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A method of designing explosive-dr iven magnetic field genera tors  that allows us to establish a 
dependence between the pa rame te r s  of the generator  circuit ,  in which the grea tes t  energy r e -  
lease occurs  under a t ime- invar ian t  res is t ive  load, is described.  The problem of switching two-  
dimensional  genera tors  to a load whose res i s tance  l inearly increases  with tempera ture  is analyt-  
ically solved as an example. The theoret ical  possibil i ty of designing a genera tor  in which the 
power re leased  under the res is t ive  load R(t) var ies  in a specified way with t ime is demonstrated.  
Types of cur rent  pulse, power,  and energy released in the load a re  studied in the case of dif- 
ferent  genera tor  circuit  pa rame te r s .  

w 1. Explos ive-dr ivenmagnet ic  field genera to r s  operating under the principle of rapid compress ion  of the 
magnetic flux by means of an explosion, a re  the most  powerful sources  of pulsed currents  [1-4]. The greates t  
attention in studies on explosiveddriven magnetic field generators  has been paid to their  energy cha rac te r i s t i c s .  
Energy problems are  related either to the obtaining of maximal  energy in the active mode [5] or  to attaining 
the greates t  t r ans fe r  of the energy of the explosive into electromagnet ic  energy (increase of genera tor  efficiency) 
[6]. An analytic solution of such problems can be obtained only for a constant load R0, such problems being 
numerica l ly  solved on a computer  for an a rb i t r a r i ly  variable res is tance .  The use of explosive-dr iven mag-  
netic field genera tors  in p lasma experiments [7] to obtain high magnetic p r e s s u r e s  in isentropic compress ion  
of ma t te r  [8] or for other physical  experiments related to problems in energeties  ra i ses  problems associated 
with matching the genera tors  to different loads and obtaining current  pulses,  power, and magnetic p r e s su re s  
that vary  with t ime according to a given law. 

The operation of an explosive-dr iven magnetic field genera tor  on a concentrated active load will be con- 
s idered within the framework of an electrical engineering model, according to which an explosive-driven mag- 
netic field generator is represented as a decreasing inductance Ll(t)connected to a resistance R(t) and induc- 
tance L 2 (Fig. i). A current I 0 passes through the generator at the start of compression of the magnetic flux 
(t = 0). It is assumed in the calculations that losses of magnetic flux in the generator itself are slightly less 
than load losses. 

Based on the induction law it can be found that current in the generator is described by the equation 

dlnI=( l  -- p)dlnL, L = L I ( t ) ~ - L  2. 

Current  depends, in addition to inductance L, onthe dimensionless function p (dimensionless circuit  resistance) 
which is defined both as a res i s t ance  R(t) and (in t e rms  of dL/dt )  as the s t ruc tura l  features  of the explosive- 
driven magnetic field genera tor ,  

R (t) (1.1) 
p (t) - -  dLIdt " 

In some cases ,  the cur ren t  equation can be obtained explicitly if the behavior of p(t) is specified. We 
may obtain different time dependences p(t) for  the same value of R(t) by varying dL/dt ,  and succeed in t r ans -  
mitting different types of -cur rent  in the load. 

The dependence of genera tor  c u r r e n t o n  the dimensionless  combination of the c i ruci t  pa r ame te r s  in Eq. 
(1.1) can be used to solve a number of problems in which the variation of R(t) has been preass igned,  based on 
the experimental  conditions (this involves the determinat ion of a genera tor  inductance optimal for usingthe ex- 
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plos ive  energy  and the inductance at which the cu r r en t  pulse ,  power ,  and energy  in the load v a r y  with t ime  
in a specif ied way). We in tegra te  Eq. (1.1), taking into account the actual  conditions of the prob lem and the 
behavior  of R(t) in o rde r  to solve them.  Here  p (t) is set  equal to any function convenient for the calculat ion 
and that ensu res  the p rob lem will be solved.  

Exp los ive -d r iven  magnet ic  field g e n e r a t o r s  a r e  the only energy source  able to ensure  the solution 
of these  p rob lems  for  a r b i t r a r y  act ive  loads.  

The p a r a m e t e r  p whose phys ica l  meaning is the rat io  of c o m p r e s s i o n  t ime TO to t ime  of re laxat ion 
of the magnet ic  flux, ~1 = L / R ,  is s o m e t i m e s  in te rpre ted  as the inverse  Reynolds magnet ic  number  [7-]. 

w 2." L e t u s u s e  our method to find the opt imal  (in t e r m s  of the energy  of the explosive) inductance of 
an exp los ive -d r iven  magnet ic  field gene ra to r  opera t ing  on a hea t -va ry ing  r e s i s t i v e  load. The opt imal  (in 
t e r m s  of the energy of the explosive) genera to r  will be  that genera to r  in which the g r ea t e s t  f ract ion of the 
energy  of the explosive  is t r a n s f o r m e d  into e lec t romagne t ic  energy.  An opt imali ty  condition has been p r e -  
viously formula ted  [6] and holds if the power  developed as the c u r r e n t - c a r r y i n g  c i rcui t  is deformed,  is 
equal in any gene ra to r  c r o s s  section to the max ima l  f rac t ion  of power  developed as the explosive is ex-  
ploded, i .e. ,  

2 dL/dt = kqS (x) D, (2.1) 

where q is the explosive energy  p e r  unit of volume,  S(x) is the c r o s s - s e c t i o n a l  a r e a  of the explosive charge ,  
x(t} is the cu r r en t  coordinate  of the detonation front,  D is the ra te  of detonation of the explosive,  and k is 
the convers ion  ra t io  between explosive energy and e lec t romagne t ic  energy.  

If r e s i s t ance  l inear ly  va r i e s  with inc reas ing  t e m p e r a t u r e  [R = R0(1 + aT)] as joule heat is r e leased  in 
it, we obtain 
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dR = Boa BP,  (2.2) 
dt C 

where ~ is the t em pe ra tu r e - r e s i s t ance  coefficient,  C is the total heat capacity of the load, and R 0 is the 
initial res i s tance .  

Equations (1.1), (2.1), and (2.2) determine a dependence of res i s tance  on time, 

2akqD t ~ 
_~ (t) = Ro f + - V - . ,  s (~) p (~) dg 

o 

and the inductance of an optimal generator  

S R~ 2a~qD f S (~) p (~) d~ d%. 51(t)= Ll(O)-- ~ f + ~ . o  

w 3. Let us f ind the  optimal (in t e rms  of the energy of the explosive charge) width of the busbars ,  cu r -  
rent,  power,  and behavior of the res i s t ive  load with t ime as a two-dimensional  explosive-driven magnetic 
field genera tor  is connected to a res i s tance  that l inearly increases  with tempera ture .  The inductance of 
a two-dimensional  generator  is determined by the equation 

--~-?Dt 
LI (t) = LI (O) -- S 4~b , (3.1) _~ Ly--~ ax" 

Here it is assumed that the magnetic field in the genera tor  is homogeneous, i.e., the distance between 
the busbars  (2b = const) is less than the busbar  width 2y(x), which var ies  throughout the length of the genera-  
tor  x(t). The busbars  are  closed at a rate equal to the detonation rate D; the total genera tor  length is de- 
noted by l and the coordinate origin is situated at the point at which the busbars  are  connected to the load. 
The c ross  section of an explosive charge with constant thickness 25 is given by 

S(x) =45y(x). 

Equations (2.1) and (3.1) imply that the behavior of the cur rent  in an optimal two-dimensional  genera-  
to r  coincides with the variat ion in the width of the busbars  compress ing  the magnetic field, 

I=Ioy/yo~ yo=y(--l). 

This is explained by the fact that the r e s e rve  of kinetic energy of any element of the conductor that 
it can obtain from an explosive charge with constant thickness remains  invariant throughout the length of 
the genera tor  if an explosive-dr iven magnetic field genera tor  is optimized relat ive to k = const. The factor 
k will be optimal if the force acting on the conductor in the direction of the magnetic field remains con- 
stant along the explosive charge or along the stopping distance 2b = const. That is, the linear cur rent  den- 
sity on the compress ion  front of the magnetic field must be identical in a generator  with variable busbar 
width. 

We find the optimal busbar  layout 

B -  t6CCkq6y~176 
y (X) = 1-4- exp 2~ -- 1 

and increase  in load res i s tance  

V B 
�9 B (t) = B o t + ~ [exp (2~t) -- t l .  

f rom the equations presented above, given p= p0exp(fit), where p =const. We may determine the power P = 
RI 2 re leased iv. the load for known R(t) and I(t). 

The nature of the variat ion of busbar width, current ,  res i s tance ,  and power depends to a significant 
degree on the pa rame te r  ~ in sufficiently long genera tors .  When fi> 0 and t ~ ,  busbarwidth  and current  
approach the limits 

y(x)=yoV 2~/B, I=IoW2~/B, 
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while r e s i s t a n c e  and power  exponential ly i nc rease ,  

R :-~:.Ro V B / 2 ~  exp~(~t), P--> RoI~ V2-~exp ' (~i ) .  

I f /3 <0, the r e s i s t a n c e  will be at mos t  R0 1 - - - ~ - B / 2  fl , w h i l e t h e b u s b a r  width, cur ren t ,  and power  dec r ea se  
to zero .  When the ac t ive  load is constant  (c~ = 0), 

y (x) =~Y0 exp (8 
x + l / 

D ] '  

which c o r r e s p o n d s  to a p rev ious ly  obtained [6] r esu l t .  

The r e su l t  fo r  the opera t ion of a two-d imens iona l  gene ra to r  with constant  p =p o is qual i tat ively dif-  
fe rent .  In this case ,  busba r  width (and current)  d e c r e a s e s ,  

y i(x) - ~~ 
V l _~_ B X-~- I ' 

D 

while the r e s i s t i v e  load i n c r e a s e s  accord ing  to a different  t ime law, 

H(t)=RoV-I  + B t .  

A d e c r e a s e  in b u s b a r  width is en t i re ly  na tura l ,  s ince the condition p = const  holds only w h e n - - d L / d t =  4~r bD/  
y(x) i n c r e a s e s  with inc reas ing  r e s i s t ance .  T h e r e f o r e ,  the r e q u i r e m e n t  that p =const ,  leads to a contract ion 
of the gene ra to r  busba r s .  The energy  

II D 
1 _ l )  

0 

is r e l e a sed  when the bus ba r s  a re  laid out in this way as the flux in the load is c o m p r e s s e d ,  while the energy  
of the explosive cha rge  used is given by 

0 ; ) O = 4q@ (x) dx = ~ B -5- - -  l . 
--I 

The ra t io  

w--2=2kPo (3.2) Q 

makes  it c l e a r  that  when po> 1/2, energy  that can be r e l eased  f rom the r e s i s t a n c e  is g r e a t e r  than that  con-  
tained in the explos ive  charge .  This apparen t  contradic t ion can be explained in the following manner .  

A p o w e r - ( I 2 / 2 ) ( d L / d t ) i s  r e l ea sed  in an ac t ive  load and is used to i nc rea se  the energy  of the magnetic  
field, while the ene rgy  equation has the fo rm 

-- le dt -~ BI~ + d_~ __  (3.3) 

It is t h e r e f o r e  evident that  magnet ic  field energy  is r e l e a s e d  f rom the r e s i s t a n c e  (in addition to the energy 
of the explos ive  charge) when R > -1 /2  (dL/dt) ,  so that Eq. (3.2) is not without meaning.  

We in tegra te  Eq. (2.1) with known e r o s s  sect ion S(x) of the explosive  charge ,  de termining  the indue- 
tance 

t 

L1 (t) = LI (0) - -  S 2kqS (~) B (~) dE 
P (~) 

0 

of the exp los ive -d r iven  magnet ic  field gene ra to r  that can develop a power  P = R I  2 f r o m  a r e s i s t a n c e  R(t), 
this power vary ing  with t ime in a given way. 

w 4. Let us cons ide r  the opt imizat ion  p rob lem fo r  an exp los ive -d r iven  magnetic  field gene ra to r  with 
r e s p e c t  to the r e l e a s e  of the g r e a t e s t  energy  for  a va r i ab l e  act ive load. 

We may a s s u m e  that dif ferent  amounts  of energy  will be r e l eased  in the same act ive ly  loaded unit 
depending on R(t). When R ~ 0 ,  W 1 ~ 0 ,  while when R ~  (due to rapid  flux loss),  energy somewhat  exceed-  
ing the initial ene rgy  of the magnet ic  field (W0 = L0102/2) cannot be expected.  We have W 1 = Woln(Lo/L 2) for  
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R0 = coast  and p = t / 2  [5]. Experiments  have been descr ibed [7] on loading explosive-dr iven magnetic field 
genera tors  to a special  p lasma load in such a way that the inverse Reynolds magnetic number was kept con-  

stant, and the energy in it was calculated. 

It is of g rea te r  in teres t  to find a dependence between the pa ramete r s  of an explosive-dr iven magnetic 
field genera tor  under which the grea tes t  energy is re leased as it operates with an a rb i t r a r i ly  varying re -  
sistive load. This problem can be completely solved when p = po = const. 

We then find that the cur rent  is given by 

I = Io~,1-oo; 

the res i s t ive  energy by 

w.  = f Rx d,-- woJ  P' , ( f -  (4.1) 
, )  

and the magnetic field energy of the genera tor  by 

W~ = L1~/2 = Wo~t-2Po 

where X = L0/L(t), ~ = L0/L 2 are  the cur rent  and total adjustment factors  of the genera tor  and L 0 = Lt(0) + L 2 
is the initial inductance of the circuit .  

Figure  2 depicts E=Wl/W0 as a function of p when X0= 100 and 10 (curves I and2), so that it is evident 
that there exists a unique p ,  for  a given k 0 at which energy has maximal value E ,  [E,  (p,, ~0) is depicted by 
curve 3]. The value of p,  is determined by solving the t ranscendental  equation 

dE t ~,~--2Oo 2po ~t--2~o (4.2) 
2dPo = (2Po-- 1) 2 + (2~o ~ ) ~  + ~ r, o in ~o = O. 

We introduce the variable 

~=(t--2p.) In ko, 

making it possible to reduce Eq. (4.2) (to determine the optimal p ,  and )q) to the sys tem of equations 

2p, = l -- ~/ln ~o; 

2p. = ~ ( -  ~), 

We find p,  (k0) (Fig. 3) by graphically determining k 0 from Eqs. (4.3). 

(4.3) 

where k 0 is a pa ramete r .  

An analysis of E,  and W,  = W2/W 0 shows that significant r e lease  of energy on the active load m a y o c -  
cur at low p . .  When p, >>1, the res is t ive  energy is close to the initial energy of the magnetic field. 

The chief par t  of the eenrgy is re leased due to res i s t ance  in genera tors  with P0 = P, and low adjust-  
ment factor  k 0 < e 2. When k0= e 2 the energy re leased in a res is t ive  load at the end of generator  operation 
is twice the energy stored in the magnetic field. The energy stored in the magnetic field exceeds the en- 
ergy due to r e s i s t ance  in genera tors  with a high adjustment factor (~  > e2). 

Equation (4.1) implies that the energy re leased  due to res i s tance  does not have a maximum as a func- 
tion of ;~ for a given P0- When P0 < 1/2 energy W i monotonically increases  together with X0 up to W 1 = 
W02P 0 X1-2P 0 / (1 -2p  0). Whenp 0 < 1/2, the energy lathe resis t ive load increases  with increasing k0, remaining 
bounded byW 1 ~ W012 p 0/(2p o - 1 )  ]. Let us consider  the operating conditions of an explosive-driven magnetic 
field genera tor  when p 0 -- 1/2.  It is c lear  f rom the energy equation (3.3) that the energy of the magnetic field inthe 
generator  remains  constant  when R(t)=-1~2alL~dr and that all the power developed as tile cu r r en t - ca r ry ing  
c i rcui t  is deformed by applied forces  is consumed in heating the conductors ,  i.e., W 2 = W0 and W 1 = W01nk 0. 

In Fig. 2 the ver t ica l  line passing through p0=0.5 corresponds to this E. The energy re lease  due to 
res i s t ance  under these operating conditions is less than for op t imalp ,  ~ 1/2. Figure 4 depicts res is t ive  en- 
ergy r e l ease  (unbroken curves) and the magnetic field energy (broken curves) for a given P0 as a f,anction of 
k0, where p0=0.25 for curves  1 and 1', p0=0.5 for  curves  2 and 2 ' ,  and p o = l  for curves 3 and 3' .  

Thus, a calculation of the pa r ame te r s  of an explosive-driven magnetic field genera tor  In which en- 
ergy W 1 is re leased for  res i s tance  R(t) in the course  of operation, reduces  to the following. We specify 
the rat io Wt/W0, taking into account the initial energy W0, and find the optimal p,  f rom curve  3 in Fig. 2 
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to which ~0 co r r e sponds  in Fig. 3. We de te rmine  the des i red  var ia t ion  of the gene ra to r  inductance f r o m  the 
value of p ,  found and f rom the given R(t) by in tegra t ing Eq. (1.1). 

A study of the operat ion of exp los ive -d r iven  magnet ic  field gene ra to r s  demons t r a t e s  that the se lec t ion 
of a pa r t i cu la r  dependence between its p a r a m e t e r s  (explosive charge  stopping dis tance,  load r e s i s t ance ,  etc.) 
allows us to: 

1) de te rmine  the opt imal  ( re la t ive  to the use  of the energy  of the explosive) inductance of an explos ive-  
dr iven magnet ic  field gene ra to r  connected to a r e s i s t a n c e  that va r i e s  with t e m p e r a t u r e ;  

2) cons t ruc t  gene ra to r s  that  can develop power vary ing  with t ime according to a given law fo r  a r e s i s -  
tance R(t) ; 

3) find an inductance for  a r b i t r a r y  load R(t), set t ing p = const ,  such that the g r e a t e s t  amount of energy 
is r e l eased  for  r e s i s t a n c e  during the operat ion of the exp los ive-dr iven  magnetic  field genera to r .  

The author wishes  to exp re s s  his apprec ia t ion  to E. I. Bichenkov for useful  r e m a r k s .  
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