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Introduction. A l a rge  number  of pape r s ,  many  of which w e r e  p resen ted  at the F i r s t  and Second Confe r -  
ences on Megagauss  Fields [1], have been devoted to the investigation of the p r o c e s s e s  of hydrodynamic  flow, 
diffusion of a magnet ic  field, and the evapora t ion  of a sur face  in connection with magnet ic  field genera t ion  
(~IFG). The ma jo r i t y  of the paper s  published have been devoted to the in te rpre ta t ion  of individual exper iments  
on flux c o m p r e s s i o n  by explosion or e l ec t romagne t i c  fo rces ,  and the re  have been p rac t i ca l ly  no a t tempts  (ex- 
cept the  pape r  of  Erber ,  et al. [2]) to analyze expe r imen t s  over  a wide range  of p a r a m e t e r s  which p e r -  
mit  solving the p rob lem of what a spec t s  of the p r o c e s s  a r e  the mos t  decis ive  under the conditions of this or  
the other  exper iment .  

One should note that such an analys is  is poss ib le  only on the bas is  of a computational  model which takes  
into account all aspec ts  of the p roce s s ,  including the var ia t ion of conductivity at a phase  t rans i t ion ,  and which 
does not contain unjustified assumpt ions  {thus, the genera l i ty  of the analys is  given in [2] is reduced due to the 
inclusion of c h a r a c t e r i s t i c  quanti t ies f r o m  expe r imen t s  on MFG and the use  of the concept of the sk in - l aye r  
th ickness ,  which is not always justified)~ Among the paper s  devoted to the invest igat ion of individual physical  
f ac to r s ,  one should note the pape r s  of Somon [3-5] (diffusion, compress ib i l i ty ,  and l ine r  instabil i ty),  Brayant  
[6] (electr ical  explosion of the skin layer ) ,  and Lehner  [7] (conductivity of a degenera te  e lec t ron  p lasma) .  Only 
Kidder [8] and Kalitkin [9] have d iscussed  the MFG p roces s  as a whole.  Thei r  d iscuss ions  a r e  not en t i re ly  
sa t i s f ac to ry :  Thus Kidder a s s u m e s  the l i q u i d - v a p o r  phase t rans i t ion  to be discontinuous at t e m p e r a t u r e s  
above  a c r i t i ca l  t e m p e r a t u r e  (Tcr), and Kalitkin a s s u m e s  instantaneous expansion of the vapors  to densi t ies  
at which the express ions  for  the conductivity of a c l a s s i ca l  p l a s m a  are  applicable,  i .e. ,  an instantaneous t r a n s i -  
t ion f r o m  meta l l i c  to p l a s m a  conductivity.  

An analysis  of MFG is made in this paper  on the bas is  of a computat ional  model  of the in teract ion of a 
supe r s t rong  magnet ic  field with a meta l  in which a continuous t rans i t ion  f r o m  meta l  to p l a sma  is taken into 
account (the l a t t e r  is valid for  p r o c e s s e s  in the course  of which the dependence of the p r e s s u r e  p on the density 
does not in te r sec t  a binodal). An impor tan t  assumpt ion  used below is the assumpt ion  of local  t he rmodynamic  
equi l ibr ium and the absence  of explosions and m a c r o s c o p i c  inhomogenei t ies  eve rywhere  in the medium except 
the boundar ies  of the region occupied by a conductor.  

Computat ional  Model. Here  the meta l  is a s sumed  to be a c o m p r e s s i b l e  conducting liquid. We s h a l l n e -  
glect  the dist inction between the solid and liquid s ta tes ,  which is p e r m i s s i b l e  when discuss ing the in teract ion 
of a super s t rong  field with a meta l .  The one-d imens ional  equations of motion of such a liquid a re  of the f o r m  

dp/dt ~ pO(rv)/rOr = O; (1) 

(2) 

(3) 

dv 0 (p -~- q) B O B  O'.~rr Srr - -  Sept2 
9 T i  - =  ar ~o Or k ~ §  

dB 0 (vr OB ~ _ B o (rv). 
dt  rgr \ "~r ) rO---~' 

d~ o(~)  Ov S v ~ (OB~ 0 (~r Or~ (4) 
P-dY = - -  (P + q) ~ -? Srr -~-r + ~ r + -~ k-YTr ) + -~-Tr ~, Or) '  

where  d/dr = 0 /0 r  + v O / 0 r  is the subs ta t ionary  der iva t ive ,  q =0 when Or~Or ~_0 and q = - a p  (Or~Or) 2 when Or~Or< 0 

is the pseudoviscous  p r e s s u r e  according to N e i m a n - R i e h t m y e r  [10], which is introduced for  the computer  
calculat ion of shock discontinuit ies ,  S is the t e n so r  of the tangential  s t r e s s e s ,  which is a s sumed  here  to be 
v iscous ,  v = q~0(r) -1 is the magnet ic  v iscos i ty ,  and p, e, a and ~ a r e  the p r e s s u r e ,  internal  energy,  e l ec t r i c  con-  
ductivity,  and e lec t ron  t h e r m a l  conductivity of the meta l ,  r e spec t ive ly .  
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We note that the introduction of the tangential s t ress  tensor  into the computational model is not obligatory, 
since in fields with induction B> 3 MG a metal behaves like an ideal liquid [11]. it is introduced here  in order  
to avoid singularit ies on the free boundaries of a metal ,  where its density may become equal to zero.  There-  
fore at r = r e  and r = r  i (the subscripts  "e" arid "i" r e fe r  to the ex ter ior  and inter ior  l iner  boundaries,  r e s p e c -  
tively) 

0, ~g= oo, 
(Sr~ - -  p)~,~ = B~'/2~to, z = oo, 

In addition at r =re , idre ,  i /d t  
Then 

It has been assumed that there  is no heat exchange with the surroundings.  

OT/c~r I,e,i = O. 

The boundary conditions for the field are  determined by the t ransi t ion p rocess  in the external e lec t r ic  
circuit  or a re  specified in the form of some function of the t ime.  In the case of a l iner  which has collapsed 
to the ax i s ,  it is necessa ry  that the law of e lectromagnet ic  induction 

dOo/dt  = 2nr~v~ (OB/Or)r=~t ~ 

be satisfied on the inter ior  boundary, where ~0 is the flux in the l iner  cavity. On the exter ior  boundary of the 
l iner (aB/0r)r  e =0 or the field is specified by some function of t ime which determines  the t ransi t ion p rocess  
in the external e lec t r ic  circuit .  

If the l iner  is accelera ted  by electromagnet ic  forces  (magnetodynamicfield generat ion (MDFG)), then it 
is necessa ry  to take account of the edge effects associated with the finite length of the l iner [12, 13] in the bound- 
ary conditions. On the basis of the superposit ion principle and the law of total flux, one can wri te  them in the 
form [14, 15] 

Be = Bo + ~to[lsKl(rl)  + K~(rl)Io]/l ,  

Bi = Bo + ~*o[Ka(ri)/s -- K4(r~)Io]/l, 

Bs = Bo + I~o[Ks(r~)Is - -  K6(ri) lo]/ l ,  

aPo= m(ri) Is  = Lo(rl)Io, 

where B s is the induction on the l iner  axis,  I s and I 0 are  the cur rents  in the solenoid and the l iner ,  respect ively ,  
and K 1 ( r i ) -K  6 (ri) , M (r[), L0(ri) a re  dimensionless coefficients and the mutual and self- inductances of the l iner ,  
which a r e  determined either by physical modeling s imilar ly  to [15] or by computational means under conditions 
of a sharply expressed skin effect. 

The initial conditions have different forms in the case of MFG and MDFG. For  MFG at t ime t =0, v i =v0, 
v(r) =vir  i / r ,  p =P0, B = B0, T = T0, r i = r0, and r e = r 0 + h 0. For  MDFG the motion of the shell is considered f rom 
the star t  of the accelerat ion;  one can assume the shell mater ia l  to be incompressible ,  and it is neces sa ry  in 
addition to specify the pa ramete r s  of the accelerat ing contour.  

Equations (1)-(4) along with the initial and boundary conditions are  reduced to dimensionless  form,  d is -  
cret ized on a Lagrangian grid,  and numerical ly  solved by the forcing method. Nonuniform parti t ion into layers  
is provided for in the algori thm with the goal of the best exposure of the sk in- layer  s t ruc ture .  In the case of 
MDFG such a rea r rangement  is made twice:  At the s tar t  of the p rocess  and after the current  in the l iner  passes  
through zero,  when the field on the inter ior  boundary becomes grea te r  than that on the exter ior  boundary. The 
integration step is variable and is calculated f rom the condition 

-cmax {[c~ + B~/btopill/~/A~r} < t ,  
i 

where i = 1, 2 , . . . ,  N - l ,  A i r = r  i - r i _ l ,  and c i and Bi/(~0Pi)l/2 are  the local speed of sound and the Alfven veloc-  
ity, respect ively .  A solution algori thm along with the formulation of the problem of magnetic  flux compress ion  
by a conducting l iner  have been described in [16]. 

When solving Eqs. (1)-(4)the t h r e e - t e r m  equations of state 

p(p, T ) = p x ( p ) +  Pr(P, T ) +  PTe(P, T); (5) 
e(p, T) = ex(p) + aT(p, T) + eTe(p , T), 

(~) 

were  used, where [17] 

Px (P) = c~P05' (6 - -  i); (7) 

8x (o) = 0 ~ c ~  (~ - -  ~)~ (8) 
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descr ibe the contribution of the motion of electrons at T =0 to the p re s su re  and the energy ((7) and (9) are  
valid for  p-< 1012 Pa; co is the speed of sound in an unperturbed metal ,  and 6 = p / p  o is the relat ive density), 
[18] eT(p, T) =Cv(P, T)T, and PT{P, T) =F (p, T)PeT(p , T) descr ibe  the contribution of the thermal  motion of 
ions to the energy and p re s su re ,  [18] eTe (p' T) =b21n cosh (B T/b), and PTe (P, T) =2PeTe (p, T ) /3  descr ibe the 
contribution of the thermal  excitation of the conductivity e lectrons to the energy and p ressu re ;  CV=[1 +0.541 (p, 
T)]Cp/[1 +~1 (P, T)] (Cp =3Nk is the specific heat of the metal),  ~1(9, T) ~ llCol'/'J(@x/d p --  2nlpx/3,); n I and l 1 
are  constants defined by the authors of [18] on the basis of experiments  on shock compress ion  of porous metals  
(one can also determine them if one knows the cr i t ical  parameters ) ,  fl =[306-2/3, and 130 • 4n-4k2mh-2N~ '3 (3~-~ -2/3 
[11] (N e is the number of f ree  electrons in 1 kg of the metal;  for copper n 1 =0, ll =9.25, b = 5.6 • 103 J / k g .  OK, 
and fl0 =1.09 • 10 -2 J /kg~  ~ Thus the selected equations of state satisfy the known asymptotes  for 6=0, 6 =1, 
6 =6s, P=Ps ,  and T =Ts,  and also as T-->% and consequently they descr ibe a continuous t ransi t ion in the super -  
cr i t ical  region f rom a metal to a plasma~ 

It is well known [19] that the W e i d m a n - F r a n z  law X =9k2T~/r,e 2 is valid for the electron thermal  con- 
ductivity of a metal .  In the region of plasma densit ies,  )t ~"2k2T~/e 2, as has been shown in [9]; therefore  one 
can approximately use the W e i d m a n - F r a n z  law to est imate X over the entire range of variation of T and p. 

The tangential s t r e s s  t ensor  is a viscous tensor ,  which in a Car tes ian  coordinate sys tem has the form 
[20] 

8ul , avh 2 ovj 
= 0=--7 - v 

where 6[k=0 if i ck,  6ik =1 if i =k, and 77 is the viscosi ty coefficient. Since (9) is introduced in order  to avoid 
singulari t ies on the free boundaries of the l iner;  we shall assume ~? to be constant and small in order  that the 
required condition be provided. 

Both the approximation [21] 

--~ %SUt[I + ~ r d v ( T -  T0)] (10) 

(4 is the p res su re  drag coefficient, fiT is the thermal  drag coefficient, and a0 is the value of ~ at T =300~ and 
the express ion derived in [22] upon taking phenomenological account of the peculiari t ies  of e lectron scat ter ing 
in a metal  and a p lasma:  

o = i6~el (WI.)'I=xI( ]ir'~d'ZAnkT),, (11) 

where (Wk) is the average kinetic energy of the electrons,  x =p (ap/ap) T is the modulus of isothermal  com-  
press ibi l i ty ,  A =ln (1 + ~) -~ / (1  +~ ) is the analogue of the Coulomb logari thm, ~ = 16m(Wk)2/Z~e2112n, and n 
is the average concentrat ion of ions (also see [23], where a more  exact expression has been obtained for the 
conductivity), a re  used here as the conductivity. We note that (11) differs only by the fac tor  2x/AnkT f rom the 
formula of Lehner  [7], which provides the cor rec t  asymptotes  for T< T F and T > T F (T F =~F/k  is the Fermi  
tempera ture ,  and SF is the Fermi  energy).  In o rder  to find (Wk) and n~ we shall use Equations (57 and (6): 

cs = O.054F312~IAT am" m)'l; (12) 

= 0.69. iO-S(po/AMZ)~lS5~l~F; (13) 

F = (Wk) s~ -I = t +5.9. t0 ~4 (AMIZpo) 2/3 b lnch (~lT!b)l~o (14) 

(A, M, and Z are  the atomic weights,  unit of mass ,  and charge of the nucleus, respect ively;  [M], [p], [~], and 
[7].] a re  measured  in[he  SI sys tem in (12)-(14). At T=300~ and 6=1 (12)-(14) give a value of 2 .75x 10-8~ .m  
for  the specific res is tance  of copper.  A compar ison of the values of ~ f rom 112)-(14) with the known exper i -  
mental data and calculations based on the Boltzmann equat[on shows justification for  using the expressions 
(12)-(14) to interpret  the experiments  on MFG (the fact that Z is assumed to be constant in (12)-(14) does not 
introduce a la rge  e r r o r  into the MFG conditions [22], as the calculations show). 

A Powerful MHD Shock Wave in a Conducting Half-Space. In this section we shall discuss  the propagation 
of a powerful MHD shock wave (SW) into a hal f -space ,  which permits  comparing different models and invest i-  
gating the general  charac te r i s t i cs  of the interaction of a metal with a supers t rong field. The ax i symmetr ic  
problem was solved; the inter ior  radius of the cylinder was taken to be such that the SW did not differ great ly  
f rom a plane wave (it is equal to 40 cm here).  The field on the inter ior  boundary was specified in the form 
Bit) =Bm(1-exp(- - t /~ ' ) ,  and B m took the values 300, 500, 700, 103, and 1.5 x 10 3 T. The value of the t ime con- 
stant for all B m is equal to 0.3 psec (the choice of such a value was determined by the charac te r i s t i c  r i se  t ime 
of the field pulse at the end of MFG). 
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5 7 10 t5 Metal 

t ul/c o 0,205 0,446 0,708 t,tt8D i t,82t ~ ) 
ul/c o 0,t71 0,444 0,644 t,t44 t,867 

- -  "ui/c o 0r --0,372 a) --t,2 --2,369 --4,359 
2 u /c  o 0,t98 0,459 0,759 1,t t,808 

us/c o 0,205 0,454 0,72t 1,t6 t,84t 

ui/co 0,168 0,2t6 0,t75 0,256 0,308 
3 Ul/% 0,t97 0,4t8 0,733 0,405 0,838 

up/co 0,t9 0,444 0,708 0,859 0,838 
ujco 0,206 0,444 0,708 0,859 0,838 

ul/Co 0,t83 0,285 0,544 t ,03t t ,83t 
4 uf/c o 0,t99 0,438 0,679 t,072 t,769 

uJco 0,202 0,446 0,703 i t,t08 i,83t 

t uilc~ 0,t76 0,384 0,622 0,98 1,6tl 
U/Co 0,167 0,362 0,627 0,982 t ,58 

ul/Co 0,t09 --0,21 --t,033 --t,622 --2,933 
2 U/Co 0,t79 0,4t3 0,7 t,038 t,8 

us~% 0,t72 0,4tt 0.7 t,089 1,789 

Copper 
1) t=4,326 psec 
2) t=3,968 psec 
3) t=3,942 ~sec; the rest, 
t = 4,1 psec 

steel 

(t) t=-2,22 gsec; the rest, 

t=3,6 psec. 

The r e s u l t s  of ca lcu la t ions  i l lus t ra t ing  the  appl ica t ion of the  computa t iona l  mode l  and a c o m p a r i s o n  of 
t h e m  with the  r e s u l t s  obtained f r o m  o ther  mode l s  a r e  p r e s e n t e d  in Fig.  1 and in Table  1 {the fol lowing notat ion 
is used in Fig.  1 : 1) ideal ly  conduct ing m e d i um;  2) f o r m u l a  (10) is used  as  a; 3) ideal ized explos ion  of the skin 
l a y e r  (it is a s s u m e d  in th is  mode l  tha t  when  T < T s cr is d e t e r m i n e d  by (10) and when  T ~  Ts ~=0) ;  and 4) the 
p l a s m a  model  of the  conduct ivi ty ;  a is d e t e r m i n e d  by (12)-(14); the s u b s c r i p t s  "a"  and "b" c o r r e s p o n d  to  f ields 
of 3 and 7 MG, r e spe c t i ve l y ) .  The ve loc i t i es  of the in t e r io r  boundary  (ui), the SW front  (uf), the  f i e l d - c o n d u c t o r  
boundary  (Up), and the  c u r r e n t  f ront  (Us) f o r  copper  and s t a in l e s s  s teel  a r e  p r e s e n t e d  in Table  1. 

The r e s u l t s  of Table  1 and Fig.  1 show that  when  t h e r e  is no e l ec t r i ca l  explos ion  of the skin l a y e r  all 
the mode l s  g ive  p r a c t i c a l l y  ident ical  de sc r ip t i ons  of the shock f ront .  When B-~B s = (p0p0)l/2c0 (B s def ines the  
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limit above which the energy entering the conductor is g rea te r  than the sublimation energy),  an electr ical  ex- 
plosion of the skin l ayer  is possible.  As Fig. 1 shows, when B=300 T (0.726B s for  copper and 0.658B s for 
steel), an idealized explosion has no effect on the value of the velocity of the f i e ld -conduc to r  boundary, which 
is close to the velocity of the inter ior  boundary of an ideal conductor (see Table 1); the thickness of the evapo- 
r a t i ng l aye rdoes  not exceed the thickness of the skin layer  (~ 1 mm). The resul ts  of computattons using (10) 
show (Fig. 1) that in fields g rea te r  than B s the velocity of the inter ior  boundary changes sign due to a r a r e -  
faction wave, which causes  a negative p res su re  gradient on the SW front and the impossibili ty of the magnetic 
field preventing the expansion of weakly conducting layers  of the metal (curve 2, Fig. lb). The boundary of the 
current  front is located far  f rom the boundary (the f i rs t  a r row f rom the origin of coordinates).  Since the m a g ,  
netic p r e s s u r e  at this location is a maximum, a small maximum is observed on the velocity curve (curve 2, 
Fig. lb). The density of the metal l ayers  with a negative velocity is much less  than the initial density (6 = p /  
p0 ~ 0.1; ~ ~ 0.1 corresponds  to the effective f i e ld - conduc to r  boundary), and the conductivity is close to zero.  
If one neglects the mass  of the expanding layers  and uses formula (10) as ~ in the remainder ,  then one can 
descr ibe  ra the r  accura te ly  the motion of the effective f i e ld -conduc to r  boundary {this approach corresponds  
to Brayant ' s  hypothesis [6] that the conductivity disappears with a discontinuity at /~ =0.1). Such a viewpoint 
has been used in [14, 16] in the investigation of MFG. A compar ison of the computational resul ts  obtained using 
(10) and (12)-(14) with each other shows the validity of this viewpoint, since the la t ter  model gives an effective 
cutoff of the density at the 6-~1 level (see curve 4, Fig. lb). The thickness of the skin layer  is somewhat less  
than for  the model using (10)o This c i rcumstance  is caused by the more  accurate  descr ipt ion of the or(p) depen- 
dence by the express ions  {12)-(14). 

In fields l a rge r  than B s an idealized explosion of the skin layer  occurs  on the SW front {the second arrow 
on Fig. lb). I r regular i t ies  in the velocity curve are  related to nonconducting vapor and are caused by the p r e s -  
ence in it of compress ion  and rarefac t ion  waves .  T h e p h a s e  velocity of the f i e ld -conduc to r  boundary is equal 
in this case  to the magnetosonic velocity Vp = (c 2 +v~) I/2 (c = ((Op/~p)T)l /2  and v A = B/(pop)  1/2 are the sound and 
Alfv~n velocit ies,  respect ively) .  When there  is no explosion of the skin layer ,  the effective velocity of the f i e l d -  
conductor boundary is well approximated by the express ion Vp =0.5c0~1[(1 + 2Xlv~/c2) ~/2-1] (~t is an empir ical  
constant of the metal) .  

The model of an idealized explosion of the skin layer  is of a formal  nature; therefore ,  one can only speak 
of its absence or inappreciable influence on the rate of movement of the f i e ld - conduc to r  boundary for copper 
and steel when B-<4 MG. One can apply it to find the limiting charac ter i s t ics  of MHD flows of a metal  in a 
supers t rong field. This model is applied below to interpret  experiments  on MFG in fields s t ronger  than 5 MG: 
It is shown that at least  in the case of conductors of the stainless steel type this model is not devoid of physical 
meaning. 

Since an unloading wave a r i ses  even in the case of a field of the form B(t)= Bm(1-exp(-t /~-)) ,  conditions 
for its onset are  investigated for MFG, where the lifetime of the shell de termines  the duration of the field pulse 
[14]. The field was varied in the calculation according to the law B (t) = A {exp (-t/~- 1 - exp (-t/T2)) fr i and ~'2 are  
chosen to be equal to the charac te r i s t i c  values for  actual field pulses obtained in MFG; the maximum values 
of the field are  equal to 3.26, 6.38, and 12.6 MG). As a result  of calculations using the plasma model of con- 
ductivity (expressions (12)-{14)), the following picture of the onset of a rarefact ion wave is revealed.  At t ime 
t =t m, when the field becomes a maximum, the velocity of the inter ior  boundary (v i) changes to the opposite 
sign (until t =tmv i > 0) under the action of a negative gradient  of the hydrodynamic p r e s s u r e  (in MFG the p r e s -  
sure  gradient in the l iner  wall is always negative). A decrease  of the field on the inter ior  boundary resul ts  
in the fact that its maximum appears  in the inter ior  of the shell wall due to the inert ia of the magnetic  flux. A 
negative gradient of the magnetic p r e s su re  also leads to an increase  in the velocity of the inter ior  boundary 

(vi < 0).  

In MFG the velocity of the inter ior  boundary of the shell is always less  than zero;  in addition the maxi -  
mum of the field occurs  before its complete halting due to the finite value of ~. Therefore  the occurrence  of 
an additional velocity due to a ra refac t ion  wave which coincides in direction with the shell velocity can result  
in its destruct ion.  If the conductivity of the inner l ayers  is large,  the shell will not be destroyed but will stop 
at a radius sma l l e r  than the dimensions of the inductive detector  or the object of the investigations (it is shown 
below that this has occur red  in a number of experiments) .  

Analysis of Exper iments  on Magnetic Field Generation. The models discussed above are used to in ter -  
pret  experiments  on MFG and MDFG. Experiments per formed at the M. L Kalinin Leningrad Polytechnic In- 
stitute a re  taken as the la t ter  {the interpretat ion of the experiments  of other authors requires  knowledge of 
the pa rame te r s  of the i r  accelera t ing contours,  which is not always possible).  These experiments  are  c h a r a c t e r -  
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ized by care  with the experimental  conditions, which permitted obtaining a r ecord  value of the induction for  
MDFG (B m =3.4 MG). Those experiments in which reproducible values of B m were  obtained are  taken f rom 
experiments in which the l iners  were  accelera ted by an explosion, which indicates symmet ry  of compress iod  
of the l iner .  

Calculation of MDFG was per formed together  with the accelera t ion stage of the l iner;  the computational 
resul ts  for this stage a re  in good agreement  with experiment.  Thus in a ser ies  of experiments  with l iners  
made out of copper with diameter  d0=45 m m  and thickness h 0 =0.38-0.41 m m  the experimental  magnetic flux 
captured by the l iner  was ~1 =2 • mWb and the calculated value was ~1 = 1.68-1.87 mWb; the experimental  
conversion coefficient of contour energy into kinetic energy of the shell was V = 6.8-7.8%, and the calculated 
~alue was ~ =6.91-7.3%. The experimental  t ime at which the current  in the l iner  passed through was t l =25.9 
#sec~ and the calculated value was 25.96 t~sec. 

Figure 2 contains the resul ts  of MDFG experiments  {solid curves) of copper l iners  with d o =45 mm and 
h 0 =0.38-0.41 mm and the resul ts  of calculations (dashed curves) for  a shell with h 0 =0.4 m m  (the computational 
resul ts  for other thicknesses  and radii are  given in general ized form on the d iagram of Fig. 6). The curves  
of Fig. 2 were  obtained using the models :  7) p =var ,  crg~; the contributions of Px and Px and PT are  taken into 
account in the equation of state, and in addition the possibili ty of accomplishing an idealized explosion of the 
skin layer  is provided for;  8) p =va t ,  a~  ,o; only Px is taken into account in the equation of state; 9) p =va t ;  
cr=:r 10) p =Po =const ,  ~ o ;  and 11) p =Po =const ,  (T=~. The calculated curves of Fig. 2 lie in a dense bunch 
of experimental  curves between which the temporal  d iscrepancy and the difference in the value of B m were  
caused by the difference in shell thicknesses  and experimental  conditions. The maximum value B m =3.4 MG 
corresponds to the experiment with h 0 =0.4 mm.  The best agreement  with this experiment is given by the most  
complete model {curve 7) - B m =3.35 MG. The temporal  shift between the calculated and experimental  maxima,  
which is equal to 1 #sec,  does not exceed the measurement  e r r o r  and is much less  than the duration of the en-  
t i re  p rocess ,  which is equal to 29 ]~see. The value of the calculated radius of r eve r se  behavior r m (the mini-  
mum radius,  after attainment of which the shell should in principle expand) was less  than the experimental 
value (the experimental  value of r m according to est imates of [13] based on SFR-grams  was 2 ram, and the 
calculated value was 0.925 ram, which is l a rge r  than the probe radius,  which is equal to 0.8 ram). 

Let us consider  the relative contribution of each of the physical factors  to B m and r m. We have (the 
subscripts  ~0 n, "d ~, and ~c ~ re fe r  respect ively to a l iner  without losses ,  an incompress ible  l iner  with c r ~ ,  
and a compress ible  l iner  with ~=~) Bm0/Bmd =1.158, Bm0/Bmc = 1.239, Bmd/Bmc = 1/07, and Bm0/Bm = 
1.253 - a  one- te rm equation of state and Bm0/Bm = 1.331 - a two- t e rm equation of state.  Consequently, rm0/  
rmd =1.552, rm0 / rmc=0 .902 ,  r m 0 / r m = l . 2 9 3 ,  r m 0 / r m = l . 2 9 7 ,  ~l/~md =2.779, (~l/4~n =1.961, and ~ 1 / r  = 
1.968. ~nalysis of the cited figures indicates that in these experiments compress ibi l i ty  was the determining 
factor ,  and diffusion introduces cor rec t ions  to B m {compressibility decreases  the flux losses) .  Since both 
factors  have a different effect on r m, Brad differs somewhat f rom Bmc. This "res tor ing ~ role of diffusion 
in experiments in which the thickness of the skin layer  A< r m has been noted in [14]. These experiments  show 
that the most  sensit ive pa ramete r  to the choice of physical model is the radius of r eve r s e  behavior,  which is 
unfortunately not recorded  in the major i ty  of MFG experiments .  Figure 2 also shows that there  is no e lec t r i -  
cal explosion of the skin layer  in the experiments  of [13]. Analysis of experiments  with l iners  of l a rge r  d iam-  
e ters  and made out of various mater ia l s  has shown that one should re fe r  experiments with l iners  of l a rge r  
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diameter  to the case of ideal cumulation, when the compress ibi l i ty  and diffusion due to the large  value of the 
captured flux have prac t ica l ly  no effect on B m and rm;  compress ibi l i ty  plays a l a rge r  role for shells made 
out of aluminum than in the case of copper or  b rass  shells.  

The remflts of an experiment [24] with a l iner  made out of s tainless steel,  in which B m =9.8 MG, and of 
a calculation are  shown in Fig. 3 (in Fig. 3 the labels are as follows: 1) tiC); 2) B(t)). Calculation using the 
approximation (10) has given a highly exaggerated value of the induction for  a pract ical ly  zero  radius of r e -  
verse  behavior (curves 2a and lb). A calculation which uses the model of an idealized explosion of the skin 
layer  gave B m =8 MG (curve 2b) with r m l a rge r  than the probe radius.  The calculated B(t) curve has a step 
at the onset t ime of the e lectr ical  explosion; therefore  if there  is an e lectr ical  explosion of the skin layer  
which is close to an idealized one, then one can detect it f rom the sharp bend of the experimental  B(~) curve.  
Since in the case of MFG with l iners  made out of poor conductors the thickness  of the skin layer  is muehg rea t e r  
than the radius of r eve r se  behavior,  B m is determined by the effective radius reff  ~A. The action of an ideal-  
ized explosion therefore  reduces to dropping f rom the discussion layers  of metal  which have in fact lost con-  
ductivity (this situation is accomplished in a se l f -consis tent  manner  in the MHD calculations). We note that 
the calculated l iner  radius is in good agreement  with the experimental  value (curves l a  and lb, Fig. 3) in the 
region access ib le  to measurement .  

Figures  4 and 5 show the resul ts  of the experiment of Fowler withhis  co -worke r s  [25], in which Bm = 
14.3 MC, and of a calculation using different models (the following notation is adopted in Fig. 4: B(t). I) ~= 
~; 2) ~ ,  explosion after maximum field; 3) f f ~ ,  idealized explosion; and 9) plasma model of the conductivity; 
the experimental value of B m is denoted by the filled circle; r(t): 4) field-conductor boundary for an idealized 
explosion; 5) additional shift of the field-conductor boundary due to an explosion; 6) ff =~; 7 ) ~ ,  no explo- 
sion; and 8) interior boundary of the nonconducting vapor). Figure 4 shows that, notwithstanding the fact that 
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the approximat ion  (10) is used outside the region of its appl icabi l i ty ,  the computat ional  r e su l t s  a r e  in good 
agreement  with exper iment  (curve 2). The l a t e r  is explained by the fact that ,  as has  been shown in the p r e -  
ceding sect ion,  the express ion  (10) sa t i s fac to r i ly  desc r ibes  the shock front  as well  as the p a r a m e t e r s  of the 
cur ren t  front  if one neglects  the eject ion of meta l  due to loss  of conductivity as a discontinuity when 6r 0.1. 
Taking account of the t he rm a l  components  in the equation of s tate  r e su l t s  in a d e c r e a s e  of r m ,  as the ca lcu-  
la t ions show. The p l a s m a  model of conductivity (curve 9 of Fig. 4) g ives  stil l  b e t t e r  ag reemen t  with expe r i -  
ment  (difference of 7.7%). The model of an idealized explosion (curve 3, Fig. 4) r e su l t s  in an abrupt  d ec r ea se  
of B m in compar i son  with exper iment ,  which pe rmi t s  concluding that it is not p resen t  in expe r imen t s  with 
copper  and b r a s s  shel ls .  The effect ive f l e l d - c o n d u c t o r  boundary and its phase veloci ty  a r e  p rac t i ca l ly  con-  
stant (the l a t t e r  ~c0; see curve  5 in Fig. 4, which shows an additional shift of the f i e l d - c o n d u c t o r  boundary 
as  a resu l t  of the explosion).  

Compar i son  of the calculat ion with a =~ with the analytic e s t ima te s  for  a shell  without l o s se s  and a c o m -  
p re s s ib l e  shell  with a =~o shows that  in the exper iment  of [25] the effect of compres s ib i l i t y  and diffusion is 
weakly expres sed ;  m o r e  exact ly ,  the mutual action of these  fac tors  leads  to a si tuation in which the m a x i m u m  
field is achieved at t =tm0 (plasma model) at a somewhat  s m a l l e r  radius  than rm0. As a calculat ion using the 
p l a sma  model shows, the m a x i m u m  value of the specif ic  r e s i s t ance  which co r re sponds  to the m a x i m u m  field, 
is located inside the l ine r  wall .  The l a t t e r  s i tuat ion resu l t s  in a dec r ea se  of the magnet ic  flux lo s ses  f r o m  
the l ine r  cavity {this was a lso  noted in [9]). This dec rea se  is stil l  m o r e  noticeable in exper imen t s  of the type 
of the exper iment  of [26], in Which compres s ib i l i t y  played the de termining ro le .  

Actually, using the es t ima te  of the l imit ihg value of the induction B~ [27] 

B~ = BI F 2~'~ ( l  vl (15) 

(~l is an empi r i ca l  cha rac t e r i s t i c  of the me ta l  []1]; for  copper  ~t = l . 5 L  we obtain, having taken v 1 =11.8 k in /  
sec ,  B~ =23.8 MG on the bas i s  of a calculat ion [9], the following r e su l t s :  the calculat ion of [9] - B i n = 3 0  MG, 
our calculat ion - B m =22.4 MG, and exper iment  - B m =25 MG; the calculated radius  on r e v e r s e  behavior  is 
2 r am.  The resu l t s  obtained pe rmi t  concluding that  in very  strong fields (B > 10 MG) an e lec t r i ca l  explosion 
of the skin l a y e r  is evidently not observed  in pr inciple ,  and MFG is l imi ted by the compres s ib i l i t y  of the meta l  
and by ins tabi l i t ies .  

Due to this  one can give an additional a rgument .  An es t imate  is obtained in [14"] for  the effect  of diffusion 
in the case  of good conductors  namely  

Bm~ = Bmo(r,~o + 2A)/(rmo ~ 2,5A),: (16) 

where  A is the th ickness  of the skin l aye r ,  which is de te rmined  by the express ion  [14]: 

A = 0.655r~0 (Ap0/~to) ~/4 (B,,o/rmo%B~)~/~; (17) 

A =ln(1 +s0/~rr20); s o is the c r o s s  sect ional  a r e a  of the shell ,  and a 0 and B 1 are  the initial values  of the e l e c t r i -  
cal conductivity and the m_agnetic field,  r e spec t ive ly .  Let us consider  a hypthetical  incompress ib le  shell  for  
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which rm0 = r m c  and Bm0=Bmco Then one can approx imate ly  es t ima te  f r o m  fo rmulas  (16) and (17) the c o m -  
bined effect of diffusion of the magnet ic  field and compress ib i l i ty .  In this case  the ra t io  A s / r m c  (A s iS the 
th ickness  of the skin l a y e r  in a c o m p r e s s i b l e  shell) will be de te rmined  by the express ion  

A~/r~o = ( h/r,no)(B.~e/B,~o)l/L 

Since an inc rease  in the compress ib i l i t y  r e su l t s  in a dec rea se  in Bmc, when Bin 0 >> Brae and As / rmc<< A/rm0,  
i.eo, in the l imi t  of infinitely la rge  Bm0 (large v 1 or smal l  B1) Brn- -  ]3mc - -  B~o. 

Let us r e tu rn  again to the exper iment  of [25]. The dis tr ibut ion of the velocity,  density,  t e m p e r a t u r e ,  and 
field through Che l ine r  th ickness  at the t ime  of m a x i m u m  field is shown in Figs.  5a-d,  r e spec t ive ly ,  for  a l ine r  
with r (curve 4), the model  of an idealized explosion (curve 3), the p l a sma  model of conductivity (curve 2), 
and a calculat ion using (10) (curve 1). A compar i son  of curves  1 and 2 with curve  4 shows that  at the t ime  of 
m a x i m u m  field the veloci ty  of the in te r io r  l i ne r  l aye r s  is not equal to ze ro  but i n c r e a s e s  towards  the in te r ior  
boundary,  which is a ssoc ia ted  with the nature  of the density dis tr ibut ion (curves 1, 2, and 4 of Fig. 5b) and the 
finite value of or. Such behavior  of the veloci ty  and densi ty actual ly conf i rms  the poss ibi l i ty  of the onset of a 
r a r e f ac t ion  wave d iscussed  in the preceding section,  which can lead to a d e c r e a s e  in the l i fe t ime of the l iner ,  
and consequently a d e c r e a s e  in the effective durat ion of the field pulse .  Calculat ion has shown that in this  p a r -  
t i cu la r  ease  halting of the shell has neve r the l e s s  occur red  (Fig. 4); in the case  of l i ne r s  made out of poor  con- 
ductors  the re  is no such halting, as has been mentioned above,  or it occurs  at a radius  l e s s  than the probe  
rad ius .  P rac t i ca l ly  all  the published expe r imen t s  on MFG a re  p resen ted  in Fig. 6. These  exper imen t s  have 
been prev ious ly  d i scussed  in detail  in [28, 29], where  the radius  of r e v e r s e  behav ior  is identified with the 
probe  rad ius .  Here  this assumpt ion  is ref ined:  As the calculat ions have shown, all expe r imen t s  on MFG a re  
divided into two groups  - , , g o o d , ,  in which the l iner  did not fly onto the probe,  and "bad," in which the opposite 
s i tuat ion occur red  (they a re  shown onthe left  and the right,  r espec t ive ly ,  in the d iagram) .  The d i ag ram shows 
that  one should at t r ibute  a l a rge  par t  of the exper imen t s  to the nbadn group since exaggera ted  values of the 
induction ampli tude a r e  obtained in them due to the l a rge  d i ame te r  of the p robes  (for example ,  in exper iment  
LA-2 according  to H e r l a c h ' s  c lass i f ica t ion  B m =4 MG is obtained, and in calculat ion using the idealized ex-  
plosion model  B m =10.1 MG for  r m =1.3 m m ;  a s imple  reca lcu la t ion  for  a probe  radius  rp =1.6-2.75 m m  gives  
t3 m =2.26-6.67 MG). 

The ana lys i s  c a r r i ed  out above and Fig. 6 pe rmi t  formula t ing  the m a i n r e s u l t  of this paper :  All e x p e r i -  
ments  on MFG a re  divided into four  c l a s s e s :  1) B m ~  2 MG - i d e a l  cumulation; 2) 2_< Bin< 4 MG ~ B c -  cumu-  
la t ion close to ideal (diffusion of the magnet ic  field and compres s ib i l i t y  play a weak role);  3) 4 MG ~Bc-< Bm-< 
1 0  MG --f lux l o s se s  and e lec t r i ca l  explosion of the skin l aye r  de te rmine  B m {all exper imen t s  with l ine r s  made 
out of s ta in less  s teel  fall into this  range) .  Since the t e m p e r a t u r e  of the vapors  fo rmed  is insufficient for  the i r  
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ionization, the model of an idealized explosion of the skin layer, which gives a lower limit of the induction 
produced and anupperlimit of the radius of reverse behavior, can be a good approximation for the investigation 
of the compression of flux by shells made out of stainless steel or similar conductors; and 4) Bin> I0 MG - 
experiments in which for observance of symmetry of liner compression B m is determined by the eompres- 
sibllity, thereis no electrical explosion of the skin layer, and diffusion of the field is of a corrective nature; 
for copper and similar conductors, starting from M =vl/c0~ 3, a good estimate of the induction amplitude is 
B~ defined by the expression (15). 

A more accurate criterion of the correctness of the computational models discussed here would be a 
comparison with experiment of the value of the reverse behavior radius, for which there are no reliable ex- 
perimental data. It is possible that a more careful analysis will show the limited nature of the models dis- 
cussed here, which do not take account of kinetic effects and macroscopic inhomogeneities of the medium. 

In conclusion the authors consider it their responsibility to express their gratitud,~ to E. [. Bichenkov, 

V. S. Imshennik, and N. N. Kalitkin for their interest in the research and for useful discussions. 
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P O S S I B I L I T Y  O F  A P P L Y I N G  E L E C T R O M A G N E T I C  

A C C E L E R A T O R S  T O  I N V E S T I G A T E  P R O C E S S E S  

O C C U R R I N G  IN T H E  H I G H - V E L O C I T Y  C O L L I S I O N  

OF S O L I D S  

V. F .  A g a r k o v ,  A. A. B l o k h i n t s e v ,  
S .  A. K a l i k h m a n ,  V.  I .  K u z n e t s o v ,  
V. N. F o m a k i n ,  a n d  A. A. T s a r e v  

UDC 538.323 : 534.2 

Exper iment  on the h igh-veloci ty  col l is ion of s t ruc tu re  spec imens  with pa r t i c les  of l e s s  than a m i l l i m e t e r  
in s ize  at 1 - 1 5 - k m / s e c  speeds  a r e  n e c e s s a r y  for  the investigation of ma t e r i a l  p rope r t i e s  by the applicat ion of 
mechanica l  f o r c e s .  P r o m i s i n g  acce le ra t ing  appara tus  a r e  e l ec t romagne t i c  a c c e l e r a t o r s  that use the powerful 
action of an e l ec t romagne t i c  field on conductors  with cur ren t .  It turns  out to be poss ib le  to acce l e r a t e  cy l in-  
dr ical  conductors  of l e s s  than 1 - m m  d i am e t e r  to veloci t ies  exceeding 10 k m / s e c  [1] in the r eg ime  of s epa ra t e  
regulat ion of the acce le ra t ing  magnet ic  field and the cur ren t  in the conductor.  

1. Quite important  to the quanti tat ive es t ima te  of h igh-veloci ty  act ion is the question of the s ize  of the 
body being acce l e r a t ed  at the t ime  of the coll ision.  If the cur ren t  densi ty is l e s s  than the l imit  according  to 
the fusion condition, and the conductor  d i am e te r  is much l e s s  than the equivalent depth of penetra t ion (A e = 

where  w is the c i r c u l a r  f requency  of the d ischarge  cu r ren t ,  and (r, #0 a re  the conductivity and m a g -  
netic permittivit-y of the conductor  ma te r i a l ) ,  then sausage - type  instabi l i t ies  cannot develop [2] and the d i a m -  
e t e r  can be considered constant.  The length of the conductor  d iminishes  because  of t he rma l  p r o c e s s e s  at the 
s i tes  of a rc  contact with the c u r r e n t - c a r r y i n g  ra i l s  during the acce le ra t ion .  Heating occurs  by the cur ren t  
flowing in the conductor (volume source)  and because  of the heat flux f rom the e lec t r i ca l  contact a rc  (surface 
source) .  An analys is  (see Appendix) shows that the combined effect of the volume and sur face  sources  is l imi ted ,  
in p rac t i ce ,  to a l a y e r  of th ickness  2 aV~Y, where  a is the coefficient  of t he rma l  diffusivity and t is the t ime .  Out- 
side this l aye r ,  heat t r a n s f e r  f r o m  the contact zone can be neglected and it can be cons idered  that the heating 
occurs  only because  of the volume source .  We use this assumpt ion  to compute the evaporat ion ra te  and the 
diminution ra te  of the length of the conductor  being acce le ra t ed  because  of evaporat ion.  The max imal  a c c e l e r -  
ation t i m e  and the cor responding  l imit  veloci ty  according to the heating conditions a r e  de te rmined  by the t ime  
the conductor  ach ieves  a ce r ta in  min imal  s ize according to the conditions of the exper imenta l  invest igat ions.  
There fore ,  the ene rgy  balance equation has the f o r m  
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