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The compress ion  of a magnetic field by a moving conductor - magnetic cumulation - is used 
to obtain powerful magnetic fields and large pulsed currents  [1, 2]. The potentialities of mag-  
netic cumulation are determined mainly by the flux losses  due to diffusion of the magnetic field 
into the conductor and its capture in shor t -c i rcu i ted  cavities formed upon the joining of uneven 
conductor surfaces .  Experiments  on the compress ion  of a magnetic field by flat s tr ips of cop-  
per  and Dural are  descr ibed in the repor t ,and a compar ison is made with the calculation of dif- 
fusional flux losses .  The possible role of a gutter instability of the copper  conductors is eva l -  
uated for the explanation of the increase in flux losses  when a cr i t ica l  l inear cur rent  density, 
whose value in the experiments  presented was 180-210 kA/cm,  is exceeded in the s t r ips .  

1. The flux losses were measured  in experiments  on the compress ion  of a magnetic field by flat s t r ips  
(Fig. 1). A U-shaped circui t  (1) 505 mm long was made from s t r ips  40 mm wide. A flat welded casset te  
(2) 520 mm long was placed between the str ips so that the end of the casset te  stood off 10 mm from the bend 
in the str ips.  The casset te  was filled with a charge (3) of fused TG 50/50 explosive. A bar  of Plexiglas 
(4) 10 mm thick containing two channels (5) in which the induction pickups for measur ing  the current  were 
located was placed between the end of the casset te  and the s t r ips .  A capaci tor  bat tery with a capacitance 
of 10 -2 F and a voltage of up to 4 kV was discharged on the s t r ips .  The explosive charge was set off at the 
moment of the current  maximum. When this happened the walls of the casset te  flew apart  to the sides, 
joining with the str ips and compress ing  the magnetic field, as shown by the dashed lines in Fig. 1. The cu r -  
rent was measured  by the oscil lographic recording of the signals f rom the inductive pickups. In each of 
the experiments  two independent measurements  were made and the current  and the derivative of the cu r -  
rent were measured  by the oscil lograph. One of the osc i l lograms is presented in Fig. 2: the upper beam 
is dI/dt and the lower beam is I. The moment of joining of the casset te  walls with the str ips is recorded 
on the dI/dt osc i l logram - the point 1. The moment of emergence of the detonation at the end of the cas -  
sette corresponded to the moment of the dI/dt maximum - the point 2. The time coordination of the two 
osc i l lograms was accomplished with respect  to these points. The osc i l l ig rams were calculated over  the 
time ti between the points 1 and 2 on the osci l logram.  Here it was assumed that the inductance of the c i r -  
cuit decreases  l inearly with t ime: Ll(t) = L 0 - L ' D t  , where L 0 is the inductance at the moment the str ips are 
closed, L '  is the l inear inductance of the circuit ,  and D is the velocity of the detonation. At the moment 
the detonation emerged  at the end of the casset te  the inductance w a s  L 2 = L 0 - L ' D t  ~. In dimensionless form 

if the dimensionless t ime is 

Lz(t )  L o - L . .  t l - - ' t ' ,  
L = ~ = t Lo tl 

T m L I - -  L2 t 
Lo tz 

From the cur ren t  osc i l lograms the dimensionless flux was determined as 

L~I =(1- -~)  I 
F = ~  77o' 

where I0 is the initial current .  
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Experiments  were per formed for different distances a between 
the str ips and the walls of the casset te  and different initial cur ren ts  
I 0. The experimental  resul ts  for s t r ips  and casset te  made of M1 cop-  
per  are presented in Fig. 3. 1) a=3 mm, I0=240 kA; 1') a=3 mm, 
I0=530 kA; 2) a=5  mm, I0=260 kA; 2') a = 5  mm, I0=360 kA; 3) a=20 
ram, I0=100 kA; 3') a =20 mm,  I0=410 kA. The resul ts  of experiments  
with Dural D16T are shown in Fig. 4. 1) a=5 mm, I 0 =120-460 kA; 
2) a=20  mm, I0=100kA;  2') a = 2 O m m ,  I0=400kA.  Each curve was 
obtained by averaging over  three to four experiments  with two m e a s u r e -  
ments in each.  Despite this the experimental  accuracy  is not great  
because the current  in each measurement  var ies  by three to five t imes ,  
which introduces a large e r r o r  into the determinat ion of I 0 f rom the 
osc i l logram where the variat ion in the cur rent  during the entire ex-  
per iment  is recorded.  

The calculated dependence F(r)  for the diffusion of a uniform field compressed  in a fiat slot made 
of a conductor  with a constant conductivity is  shown at the same time in Figs.  3 and 4 (by dashed lines). 
The calculations were made in accordance with the sys tem presented in [3]. The initial field distribution 
was calculated on the assumption that the pumping current  var ies  according to the law t~-~0, where t o is 
the pumping t ime.  As shown in [3], the diffusional losses  during magnetic cumulation in fiat slots depend 
weakly on the shape of the pumping cur ren t  pulse and are determined mainly by the pumping time and the 
magnetic  Reynolds number  ~ =4rt(ra2D/c2l o, where 10 is the initial length of the slot. This made it possible 
to approximate the qua r t e r  sinusoid of the pumping current  by a parabola  with good accuracy,  which con-  
s iderably simplified the calculations.  In Fig. 3 curve 4 cor responds  to ~ =3; 5) ~ =5; 6) ~ =10; 7) ~ =15; 
8) #=30;  9) /~=50; 10) /1=80. In Fig. 4 c u r v e  3 cor responds  to # = 3 ; 4 )  p = 5 ;  5) ~=15;  6) #=30 .  

2. It is not hard to see that the exper iments  for narrow slots with smal l  initial cur ren t s  (see Fig. 3, 
curves  1 and 2; Fig. 4, curve 1) basical ly co r respond  to the calculations.  In this case  themagnet ic  Reynolds 
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number  is  de t e rmined  r a t h e r  well  by the equation 

4 ~  { Lob ~ L o 
~t = c2t--- ~ ~ 4.~lo ] Lo--  L~ " 2) 

Here  h is  the width of the s t r i p s .  With a=5 .3  �9 1017 cgs for  a s lot  with a = 3  mm th is  equation gives # =4.15; 
a = 5  mm gives ~=12 ;  a=20  mm gives ]~ =87. 

The e x p e r i m e n t s  with a wide slot  (see Fig .  3, curve 3; Fig.  4, curve 2) at  a s m a l l  in i t ia l  c u r r e n t  c o r -  
respond to the ca lcula t ion  only in the ini t ia l  s tage of c o m p r e s s i o n .  With the i n c r e a s e  in the c u r r e n t  toward  
the end of the c o m p r e s s i o n  the cu r r en t  l o s s e s  become g r e a t e r  than the diffusional  l o s s e s  in al l  the e x p e r i -  
ments ,  this  being e s p e c i a l l y  not iceable  for  s lo ts  20 mm wide. 

The dependence of the flux l o s se s  on the in i t ia l  cu r r en t  is c l e a r l y  d i sp layed  for  the copper  conductors .  
With an i n c r e a s e  in I 0 the flux l o s s e s  at f i r s t  p roceed  jus t  ~s for  s m a l l  c u r r e n t s ,  but beginning with some 
c r i t i c a l  cu r r en t  I .  they i nc rea se  sharply :  cu rves  1,, 2' ,  and 3'  depar t  f rom curves  1, 2, and 3. F o r  a l l  
t h r ee  s e r i e s  of e x p e r i m e n t s  I ,  p roved  to be the same within the l imi t s  of a c c u r a c y  of the flux loss  m e a s u r e -  
ments .  The value of the c r i t i c a l  cu r r en t  is I ,  =760-840 kA, which c o r r e s p o n d s  to a magnet ic  f ield in the 
cavi ty  of B ,  =230-250 kG. The Dura l  conductors  do not r e v e a l  the ex i s t ence  of a c r i t i c a l  cu r r en t  I , .  Only 
for  the s lot  20 mm wide (see Fig .  4, curve 2) can one see some hint Of an i nc rea se  in flux l o s se s  at c u r r e n t s  
above 1.3 �9 106 A (a f ield on the o r d e r  of 400 kG). 

3. It follows f rom K i d d e r ' s  r e su l t s  p r e sen t ed  in [4] that  the sur face  l a y e r  of copper  in a f ield of 250 
kG is heated to a t e m p e r a t u r e  no h igher  than 250~ This  does not allow one to expla in  the i n c r e a s e  in flux 
l o s s e s  in copper  conductors  by an i n c r e a s e  in t h e i r  r e s i s t ance~  On the o ther  hand, the p r e s s u r e  of a 250 
kG field on a conckictor is 2.5 kba r  and exceeds  the t ens i l e  s t reng th  of copper .  One can assume that  in th is  
case  the sur face  of a conductor  in a magnet ic  f ie ld begins to be curved - a gu t te r  ins tab i l i ty  develops .  When 
the i r r e g u l a r  su r f aces  jo in the  flux is cap tured  in the cav i t ies  between them.  If the average  value of the 
sur face  i r r e g u l a r i t i e s  is  equal  to 5 then the flux l o s se s  in the uneven contact  a re  de sc r ibed  by the equation 

dF _ 28DB,  (3.1) 
d t  

The development of the irregularities occurs with a velocity on the order of the Alfven velocity a =Bfi / 4~p, 
where p is the density. The time of development of the instabilities will be on the order of the time a / v  o 

of movement of the plates up to the collision, where a is the width of the slot and v 0 is the velocity of the 
cassette wall. We assume that 

5=~zaz'a/vo, (3.2) 

By subst i tu t ing (3.2) into (3.1) and in tegra t ing  one can obtain where o~ is some constant  on the o r d e r  of 1. 
in d imens ion le s s  form 

l - - T  F l 
F B - - - - - -  ' )~- ,  

V " i - -  T - "ae T i - -  T 2ff )aoa~ T ' "l - -  

L, 0 L' 0 

Here the t ime  is r e l a t ive  to the t ime  of c o m p r e s s i o n  of the flux and the f ie ld  is r e l a t ive  to the f ield at the 
in i t ia l  t ime ,  taken as  equal  to the c r i t i c a l  value B ,  ; the flux is r e l a t ive  to the in i t ia l  flux F ,  ; Va* is the 
Alfv~n ve loc i ty  in the f ield B , .  The l imi t ing  c o m p r e s s i o n  c o r r e s p o n d s  to T =1 and the maximum field is 

U o B* = B ,  2av~ 

or  for  the l imi t ing  cu r ren t  obtained in flat magnet ic  cumulat ion g e n e r a t o r s  with a constant  s t r ip  width we 
have 

I* = I ,  v~ (3.3) 
: ~ V a ~  ' 

To de te rmine  ~ in the expe r imen t s  the l imi t ing  c u r r e n t s  were  m e a s u r e d .  It was found that  I ,  =2.4 - 10 G A 
for  a - - 3  mm; I* =2 .6 .  l0  G A for  a = 5  mm; I* = 2 . 7 . 1 0  G A for  a=10  ram. In these  expe r imen t s  Va, =250-290 
m / s e e  and v0=1.5 km/sec  and it follows f rom (3.3) that ~ =0 .8-1 .  One can a lso  de te rmine  o~ f rom the be -  
havior  of the curve of flux l o s s e s  at the c r i t i c a l  point ~ , .  With al lowance for  diffusion and the capture  of 
flux at the s i te  of contact  of the s t r i p s  we can wr i te  the d imens ion le s s  equation for  the flux l o s se s  in the 
fo rm 
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c}F c~rg 26_~_ B. (3.4) 
d z -  cl~ a 

The first  t e rm on the right side of this equation describes the diffusional losses and the second term,  the 
contact losses.  At the crit ical point dFg/dT is determined by the slope of the flux curve at small initial 
currents .  The value of dF/d~ is determined from experiments with large currents .  From curves 1-1', 
2-2,, and 3-3' (see Fig. 3) and from (3.2) and (3.4) one can now determine ~. The calculations give ~ = 
0.7-0.9, which agrees with the estimates based on the limiting currents .  

The authorsfhankE. P. Matochkin for help in calculating the diffusional flux losses.  
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