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TAKE-OFF OF ENERGY FROM EXPLOSIVE-MAGNETIC GENERATORS 

T O  A N  I N D U C T I V E  L O A D  U S I N G  T H E  B R E A K I N G  O F  A C I R C U I T  

V .  A .  D e m i d o v ,  E .  I .  Z h a r i n o v ,  UDC 538.4:621.31 
S.  A .  K a z a k o v ,  a n d  V .  K.  C h e r n y s h e v  

The use  of exp los ive -magne t i c  g e n e r a t o r s  (EMG) for  p l a s m a  expe r imen t s  [1, 2] and for  other  physica l  
inves t iga t ions ,  along with quest ions of inc reas ing  the e l ec t romagne t i c  ene rgy  [3-9], poses  the p rob l em of the 
format ion ,  in the ex te rna l  load, of c u r r e n t  pulses  with s teep  leading f ronts  in the mic rosecond  range.  

One method for the rapid  t ake -of f  of  ene rgy  to the load is the breaking  of the finite c i rcu i t  of the explo-  
s i ve -magne t i c  gene ra to r .  This is done using c o m m u t a t o r s  based on the e l e c t r i c a l  explosion of thin conductors  
[10-12] or  on the bas is  of  the mechan ica l  breakdown of conductors  by a charge  of explos ive  [3, 6, 13, 14]. 

The eff ic iency of the t r a n s f e r  of ene rgy  to the load depends on the ac t ive  r e s i s t a n c e  introduced by the 
c o m m u t a t o r  into the breaking  c i rcui t ,  and on the ra t io  of  the inductances of  the accumula to r  and the load. The 
pa ra s i t i c  inductance of the c o m m u t a t o r  has a g r e a t  ef fec t  on the s t eepness  of the r i s e  of  the c u r r e n t  in the 
load. 

The a i m  of the p r e s e n t  work was a de te rmina t ion  of the f o r m  of the pulses  of  the cu r r en t  and the energy  
in an inductive load as a function of the r e s i s t a n c e  of the discontinuity introduced into the c i rcu i t  of  an explo-  
s i ve -magne t i c  gene ra to r ,  taking account  of the p a r a s i t i c  inductance of the commuta t ing  device. 

1. Within the f r a m e w o r k  of an e lec t ro techn ica l  model ,  the work of an exp los ive -magne t i c  genera to r  can 
be r e p r e s e n t e d  as the dec reas ing  inductance L1, cOnnected to an explos ive  c o m m u t a t o r  with the pa ras i t i c  induc- 
tance L 3 and the va r i ab l e  ohmic r e s i s t a n c e  R (Fig. 1). At the s t a r t  of  the c o m p r e s s i o n  of  the magnet ic  flux, in 
an exp los ive -magne t i c  gene ra to r  with the inductance L 0 the re  flows the cu r r en t  I 0. At the momen t  ~ = 0 (when 
the inductance of  the gene ra to r  has dec rea sed  to LI(0)), a switch connects  the load L 2 to the c i rcu i t  and the 
c o m m u t a t o r  b reaks  the c u r r e n t  in the c i rcui t .  Before  the s t a r t  of the discontinuity,  the r e s i s t a n c e  of the c o m -  
muta to r  is equal  to ze ro ;  during the discontinuity it  r i s e s  accord ing  to the law R(7} up to some final value. 
Taking account  of the losses  of  the magne t ic  flux a r i s ing  with de format ion  of the main  c i rcu i t  of the exp los ive-  
magnet ic  gene ra to r ,  the c u r r e n t  a t  the m om en t  of  the s t a r t  of  the discontinuity,  e x p r e s s e d  in t e r m s  of the 
coeff ic ient  of the ideal i ty of  the s y s t e m  F [4], r i s e s  to the value 

I1 (0) = I0 ,,~ ~ / .  

Assuming  that,  s t a r t ing  f r o m  the m o m e n t  r = O, the re  a r e  no losses  of the flux in the gene ra to r ,  in 
accordance  with the Kirchhoff  law we se t  up the s t a r t ing  s y s t e m  of di f ferent ia l  equations for finding the c u r -  

r e n t  in the load 

I1Lt  § i lL~ + )aL8 + I3R = O, 

"I.L~ -~ "I2L,. - -  "IsLa - -  13R --- O, 11 = I2 + I3 (1.1) 

(a dot indicates the der iva t ive  with r e s p e c t  to the t ime;  the p a r a m e t e r s  of the s y s t e m  (1.1), with the exception 
of L 3, the pa ra s i t i c  inductance of the commuta to r ) ,  a r e  functions of the t ime).  

As init ial  conditions we take with r = 0 
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: L, :L~ ~F 1~(0 )=  0, R(0)  :-- 0. x~ (0) = z~ (0) = z0 kLTi,~ : Z , :  , 

A f t e r  c o m b i n a t i o n  and i n t e g r a t i o n  of  the  f i r s t  two e q u a t i o n s  o f  s y s t e m  (1.1),  t a k i n g  a c c o u n t  of the  i n i t i a l  c o n -  

d i t ions  we o b t a i n  

I IL~ -. lfl..,. -= /I(0)L~(0). 
F r o m  th is  

11 _ I~ ((,) L, (0) I~_:~ 
Lt At �9 

S u b s t i t u t i n g  (1.2) into the t h i r d  e q u a t i o n  of  (1.1) we o b t a i n  

13 __ r ,  (0) L~ (0) 
�9 L t 

D i f f e r e n t i a t i n g  (1.3) with r e s p e c t  to the  t i m e  we have  

(t.2) 

�9 \ ~ 

- ,  L~ , - L~ 

S u b s t i t u t i n g  (1.3),  (1.4) into the  s e c o n d  equa t ion  of  (1.1) we o b t a i n  a d i f f e r e n t i a l  e q u a t i o n  of  the  f i r s t  o r d e r  with 
v a r i a b l e  c o e f f i e i e n t s  with r e s p e c t  to the c u r r e n t  in the  load  

]:, L.2+La l---- ~ +1. 2 I . . , . --  alk L--. ~- ~ -~-R{17' ~ ,  --:-l,(O) Li(O) 1~ k, =0. 

We i n t r o d u c e  the no ta t ion :  

I.,.('~)/I o = i.,; Lo/L,.(O) = d; Lt())) L~(O) = a0; 

LI('c)/L.,(O ) ~ a;  LI(r).'L:(0) = (.),: L~(':)/L~(O) = ~; 

L2(T)/L2(0) =e z2; R(~) /L2(0)=p ;  La/L2(0) = ~; LI(0) and  L2(0 ) a r e  the  i n d u c t a n c e s  of  the  e x p l o s i v e - m a g n e t i c  
g e n e r a t o r  and the  load  a t  the  m o m e n t  o f  the  s t a r t  of  b r e a k a w a y  (~ = 0). 

In the  new no ta t ion  the  s o l u t i o n  of  the  e q u a t i o n  has  the  f o r m  

(ii )[!.,. ( i ) ]  i . , = , ~ 0 / - - }  exp - -  P ( r )  dr exp P ( r )  d~ dT , (1.5) 
" \ o r  o - e ' /  ~ - ~ 

w h e r e  

~oo_ 8 - = "  • Y " O ( r l  = ~ 8 

1:  ~Z-:  T t : ~ - ~ - -  V 
L e t  us f ind the  e f f e c t  of the  r e s i s t a n c e  of  the  d i s c o n t i n u i t y  on the f o r m  of the c u r r e n t  and the e n e r g y  2. 

in a c o n s t a n t  i nduc t ive  load  L2(0 ) wi th  a g iven  f ina l  i n d u c t a n c e  o f  the  e x p l o s i v e - m a g n e t i c  g e n e r a t o r  Ll(0  ). 

As  e x p e r i m e n t s  show,  with the b r e a k i n g  o f  r e a l  c i r c u i t s  o f  e x p l o s i v e - m a g n e t i c  g e n e r a t o r s ,  the r e s i s t a n c e  
R does  not  i n c r e a s e  i n s t a n t a n e o u s l y  to a m a x i m a l  v a l u e ,  but  o v e r  the  c o u r s e  o f  a c e r t a i n  i n t e r v a l  of t i m e .  
With the  a i m  of  e v a l u a t i n g  the  e f f ec t  of  R on  the  f r o n t  of  the  r i s e  in the c u r r e n t  and the  e n e r g y  in t~he load ,  
v a r i o u s  laws  a r e  g iven  for  the r e s i s t a n c e  i n t r o d u c e d  into the  c i r c u i t .  F o r  t h i s ,  we s h a l l  a s s u m e  tha t ,  s t a r t i n g  
f r o m  the  m o m e n t  of  the s t a r t  of  the  d i s c o n t i n u i t y ,  the  r e s i s t a n c e  r i s e s  in a c c o r d a n c e  with a p o w e r  law of the  
f o r m  R / R  0 = (T/Tk)n, w h e r e  R 0 i s  a c o n s t a n t  o h m i c  r e s i s t a n c e ;  n is  a p o w e r  exponen t ;  Tk is a f ixed m o m e n t  of  
t i m e ,  up to which the p r o c e s s  i s  c o n s i d e r e d .  
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Varying the exponent n, we can plot a family  of curves  of  R(T) with different slopes,  s tar t ing f rom the 
zero  point and attaining the values R 0 at the moment  T = 7k, r ega rd l e s s  of the value of the exponent n. 

The dependences of the r e s i s t ance  on the time a re  given in Fig. 2 in dimensionless  coordinates for dif- 
fe rent  values of n. In the limiting case  where n = 0 ,  the curve r eve r t s  to a stepwise function. 

The calculating formula  (1.5) for the cur ren t  in the load with a power law of the r i s e  in the res i s tance ,  
taking account  of the coefficient  of  ideality F of  the sys t em of the explos ive-magnet ic  genera tor ,  and with the 
condition that the final inductances of the genera tor  and the load r ema in  constant  during the breakaway process  
(Wl = o~2 = 0), is simplified and a s sumes  the form 

: t (,~: i~ i (2.1) 

where T = ~-/Tk; P0 = R0/L2(0); 0 _  T _  < 1; the coefficient  of the t r ansmiss ion  of energy f rom the exp los ive-mag-  
netic genera to r  to an inductive load is wri t ten in the fo rm 

k~=  W~_ ( d -  l - - e x p  . . . . .  . 
- - - -  ( t )~  (,~ ~ - t ) 8 - ; -  

Expression (2.2) is the product  of  two fac tors .  The f i r s t  of  them determines  the limiting coefficient of 
the t r ansmiss ion  of energy  to the load, to which this quantity tends in the case of an ideal breaking of the c i r -  
cuit (i.e., with p0---~). In itself, this t e rmdepends  to a considerable  extent on the p a r a m e t e r  (~0 and attains a 
maximal  value when the folIowing condition is observed  between the inductances of the c i rcui ts  and the coeffi-  
cient  of  the ideality of the explos ive-magnet ic  genera tor :  

~* = § / + T "  

In other words, this condition makes i t  possible to establish the moment of the start  of the breaking of the c i r -  
cuit of the explosive-magnetic generator and, correspondingly, the final value of the inductance, to which the 
sys t em mus t  be deformed in o rde r  to obtain a maximal  possible energy  in the load. 

The second factor determines  the course  of the r i se  in the cur ren t  and the energy in the load and depends 
mainly on how the disconnection of  the c i rcu i t  with t ime takes place. The less the breaking t ime of the c i rcu i t  
and the g rea t e r  the ra t io  R0/L2(0), the s teeper  the r i s e  of the cu r r en t  and the energy  in the load. 

The paras i t i c  inductance of  the b reaker ,  depending on the construct ional  special  charac te r i s t i cs  of the 
breaking device i tself ,  on the con t ra ry ,  prolongs the t ime of  the r i s e  and leads to a lowering of the overa l l  effi- 
ciency of the genera tor .  

As a concre te  example,  let us make a quantitative evaluation of  the effect  of the res i s t ance  of the discon-  
tinuity and the paras i t ic  inductance of the commuta tor  on the p rocess  of the format ion of pulses of the cu r r en t  
and the energy  in the load. 

For  the calculat ions,  we take an explos ive-magnet ic  genera tor  with the folowing p a r a m e t e r s :  
d =  t00; F = 0.9; poTk = 5; ~ = 0,25 and ~ . = 0 . 5 3 .  

Graphical  dependences of i2(T) and k2(T) are  given in Figs.  3 and 4 for different values of n. For pur-  
poses of compar ison ,  curves  with ~= 0 a r e  plotted with dotted l ines;  i t  can be seen that the r e s i s t ance  of the 
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discontinuity and the parasitic inductance of the commutator have a great effect on the process of the trans- 

mission of energy to the load. It is sufficient to say that while, with n = 1 and e=0, k2=15, with e= 0.25, the 
coefficient of the transmission of energy decreases by almost 2 times. 

It can also be noted that, with the introduction of a resistance jumpwise in = 0) and a small inductance of 
the commutator (e<<~), where (~ = i, the power exponent becomes equal to 2RoT/L2(0 ) and the characteristic 
time of the rise of the current and the energy is determined only by the ratio of the inductance of the load to 

the value of the resistance introduced R 0. 

3. The use of thin foils in the commutators, with the aim of a rapid breaking of the circuit, and of 
obtaining pulses of the current with a steep front in the load imposes a definite limitation on the form and the 
value of the current in the explosive-magnetic generator itself. The requirement for the current of the explo- 

sive-magnetic generator is that, at the moment of the start of the discontinuity, the resistance of the foil must 
increase only inconsiderably due to heating; the foil itself must remain in a solid state and a criterion in 
accordance with which the definite integral of the action of the current must not exceed a given value (e.g., for 
aluminum ~3-i08 A 2" cm -4" sec, and for copper 9-!08A 2" cm -4~ sec [6]) must be satisfied. The above require- 

ment can be satisfied by the selection of determined working conditions of the explosive-magnetic generator. 
To decrease the integral of the action of the current, the electrical circuit must be broken at the e~:rliest 
moment of time, when the final inductance of the explosive-magnetic generator is comparatively great and, 
after the start of the break, further deformation of the circuit is assured. It is clear that, the greater the rate 

of compression of the flux, the more efficient will be the transfer of energy to the load. 

Let us compare the currents in the load for schemes of explosive-magnetic generators, working under 
conditions with compression of the flux and without compression of the flux, and analyze the advantages and 
s h o r t c o m i n g s  of e a c h  s c h e m e .  

With the condition that in both schemes the resistance of the discontinuity rises in accordance with a 
power law with a power exponent n = 0.25 (with such an exponent and R0= 0.05 12, in the interval of time from 
zero to Tk = 2.10 -6 see, the calculated value of R(T) for the chosen construction of the commutator approximates 
well the experimental curve of the resistance) ; in the scheme of an explosive-magnetic generator with com- 
pression of the flux, from the moment of the start of the break the inductance decreases with time according to 

a linear law with a constant rate Li(i.e., ~ = ~0 - wiT). The choice of a linear dependence of the inductance is 
not the result of change: It gives a sufficiently good description of the real curve of the inductance of the 
e x p l o s i v e - m a g n e t i c  s y s t e m  of the  g iven  c l a s s .  

u s i n g  f o r m u l a s  (1.5) and (2.1),  l e t  us m a k e  a n u m e r i c a l  c a l c u l a t i o n  of  the  c u r r e n t s  in an  induc t ive  load .  

As  the  s t a r t i n g  da ta  in the  s c h e m e  o f  an  e x p l o s i v e - m a g n e t i c  g e n e r a t o r  wi thout  c o m p r e s s i o n  of  the  f lux 
we t a k e  L2(0)=18 ni l ;  T k = 2 " 1 0  -6 s e c ;  R0=0 .05  ~ ;  F = I . 0 ;  d = 1 . 4 ;  e = 0 . 2 8 ;  P 0 T l ~ 5 . 5 ;  ~0=0 .56 .  

In a s c h e m e  wi th  c o m p r e s s i o n  o f  the  f lux L2(0 ) = 18 n i l ;  T k = 2 �9 10 -~ s e e ;  R 0 = 0.05 ~ ; ~1 = 0.41 �9 108 s e c  - t ;  
F = I . 0 ;  d = l . 4 ;  e = 0 . 2 8 ;  p0Tk=5.5 ;  a 0 = l . 4  ( h e r e  the  b r e a k i n g  o f  the  c i r c u i t  t a k e s  p l a c e  a t  a t i m e  Tk, e a r l i e r  
than  in the s c h e m e  wi thout  c o m p r e s s i o n  of  the  f lux;  wi th  an  i n c r e a s e  in the  t i m e ,  the  p a r a m e t e r  ~ d e c r e a s e s  
and ,  a t  the end of  the  p r o c e s s ,  due  to the  s e l e c t i o n  of  w,,  a t t a i n s  a v a l u e  e q u a l  to the v a l u e  o f  c~ 0 fo r  the  f i r s t  
s c h e m e ) .  

The r e s u l t s  o f  c a l c u l a t i o n s  of  i2(~) a r e  g iven  in  F ig .  5 ( c u r v e  1 r e l a t e s  to a s c h e m e  of  an  e x p l o s i v e - m a g -  
ne t i c  g e n e r a t o r  with c o m p r e s s i o n  o f  the  f lux,  and c u r v e  2, wi th  c o m p r e s s i o n  o f  the f lux).  

Two c h a r a c t e r i s t i c  s p e c i a l  f e a t u r e s  c a n  be  o b s e r v e d  in the  b e h a v i o r  o f  the  c u r v e s .  One of  t h e m  c o n s i s t s  
in  the  f ac t  tha t ,  in the  f i r s t  s c h e m e  o f  an  e x p l o s i v e - m a g n e t i c  g e n e r a t o r ,  the f r o n t  o f  the  r i s e  o f  the  c u r r e n t  in 
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the f i r s t  s tage  of the p r o c e s s  is s t e e p e r  than in the s cheme  with c o m p r e s s i o n  of  the flux. Another  spec ia l  
c h a r a c t e r i s t i c  r e l a t e s  to the f inal  va lues  of  the cu r r en t s :  a f t e r  the point of in te rsec t ion ,  the cu rves  d iverge  
cons iderab ly ,  and each of  them tends toward its own l imit ing value.  With r e s p e c t  to the value of the cu r ren t ,  
the scheme  with c o m p r e s s i o n  of  the flux has a dist inct  advantage here .  

The work of an exp los ive -magne t i c  genera to r  with c o m p r e s s i o n  of  the flux was v.erified expe r imen ta l ly  
(curve 3). The s a t i s f ac to ry  a g r e e m e n t  between calcula t ion and e x p e r i m e n t  b e a r s  wi tness  to the c o r r e c t n e s s  of 
our  assumpt ions  in the der iva t ion  of the calculat ing fo rmulas .  

For  purposes  of compar i son ,  Fig. 5 plots the calcula ted curve  4 for the scheme  of an e x p l o s i v e - m a g -  
netic genera to r  with c o m p r e s s i o n  of the flux in the case  where  the inductance of the load a f t e r  the s t a r t  of the 
b r eak  r i s e s  l inear ly  at  a r a t e  equal  to the r a t e  of d e c r e a s e  in the inductance of the main c i rcu i t  (wl = r i .e . ,  
fl = 1 + w2T. Although the f o r m  of the c u r v e  of  i2(T) prac t i ca l ly  does not differ  f r o m  those cons idered  e a r l i e r ,  
however ,  the r i s e  in the load inductance cons ide rab ly  lowers  the ampli tude of the c u r r e n t  and, in the given 
example ,  its value a t  the m o m e n t  T = T2 d e c r e a s e s  by p r ac t i c a l l y  1.5 t imes .  

L I T E R A T U R E  C I T E D  

1. J .  Bernard ,  J .  Bouss inesq ,  J .  Morin,  C. Nazet,  C. Patou,  and J .  Vedel ,  nAn explos ive  gene ra to r -po w ered  
p l a sma  focus ,"  Phys.  Let t . ,  35A, No. 4, 288 (1971). 

2. M. Cowan and J .  R. F r e e m e n ,  ~Explosively dr iven deu te r ium a r c s  as an ene rgy  sou rce , "  J.  Appl. Phys . ,  
44, No. 4 (1973). 

3. A.D. Sakharov, R. Z. Lyudaev, Eo N. Smirnov, Yu. I. Plyushchev, A. I. Pavlovskii, V. K. Chernyshev, E. 
L Feoktistova, A. I. Zharinov, and Yu. A. Zysin, "Magnetic cumulation," Dokl. Akad. Nauk SSSR, 165, 
No. i (1965). 

4. J.W. Shearer, F. F. Abraham, C. M. Aplin, B. P. Benham, J. E. Faulkner, F. C. Ford, M. M. Hill, C. A. 
McDonald, W. H. Stephens, D. J. Steinberg, and J. B. Wilson, "Explosive-driven magnetic-field compres- 
sion generators," J. Appl. Phys., 39, No. 4 (1968). 

5. E. L Bichenkov, WExplosive generators," Dokl. Akad. Nauk SSSR, 174, No. 4 (1967). 
6. H. Knoepfel, Pulsed High Magnetic Fields, American Elsevier (1970). 
7. E. L Bichenkov, A. E. Voitenko, V. A. Lobanov, and E. P. Matochkin, "Scheme of calculation and connec- 

tion of flat explosive-magnetic generators to a load," Zh~ l>rikl. Mekh. Tekh. Fiz., No. 2 (1973). 
8. R.L. Conger, "Large electric power pulsed by explosive magnetic-field compressors," J. Appl. Phys., 

38, No. 5 (1967). 
9. V.A. Lobanov, "Method of calculation of explosive-magnetic generators," Zh. Prikl. Mekh. Tekh. Fiz., 

No. I, 120 (1976). 
10. J .  Co Crawford  and R. A. R a m e r o v ,  "Explos ive ly  dr iven h igh-energy  g e n e r a t o r , "  J .  Appt. Phys . ,  39, No. 

11, 5225 (1968). 
11. L . S .  G e r a s i m o v ,  A. M. I sko l 'dsk i i ,  Yu. E.  Nesterekhin ,  and V. K. Pinus ,  " T r a n s m i s s i o n  of ene rgy  f r o m  

an induction accumula to r  using an e l e c t r i c - e x p l o s i o n  c u r r e n t  b r e a k e r , "  Zh. Pr ik l .  Mekh. Tekh. Fiz. ,  

NO. 1, 60 (1975). 
12. L.S. Gerasimov, V. I. Ikryannikov, and A. I. Pinchuk, "Transmission of energy from an induction 

accumula to r  to an inductive load using an e l e c t r i c - e x p l o s i v e  c u r r e n t  b r e a k e r ,  n Zh. Pr ik t .  Mekh. Tekh. 

Fiz . ,  No. 1, 55 (1975). 
13. A . E .  Voitenko, V. I. Zherebnenko,  I. D. Zakharenko ,  V. P. Isakov,  and V. A. Fa leev ,  WBreaking of  an 

e l ec t r i c  c u r r e n t  by explos ion,"  Fiz.  Goreniya  V z r y v a ,  10, No. 1, 145 (1974). 
14. E . I .  Bichenkov and V. A. Lobanov, "Explos ive  switching of an e lec t r i c  c u r r e n t , "  Zh. Pr ik l .  Mekh. Tekh. 

F iz . ,  No. 1, 66 (1975). 

36 


