition (1,2) reduces  to 

h (~)x = x<t) = t (1.8) 

On the vaporizat ion wave front,~ equals some unknown constant ~0, and 
the equation of motion for the vaporizat ion front is 

c 

The solution of (1.6) with conditions (1.7) and (1.8) is 

(i.9) 

l - m (~) ( 1 .  i 0 )  
h (~) - l - m(~0 )  

where @(~ ) is the probabili ty integral .  

The vaporizat ion condition (1.4) makes  it possible to find ~0 as a function of the pa ramete r  ~ and t he r e -  
by calculate the conductor decomposition rate.  Substitution of (1.10) into (1.4) leads in our se l f - s imi la r  
problem to the equation 

where El(z) is the integral  exponential function. 

[I - -  m(~o)p ( I . i i )  
2 El(-- 2~o ~) 

The curve of ~0 versus  g is shown in Fig. 2, where 

~0'= ~-7-~-exp --~E " ~ = 178i for e ~ l  (1.12) 

~o ~ -- 1 i for ~ t  (1.13) 

2. Minimum Field Causing Vaporization. Limits of Applicability of Self-similar Solution. The result- 
ing solution formally yields the explosion of the skin layer for any small small magnetic fields H0, although 
it is physically obvious that this cannot take place. This situation occurred because of the neglect of heat 
conduction and representation of the vaporization condition in the simplified form (1.4). This is easily shown 
as follows. As is known [5], the skin layer thickness 6 and the current density j at the surface of the con- 
ductor is, respectively, 
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Neglecting heat  conduction, we can eas i ly  show that  in unit volume 
at the conductor  sur face  during the t ime  f rom t 1 to t~ the re  is r e l e a s e d  
the heat  

t~ 
I I 'g Ho g , t~ Q = --~--dt ~ ~-~--m 
tx 

(2.1) 

,,,' i i I for  heat  conduction makes  it poss ib le  to find the c r i t i ca l  f ield H* which 
x,., x, x,+, x is sufficient for initiation of an explosion and the reby  es t ab l i shes  the 

Fig. 3 l imi t s  of applicabil i ty of the resu l t ing  solution. 

The t e m p e r a t u r e  var ia t ion,  like the var ia t ion  of the magnet ic  field in the conductor,  is  desc r ibed  by 
the diffusion Eq. (1.1) if we r ep l ace  the field diffusion coeff icient  D m = c2/4rr~ by the t he rma l  diffusivity 
coeff icient  D T = n / q ,  where  >t is the t he rm a l  conductivity and q the heat  capaci ty  per  unit volume of the 
conductor.  According to (1.9), the th ickness  of the l aye r  evapora ted  by the t ime  t is  

and even smal l  cu r r en t s  as t 2 - -  ~ lead to sufficient heat ing and v a p o r -  
ization of the conductor.  However ,  heating ove r  a long pe r iod ,even  for  
low t h e r m a l  conductivity,  can in no way be a s sumed  adiabatic .  Accounting 

o = ~o ~ V7 (2.2) 

The c h a r a c t e r i s t i c  t ime  ~- for es tabl ishing t he rma l  equi l ibr ium of such a layer  with the ambient  
medium is 

8~ 4~~ t (2 .3)  

The condition of applicabi l i ty  of the adiabat ic  approximat ion  in examining sk in - l aye r  vapor iza t ion  for  
I- > t leads to ~02 > DT/4Dm; hence for  weak fields,  a f te r  substi tut ion of  (1.12) it is not difficult to obtain 

H .  ) 2~( ln  Oo "~'1, 
(2D m I ~DT)] 

(2.4) 

Using the connection between t he rm a l  conductivity and e lec t r i ca l  conductivity in accordance  with the 
Wiedemann-F ran z  law and, naturally,  a ssuming  the me ta l  t e m p e r a t u r e  equal to the boiling t e m p e r a t u r e  T**, 
we can r ewr i t e  the resu l t ing  e s t ima te  of the min imum field n e c e s s a r y  to init iate the vapor iza t ion  p r o c e s s  
in the fo rm 

H* > 2n VQo (In ~ [ck'~2 qr** ~-'i. 
6~ \ e ) ~:2 ) (2.5) 

H e r e  e is the e lec t ron  cha rge  and k is Bo l t zmann ' s  constant.  Calculation of the c r i t i ca l  f ields b y m e a n s  
of (2.4) yield for copper  H* > 1.5.106 Oe, for tungsten H* > 1 .9 .10 ~ Oe, and for  lead H* > 0.66.106 Oe. 

Fo r  magnet ic  fields H ~ ~ the obtained solution leads to infinite veloci ty  of fus ion-wave propagat ion 
into the depth of the conductor.  It is c l ea r  that  in this case  new physical  p r o c e s s e s  a ssoc ia ted  with the d i s -  
pe r s ion  veloci ty  of the vapor iz ing me ta l  begin to play a ro le  and significantly a l t e r  the phenomenon. In fact, 
in the s e l f - s i m i l a r  solution we a s sumed  Q0 = const,  which is poss ib le  with constant  p r e s s u r e  at the v a p o r -  
ization boundary. However ,  if the d i spers ion  of the m e t a l  vapo r s  t akes  place  slowly in compar i son  with the 
veloci ty  of the vapor iza t ion  front,  then the p r e s s u r e  at this front  i n c r e a s e s  in the course  of t ime,  which 
leads to i nc rea se  of the boiling t e m p e r a t u r e  and inc rea se  of Q0 (the effect  obse rved  in the expe r imen t s  of 
Kvar t skhava  [6]). The i nc rea se  ofQ 0 for  given H 0 r educes  the p a r a m e t e r  g and leads to the es tab l i shment  
in accordance  with this of some  finite veloci ty  of the vapor iza t ion  front.  Thus,  the p rob lem of conductor 
vapor iza t ion  in v e r y  s t rong f ields will be bas ica l ly  hydrodynamic  and r equ i r e s  specia l  examinat ion.  

3. Conductor Fusion. The s e l f - s i m i l a r  p rob l em of conductor mel t ing  without a change of conductivity 
can be examined analogously to the vapor iza t ion  p rob lem.  In this  case  the boundary of the conductor does 
not change but the fusion f ront  p ropaga tes  into the depth of the conductor and co r r e sponds  to some  constant  
value ~ = ~ l of the s e l f - s i m i l a r  var iab le .  The essen t i a l  d i f ference  in the ma thema t i ca l  formulat ion of this  
p rob lem f rom that examined above l ies in r ep l acemen t  of condition (1.8) byh(0) = 1, which leads in (1.10) 
to the denominator  becoming unity and a cor responding  change in (1.11). In this case  we find that 
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1 (3.1) 
~1--  2 Ei (-- 2~l 2) 

The cr i t ical  field HI* which causes melting of the conductor is defined as before by (2.5) with 
rep lacement  of the heat of vaporizat ion Q0 by the heat of fusion QI and replacement  of the boiling t e m p e r -  
ature T**  by the melting t empera tu re  T , .  The magnitudes of the cr i t ical  fields amount to 5.5 �9 10 5 Oe for 
copper and 1.6.10 5 Oe for lead. 

According to these calculations,  pulsed solenoids made from copper can withstand fields up to 
0 .5 .10  s Oe without failure (except for possible mechanical  deformations).  

In (0.5-1.5). 10 6 Oe fields the copper surface must  melt  with possible formation of liquid jets. In 
fields higher than 1 .5 .10 6 0 e  vaporizat ion of the copper occurs ,  accompanied by p re s su re  r ise,  formation 
of shock waves, and expansion of the vapors.  

4. Explosion of Layered  Material.  It is of interest  to examine magnetic field diffusion into a layered 
medium consisting of al ternating layers  of conductor and dielectr ic .  Neglecting the high-frequency wave 
pictures ,  we can assume that the field is uniform in each layer  of the dielectric,  which for a definite m a g -  
nitude of the cur ren t  diffusion through some par t icular  conductor layer  leads to reduction of the field inten- 
sity at the inner surface of the conducting layer  and, therefore ,  to increase  of the cur rent  density in this 
layer .  The resu l t  is an increase  of the power heating the conductor and its vaporizat ion occurs  ear l ier .  It 
is not difficult to obtain the equation describing field diffusion into the layered medium if we assume that the 
conducting layer  thickness 6 and the distances 5 0 between the layers  are  small. Let the field in the n-th di-  
e lect r ic  layer  be Hn(t) and the dielectr ic  constant equal unity. The electromagnet ic  induction law for the 
rec tangular  contour ABCD, whose boundaries AB and CD run along the inner surface of the n-th layer  and 
along the outer surface  of the (n + 1)-st  layer  of the conductor (Fig. 3), can be written in the form 

c (a l l  (4.1) 
~ - b o - T ~  = ~ \ Ox CD Ox 

For  small  5 we can find the value of the derivative 3H/0x on boundaries AB and CD of the conductors 
by expanding the field of the n-th and (n + 1)-st  layers  of the conductor into a Taylor ser ies  and retaining 
only the f i rs t  three t e rms  of this ser ies .  Thus, for finding (~H/0X)AB we have 

6 OH , (~2 02H AB 
H n - 1  = H n  - -  Ox AB ~ ~ -  

By vir tue of the equation of field diffusion into the n-th conductor layer and the continuity of H on 
boundary AB 

Oo-H AB 4nr OH n OH AB H n - - H n  ~ 5 4a6 OH n 
Ox~ - -  co- O ~  ' Ox - -  5 - -[- 2 c 2 Ot 

Similar calculations yield 

OHox CD --- Hn+16-- Hn 25 4~c 2 OHnot 

and substitution of the resul t ing values of 3H/0x on the boundaries into (4.1) leads to 

OH n c o- I (Hn~ 1 ~_ H n - 1  - -  2H~) (4.2) 

Replacing the stepwise distribution of the field in the dielectr ic  by continuous distribution H(x, t) 
(shown dashed in Fig. 3), taking at the center  of the n-th dielectr ic  layer  the value Hn(t) , and assuming 
(5 0 + 6 ) small,  we can rewri te  (4.2) in the form 

OH c2i 8 o + 5  Oo-H 

Ot 4~tz 5 Ox ~ 

(4.3) 

i.e., field diffusion into the layered medium in f i rs t  approximation corresponds  to field diffusion into a 
continuous conductor with conductivity 
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H e r e  a is the conduc to r  f r ac t i on  in the l a y e r e d  med ium.  
in the n- th  conduc tor  l aye r  is 

To the s a m e  a c c u r a c y  the c u r r e n t  dens i ty  

Jn - -  4~c 'fin--6 Hn-' -- 4-rr 60 6 + 8 OHox ~=~ (4.4) 

and the vapor i za t ion  condi t ion 

~o t 
1 c e 

o 0 

c o r r e s p o n d s  to (1.4) fo r  vapo r i za t i on  of a sol id  conduc to r  with conduct iv i ty  ~c and Qc = ~Q0. 

As in sec t ion  1, we can pose  the s e l f - s i m i l a r  p r o b l e m  of explos ion of  a l a y e r e d  med ium.  I ts  solut ion 
is  d e s c r i b e d  by (1.9} - ( 1 . 1 1 )  with ~ ,  e ,  ~0 r e p l a c e d  by the ef fec t ive  c h a r a c t e r i s t i c s  of  the l a y e r e d  medium,  
defined by the r e l a t i ons  

The ra t io  of the v a p o r i z e d  conduc to r  m a s s  M c in the l a y e r e d  m e d i u m  c a s e  to the m a s s  M of the 
cont inuous  conduc to r  v a p o r i z e d  in the s a m e  t ime  for  a g iven field in tens i ty  at  the boundary  of  the m e d i u m  is 

Me ~Xe(t) } ~' "\'# ~oe ]/r~ ~o(ela) 
M -  X(t) =~/.-'~-c) E ' ~ - : - -  to(e) 

F o r  sma l l  e and e / ~  by v i r t u e  of (1.12) 

(4.7) 

Me = ]/~-exp,~ :~(! -- a) (4.8) 
M 48 

F o r  ~ = ~ ,  e = 1/5, as  an example ,  we obtain  M c / M  ~ 8. 

The  t i m e s  for  des t ruc t ion  of a defini te  conduc to r  m a s s  for  a g iven ex te rna l  f ield a r e  connec ted  by the 
r e l a t i on  

= ~ t((e/~_____~) (4 .9)  
~e ~0~ (~) 

F o r  sma l l  s and e / ~  

T ~ (1 -- ~) (4.10} 
T-~ ~ ~ exp 2 ~  

F o r  c~ = ~ and ~ = 1/5 this  ra t io  is equal to about  64, toe., explos ion  of the l a y e r e d  conduc to r  t akes  
p lace  t ens  of t i m e s  f a s t e r .  

The au thor  wishes  to thank L. M. Barkov  for  d i s cus s ions  of  the ques t ions  examined  above.  
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