
It follows f rom (3.1) and (3.3) that the adiabatic equation for  an i s .magne t i c  step takes the following form in 
the pV plane (V is  specific volume): 

P2 ---- p l (VI~ I  - -  V2)/(T1V~. - -  V O  - - 2 m H H ( V 2  - -  V O / M V ~ V ~  (uV~. -- V0, ~l = (7 + i)/(7 -- l). (3.4) 

The mass  flux through the surface of discontinuity is given by the following formula,  as in gasdynamics:  

m ~ = (p~. - p O / ( ~ 5  - v ~ ) .  

It follows f rom (3,4) that the adiabatic curve  in that case passes  through the point plV1 and has the same asymp- 
totes as does the Hugoniot adiabatic and lies above the lat ter  for  V 2 < V 1, but below it for  V 2 > V1. 

The author is debted to V. V. Gogosov for  direct ion in this work. 
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CURRENT AND ENERGY AMPLIFICATION IN A PLANAR 

MAGNETIC GENERATOR WITH FLUX DIFFUSION 

E. I. Bichenkov 

C U M U L A T I V E  

UDC 538.4 

w Magnetic-field compress ion in a conducting space (magnetic cumulation) increases  the current  and the 
magnet ic-f ie ld  energy; two cases  are  of in teres t  here:  1) given an initial cur rent  I 0 and a load inductance L, 
se lec t  an initial c i rcui t  inductance L 0 such as to give the largest  final cur rent  I; and 2) given the initial aergy 
U 0 and load L, se lect  L 0 such as to obtain the l a rges t  energy U at the end. 

Genera tors  of the f i rs t  type are used to produce ve ry  s trong magnetic fields and may be called field 
genera tors ;  those of the second type are  s imi la r ly  called energy gene ra to r s .  The two types differ substantially 
in initial conditions: the initial cur rent  is p rese t  in a field genera tor ,  and the energy is U 0 ~L0, while in an 
energy genera tor  the initial energy is preset ,  and I 0 ~ Lo s/z. A field genera tor  may be character ized via the 
curren~ amplification fac tor  

i = I / I o  = ( L o / L ) L I / L o I o  = }~q~, (1.1) 

where X = L0/L represents  the c i rcui t  change, and ~ = LI/LoI 0 is the proportion of the magnetic flux retained 
in the genera tor .  An energy genera to r  may be charac te r ized  by- the energy amplification fac tor  

e = L P / L o I  2 = ~(p~. (1.2) 

w The quantity q~ is a ma jo r  charac te r i s t i c  of such a genera tor ,  as it is dependent on the design, and 
p a r t i c u l a r l y  on the conductivity o" of the mater ia l  and the f ie ld-compress ion  time. Also, the leakage of the flux 
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in to  the c o n d u c t o r  i s  dependen t  on the i n i t i a l  f i e ld  d i s t r i b u t i o n  at the g e n e r a t o r  w a l l s ,  which i t s e l f  i s  d e t e r m i n e d  
by  the t i m e  n e e d e d  to p u m p  the g e n e r a t o r  f r o m  the c u r r e n t  s o u r c e .  A s c h e m e  h a s  been  s u g g e s t e d  [1, 2] f o r  c a l -  
c u l a t i n g  the  l o s s  of f lux  b y  d i f fu s ion  in  a CM g e n e r a t o r ,  and equa t i ons  w e r e  d e r i v e d  f o r  the f lux  l e a k a g e  into  the 
c o n d u c t o r  f o r  m a g n e t i c  a c c u m u l a t i o n  in  n a r r o w  c a v i t i e s .  In the  e a s e  of  a g e n e r a t o r  wi th  c u r r e n t  l e a d s  of c o n -  
s t an t  width ,  i t  was  shown tha t  the  f lux  v a r i a t i o n  c o r r e s p o n d s  to the  fo l lowing  u n i v e r s a l  s e l f - m o d e l i n g  s t a t e  at 
the  end of the c o m p r e s s i o n :  

q~ = ( i  + 2-1/u/t~l/i - -  t + (4/~t)(l - -  t))q~,, (2.1) 

which  i s  g o v e r n e d  b y  the  s i ng l e  c o n s t a n t  ~ . ,  which  i t s e l f  i s  d e p e n d e n t  on the m a g n e t i c  R e y n o l d s  n u m b e r  # = 
47ro'a2D/c2/0 and the i n i t i a l  f i e ld  d i s t r i b u t i o n  in the c o n d u c t o r s .  H e r e  the  t i m e  h a s  been  r e f e r r e d  to the  f lux  
c o m p r e s s i o n  t ime  l 0 /D ,  whi l e  a i s  the  width  o f  the  g e n e r a t o r  c a v i t y ,  l 0 i s  the i n i t i a l  length ,  and D is  the s p e e d  of  
the p i s t o n  tha t  c o m p r e s s e s  the  f lux.  The  c o n d u c t i v i t y  G and s p e e d  D a r e  a s s u m e d  c o n s t a n t .  N u m e r i c a l  c a l -  
c u l a t i o n s  show tha t  (2.1) d e s c r i b e s  the  f lux  l e a k a g e  s a t i s f a c t o r i l y  f o r  1 - t -< 1 / 1 6 ,  whi l e  go. i s  only  s l i g h t l y  
d e p e n d e n t  on the s h a p e  of  the p u m p i n g - c u r r e n t  p u l s e  and i s  d e t e r m i n e d  in  the m a i n  by  the  t h i c k n e s s  s o f  the  
sk in  l a y e r  s e t  up in the c a v i t y  w a l l s ,  which a l lows us  to c h o o s e  the i n i t i a l  f i e ld  d i s t r i b u t i o n  B0(x ) in  a f o r m  con -  
ve n i en t  f o r  c o m p u t a t i o n  and f o r  o b t a i n i n g  e x p l i c i t f o r m u l a s  f o r  ~ , .  F o r  i n s t ance ,  fo r  B 0 = e - X / s  we have  

( ) ( ( + )  ), ( ' )  V ( , ) 2psS B t _,_ 1 8s ~- ps 2 t ~ 8/~ ~ I s-" (2 .2)  
q),(~t,s) (2s--l)a * - ~  (2s~--t) 2 (2s--i)  a 2s - - t  , ~ T 4  ~ tt 2 s - - I  ~2s--t) z ' 

w h e r e  s h a s  been  r e f e r r e d  to the width  a of the s lo t ;  B . ( z )  = eZ(1 - O(v~); and  ~6/-~) i s  the  p r o b a b i l i t y  i n t e g r a l .  
The  func t ion  B . ( z  2) has  been  t a b u l a t e d  [3]. F o r  r a p i d  p u m p i n g  we have  s --~ 0, and r  --* ~ .  0 = (1 + 8 / p ) B . ( 4 / p )  - 

4 / ~  w h i l e  f o r  s low p u m p i n g w e  have  s --* oo, and then q~, ~ ~po = # / 4  - ~ r f i ~  + 2 ( 1 - p / 8 ) B . ( 4 / ~ ) ,  and (2.2) 
can  be  r e w r i t t e n  as  

qg. ,s -- t - -  2s (2s--1)~ q ~ - :  (27-L---ip B .  T - - B ,  - 7  (2~--lF (2.3) 

f r o m  which w e  have  the  a s y m p t o t i c  f o r m u l a  

' 1 la ~. (~ ,  s) = (I T 2s)q%0, s << ~t- /- ,  

0 0 
r  0 1 - %  . ~ - ~ . 0  

s 2 s  ~ s > >  ~t - I ; 2 .  

F o r m u l a s  (2.2) and (2.3) g ive  an i n d e t e r m i n a c y  f o r  s = 1 /2 ,  which i s  r e s o l v e d  to g ive  

(p,(,[t, t/2) = (i  - -  64/3uZ)B,(4/p) --(4, , '3)(l i] /a,u)(i  - -  S/p). 

w By c o n s i d e r i n g  the  f lux at  t i m e  t, we can d e r i v e  the f lux  at  the load  f o r  a g e n e r a t o r  of s i m p l e  f o r m  
w h o s e  l eng th  i s /  = (1- t )10 ,  i . e . ,  we can  d e t e r m i n e  the m o d e  of  o p e r a t i o n  fo r  the fo l lowing  c o m p r e s s i o n  f a c t o r :  

z = I,,(I -- t) (3.D 

To avoid  the  need  f o r  c o m p u t a t i o n ,  we a s s u m e  that  X ~ 16, and then s u b s t i t u t e  0 .1 )  in to  (2.1) to ge t  the f lux 
at the  load ;  then f r o m  (1ol) and (1.2) we c a l c u l a t e  the c h a r a c t e r i s t i c s  o f  the g e n e r a t o r s :  

i = (i 2 ] / n / m  _L 4lm)~(p,; 

e ~  ( l  : -  ') a / m  ~- 4 / m I - Z ~ : .  

(3.2) 

(3.3) 

H e r e  m = Xg i s  the m a g n e t i c  R e y n o l d s  n u m b e r  f o r  the load ,  which i s  the r a t i o  of the t ime  fo r  the f lux  to d i f fuse  
f r o m  the load  to the t i m e  f o r  the  l a s t  c u r r e n t  doubl ing  in  an i d e a l  g e n e r a t o r .  P r a c t i c a l  i n t e r e s t  a t t a c h e s  m a i n l y  
to g e n e r a t o r s  w i t h #  l a r g e  and k ~- 16, so  m >>1, and (3.2) and (3.3) amount  to 

i =  tn~,(m/z, s)/(m,')~); 
o * , .  

= mq:-~ ( m / .  s) /(m/Z).  

(3.4) 

(3.5) 
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At present ,  CM genera to r s  are driven in the main f rom capaci tor  banks, with the pumping time t o a quar-  
t e r  of the discharge period. 

The thickness of the skin layer  increases  as ~ during the pumping; the capaci tor  bank is specified for an 
energy generator,  while the c i rcui t  inductance is proportional to X, and then t o ~ ~ and 

s = 5~]/k, (3.6) 

where 6 is the thickness of the skin l aye r  ar is ing on direct  d ischarge  of the bank through the load. The same 
relation applies also for  a field genera tor  if the initial cur rent  is maintained by altering the potential difference 
across  the capaci tor  bank without altering the capacitance.  

We substitute (2.2) into (3.4) and (3.5) and use (3.6) to calculate the cur rent  and energy amplification f a c -  
tors  on compress ing  a magnetic field in a simple generator ;  Figs.  1 and 2 show the resul ts  for 5ml/4 = 0; 
0.05; 0.5; 2; oo as curves  1-5, respect ively .  

The current  amplification fac to r  is c lear ly  very much dependent on the initial field distribution, since it 
initially inc reases  with X, but falls very  slowly after the peak. If the pumping is slow, i reaches the asymptote  
i = m / 4 .  The peak i shifts to l a rge r  X/m as 5m 1/4 increases ,  while the value changes f rom 4 .2 .10-2m to 0.25m. 
The least  value for  X corresponding to peak i fo r  rapid pumping is 0.7m~ 

If the capaci tor  voltage remains  unchanged in a field genera tor ,  the capacitance must  be increased in pro-  
port ion to Xin o r d e r  to maintain the initial current ;  then t o ~, k and s =6~,,ioeo, the thickness of the skin layer  
is much l a rge r  than that for  a fixed capaci tor  bank, and the current  for  a given 6 attains l a rge r  values ad 
fails even more  slowly after the peak. However, i -< m/4  in all cases .  

Fur ther ,  e has a c lea r  peak for all 5m 1/4, and this lies in the range 0.3136 -< 4 x / m  -< 1.1664, while the 
height of the peak increases  with 5m ~/4 f rom 8 .10  -3 m to 2 .22 .10  -2 m; this is readily understood in physical 
t e rms .  If X is small ,  the flux loss is also small ,  but r is also small because X is small .  If k is large,  the 
working time is long, and the flux loss inc reases ,  and hence e falls. 

It is fairly simple to obtain m ~ 103, 6ml/4 ~ 0.1 in experiments;  l a rge r  values are difficult to obtain, 
since this requires  excessively small loads and very  large,  low-voltage capaci tor  banks~ Under such conditions, 
one expects at most  a 12-fold inc rease  in the energy for  X = 140 and a 70-fold increase  in the current  for  X = 
1300. This shows that magnetic cumulation in a p l a n a r  genera to r  cannot be expected to provide an energy in- 
c r ease  by more  than an o r d e r  of magnitude. We get f rom (3.3) that such a genera tor  has little to recommend 
it on energy grounds for  m < 30 with slow pumpirig or  with m < 80 for fast  pumping. Detailed numerical  calcu- 
lations show that the maximum r are  1.3 and  1.92 for  m of 8 and 24, ,espect ively ,  in the case of slow pumping, 
these values being obtained for  X of 1.6 and 8, respect ively.  

w The equationof [2] for the flux loss by diffusion in magnetic cumulation between conductors of variable 
width can be solved analytically when the width is z(y) = e a y  ! - : - ~ ,  -< 0) and the length of the load is l = (1 lo l l  0; 
in that case ,  the r e fe r red  inductance of the genera tor  is L(t) while X = e ~, and methods s imi lar  to those 
descr ibed in [1] then give us the equation for  the magnetic field at the load: 

d~B / 4 ,  '2 '~dB 2a 1 2c~ ]o(t).4_ 
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which m a y  be so lved  sub jec t  to the i n i t i a l  condi t ions  B ( 0 ) :  1, B' (0) = oz + (2//~) f0(0); the c u r r e n t  ga in  i s  then 
i = B(1), while the e n e r g y  amp l i f i c a t i on  f a c t o r  is  ~ = (]/X)i 2 = e-~ We solve (4.1) to get  for  f a s t  pumping  

that 

.1 ( V ' :  + 2) ~ Y :  - : ( V l  : -  2)" io l / ~ - - l e x _ / ( ]  t~ - ,n - - l ) "  a'~ , V l - r m +  B . .  m r -- 2 V ~ .  B.  m a 
Vt~rn -Pk ~ )'-~" 2 |" t ::- o~ 

(4.2) 

and fo r  s low pumping  that  

H e r e  m = a p  is  the m a g n e t i c  Reynolds  n u m b e r  fo r  the load.  

It  i s  c l e a r  that this  a l t e r ed  shape  s u b s t a n t i a l l y  affects  the opera t ion .  If X i s  l a r g e ,  the t e r m s  con ta in ing  
B .  v a n i s h  in  (4.2) and (4.3), and the c u r r e n t  i n c r e a s e s  with X for  any m: 

( V t - - : : -  1)"- 
-I/2 + m -  1 ~ ., 

i~ t/-2q-m t~ 

i0 ] / t § 2 4 7  t~. m ~. :>:> i. 

F u r t h e r ,  the e n e r g y - i n c r e a s e  f ac to r s  a re  then 

. '.---.--~ x2 2(VF~:-I)'~ 

eo ('Vt---4--~§ 2)~2 ~,2(r 1 :  7.>>1 
= t  V1---4: , 

and a re  s u b s t a n t i a l l y  dependent  on the load.  If m < 8, ~ fa l l s  as X i n c r e a s e s ,  while if m > 8 the two i n c r e a s e  
toge the r .  If m = 8, e tends a s y m p t o t i c a l l y  to a c o n s t a n t  hav ing  the value 4 / 9  fo r  rapid  pumping  o r  16/9 fo r  s low 

pumping .  

F i g u r e  3 shows r e s u l t s  ca l cu l a t ed  for  e for  rapid  pumping  in such a g e n e r a t o r  for  m of 3, 8, and 15 
(curves  1-3) .  F i g u r e  4 shows s i m i l a r  c a l c u l a t i o n s  f o r  s low pumping  fo r  the s a m e  m.  C l e a r l y ,  i and ~ i n c r e a s e  
c o n s i d e r a b l y  with m,  and i ~ ~, e ~ X fo r  m >> 1, as should be the ca se  fo r  a g e n e r a t o r  with no f lux l o s s .  
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Therefore ,  conductor shaping can substantially reduce the loss of flux by diffusion and considerably im-  
prove  the per formance  of a CM genera tor .  There  are  two reasons  for this: f i rs t ,  the shaped conductors allow 
one to provide a given X with a shor te r  genera to r ,  which reduces the working time and thus reduces the flux 
loss;  and secondly, the field in such a genera to r  is inhomogeneous: it is large nea r  the point where the con- 
ductors  meet  and weak in the res t  of the genera tor .  This field distribution means that the flux losses  in the 
wide par t  and in the load can be neglected for  almost  all the flux compress ion  t ime, with only a minor  c o r r e c -  
tion for the smal l  zone near  the junction and also for  the shor t  period required to compress  the field in this 
zone. Of course ,  the specif icat ions fo r  the contact in that case are  very much more  severe ,  since even minor  
i r regu la r i t i e s  on the conductors resul t  in trapping the s trong field and thus large contact losses .  
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DAMAGE PRODUCED IN GLASS BY METEORITE IMPACT 

V. M. Titov UDC 523.51 

The effects of meteor i tes  on t ransparent  bri t t le  mater ia l s  are  important  in long- te rm operation of optical 
sys tems  in space,  such as windows, so l a r -ba t t e ry  coatings, and so on. Since the mater ia l  is br i t t le ,  the dam-  
age on impact  differs f rom that for a plast ic metal .  

Exposure of specimens in space shows [1] that the surface damage is par t icular ly  important ,  since the 
probabili ty of encountering a large par t ic le  is low. Sometimes,  however,  in te res t  attaches to the possibil i ty 
that the specimen will be ent i re ly destroyed.  Studies have been made [2] of the effects of par t ic les  of micron  size 
on glass and quartz for  par t ic le  masses  m of approximately 10 -1 ~ -12 g traveling at speeds v of 2-14 km/sec .  Data 
a re  available only f rom isolated tests  [3] for  l a rge r  par t ic les ,  so it is desirable  to compare  [2] with a fa i r ly  wide 
range of evidence fo r  la rge  par t ic les  in o rde r  to elucidate the scope for  sca le  simulation and also to refine 
our  picture of the p roces s .  

The present  experiments  were per formed under  l abora tory  conditions by means of explosions [4]; we 
used spherical  steel  part2eles accelera ted to v = 5-12 km/sec  and having diameters  d = 0.7-2.3 mm (In --' 
10-3-5 ~ 10 -2 g). The specimens were glass  disks (optical crown glass) with polished surfaces;  a specimen 
was attached to a metal  holder  by a flat clamp at the edge acting via a damping ring; the side surface remained 
free,  while the d iamete r  was 115-255 mm, having a thickness 5 of 8-20 mm. F o r  comparison,  severa l  tests  
were per formed with quartz  specimens.  The sys tem prevented the explosion products  f rom affecting the speci-  
men; it was not neces sa ry  to ensure that the par t ic les  s t ruck the center  of the disk. A few experiments  were 
done with par t ic les  in the range d = 0.1-0.3 mm (m ~ 3 �9 10 -~- 10 -4 g), which were accelera ted in a vacuum 
chamber  to 5-13.5 krn /sec ,  the final s ize being determined within ~- 10%; In addition, measurements  were  
made with glass  par t ic les .  

Figure 1 shows a photograph of a specimen of d iameter  115 mm and 6 = 15 m m  after  the experiment  
(d = 0.75 mm and v = 10 km/sec  for  the particle).  A radial r inged s t r~cture  in the c racks  is c lear ,  and this 
is the same for  any speed of impact.  The d iameter  of this zone is D >>d, and is close to the s izes  observed 
on impact  on rocks [5, 6], but in the case of glass  the mater ia l  is ejected only f rom a central  par t  of size D i 
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