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A scheme  is descr ibed  for  calculating exp los ive -d r iven  magnet ic  gene ra to r s ,  and analyt ical  
and numer i ca l  calculat ions a r e  made of the p rob lem of switching a g e n e r a t o r  on to a constant 
ohmic and induction load, to a load whose r e s i s t a n c e  r i s e s  l inear ly  with the t empera tu re ,  and 
to a p l a s m a  load with equi l ibr ium radiation.  In the l a t t e r  case,  a calculat ion is made of a 
va r ian t  involving switching on the load through a matched t r a n s f o r m e r .  

1. The use  of the energy  of explos ives  for  the rapid cons t r ic t ion  of the magnet ic  flux inside a conduct-  
ing c i rcui t  [1] has  been put into p rac t i ce  in a number  of const ruct ions  of exp los ive -d r iven  magnet ic  g en e ra -  
t o r s  [1-7], which a r e  the mos t  powerful  g e n e r a t o r s  of an e lec t r ic  cur ren t .  An exp los ive-dr iven  magnet ic  
g e n e r a t o r  has  specif ic  e lec t ro teehnica l  c h a r a c t e r i s t i c s  which mus t  be  taken into account in matching it with 
va r ious  types of loads.  

The p resen t  a r t i c l e  d i s c u s s e s  some calculating rela t ionships ,  obtained for  a plane [4], explos ive-  
dr iven magnet ic  gene ra to r  with a load of an inductive and act ive  cha rac te r .  A c lose ly  allied construct ion 
of a g e n e r a t o r  was  developed by H e r l a c h  and Knoepfel [5]. A plane gene ra to r  (Fig. 1) cons is t s  of copper  
b u s b a r s  (1) of varying width, a welded copper  holder  (2) located between the busbars ,  and a charge  of ex-  
p los ive  (3), filled into the in ternal  hollow of the holder.  The gene ra to r  is connected by cables  (5) with a con- 
dense r  ba t te ry .  At the moment  when the d ischarge  cur ren t  a t ta ins  a maximum,  the percuss ion  cap (4) is 
detonated, and a detonation wave is propagated  along the charge  of explosive.  Under  the action of the prod-  
ucts  of the explosion, the side walls  of the holder  a r e  sca t t e red  to the sides,  shor t -c i rcu i t ing  the b u s b a r s  
of the gene ra to r  and gradual ly  forc ing the magnet ic  flux into the load (6). The  work of exp los ive-dr iven  
magnet ic  gene ra to r s  is d i scussed  in m o r e  detai l  in Knoepfel ' s  book [8]. 

2. F r o m  an e lec t ro technica l  point of view, an exp los ive-dr iven  g e n e r a t o r  is pa r t  of a c i rcui t  with a 
va r i ab le  inductance L(t). We postulate  that the b u s b a r s  of the gene ra to r  a r e  para l le l ,  that the i r  width 2y 
v a r i e s  slowly along the length of the genera to r ,  x, and that the dis tance between the busbars ,  2b, is  much  
less  than the width. Denoting the total length of the gene ra to r  by l, and assuming  that the ra te  of s h o r t - c i r -  
cuiting of the p la tes  is constant  and equal to the ra te  of detonation, D, we can wri te  the dependence of the 
inductance of the gene ra to r  on t ime  

0 
L (t) : 4~b .~ dx (2.1) 

y (~) 
-l'~D t 

The origin of coordinates  is located at the point of the connection between the gene ra to r  and the load; 
the t ime  is reckoned f r o m  the moment  of shor t -c i rcu i t ing  of the g e n e r a t o r  by the explosion. 

With a change in the inductance, the power  developed by such a g e n e r a t o r  is equal to 2-tc-212D(dL/dx). 
On the other  hand, it is  equal to some f rac t ion  k of the power  4qySD, developed with the explosion of the 
charge  of explosive.  Thus,  we can wr i te  
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~b 12 ~_ kqgO (2.2) 
2c 2 y 

Here  I is the cur rent  in the genera tor ;  q is the energy of the explosive pe r  unit volume; 26 is the thick- 
ness of the layer  of explosive; c is an e lec t rodynamic  constant. 

In any given c ross  section of the genera tor ,  the coefficient k can_not exceed some maximal  value, de-  
termined by the charge  of explosive, the current ,  and the construct ion of the genera tor .  A genera tor  wi l l  
work under  optimal conditions if k at tains this value everywhere,  i.e., if it is constant along the length of 
the genera tor .  

Together  with conditions (2.1) and (2.2), writing the energy equation for  the e lec t r ica l  circuit  and the 
equations determining the res i s t ance  and the other e lect rotechnical  pa ramete r s ,  we can obtain a closed sys-  
tem of equations, f rom which there  are  determined the cut of the busbars  of the genera tors ,  y(x), the depen- 
dences of the cur ren t  and the energy developed in the load on the time, and other cha rac te r i s t i c s  of the gen- 
e ra tor .  

3. F o r  a circui t  with an inductance of the load L 1, having a res i s tance  R, with k = const the energy 
equation has the form 

t - I + D t  

L(t)§ p "+" i R P d t = @ q 5  f y(x)dx + Ldo~2c.., (3.1) 
0 - l  

The initial inductance L 0 = L(0)+ L I. 

The problem of switching an explos ive-dr iven genera to r  on to a constant res i s tance  R= R 0 is solved 
analytically.  The cut of the busbars  of the corresponding genera to r  is 

(3.2) r ~ao , , _  x)( 4~D _ i ) ]  (y0=~(_~) 
c~ Royo 

Here Y0 is the width of the busbars  at the s tar t  of the genera tor .  

Somet imes  a gene ra to r  works only on an inductive load. The corresponding cut of the busbars  is ob- 
tained by passing to the limit in (3.2), R0--- 0. This case cor responds  to the genera tor  d iscussed in [4], in 
which the exponent is approximated by straight  segments.  

There  exists a cr i t ica l  value of the res i s t ance  

R ,  = 4 ~bD / c2yo 

at which the width of the busbars  and the cur ren t  of the genera tor  are  constant,  With Ro< R, ,  the width of 
the busbars  and the cur rent  of the genera tor  increase,  while with R 0 > R, they decrease .  These  conditions 
involve a strong loss of magnet ic  flux and, in many cases,  a re  unsat is factory.  

The energy E developed in an ohmic load after  the working t ime of the genera tor ,  r e f e r r ed  to the ini- 
tial energy of the magnetic field in the generator ,  E 0 = L0120/2 c 2, is equal to 

t 
E 2c2 ~ 2 p (n --  i) [(n + I) + p (n - -  I)] 
E-'[ = ~ ,j I~ol dt = . [ i  -~- p (n - -  1 ) 1 3  

0 

(9 = R 0 / B , ,  n = L0/LI)  

The maximal  value of E /E  0 as a function of p with a given a rb i t r a ry  coefficient of retuning of the gen- 
e ra to r  n is equal to (n+l)2/4n and is attained at p = ( n + l ) / ( n - 1 )  2. In this case, the cur rent  r i s e s  by (n - l ) / 2  
t imes.  

In the case  p = 1, the cur rent  is constant, and the energy in the load, E = 2E0(1-1/n) ,  exceeds the ini- 
tial r e se rve  of energy in the genera to r  by approximately two t imes ,  

F o r  the most  important  case of genera to rs  with n>>l 

E = E 0 p (l ~- p) n2/(i ~ pn) 2 (3.3) 

and a maximal  energy is attained in the load 

Ro = n - lg .  (3.4) 
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Fig. 3 

For  the energy of the explosive charge,  we have 
0 

y (x) dx  (n - -  t)~ ,, Qo = 4q5 : ~ E o ~ " ~ - E o  
r 

- - l  

The ratio of the maximal  energy in the load (3.3), under condition (3.4), to the total energy of the 

charge of explosive Ls equal to 

E / Q o  = k / 2  

Thus, with n>>l, half of the energy developed by the genera tor  goes into heat, while the second half 
remains  in the form of the energy of the magnetic  field, connected with the residual  inductance of the gen. 

e ra tor .  

4. The case of a res i s tance  R(t) varying with the heating is more  complicated. Assuming that the 
change in the res i s tance  is propor t iona l  to the change in the temperature ,  we obtain 
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dR ~/~o RI 2 (4.1) 
dt -Z---  

where c~ is the tempera ture  coefficient of the res is tance;  ~ is the total heat capacity of the res i s to r ;  R 0 is 
the initial value of the res i s tance .  

The sys tem of equations (2.1), (2.2), (3.1), (4.1) was solved numerical ly  in an electronic computer  us -  
ing a Runge-Kutta p rog ram with automatic selection of the spacing. In dimensionless  form, the solution 
depends on the pa rame te r s  

A1--~ ~4 ~f~D ]/kbq6, A2 : LoIO~c~n~ 

The resul t s  of a calculation of the dependences L/LI ,  I/ri 0, and R /R  0 on the dimensionless  t ime ~- = 
c2RoI~It with A 1 =10 2, A2=5 �9 10 -2, a re  given in Fig. 2. The value of the current ,  calculated f rom condition 
(2.2), may be used to de termine  the width of the busbars  and to design an optimal genera te r  fo r  a given case. 

With a given value of n in a load whose res i s tance  r i ses  with time, m o r e  energy can be developed than 
in the case of a constant res is tance .  A variable width of the busbars  increases  the efficiency of the ut i l iza-  
tion of the energy of the explosion, compared to a genera tor  with a constant width, discussed in [9]. 

F o r  the efficient heating of a load with a large res is tance ,  a matching t r a n s f o r m e r  must  be connected 
between the genera tor  and the load. The optimal t ransformat ion  coefficient with respect  to the current  

m : I / 11 (4.2) 

is to be determined.  

As an example, we cons ider  a p lasma load whose res i s tance  dec rea se s  with a r i se  in the tempera ture  

R : Ro (To / T)'/, (4.3) 

F o r  a dense p lasma radiating as a blackbody, the energy balance in the load has the fo rm 

to)+ Ior se  = -k iRI e  (44) 
o 0 

where ~. is the total heat capacity of the plasma; S is the radiating surface; cr is the S te fan-Bol tzmann  con- 
stant. The problem is determined by the dimensionless  pa rame te r s  

4nbD 2 3 :l'osSL1 3E0 c"Ro 

The results of a numerical solution of the system (2.1), (2.2), (3.1), (4.2)-(4.4) for B I = 0.3 m 2, B2= 
0.5 m 2, B3=8.5 , n=20 and m=2, 3, 4, 7, are given in Fig. 3. The points show the energy yield for different 
transformers. 

With large values of the transformation coefficients, the current in the load is small; the plasma is 
strongly cooled by radiation and, at the start, its resistance rises. In this case, the explosion makes an 
appreciable energy contribution only at a rather high power, i.e., with rapid work of the generator. Since 
the energy losses of a dense plasma depend strongly on the temperature (.~ T4), in the case under consider- 
ation the resistance of the plasma varies only slightly, i.e., by 2-2.5 times. The greatest amount of energy 
is developed in the load when it is matched with the generator through a determined transformer. With a 
rise in the value of m, the current in the load decreases and, along with it, the power of the heating. With 
a small value of m, there is an increase in the effective resistance of the load in the primary circuit, which 
leads to rapid relaxation of the magnetic flux. In the case under consideration, the optimal value of m =4. 

le 
2. 

3. 

LITERATURE CITED 

A. D. Sakharov, ~Explosive-driven generators," Usp. Fiziol. Nauk, 88, No. 4 (1966). 
A. D. Sakharov, R. Z. Lyudaev, E. N. Smirnov, Yu. I. Plyushehev, A. I. Pavlovskii, V. K. Chernyshev, 
E. A. Feoktistova, E. I. Zharinov, and A. Yu. Zysin, "Magnetic cumulation," Dokl. Akad. Nauk SSSR, 
165, No. 1 (1965). 
E. !. Bichenkov, "Explosive-driven generators," Dokl. Akad. Nauk SSSR, i~ No. 4 (1967). 

179 



4. 

5. 

6. 

7. 

8~ 
9. 

E. I. Bichenkov, A. E. Voitenko, A. F. Demchuk, A. A. Deribas, B. I. Kulikov, Yu. E. Nestirikhin, and 
O. P. Sobolev, "Experiments with an explosive-driven magnetic generator under laboratory conditions," 
Dokl. Akad. Nauk SSSR, 183, No. 6 (1968). 
R. Herlach and H. Knoepfel, "Megagauss fields generated in explosive-driven flux compression de- 
vices," Rev. Sci. Instrum., 36, No. 8 (1965). 
F. Herlach and H. Kaoepfel, "Explosive techniques for applications in experimental physics," Report 
to Lab. Gas Ionizatiofi 65/17 (1965). 
H. Knoepfel, H. Kroegler, R. Luppi, and J. E. van Montfor, "The generation and switching of magnetic 
energies in the megajoule range by explosive systems," Lab. Gas Ionization, Euratom CNEN, Frascati  
(1968). 
H. Knoepfel, Pulsed High Magnetic Fields, North Holland Publ. Co., Amsterdam-London (1970). 
R. L. Conger, "Large electric power pulsed by explosive magnetic-field compression, n J. Appl. Phys., 
38, No. 5 (1967). 

180 


