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Magnetic cumulation (or explosive magnetic) generators are promising as high-power pulsed electrical 
energy sources [1-3]. When the load is connected directly into the circuit of the magnetic cumulation genera- 
tor (MCG),the latter can operate efficiently only if restrictions are imposed on the inductance and resistance of 
the load, whereas in many applications the load parameters substantially exceed the inductance and resistance 
of the MCG, and the required time for energy input to the load may differ substantially from the general work- 
ing time. One of the ways of matching the MCG parameters to the load is to use a stepup transformer [i]. 
Some designs of MCG with transformers have been described [3-7], with discussions of the matching of MCG 
to resistive and inductive loads. Some applications of transformer MCG in physics research have been dis- 
cussed in [8-10]. 

Here we consider forms of transformer output from MCG to inductive and resistive loads. An electro- 
technical model is convenient for engineering calculations on transformer MCG, as supplemented with the 
experimental fact that there is an energy-optimal finite inductance for the generator. 

I. In the electrotechnical model, the operation of the MCG is described by a series RL circuit with vari- 
able inductance L and resistance R, which formally includes all the losses of magnetic flux 6. Then I = q0~0/L , 

w h e r e  I is  the  c u r r e n t  in the  g e n e r a t o r  and q~ = exp - -  -L-- dt , whi l e  the  s u b s c r i p t s  0 and f deno te  the  v a l u e s  of 

q u a n t i t i e s ,  r e s p e c t i v e l y ,  at  the  s t a r t  and end of the o p e r a t i o n  of the  MCG. If I d L / d t t  >R,  I i n c r e a s e s ,  whi le  the 
m a g n e t i c  e n e r g y  W i n c r e a s e s  if  I d L / d t ]  > 2R. If Lf  ~ 0 when t h e s e  cond i t ions  a r e  me t ,  then  If  ~ ~ ,  w h i c h  l a c k s  
p h y s i c a l  m e a n i n g ,  and in tha t  e a s e  the  p r o b l e m  fa i l s  o u t s i d e  the  f r a m e w o r k  of the  e l e c t r o t e e h n i e a l  mode l .  In 
p r a c t i c e  t h e r e  is  s o m e  m i n i m u m  p e r m i s s i b l e  va lue  Lf  fo r  each  g e n e r a t o r .  

F i g u r e  1 shows the equ iva l en t  e l e e t r o t e c h n i c a l  s c h e m e  fo r  an MCG wi th  a t r a n s f o r m e r  w o r k i n g  into a 
r e s i s t a n c e  R l and i n d u c t a n c e  L !  with  s w i t c h  K c l o s e d  and c o n s t a n t  L 2 and R2, wh ich  is  d e s c r i b e d  by the s y s t e m  
of equa t ions  

d(LlI1)/dt ~, R I I  1 @ L l f l l J d t  = 0; ( t .1) 

L f l [ J d t  q- Rff~ @ L l f l I J d t  -- 0, (1.2) 

w h e r e  Lt = Lg + Llt~ Lg is  the  w o r k i n g  i n d u c t a n c e  of the MCG, L i t  is  the  i n d u c t a n c e  of the p r i m a r y  wind ing  of  
the  t r a n s f o r m e r ,  w h i c h  i n c l u d e s  Lc ,  the  i n d u c t a n c e  of the c u r r e n t  l ead  f r o m  the  MCG to the  t r a n s f o r m e r ;  L 2 = 
L l + L2t , L2t is  the  i n d u c t a n c e  of the  s e c o n d a r y  wind ing  in the t r a n s f o r m e r ;  L12 = k(LltL2t)  -~/2, L~2 is the  m u -  
tua l  i n d u c t a n c e ,  k is  the  t r a n s f o r m e r  coup l ing  c o e f f i c i e n t  on the b a s i s  of L c ,  wh i l e  R1 and R 2 a r e  the  c i r c u i t  
r e s i s t a n c ' e s ,  and R l a p p e a r s  in R2. 

If R 2 = 0 we have  f r o m  (1.1) and (1.2) tha t  

I1 = q%~o/Le, I.~ = - - I ~ L S L , ,  " -~- I l o L J L  o ~, I~o, 

where 

R l 
Le== L!--L~, , . /L2: ~I% =- 1~ (L o - -  L~2/L.~_); q~e" exp - -  ~ d t  ; 
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w h e r e  Lo, I10 , I20 a r e  the in i t i a l  va lues  of L1, I1, I2; in that c a se  the effect of the s e c o n d a r y  c i r c u i t  is  to r e -  

duce L1 to Le, and the MCG is loaded not by  Lff = L; t  but by Lef. If the o p t i m u m  lies ou t s ide  the f r a m e w o r k  
of the model ,  this  enables  one to choose Lef by u s i ng  e x p e r i m e n t a l  da ta  o r  the p a r t i c u l a r  MCG as a p p r o p r i a t e  
to the f ina l  induc tance .  The magne t i c  ene rgy  in the load is W m = ~W, where  W is the tota l  magne t ic  ene rgy  
in the MCG and ~ = L/L~2/[L2(L1L 2 - L~2) ]. 

F o r  k = 1 we have ~f = 1 / (1  + ~) < 1 if  G = L I / L ~ t  ~ 0, i . e . ,  even a t r a n s f o r m e r  wi th  ideal  coupl ing 
does not allow one to t r a n s f e r  all  the g e n e r a t o r  energy  into an induc t ive  load,  and ~ f - -  1 for  ~ - -  0, but then 
Lef = Lit(1 - ~f) - -  0 and may become  less  than the o p t i m u m  va lue  of the f inal  i nduc tance  of the MCG. F o r  
k e 1 we have Lef  = Llt[1 - k2/(1 + a ) ] ,  and Fig.  2 shows the dependence  of L e f / L i t  on oz for  va r i ous  k. The 
va lue  of Cf is m a x i m a l  for  L e f / L i t  = (1 - k2)1/2. 

If a l so  R 1 = 0, then the f ina l  ene rgy  of the MCG and load wi l l  be d e t e r m i n e d  by the d i m e n s i o n l e s s  p a r a m -  
e t e r s  k, ~, and l: 

/ ( i + , ) - ~ : '  ak~ ( ~2 ) 
wj _ k S , ~;mI := ~ + a  (l _t_ a _ k~) ~ i + a  ' 

w h e r e  l = L o / L i t ;  wf = W f / W o ;  Wmf = W m f / W  o. F i g u r e  3 shows Wmf as a funct ion  of c~ for va r ious  k for  l = 
10. At the m a x i m u m  Wmf we have L e f / L i t  = (1 - k 2)/(1 - k2/2), G = 1 - k 2, and for  R 1 ~ 0 the pos i t ion  of the 
m a x i m u m  is d e t e r m i n e d  by the c h a r a c t e r  of the m a g n e t i c - f l u x  decay.  F o r  example ,  in the c a s e  L 1 = Lo(1 - at), 
whe re  a is a pos i t ive  cons t an t  with the d i m e n s i o n s  of sec  -1, which  is c h a r a c t e r i s t i c  of coaxia l  MCG and a l so  of 
MCG with  s p i r a l s  of cons t an t  pi tch and R1, we have that  Wmf has a m a x i m u m  for  c~ = [(~2k 4 + 4(1 - k ~) - ~ k 2 ] / 2 ,  
w h e r e  ~ = 1 + 2R1/ (dL1/d t )  , which  is t r u e  a lso  for  an exponent ia l ly  d e c r e a s i n g  induc tance  L~ = Lo e - a t ,  which  
app rox ima te ly  d e s c r i b e s  the induc tance  law for  s p i r a l s  of v a r i a b l e  pi tch and cons t an t  L 1 / R p  

F o r  the g iven L2t the n e c e s s a r y  c~ is a t ta ined by s e l e c t i n g  L l. On the o the r  hand,  in s e l e c t i n g  a t r a n s -  

f o r m e r  for  a p a r t i c u l a r  va lue  of LI we can  provide  the r e q u i r e d  cz by v a r y i n g  Lit  o r  L12 , i . e . ,  by choos ing  the 
n u m b e r  of t u rns  on the s e c o n d a r y  winding.  If it  is poss ib le  to provide  a c o n s t a n t  va lue  of k by des ign  (which is 

not always poss ib le ) ,  it  is n e c e s s a r y  to s e l e c t  Li2 = k4~/L~tL%(1 - k 2) for the m a x i m u m  el ,  whi le  for  the m a x i -  

m u m  Wmf (for R I = 0) we m u s t  have L12 = k[LltLl(1 - k2)]l/2. The r e l a t i o n  be tween  L12 and Lit  is d e t e r m i n e d  
by the t r a n s f o r m e r  des ign .  If, for  example ,  Li t  = L12/(kN), where  N is the n u m b e r  of t u rns  on the s e c o n d a r y  
wind ing ,  then for  given Lit  and k it is n e c e s s a r y  in o r d e r  to obta in  m a x i m u m  r tha t  N = ( L 1 / L j t ) ~ / 2 ( 1  - k2)1/4, 
and for  the given N and k it  is n e c e s s a r y  to have Lit  = LI/[N2(1 - k2)1/2]. 

2. To i l l u s t r a t e  the effects  of R 2 we c o n s i d e r  the so lu t ion  to (1.1) and {1.2) for  R~ = 0, I20 = 0, i . e . ,  swi tch  
K is c losed  at the s t a r t  of ope ra t ion  of the MCG. Then  (1.1) and (1.2) a r e  so lved  in  q u a d r a t u r e s  for  u n i f o r m  and 
exponent ia l  laws for  L~. F o r  example ,  in the second  ca se  we can w r i t e  

i[ 1 
I. 

with  the f inal  va lue  
I 

~ j = ( l § 2 4 7  ~-1 ' l ( t + ~ ) _ k ~  ' dz,: 
1 

w h e r e  

il : 11/ILO; i2 = - - I 2 L J ( L 1 J l o ) ;  z = L o / L  1 ~ eat, 
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and v = R 2 / (aL2) .  Ana logous  e x p r e s s i o n s  m a y  be d e r i v e d  f o r  a u n i f o r m  law fo r  L 1. The  f ina l  va lue s  fo r  the  
e n e r g y  coe f f i c i en t s  in both  c a s e s  a r e  g iven  by 

~zk2~ l o 2 

w'~i ---- I (t + ~)---------~" t~ : l~ (i + ~)~ + P ({ + ~ -- P) ~1 " 

l l 
(' i~dz (uniform law)-- 2vk~i~,wq,(exponenfial) - j  2,vk ~ ~i~dz Wqf 

t ( t + ~ )  / ( t + ~ ) 3  ~- ' 
1 l 

w h e r e  Wqf = W q f / W  0 and Wqf is  the  e n e r g y  d e p o s i t e d  in R 2 d u r i n g  the o p e r a t i n g  c y c l e  T of the  MCG. The  load  
R l r e c e i v e s  e n e r g y  W q f R / / R 2 ,  s o  the  p r o b l e m  is  d e t e r m i n e d  by the  d i m e n s i o n l e s s  p a r a m e t e r s  k, I, a ,  u. 

F i g u r e  4 shows  Wmf and }f as  func t ions  of a fo r  v a r i o u s  u fo r  both  c a s e s  as c a l c u l a t e d  fo r  l = 10 and k = 
0.9; the two c a s e s  d i f f e r  in the  e f fec t s  of a and u on the m a x i m u m  in the  c u r v e  [a) L l = L0e-a t ;  b) L 1 = L0(1 - 
a t ) ] .  

F i g u r e  5 shows  Wqf as  a func t ion  of u fo r  v a r i o u s  a fo r  l = 10 and k = 0.95 [so l id  l ines  L~ = L 0e -a t ,  b r o k e n  
l ines  L~ = L0(1 - at)] .  

If R 2 << (L2/ I2)dI  2 / d t ,  (1.1) and (1.2) have  an a p p r o x i m a t e  so lu t i on  

I~ ~ O6Pe/Le,: 12 ..~ - -L1JJL2,  

w h e r e q ~ e =  exp - -  dt ; Re =R1 + R2L22 / I~ .  

I t  is  a l so  p o s s i b l e  to ob t a in  an a n a l y t i c a l  so lu t i on  to (1.1) and (1.2) if  Ll = Lo/ (1  + a t ) ,  R1 = 0, a l though  
th i s  i n d u c t a n c e  law is  not  v e r y  c h a r a c t e r i s t i c  of MCG. 

3. A t r a n s f o r m e r  a l so  enab l e s  one to a d j u s t  the s h a p e  of the  c u r r e n t  pu l se  in the  load  wi th in  c e r t a i n  
l i m i t s .  The m a x i m u m  power  is  u s u a l l y  d e v e l o p e d  at  the  end of  the  MCG c y c l e .  The me thod  of [7] a l lows  one 
to s h a r p e n  the l ead ing  edge  of the  c u r r e n t  wi thou t  b r e a k i n g  the c i r c u i t ;  i n i t i a l l y ,  the  t r a n s f o r m e r  o p e r a t e s  wi th  
the  s e c o n d a r y  e i r c u i t  open (no load) ,  and s w i t c h  K is  c l o s e d  only  at  c e r t a i n  t i m e  T a f t e r  the  s t a r t  of the  MCG. 
Then the l eng th  of the  l e a d i n g  edge w i l l  be T -  T (if 12 r i s e s  up to the  end of the  MCG o p e r a t i o n ) .  A f t e r  the  
s w i t c h  is  c l o s e d ,  fo r  R 2 = 0 

I 1 =  ~ ~  i~ O~ ( r i )  
~e~le~Le ' LI L 2 ~e~Le ) 

where the subscript T denotes the value of the corresponding quantity at the instant of closure and dl I/dt in- 
c r e a s e s  s t e p w i s e  on c l o s u r e  by a f a c t o r  L 1 / L e T .  

W m f  d e c r e a s e s  as  T -  T d e c r e a s e s .  We deno te  by e the  r a t i o  of W m f  fo r  the  e a s e  of a s e c o n d a r y  c i r c u i t  
c l o s e d  a n d t h e  va lue  of W m f a t t a i n e d  when the s w i t c h  is  c l o s e d  at  t i m e  : r  wh ich  c h a r a c t e r i z e s  the  d e g r e e  of u s e  
of the  MCG e n e r g y .  Then e = (1 - L l t /L1T)  2 fo r  R 1 = 0. Then the d e g r e e  of s h o r t e n i n g  in the  f ron t  is  T / ( T -  
T) = ( l - -  1)(e -~/2 -- 1) fo r  a u n i f o r m  law fo r  L1, w h i l e  T / ( T -  ~-) = - ( l n l ) / [ l n  (1 - e-1/2)] f o r  an exponen t i a l  law. 
I f R  1 ~ 0, then 

\ %, %f/j'" ] 
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This method allows one to reduce the leading edge of the current by a factor of 5-i0 for an inductive load with 
an applicable value of ~. It is desirable to have a higher value of ~0 for the open-circuit stage in the trans- 
former, since the generator will work with less stress than is the case when the switch is closed. If the W 0 
are then identical for the two cases, gisincreasedbyafactor of /(1 + ~)/[/(1 + ~) - k2], or by /2(1 + ~)2/[l(1 + 
a) - k2] 2 if the Ilo are the same. In the case of an ohmic load, the sharp end of the current pulse sharpens the 
power pulse. 

If it is necessary to stretch the current pulse in a resistive load over a time exceeding T, one can in- 
clude a storage inductance in series with R l to increase Ll, the result being that most of the energy is stored 
in L l while the MCG is working and is then deposited in R l with a relaxation time of Ll/R I. Here the trans- 
former unit destroyed at the end of the MCG operation is shunted by an additional switch. In this form of MCG, 
the device essentially charges an inductive store. The higher power of an MCG distinguishes it from low- 
power supplies for inductive stores and subtantially reduces the resistive loss during charging. 

The current decay at the end of MCG operation is described by the standard laws for inductively coupled 
RL circuits, whose initial conditions are Iff and 12f; if the transformer still functions during the decay time, 
an additional fraction of the MCG energy can be transferred to the load. If the effects of R 2 are small during 
operation of the MCG and the secondary circuit is closed, then i2f = ill , and then during current decay 

<, = i~ [e~ ' + (e'V - -  U ) h / ( h  - h ) ] ,  

w h e r e  

h ,~  == [--(8~ § 8~) ~ "/(6: - -  6~) 2 -k 46~6~t~/(1 + ~)]/[2 - -  2,7,?/(t + ~)]; 

61 = R 1 / L l t ;  82 - B Q L 2 .  

At a t i m e  t 1 = t in  (~2/~1)] / (~1 - h2) a f t e r  t h e  end of MCG o p e r a t i o n  we  h a v e  i 2 = 0, w h i c h  is  fo l lowed  by a c h a n g e  
of s i g n ,  and the  m a x i m u m  in  i 2 of the  r e v e r s e  s i g n  o c c u r s  at  t i m e  t 2 = 2 t l ,  and t hen  i 2 r e b x e s .  The  a d d i t i o n a l  
e n e r g y  AWq d e p o s i t e d  in  R 2 d u r i n g  the  c u r r e n t  d e c a y  is  t hen  g i v e n  by 

A w q  k 2 
wj (t 5 z.) (i + 6~I80)' 

f r o m  w h i c h  the  n e c e s s i t y  of the  c o n d i t i o n  52 >> 61 fo l lows .  Th i s  c o n d i t i o n  is  d i f f i c u l t  to m e e t  w h e n  i t  is  d e s i r e d  
to s t r e t c h  the  c u r r e n t  p u l s e  s u b s t a n t i a l l y .  W h e n  a is  v a r i e d ,  i t  is  n e c e s s a r y  to a l low fo r  the  e f fec t s  on the  
w o r k i n g  s t a g e  of the  MCG,  and  if  h e r e  one  c a n  n e g l e c t  R1, t h e n  

W ql .  ~- AWq k ~ [l (1 -~- ~) -- k 2] 
W o (1 -~ a) (t -~ a --  k ~) (t -]- 81/62) ~ 

If the  s e c o n d a r y  c i r c u i t  is  c l o s e d  a t  t i m e  T, t h e n  i2f = i l l -  iiT fo r  s m a l l  R t a n d  R~. A l s o ,  i2f d e c r e a s e s  
as  T i n c r e a s e s ,  and t h e r e  is  an  i n c r e a s e  in  the  a m p l i t u d e  of i 2 in  t he  r e v e r s e  h a l f - w a v e ,  w i t h  a m a x i m u m  b e -  
t w e e n  t 1 and t 2. T h e r e  is  a l s o  an  i n c r e a s e  in  the  m a g n e t i c  f lux l i n k e d  to the  s e c o n d a r y  c i r c u i t  a t  the  i n s t a n t  
of c l o s u r e .  F o r  T = T,  p r a c t i c a l l y  the  e n t i r e  f lux  of the  MCG is i n v o l v e d ,  and i2f = 0, and  t h e r e  is  on ly  a r e -  
v e r s e  c u r r e n t  h a l f - w a v e ,  w h o s e  m a x i m u m  w i l l  o c c u r  a t  t~, w h i c h  a l s o  d e f i n e s  the  l e n g t h  of the  c u r r e n t  l e a d i n g  
edge .  U n d e r  t h e s e  c o n d i t i o n s  the  s e c o n d a r y  c i r c u i t  does  no t  i n f l u e n c e  the  o p e r a t i o n  of  the  M C G ,  and  f o r  any  R 1 
and  R 2 we  have  

i1~61 (i + a) __ e~.~t) ~ 
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If we take 52 << 51, this reduces Wf, and therefore it is rational to increase 51 only after the end of MCG oper- 

ation, e.g., by breaking the circuit. It is best to reduce 5 2 not by varying ~ but by reducing R 2 by increasing 
the quality factor of the secondary winding on the t ransformer ,  although this involves increasing the size of 
the transformer unit. 

Figure 6 shows curves for i 2 calculated for a uniform law for L i with l = i0, k = 0.9, oz = I, 51T = 0.5, 

52T = 0.i without allowance for R i arid R 2 in the MCG operation. Curve 1 corresponds to the secondary circuit 

closed; curve 2 is for T = 0, and curve 3 is for T = 0.4 T, while curve 4 is for T = 1 (flux-trapping mode). 

In the last case, the energy L l is maximal at timer I after the closure, and 

y:e =o,;~ / Z 2 ~ " " 2 / ( ~ - ~ )  

i 'i, 'i (I - ' -  c~ . . . .  k':) ~ )..:~ ,,. -~ j 

For 62 << 61 

- ~  t 7 T - - - - 7 7  

If 5 i is increased rapidly after the end of MCG operation, one can produce for example a current pulse with a 

sharp leading edge and a prolonged decay if 52 is sufficiently small. 

It is desirable in flux-trapping mode that Lit should be equal to the optimum final inductance for the 

given MCG while maintaining the same l, k, and ~; this provides working conditions in the generator as with 
the secondary circuit closed, while the maximum value of i 2 is increased (curve 4' in Fig. 6). 

There are also other possible forms of supply circuit fo/c inductive arid resistive loads using transformer 
MCG. 
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