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ENERGY PARTITIONING I N  AN 

INDUCTIVELY-DRIVEN 

RAIL GUN 

I n t r o d u c t i o n  

There a r e  a  number o f  a p p l i c a t i o n s  t h a t  r e q u i r e  m a c r o p a r t i -  

c l e s  moving a t  v e r y  h i g h  speeds. E q u a t i o n  o f  s t a t e  measurements 

can be ex tended w i t h  s u i t a b l e  p r o j e c t i l e  t r a v e l l i n g  a t  speeds i n  

excess o f  10  km/s [I]. E f f e c t s  o f  m i c r o m e t e o r o i d  impac t  on space 

v e h i c l e s  can be s i m u l a t e d  a t  speeds exceed ing  20 km/s [2 ] .  Payloads 

can be d i r e c t l y  l aunched  f r o m  t h e  e a r t h ' s  s u r f a c e  t o  e a r t h  o r b i t  o r  

beyond a t  speeds i n  t h e  range o f  15 t o  25 km/s [3 ]  whereas impact  

f u s i o n  m i g h t  be a c h i e v a b l e  a t  speeds g r e a t e r  t h a n  150 km/s [4 ] .  

A l s o  t h e r e  a r e  space p r o p u l s i o n  a p p l i c a t i o n s  [5 ]  and many m i l i t a r y  

a p p l i c a t i o n s  [6 ]  o f  p r o j e c t i l e s  mov ing '  a t  h i g h  speeds. 

W i t h  c u r r e n t  t e c h n o l o g y ,  p r o j e c t i l e  speeds i n  excess o f  

10 km/s can be o b t a i n e d  o n l y  by  t h e  use o f  e l e c t r o m a g n e t i c  ene rgy  

[7 ] .  The s i m p l e s t  o f  t h e  e l e c t r o m a g n e t i c  l a u n c h i n g  d e v i c e s  i s  t h e  

dc r a i l  gun where t h e  a c c e l e r a t i n g  f o r c e  i s  t h e  L o r e n t z  f o r c e  

r e s u l t i n g  f r o m  a  c u r r e n t  f l o w i n g  o r t h o g o n a l l y  t o  a  s e l f - g e n e r a t e d  

magne t i c  f i e l d .  There has been a  resu rgence  o f  i n t e r e s t  i n  r a i l  guns 

s i n c e  R a s h l e i g h  and M a r s h a l l  ( h e r e a f t e r  r e f e r r e d  t o  as R  & M) success- 

f u l l y  a c c e l e r a t e d  a  3  gm p r o j e c t i l e  t o  a  v e l o c i t y  o f  5 .9  km/s i n  a  

5 m  l o n g  r a i l  gun by  u s i n g  a  plasma a rmatu re  and an i n t e r m e d i a t e  

s t o r a g e  i n d u c t o r  f o r  p u l s e  shap ing  [8].  I n d u c t i v e l y - d r i v e n  r a i l  

guns were found t o  have s u p e r i o r  per formance c h a r a c t e r i s t i c s  t o  t h o s e  

1  
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d r i v e n  w i t h  o t h e r  t y p e s  o f  power sources.  I n  t h e  i n t e r v e n i n g  y e a r s ,  

a  c o n s i d e r a b l e  amount o f  work has been done t o  e x p l o r e  v a r i o u s  aspec ts  

o f  r a i l  gun systems. L i m i t s  o f  r a i l  gun per formance have been e v a l u a t e d  

by  Hawke e t  a l .  and v e l o c i t i e s  up t o  10 km/s have been o b t a i n e d  f o r  3 gm 

p r o j e c t i l e s  i n  a  1 .8  m  l o n g  r a i l  gun 191. Even so, t h e  exper imen ts  b y  

R  & M remain  one o f  t h e  most  s u c c e s s f u l  ones t o  da te .  I n  t h i s  

a r t i c l e ,  t h e  energy  p a r t i t i o n i n g  i n  an i n d u c t i v e l y - d r i v e n  r a i l  gun 

i s  ana lyzed  as a  f u n c t i o n  o f  t i m e  a f t e r  t h e  gun i s  e n e r g i z e d  and t h e  

parameters  o f  R & M exper imen ts  a r e  used i n  t h i s  numer i ca l  s i m u l a t i o n .  

From a  fundamental  p o i n t  o f  v iew, t h e  n a t u r e  o f  f r i c t i o n  between t h e  

p r o j e c t i l e  and r a i l s  was found t o  be r a t h e r  complex [ l o ] .  I n  v iew 

o f  t h i s ,  i t  was e x p l o r e d  i n  t h i s  s t u d y  i f  t h e  e f f e c t  o f  f r i c t i o n  on 

r a i l  gun per formance can be a d e q u a t e l y  expressed t h r o u g h  an e m p i r i c a l  

f a c t o r  as  a  f u n c t i o n  o f  t h e  v e l o c i t y  o f  t h e  p r o j e c t i l e .  T h i s  can be 

shown t o  be p r o p o r t i o n a l  t o  t h e  square  o f  t h e  p r o j e c t i l e  v e l o c i t y .  

However, a  r e c e n t  s t u d y  i n d i c a t e d  t h a t  r a i l  gun per formances c o u l d  be 

e x p l a i n e d  by  t a k i n g  i n t o  accoun t  an i n c r e a s e  i n  t h e  mass o f  t h e  a r c  

as i t  a b l a t e s  m a t e r i a l s  f r o m  t h e  r a i l s  [Ill. 

Rai 1  Gun System 

The r a i l  gun c o n s i s t s  o f  a  p a i r  o f  para1 l e l  conduc to rs  

separa ted  b y  a  d i s t a n c e  and connected by  a  movable c o n d u c t o r .  A 

l a r g e  dc c u r r e n t  ( k i  lo -amperes)  f l o w s  i n  a  s h o r t  b u r s t  f r o m  one r a i l  

t o  t h e  o t h e r  t h r o u g h  t h e  i n t e r c o n n e c t i n g  conduc to r .  The i n t e r c o n n e c t -  

i n g  c o n d u c t o r  i s  n o r m a l l y  a  t h i n  m e t a l l i c  f u s e  wh ich  becomes a  plasma 

when t h e  l a r g e  c u r r e n t  i s  d i s c h a r g e d  t h r o u g h  i t .  
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The c u r r e n t  f l o w i n g  i n  t h e  r a i l s  genera tes  a  magne t i c  f i e l d  

B between t h e  r a i l s  and t h i s  magne t i c  f i e l d  i n t e r a c t s  w i t h  t h e  

c u r r e n t  f l o w i n g  i n  t h e  a rma tu re .  The r e s u l t i n g  L o r e n t z  f o r c e  J x - B 

a c t i n g  on t h e  a rma tu re  a c c e l e r a t e s  t h e  plasma a l o n g  t h e  r a i l s .  I f  

t h e  plasma i s  c o n f i n e d  b e h i n d  a  p r o j e c t i l e  made o f  d i e l e c t r i c  

m a t e r i a l s ,  t h e  p r e s s u r e  o f  plasma w i l l  a c c e l e r a t e  t h e  p r o j e c t i l e  

a l o n g  w i t h  t h e  plasma. The con f inemen t  o f  t h e  plasma can be p r o v i d e d  

by t h e  c o n d u c t i n g  r a i l s  on two s i d e s  and d i e l e c t r i c  m a t e r i a l  on t h e  

o t h e r  two s i d e s .  D u r i n g  l a u n c h  o p e r a t i o n s  t h e r e  a r e  h i g h  peak ing  

l o a d s  wh ich  can be met w i t h  a  s u i t a b l e  energy  s t o r a g e  system. The 

power sources t h a t  a r e  c u r r e n t l y  b e i n g  used t o  s u p p l y  t h e  p r i m a r y  

energy  t o  r a i  1  guns i n c l u d e  homopolar  g e n e r a t o r  [8], c a p a c i t o r  bank 

[12]  and magne t i c  f l u x  compress ion g e n e r a t o r  [ l o ] .  

The r a i l  gun f u n c t i o n s  e s s e n t i a l l y  as a  l i n e a r  dc mo to r .  

The plasma behaves as an a rma tu re  w h i l e  t h e  p a r a l l e l  r a i l s  se rve  as 

a  s i n g l e - t u r n  f i e l d  w i n d i n g  i n  s e r i e s  w i t h  t h e  a rma tu re .  Hence, t h e  

r a i l  gun r e q u i r e s  a  l o w  v o l t a g e ,  h i g h  c u r r e n t  power sou rce .  The 

f o r c e  F a c t i n g  on t h e  p r o j e c t i l e  can be r e p r e s e n t e d  by  

I d e a l l y ,  f o r  c o n s t a n t  a c c e l e r a t i o n  a  c o n s t a n t  c u r r e n t  i s  r e q u i r e d  

and i f  an i n d u c t o r  i s  used t o  d e l i v e r  t h e  energy  t o  t h e  gun, a  

c l o s e  approach t o  t h i s  i d e a l  can be r e a l i z e d  [ 5 ] .  The i n d u c t o r  i s  

a l s o  a b l e  t o  overcome t h e  back emf w h i c h  i n c r e a s e s  w i t h  t h e  i n c r e a s e  

i n  v e l o c i t y  o f  t h e  p r o j e c t i l e  [ 6 ] .  
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A schemat ic  d iagram o f  a  r a i l  gun sys tem i s  shown i n  F i g .  1. 

When s w i t c h e s  S1 and S3 a r e  c l o s e d  and S2 i s  open, a  c u r r e n t  i s  

genera ted  i n  t h e  s t o r a g e  i n d u c t o r  from an energy  s t o r a g e  d e v i c e .  

A f t e r  t h e  d e s i r e d  c u r r e n t  i s  e s t a b l i s h e d  i n  t h e  i n d u c t o r ,  s w i t c h e s  

S1 and S3 a r e  opened and S2 i s  c l o s e d .  The p r o j e c t i l e  i s  l o c a t e d  

a t  t h e  b reech  o f  t h e  gun i n  t h e  b e g i n n i n g ,  i . e . ,  a t  t = 0, x  = 0 .  

The f u s e  a t  t h e  back o f  t h e  p r o j e c t i l e  a l l o w s  t h e  c u r r e n t  t o  con- 

t i n u e  t o  f l o w  u n t i l  i t  v a p o r i z e s  and e s t a b l i s h e s  t h e  a r c  wh ich  

a c c e l e r a t e s  w i t h  t h e  p r o j e c t i l e  a l o n g  t h e  r a i l s .  J u s t  p r i o r  t o  t h e  

emergence o f  t h e  a r c  f r o m  t h e  muzzle o f  t h e  gun, t h e  s w i t c h  S4 i s  

c l o s e d  t o  l e t  t h e  c u r r e n t  f l o w  t h r o u g h  a  r e s i s t o r  t o  e x t i n g u i s h  t h e  

a r c .  

Ma themat i ca l  F o r m u l a t i o n  

The e q u a t i o n s  d e s c r i b i n g  t h e  per formance o f  t h e  r a i l  gun a r e  

d e r i v e d  b y  u s i n g  t h e  c o n v e n t i o n a l  lumped-parameter c i r c u i t  a n a l y s i s  

t e c h n i q u e .  The e q u i v a l e n t  e l e c t r i c  c i r c u i t  o f  a  r a i l  gun i s  shown 

i n  F i g .  2.  C i r c u i t  r e s i s t i v e  l o s s e s  a r e  assumed t o  be n e g l i g i b l e  

i n  t h i s  a n a l y s i s .  

By a p p l y i n g  K i r c h o f f ' s  l aw ,  t h e  d i f f e r e n t i a l  e q u a t i o n  govern-  

i n g  t h e  c i r c u i t  b e h a v i o r  i s  o b t a i n e d  as 

d  - { ( L o  + L 1 x ) 1 )  + (Ro + R ' x  + R  )I = 0 d t P 

d  I dx 
o r ,  ( Lo d t + L ' x )  - + ( R  + R ' x  + R + L '  -)I = 0 

0 P  d  t ( 3  
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The mot ion o f  t he  p r o j e c t i l e  i s  desc r ibed  by, 

The mass o f  t h e  plasma i s  neg lec ted  as i t  i s  much sma l l e r  than t h e  

mass o f  t he  p r o j e c t i l e .  I t  i s  assumed t h a t  t he  f r i c t i o n  f o r c e  can 

be adequate ly  represen ted  by 

The s k i n  e f f e c t  con f i nes  t he  c u r r e n t  t o  a  t h i n  sheet  on t he  r a i l  

su r f ace  d u r i n g  t h e  i n i t i a l  p a r t  o f  t h e  a c c e l e r a t i o n .  By assuming 

a s t ep -cu r ren t  d i f f u s i n g  i n t o  a  conductor ,  t he  s k i n  depth can be 

represen ted  by [13 ]  

then,  

where D i s  equal  t o  t h e  minimum o f  d o r  ~ ( t ) .  

Equat ions 3 t o  7 r ep resen t  a  h i g h l y  coupled n o n l i n e a r  

system. The i n i t i a l  c o n d i t i o n s  a re  g i ven  by 

and = 0 
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The e q u a t i o n s  a r e  s o l v e d  n u m e r i c a l l y  by u s i n g  a  f i n i t e  d i f f e r e n c e  

a p p r o x i m a t i o n  w i t h  a  t i m e  i n t e r v a l  o f  20 bsec.  The f i n i t e  d i f f e r -  

ence e q u a t i o n s  a re ,  

The v a l u e  o f  b and n  a r e  a d j u s t e d  t o  p r o v i d e  a  good f i t  t o  t h e  

e x p e r i m e n t a l  d a t a  o f  R & M. The muzzle v o l t a g e  o f  t h e  gun was 

found t o  remain  c o n s t a n t .  Hence, t h e  v a l u e  o f  plasma r e s i s t a n c e  i s  

c a l c u l a t e d  f r o m  

The va lues  o f  t h e  parameters  used i n  s o l v i n g  these  e q u a t i o n s  a r e  

l i s t e d  i n  T a b l e  1 .  I t  was found t h a t  va lues  o f  b  = 2.26 x kg/m 

and n  = 2 p r o v i d e  a  good f i t  t o  t h e  exper in ien ta l  d a t a .  The v a l u e s  

o f  b and n  can t h e n  be used i n  e q u a t i o n  5 t o  e s t i m a t e  t h e  f r i c t i o n  

f o r c e .  



Tab le  1 

I n p u t  Data 

Parameter Value 

22 pH 

0.42 pH/m 

3 !3 

150 v o l t  

160 pohm 

1400 psec 

-1 -1 0.58 x l o 8  ohm -rn 
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Energy P a r t i t i o n i n g  

A t  t he  beg inn ing  o f  t h e  launch  c y c l e ,  t he  s to rage  i n d u c t o r  

i s  charged from the  p r imary  power supply .  When t h e  energy s t o r e d  

i n  t h e  magnet ic f i e l d  o f  t he  s to rage  i n d u c t o r  i s  d e l i v e r e d  t o  t h e  

gun, i t  i s  p a r t i t i o n e d  i n  f o u r  ways; 

a )  a  p a r t  o f  i t  i s  d i s s i p a t e d  r e s i s t i v e l y  i n  t he  r a i l s ,  

i n  t he  plasma and i n  t he  r e s i s t a n c e  o f  t h e  s to rage  i n d u c t o r ,  

b )  a  p a r t  o f  i t  i s  s t o r e d  i n  t h e  magnet ic f i e l d  o f  t h e  

r a i l s ,  

c )  a p a r t  o f  i t  i s  s t o r e d  i n  t h e  form o f  t h e  k i n e t i c  

energy o f  t he  p r o j e c t i l e ,  and 

d )  a  p a r t  o f  i t  i s  l o s t  i n  f r i c t i o n  between t he  r a i l s  

and t he  p r o j e c t i l e .  

T h e i r  magnitudes a re  g i ven  by 

and E f = E -  (Er t Ei + Ek) 

Lo 2 2 where E  = - ( I  - I f )  2 0 
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Resu l t s  and D iscuss ion  

The p o s i t i o n  o f  t h e  p r o j e c t i l e  as a  f u n c t i o n  o f  t ime  i s  

shown i n  F i g .  3 i n  s o l i d  l i n e .  For  comparison, t h e  exper imenta l  

da ta  p o i n t s  o f  R & M a re  shown i n  s o l i d  c i r c l e s .  The t h e o r e t i c a l  

c a l c u l a t i o n  by R & M w i t h o u t  f r i c t i o n  i s  a l s o  shown i n  F i g .  3 i n  

broken l i n e s .  I t  i s  c l e a r  t h a t  t h e  f r i c t i o n  f o r c e  can be adequate ly  

represen ted  by a  s imple f u n c t i o n  p r o p o r t i o n a l  t o  t he  square o f  t he  

v e l o c i t y  o f  t h e  p r o j e c t i l e .  

The energy s u p p l i e d  by t h e  i n d u c t o r  t o  t he  gun i s  shown i n  

F i g .  4 where t h e  percentage o f  o r i g i n a l  s t o r e d  energy remain ing i n  

t he  i n d u c t o r  i s  p l o t t e d  a g a i n s t  t ime .  It i s  found t h a t  o n l y  37% o f  

t he  energy o f  t h e  i n d u c t o r  i s  supp l i ed  t o  t h e  gun. A lso  shown i n  

F i g .  4 a re  t h e  percentage d i s t r i b u t i o n s  o f  t h e  d e l i v e r e d  energy as 

a  f u n c t i o n  o f  t ime  as i t  i s  p a r t i t i o n e d  i n  f o u r  ways. Dur ing  t h e  

i n i t i a l  phase o f  t h e  a c c e l e r a t i o n ,  most o f  t h e  losses  a re  i n  

r e s i s t i v e  hea t i ng .  The percentages o f  energy t ha t . . go  t o  t h e  p r o j e c -  

t i l e  and t o  t h e  magnet ic f i e l d  o f  t h e  r a i l s  inc rease  a t  t h e  beginn ing,  

then  l e v e l  o f f  and f i n a l l y  decrease. Th i s  i n d i c a t e s  an approach t o  

v e l o c i t y  s a t u r a t i o n .  The energy l o s t  i n  f r i c t i o n  inc reases  mono- 

t o m i c a l l y  w i t h  t ime .  The maximum energy l o s s  occurs i n  t h e  r e s i s -  

tances, amounting t o  62% o f  t h e  t o t a l  energy supp l i ed  by t h e  i n d u c t o r .  

A t  t h e  end o f  t h e  a c c e l e r a t i o n ,  16% o f  t h e  energy s u p p l i e d  t o  t h e  gun 

remains s t o r e d  i n  t h e  magnet ic f i e l d  o f  t h e  r a i l s ,  whereas o n l y  15% 

o f  t he  energy i s  conver ted  i n t o  t he  k i n e t i c  energy o f  t h e  p r o j e c t i l e .  

The f r i c t i o n a l  l o s s  accounts f o r  t h e  remain ing 7% o f  t he  energy.  
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The v e l o c i t y  s a t u r a t i o n  process can be seen c l e a r l y  i n  F i g .  5, 

where t h e  e x i t  v e l o c i t y  o f  t h e  p r o j e c t i l e  i s  p l o t t e d  a g a i n s t  t h e  

a c c e l e r a t o r  l e n g t h .  I t  i s  observed t h a t  as t h e  a c c e l e r a t o r  l e n g t h  

i s  i n c r e a s e d ,  t h e  f i n a l  v e l o c i t y  goes t h r o u g h  a  maximum, i n  t h i s  case 

6.2 km/s. 

The e f f i c i e n c y  o f  e l e c t r i c  t o  k i n e t i c  energy  c o n v e r s i o n  based 

on t h e  energy  s t o r e d  i n  t h e  i n d u c t o r  i s ' o n l y  5.32.  T h i s  i s  due t o  

t h e  f a c t  63% o f  t h e  energy  s t o r e d  i n  t h e  i n d u c t o r  remains  u n d e l i v e r e d  

t o  t h e  gun. Hence, i t  i s  d e s i r a b l e  t o  have l o w e r  va lues  o f  Lo. I n  

F i g .  6, t h e  e f f i c i e n c y  o f  t h e  gun i s  p l o t t e d  w i t h  r e s p e c t  t o  

( L 0 / L 1 X ) .  It i s  observed t h a t  t h e  e f f i c i e n c y  i s  improved a t  s m a l l e r  

va lues  o f  Lo.  However, t h e  e x i t  v e l o c i t y  o f  t h e  p r o j e c t i l e  a l s o  

becomes somewhat s m a l l e r  a t  s m a l l e r  v a l u e s  o f  Lo and i t  s t a r t s  t o  

s a t u r a t e  a t  abou t  ( L 0 / L 1 X )  = 10 ( F i g .  6 ) .  Thus, a  compromise has 

t o  be made between t h e  e f f i c i e n c y  o f  t h e  r a i l  gun and t h e  f i n a l  

v e l o c i t y  o f  t h e  p r o j e c t i  l e .  

The c u r r e n t  i n  t h e  gun d rops  f r o m  an i n i t i a l  v a l u e  o f  300 KA 

t o  239 KA ( F i g .  7 ) ,  a  decrease o f  20X, wh ich  has a1 so been observed  

i n  t h e  exper imen ts .  Cor respond ing ly ,  t h e  plasma r e s i s t a n c e  

i n c r e a s e s  f r o m  an i n i t i a l  v a l u e  o f  500 pohm t o  625 pohm ( F i g .  7 ) .  

I t  i s  found  t h a t  t h e  c u r r e n t  d i f f u s e s  c o m p l e t e l y  i n t o  t h e  

r a i l s  i n  260 gsec.  I f  s k i n  d e p t h  i s  i g n o r e d ,  t h e  t o t a l  r e s i s t i v e  

l o s s e s  a t  t h e  end o f  a c c e l e r a t i o n  amount t o  55% o f  t h e  energy  

s u p p l i e d  b y  t h e  i n d u c t o r ,  as opposed t o  62% when s k i n  d e p t h  i s  t a k e n  

i n t o  accoun t .  



ACCELERATOR LENGTH, M 

Fig. 5. Effect of accelerator length on projectile exit velocity 



EFFICIENCY (010) 



F i g .  7 .  Plasma r e s i s t a n c e  and c u r r e n t  a s  a  f u n c t i o n  o f  t i m e  
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The r e s i s t i v e  l o s s e s  o c c u r  i n  t h e  r a i l s ,  i n  t h e  plasma and . 

i n  t h e  i n d u c t o r .  The pe rcen tage  d i s t r i b u t i o n s  o f  r e s i s t i v e  l o s s e s  

i n  each o f  t h e s e  components a r e  shown i n  F i g .  8 .  I t  i s  observed 

t h a t  i n i t i a l l y  t h e  r e s i s t i v e  l o s s e s  i n  t h e  plasma dominate  ( -65% o f  

t o t a l  r e s i s t i v e  l o s s e s  a t  200 psec )  b u t  w i t h  t i m e  t h e  r e s i s t i v e  l o s s  

i n  t h e  r a i l s  b e g i n s  t o  i n c r e a s e .  A t  t h e  end o f  a c c e l e r a t i o n ,  85% 

o f  t o t a l  r e s i s t i v e  l o s s e s  o c c u r  i n  t h e  r a i l s .  

Conc lus ions  

I t  i s  observed t h a t  t h e  r a i l  gun i s  a  l ow  e f f i c i e n c y  

a c c e l e r a t i o n  d e v i c e .  I n  t h e  exper imen ts  o f  R  & M, o n l y  15% o f  

t h e  energy  s u p p l i e d  t o  t h e  gun i s  t r a n s f o r m e d  i n t o  t h e  k i n e t i c  

energy  o f  t h e  p r o j e c t i l e .  Much o f  t h e  energy  o r i g i n a l l y  s t o r e d  i n  

t h e  i n d u c t o r  remains  u n d e l i v e r e d  t o  t h e  gun a l t h o u g h  i n  p r i n c i p l e  

t h i s  energy  can be recove red .  R e s i s t i v e  l o s s e s  accoun t  f o r  t h e  

l a r g e s t  amount o f  energy  d i s s i p a t i o n  and t h i s  a l o n e  tends  t o  l i m i t  

t h e  l e n g t h  of  t h e  r a i l  guns and hence, t h e  maximum v e l o c i t y  o f  t h e  

p r o j e c t i l e .  



100- - RAILS --- PLASMA 
--- INDUCTOR 

80 - 
\ 
\ 
\ 
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\ 1 - - -- ---  
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TIME, MICRO-SECOND, XI o2 
Fig. 8. Percentage distribution o f  resistive losses versus time 
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Nomenclature 

b  = P r o p o r t i o n a l i t y  c o n s t a n t  f o r  t h e  f r i c t i o n  f o r c e  

d  = Th ickness o f  t h e  r a i l s  

E  = T o t a l  energy s u p p l i e d  by t h e  i n d u c t o r  

Ef = Energy l o s t  i n  f r i c t i o n  between t h e  r a i l s  and t h e  p r o j e c t i l e  

Ei = Energy s t o r e d  i n  t h e  magnet ic  f i e l d  o f  t h e  r a i l s  

Ek = K i n e t i c  energy o f  t h e  p r o j e c t i l e  

Er = R e s i s t i v e  energy l o s s  i n  t h e  r a i l s  

F  = Force on t h e  p r o j e c t i l e  

F  = F r i c t i o n  f o r c e  f 

I = C u r r e n t  i n  t h e  gun a t  any t i m e  

If = C u r r e n t  i n  t h e  gun a t  t h e  end o f  a c c e l e r a t i o n  

I. = C u r r e n t  i n  t h e  gun a t  t h e  b e g i n n i n g  o f  a c c e l e r a t i o n  

Lo = Induc tance  o f  s t o r a g e  i n d u c t o r  

L '  = Induc tance  g r a d i e n t  o f  t h e  r a i l s  

M = Mass o f  t h e  p r o j e c t i l e  

MV = Muzzle v o l  t age  

Ro = Res is tance  o f  t h e  s t o r a g e  i n d u c t o r  

R = Plasma r e s i s t a n c e  
P 

R '  = Res is tance p e r  u n i t  l e n g t h  o f  t h e  p a i r  o f  r a i l s  

t = Time 

te = Time o f  e x i t  o f  t h e  p r o j e c t i l e  

v  = V e l o c i t y  o f  t h e  p r o j e c t i l e  

w = Width  o f  t h e  r a i l s  

x = D i s t a n c e  t r a v e l l e d  by t h e  p r o j e c t i l e  

X = Leng th  o f  t h e  r a i l  gun 
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5 = Skin depth 

p = Permeability of the rails 

o = Conductivity of the rails 



FRICTION I N  RAIL GUNS 

I n t r o d u c t i o n  

The v e l o c i t y  o f  t h e  p r o j e c t i l e  i s  t h e o r e t i c a l l y  g i v e n  b y  

However, r a i l  gun exper imen ts  have y i e l d e d  c o n s i s t e n t l y  l o w e r  p r o -  

j e c t i l e  v e l o c i t i e s  t h a n  a r e  t o  be expec ted  f rom e q u a t i o n  19.  T h i s  

2 i n d i c a t e s  t h a t  t h e  f o r c e  F ( t )  = 4 L ' I  ( t )  i s  n o t  f u l l y  e f f e c t i v e  i n  

a c c e l e r a t i n g  t h e  p r o j e c t i l e .  Plasma leakage around t h e  p r o j e c t i l e  

c o u l d  be p a r t i a l l y  r e s p o n s i b l e  f o r  t h i s .  However, t h e  m a j o r  cause 

o f  reduced a c c e l e r a t i o n  c o u l d  be due t o  f r i c t i o n  between t h e  

p r o j e c t i l e  and b o r e  s u r f a c e s .  

A c c u r a t e  d e s c r i p t i o n  o f  t hese  r e l a t i v e l y  l a r g e  f r i c t i o n  

f o r c e s  i n  t i m e  p e r i o d s  o f  t h e  o r d e r  o f  m i l l  i seconds i s  e x t r e m e l y  

d i f f i c u l t .  As shown e a r l i e r ,  t h e  e f f e c t  o f  f r i c t i o n  on r a i l  gun 

per formance can be a d e q u a t e l y  exp ressed  t h r o u g h  an e m p i r i c a l  formu- 

l a t i o n  as a  f u n c t i o n  p r o p o r t i o n a l  t o  t h e  square o f  t h e  p r o j e c t i l e  

v e l o c i t y .  I t  s h o u l d  be n o t e d  t h a t  s e m i - e m p i r i c a l  f o r m u l a t i o n s  a r e  

a l s o  used i n  t h e  i n t e r i o r  b a l l i s t i c  a n a l y s i s  o f  c o n v e n t i o n a l  chemica l  

p r o p e l  1 a n t  d r i v e n  guns [I 41. 

I n  t h i s  s e c t i o n ,  t h e  exper imen t  o f  Bauer e t  a l .  i s  s i m u l a t e d  

u s i n g  e q u a t i o n s  3  t h r o u g h  13.  I n  t h i s  exper imen t ,  a  6 .3  mm x 3.8 mm 

x 6.3 mm p a r a l l e l o p i p e d  (0 .2  g  mass), made o f  po l yca rbona te ,  was 

a c c e l e r a t e d  t o  a  v e l o c i t y  o f  2 km/s i n  t h e  f i r s t  0 . 4  m o f  a  3  m l o n g  

2  2  
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gun, when t h e  a c c e l e r a t i o n  o f  t h e  p r o j e c t i l e  ceased a p p a r e n t l y  due 

t o  e x c e s s i v e  f r i c t i o n  between t h e  p r o j e c t i l e  and t h e  gun [12 ] .  

O r i g i n  o f  t h e  R e t a r d i n g  Force 
I 

As opposed t o  t h e  o r d i n a r y  guns where t h e  p r o j e c t i l e  base 

p r e s s u r e  i s  r e l a t i v e l y  low, t h e  p r e s s u r e  i n  t h e  r a i l  gun exceeds 

t h e  y i e l d  s t r e n g t h  o f  t h e  p r o j e c t i l e  m a t e r i a l .  Hence, t h e  p r o j e c -  

t i l e  undergoes p l a s t i c  d e f o r m a t i o n  and expands a g a i n s t  t h e  b o r e  o f  

t h e  gun. The r e s u l t a n t  i n i t i a l  c o n t a c t  f r i c t i o n  soon g i v e s  way t o  

t h e  f o r m a t i o n  o f  a  nu1 t i p h a s e  ( s o l i d  p a r t i c l e  and gas) e r o s i v e  

v i s c o u s  boundary l a y e r  where t h e  f r i c t i o n a l  ene rgy  i s  d i s s i p a t e d  

110, 151.  

Ano the r  source o f  t h e  r e t a r d i n g  f o r c e  i s  due t o  t h e  i n ipu l -  

s i v e  l o a d i n g  o f  t h e  r a i l  gun s t r u c t u r e  by  t h e  magne t i c  r e p u l s i v e  

f o r c e s  on t h e  r a i l s  f r o m  t h e  passage o f  t h e  c u r r e n t .  The dynamic 

s t r e s s  genera ted  i n  t h e  s t r u c t u r e  causes d i sp lacemen ts  o f  t h e  r a i l s  

and t h e  s i d e  w a l l s  ahead o f  t h e  p r o j e c t i l e  [16 ] .  The r e s u l t a n t  

p i n c h i n g  o f  t h e  p r o j e c t i l e  c o u l d  be severe  enough t o  s u f f i c i e n t l y  

reduce t h e  a c c e l e r a t i o n  o f  t h e  p r o j e c t i l e .  

R e s u l t s  

The va lues  o f  t h e  parameters  used i n  s o l v i n g  t h e  r a i l  gun 

c i r c u i t  e q u a t i o n s  a r e  l i s t e d  i n  T a b l e  2 .  I t  was found t h a t  a  v a l u e  

o f  b  = 8.65 x kg/m p r o v i d e s  a  good f i t  t o  t h e  e x p e r i m e n t a l  d a t a .  
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The p o s i t i o n  o f  t h e  p r o j e c t i l e  as a  f u n c t i o n  o f  t i m e  i s  

shown i n  F i g .  9 i n  s o l  i d  1  i n e .  F o r  compar ison,  t h e  e x p e r i m e n t a l  

d a t a  p o i n t s  o f  Bauer e t  a l .  a r e  shown i n  t h i s  f i g u r e  i n  s o l i d  

c i r c l e s .  The t h e o r e t i c a l  c a l c u l a t i o n  w i t h o u t  f r i c t i o n  i s  a l s o  

shown i n  t h i s , f i g u r e  i n  b roken  l i n e s .  

F i g u r e  10 shows t h e  v a r i a t i o n  o f  t h e  L o r e n t z  f o r c e  and t h e  

f r i c t i o n  f o r c e  as a f u n c t i o n  o f  t h e  d i s t a n c e  t r a v e l l e d  b y  t h e  p r o -  

j e c t i l e .  The two f o r c e s  a r e  dqua l  a f t e r  o n l y  0 .4  m o f  p r o j e c t i l e  

t r a v e l .  Fo r  compar ison,  t h e  f r i c t i o n  f o r c e  i s  66% o f  t h e  L o r e n t z  

f o r c e  a t  t h e  muzzle o f  t h e  gun i n  R a s h l e i g h  and M a r s h a l l ' s  e x p e r i -  

ment ( F i g .  11): I n  t h e  fo rmer  case, t h e  energy  d i s s i p a t e d ' i n  

f r i c t i o n  i s  9% o f  t h e  energy  s u p p l i e d  t o  t h e  gun when t h e  p r o j e c t i l e  

has advanced by  0 . 4  m  f r o m  t h e  b reech  p o s i t i o n  ( F i g .  1 2 ) .  I n  t h e  

l a t t e r  case, t h e  f r i c t i o n  l o s s  amounts t o  7% o f  t h e  t o t a l  energy  
. , 

d e l i v e r e d  t o  t h e  gun. 

D i s s i p a t i o n  o f  Energy 

How i s  t h e  f r i c t i o n a l  ene rgy  d i s s i p a t e d ?  By t a k i n g  i n t o  

accoun t  t h e  development o f  an e r o s i o n  p r o d u c t ,  C o u e t t e - l i k e  v i scous  

boundary l a y e r  between t h e  r a i l  and t h e  p r o j e c t i l e  s u r f a c e ,  Buck ing -  

ham has demonst ra ted t h a t  t h e  p r o j e c t i l e  w i l l  s u f f e r  t h e  l o s s  o f  

o n l y  a  sma l l  f r a c t i o n  o f  i t s  o r i g i n a l  mass due t o  d i s s i p a t i o n  o f  

d r a g  energy  [ l o ,  151. Obv ious l y ,  t h e  f r i c t i o n a l  ene rgy  has t o  be 

d i s s i p a t e d  t h r o u g h  t h e  r a i l  gun s t r u c t u r e .  



Time, micro-second,  x l o2 

F i g .  9.  A c c e l e r a t i o n  l e n g t h  as a  f u n c t i o n  o f  t i m e .  
So l  i d  c i r c l e s  r e p r e s e n t  e x p e r i m e n t a l  d a t a  o f  
Bauer e t  a1 . [12] .  Broken 1  i n e s  r e p r e s e n t  
c a l c u l a t i o n s  w i t h o u t  f r i c t i o n .  



A c c e l e r a t i o n  length,  rn 

5 -  

F i g .  10, L o r e n t z  f o r c e  and f r i c t i o n  f o r c e  a s  a f u n c t i o n  o f  
a c c e l e r a t i o n  l e n g t h  i n  t h e  exper imen t  o f  Bauer e t  a l .  
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A c c e l e r a t i o n  length, m 

F i g .  11. L o r e n t z  f o r c e  and f r i c t i o n  f o r c e  versus a c c e l e r a t i o n  
l e n g t h  i n  t h e  exper iment  o f  Rash le igh and Marsha l l  
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A c c e l e r a t i o n  length,  m 

F i g .  12.  F r i c t i o n a l  ene rgy  d i s s i p a t i o n  as a  pe rcen tage  o f  
t o t a l  ene rgy  d e l i v e r e d  t o  t h e  gun ve rsus  a c c e l e r a t i o n  
l e n g t h  i n  t h e  exper imen t  o f  Bauer e t  a l .  



I n  t h e  e x p e r i m e n t  o f  Bauer e t  a l . ,  t h e  p r o j e c t i l e  ceased t o  

i n c r e a s e  i n  v e l o c i t y  a f t e r  a  s h o r t  p e r i o d  o f  a c c e l e r a t i o n .  No s i g -  

n i f i c a n t  l eakage  o f  plasma t o  t h e  f r o n t  o f  t h e  p r o j e c t i l e  was 

d e t e c t e d  f r o m  t h e  magne t i c  f l u x  probe measurements. To e x p l a i n  

t h e  l o s s  o f  a c c e l e r a t i o n ,  one h y p o t h e s i s  advanced was t h a t  t h e  

c u r r e n t  must  have commutated o u t  o f  t h e  a rma tu re  i n t o  a  secondary 

c u r r e n t  p a t h  w i t h i n  t h e  l a u n c h e r .  However, no c o n v i n c i n g  p r o o f  

was l a t e r  f ound  t o  s u p p o r t  t h i s  h y p o t h e s i s .  A l though ,  i t  i s  p o s s i -  

b l e  t h a t  a  s m a l l  f r a c t i o n  o f  t h e  c u r r e n t  d e l i v e r e d  t o  t h e  gun was 

shunted f r o m  t h e  a rma tu re  i n t o  a  s p u r i o u s  pa th ,  i t  i s  d o u b t f u l  

t h a t  t h e  e n t i r e  c u r r e n t  has done so.  

The more l i k e l y  e x p l a n a t i o n  o f  t h e  l o s s  o f  a c c e l e r a t i o n  i s  

due t o  t h e  e x c e s s i v e  d r a g  between t h e  p r o j e c t i l e  and t h e  l a u n c h e r  

s u r f a c e s .  A l t h o u g h  t h e  reasons a r e  n o t  e n t i r e l y  c l e a r ,  s m a l l  b o r e  

r a i l  guns a p p a r e n t l y  o f f e r  more r e s i s t a n c e s  compared t o  l a r g e  b o r e  

r a i l  guns, as  ev idenced  by  t h e  l o s s  o f  a c c e l e r a t i o n  i n  o t h e r  s m a l l  

b o r e  r a i l  gun exper imen ts  [I 71. 

The e f f e c t s  o f  t h e  f r i c t i o n a l  ene rgy  d i s s i p a t i o n  on t h e  b o r e  

sur faces a r e  ana lyzed  i n  t h i s  paper  f o r  t h e  exper imen t  o f  Bauer 

e t  a l .  On ly  an approx ima te  p h y s i c a l  d e s c r i p t i o n  o f  t h e  p rob lem i s  

a t t e m p t e d  h e r e  as t h e  d e t a i l s  a r e  t o o  c o m p l i c a t e d .  F o r  t h i s  purpose,  

i t  i s  assumed t h a t  a  q u a s i - s t e a d y  s t a t e  has been e s t a b l i s h e d  i n  t h e  

p r o j e c t i l e  r e s t  f rame. 

When t h e  p r o j e c t i l e  s topped a c c e l e r a t i n g ,  t h e  d r a g  f o r c e  

3 was e s t i m a t e d  t o  be 4 x 10 N and t h e  p r o j e c t i l e  v e l o c i t y  was 

3 2 x 10 m/s. I f  one i d e n t i f i e s  a  s p e c i f i c  e lement  o f  t h e  w a l l  
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.equal  t o  t h e  l e n g t h  o f  t h e  p r o j e c t i l e  i n  t h e  d i r e c t i o n  o f  mo t ion ,  

t h e  energy  d i s s i p a t e d  i n  t r a v e r s i n g  t h i s  l e n g t h  i s  24 J .  T h i s  amount 

o f  ene rgy  b y  i t s e l f  i s  n o t  s i g n i f i c a n t l y  l a r g e  ( t h e  amount o f  ene rgy  

genera ted  i n  an e q u i v a l e n t  l e n g t h  o f  r a i l  by  J o u l e  h e a t i n g  i s  

8  x l o 4  J ) .  B u t ,  because o f  t h e  e x t r e m e l y  s h o r t  p e r i o d  o f  t i m e  

i n  wh ich  t h i s  energy  i s  l i b e r a t e d ,  t h e  h e a t  f l u x  on t h e  b o r e  s u r -  

f aces  becomes r a t h e r  l a r g e .  Assuming t h a t  a l l  t h e  f r i c t i o n a l  ene rgy  

i s  u n i f o r m l y  d i s s i p a t e d  t h r o u g h  t h e  s u r f a c e s ,  t h e  h e a t  f l u x  i s  found 

2 t o  be 6 .5  x 10'' W/m based on t h e  i n s t a n t a n e o u s  c o n t a c t  a rea  o f  t h e  

p r o j e c t i l e  w i t h  t h e  b o r e  s u r f a c e s .  

The p e n e t r a t i o n  o f  h e a t  i n t o  a  s u r f a c e  can be r o u g h l y  

e s t i m a t e d  f r o m  

The the rma l  ene rgy  d i s s i p a t e d  i n  t i m e  t i s  q " t .  Thus, t h e  s p e c i f i c  

t he rma l  energy  o f  t h e  hea ted  zone i s  

C o n s e r v a t i v e l y  assuming t h a t  t h e  h e a t  f l u x  i s  a p p l i e d  t o  t h e  s u r f a c e  

e lement  f o r  a  t i m e  p e r i o d  o f  3  .us t h a t  i t  t a k e s  t h e  p r o j e c t i l e  t o  

t r a v e r s e  t h i s  l e n g t h ,  t h e  s p e c i f i c  t he rma l  energy  o f  t h e  copper  

r a i l s  i s  UCu = 1186 J / g  and t h a t  o f  t h e  f i b e r  g l a s s  s i d e  w a l l s  i s  

4 
= 6.1 x 10 J /g .  Hence t h e  su r face  o f  t h e  r a i  1s w i  11 be 

r a i s e d  t o  a  tempera tu re  wh ich  i s  beyond t h e  m e l t i n g  p o i n t  o f  copper .  

The g l a s s  s u r f a c e s  w i l l  v a p o r i z e .  
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A p p l y i n g  t h e  t h e o r y  o f  one d imens iona l  m e l t i n g  o f  a  h a l f -  

space s u b j e c t e d  t o  a  s t e p  f u n c t i o n  h e a t  i n p u t  a t  t h e  s u r f a c e  [18]  

The t h i c k n e s s  o f  t h e  zone where t h e  tempera tu re  i s  beyond t h e  

m e l t i n g  tempera tu re  i s  g i v e n  b y  

Fo r  t h e  copper  r a i l s  tm = 0.5 p s  and z = 5 pm. However, m e l t i n g  1  

i s  a  t ime- tempera tu re  r e a c t i o n  and w i l l  o c c u r  o n l y  under  e q u i l i b r i u m  

c o n d i t i o n s .  The s u r f a c e  m a t e r i a l  o f  t h e  r a i l s  i s  n o t  n e c e s s a r i l y  

m o l t e n .  Under t h e s e  c o n d i t i o n s ,  t h e  r a i l  s u r f a c e  i s  n o t  expec ted  

t o  recede and i t s  t e m p e r a t u r e  w i l l  be reduced once t h e  h e a t  source 

moves beyond t h e  s p e c i f i e d  s u r f a c e  e lemen t .  

Fo r  t h e  g l a s s  s i d e  w a l l s ,  t h e  t i m e  f o r  t h e  i n i t i a t i o n  o f  

v a p o r i  z a t i  on can be c a l c u l a t e d  by assuming one d imens iona l  h e a t  

f l o w ,  a  c o n t i n u a l l y  v a p o r i z i n g  s u r f a c e  w i t h  c o n s t a n t  h e a t  i n p u t  

a t  t h e  s u r f a c e  and c o n t i n u e d  removal o f  t h e  v a p o r i z e d  m a t e r i a l  f r o m  

t h e  s u r f a c e  [19]. Thus 

The dep th  o f  m a t e r i a l  removed by  v a p o r i z a t i o n  i s  g i v e n  by  



For g l a s s ,  t a k i n g  Tv = 3300°K and L = 20,000 J/g,  one f i n d s  

v  
M 4 ns and z M 3.4 urn. 2 

Concl u s i  on 

The d r a g  f o r c e  i n  a  r a i l  gun can be adequa te l y  d e s c r i b e d  

2 by an e m p i r i c a l  r e l a t i o n  Ff = bv  . Obv ious l y ,  t h e  va lues  o f  b  w i l l  

depend on t h e  geometry and m a t e r i a l  c o m p o s i t i o n  as w e l l  as t h e  

s t r u c t u r a l  i n t e g r i t y  o f  t h e  r a i l  gun. No genera l  p h y s i c a l  model 

has y e t  been deve loped f o r  f r i c t i o n  i n  t h i s  v e l o c i t y  and p r e s s u r e  

range t o  i n t e r p r e t  t h e  observed da ta .  



Table  2 

I n p u t  Data 

Parameter  Value 

0 .2  g 

200 v o l t  

650 uohrn 

250 psec 

6 .35  mrn 

4n x l o m 7  H/m 

8 -1 -1 0 .58  x 10 ohm -m 
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Nomenclature 

b = P r o p o r t i o n a l i t y  c o n s t a n t  f o r  t h e  f r i c t i o n  f o r c e  

c = S p e c i f i c  h e a t  

Ff = F r i c t i o n  f o r c e  

I = C u r r e n t  i n  t h e  r a i l  gun a t  any t i m e  

k = Thermal c o n d u c t i v i t y  

L = L a t e n t  h e a t  o f  v a p o r i z a t i o n  

L '  = Induc tance  g r a d i e n t  o f  t h e  r a i l s  

M = Mass o f  t h e  p r o j e c t i l e  

q" = Heat f l u x  

t = T i m e  

T  = Temperature 

U = S p e c i f i c  Thermal Energy 

v  = V e l o c i t y  o f  t h e  p r o j e c t i l e  

z1 = Th ickness o f  me1 t 

z2 = Th ickness o f  m a t e r i a l  v a p o r i z e d  

a = Thermal d i f f u s i v i  t y  

p = D e n s i t y  

Ax = Depth o f  p e n e t r a t i o n  o f  h e a t  

Subsc r i  ~ t s  : 

o  = Room c o n d i t i o n  

m  = M e l t i n g  

v  = V a p o r i z a t i o n  



PLASMA-PROJECTILE INTERACTION I N  AN 

ARC-DRIVEN RAIL GUN 

I n t r o d u c t i o n  

I n  a  r a i l  gun, t h e  plasma i s  formed b y  p a s s i n g  t h e  c u r r e n t  

t h r o u g h  a  t h i n  me ta l  f o i l  a t t a c h e d  t o  t h e  base o f  t h e  p r o j e c t i l e .  

When t h e  i n d u c t o r  i s  s w i t c h e d  i n t o  t h e  r a i l  gun c i r c u i t ,  t h e  f o i l  

b e g i n s  t o  h e a t  up and e v e n t u a l l y  m e l t s .  S ince  t h i s  t a k e s  p l a c e  i n  

a  f r a c t i o n  o f  a  microsecond,  t h e  p h y s i c a l  shape o f  t h e  f o i l  i s  

m a i n t a i n e d  by  i n e r t i a  and magne t i c  p r e s s u r e .  As h e a t  i s  f u r t h e r  

added t o  t h e  s t i l l  l i q u i d  me ta l  b y  t h e  c o n t i n u i n g  f l o w  o f  t h e  

c u r r e n t ,  i t s  t empera tu re  r i s e s  t o  t h e  b o i l i n g  p o i n t .  However, 

e q u i l i b r i u m  b o i l i n g  can n o t  t a k e  p l a c e ,  so s u p e r h e a t i n g  occu rs  

u n t i  1  t h e  l i q u i d  me ta l  exp lodes  and forms t h e  plasma. Due t o  t h e  

i nduced  magne t i c  f i e l d  and t h e  p o s i t i o n i n g  o f  t h e  p r o j e c t i l e  ahead 

o f  t h e  f o i l ,  t h e  plasma i s  c o n f i n e d  t o  a  f i n i t e  volume and a c c e l e r -  

a t e s  t o g e t h e r  w i t h  t h e  p r o j e c t i l e .  The mechanism o f  t h e  a c c e l e r a -  

t i o n  process and how t h e  c u r r e n t  i s  p a r t i t i o n e d  i n  t h e  plasma a r e  

e x p l a i n e d  i n  t h i s  s e c t i o n .  

The c h a r a c t e r i s t i c s  o f  a  r a i l  gun plasma were f i r s t  s t u d i e d  

by McNab f o r  t h e  R a s h l e i g h  and M a r s h a l l  expe r imen t  b y  assuming a  

s teady  s t a t e  and u n i  form c o n d i t i o n s  i n  t h e  plasma [20] . Subsequent ly ,  

B a t t e h  and Powel l  c a l c u l a t e d  plasma p r o p e r t i e s  f o r  a  n o n - u n i f o r m  

plasma i n  t h e  s t e a d y  s t a t e  b y  u s i n g  f i r s t ,  one d imens iona l  and l a t e r ,  

two d imens iona l  magnetohydrodynamic e q u a t i o n s  [21, 221. However, 

t hese  e q u a t i o n s  t u r n  o u t  t o  be v e r y  complex and a  p h y s i c a l  u n d e r s t a n d i n g  

3 5 
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o f  t h e  processes t h a t  t a k e  p l a c e  i n  t h e  plasma i s  n o t  r e a d i l y  ach ieved .  

A  computer  s i m u l a t i o n  code was deve loped by  T h i o  where t i m e  v a r y i n g  

p r o p e r t i e s  o f  t h e  plasma as  a  component o f  t h e  r a i l  gun c i r c u i t  were 

e v a l u a t e d  [23]. I t  was observed r e c e n t l y  t h a t  t h e  a n a l y s i s  can be 

c o n s i d e r a b l y  s i m p l i f i e d  b y  assuming u n i f o r m  c o n d u c t i v i t y  i n  t h e  plasma 

[24] .  To g a i n  an i n s i g h t  i n t o  t h e  p h y s i c s  o f  t h e  plasma processes,  

a  s i m p l i f i e d  a n a l y s i s  i s  p r e s e n t e d  he re  t o  e s t a b l i s h  t h e  plasma c o n d i -  

t i o n s  i n  t h e . e x p e r i m e n t  o f  Bauer e t  a l .  b y  assuming u n i f o r m  plasma 

c o n d u c t i  v i  t y  and by  normal i z i  ng t h e  p r e s s u r e ,  magnet ic  f i e 1  d  and 

v o l  t age  d r o p  a c r o s s  t h e  p l  asma t o  t h e  e x p e r i m e n t a l  cond i  t i  ons [I 21. 

Mechanism o f  A c c e l e r a t i o n  

. I t  i s  w e l l  known f r o m  Ampere's l aw  t h a t  a  c o n d u c t o r  c a r r y i n g  

a  c u r r e n t  d e n s i t y  - J i n  a  magne t i c  f i e l d  - B exper iences  a  body f o r c e  

F g i v e n  by  

T h i s  body f o r c e  o r i g i n a t e s  f r o m  t h e  sum o f  t h e  L o r e n t z  f o r c e s  on a l l  

t h e  mov ing charged p a r t i c l e s  i n s i d e  t h e  c o n d u c t o r .  

The plasma a c c e l e r a t i o n  can be vi,ewed as a  s i m p l e  two s t e p  

p rocess .  The plasma i s  assumed t o  be f u l l y  i o n i z e d .  F i r s t ,  due t o  

t h e  passage o f  t h e  c u r r e n t  i n  t h e  plasma an e l e c t r i c  f i e l d  E i s  s e t  
Y  

up under  wh ich  t h e  e l e c t r o n s  and t h e  i o n s  a c q u i r e  d r i f t  v e l o c i t i e s  

v  and vi r e s p e c t i v e l y  ( v e  >> v i )  Nex t ,  t h e  f l o w  o f  c u r r e n t  e  

genera tes  an i nduced  magne t i c  f i e l d  BZ ( F i g .  1 3 ) .  Due t o  t h i s  
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Fig. 13.  Charge separat ion a t  the  edges of plasma due t o  a magnetic 
f i e l d  



magnet ic f i e 1  d, t h e  e l e c t r o n s  and i o n s  exper ience Loren tz  f o r ces  

eveBZ and evi Bz r e s p e c t i v e l y .  

The a c c e l e r a t i o n  o f  t h e  e l e c t r o n s  due t o  t he  magnet ic f o r c e  

i s  much h i ghe r  than those o f  t h e  i ons ,  as t h e  mass o f  t h e  e l e c t r o n s  

i s  much sma l l e r  than  those o f  t h e  i o n s .  Thus, an e l e c t r i c  charge 

sepa ra t i on  occurs  a t  t he  plasma boundar ies whereas t he  main body o f  

t h e  plasma remains e l e c t r i c a l l y  n e u t r a l .  The excess e l e c t r o n s  a t  t h e  

l e a d i n g  edge o f  t h e  plasma adhere t o  t h e  base o f  t he  p r o j e c t i l e  which 

i s  made o f  a  d i e l e c t r i c  m a t e r i a l .  Once t h i s  i s  achieved, t h e  charge 

d i s t r i b u t i o n  a t  t h e  base o f  t h e  p r o j e c t i l e  remains f i x e d  and does n o t  

move under t he  i n f l u e n c e  o f  any e l e c t r i c a l  f o r c e  t h a t  may be 

exper ienced by i t .  

Due t o  t h e  d isp lacement  o f  charges, an e l e c t r i c  f i e l d  Ex 

( a l s o  known as H a l l  f i e l d )  i s  e s t a b l i s h e d  i n  t h e  plasma t o  oppose 

t he  sepa ra t i on  o f  charges. Charge sepa ra t i on  ceases when t h e  e l e c t r i c  

f o r c e  on t h e  e l e c t r o n s  i s  balanced by t h e  magnet ic fo rce ,  i . e . ,  

However, t h e  i ons  now exper ience a  n e t  force i n  t h e  x - d i r e c t i o n  

The c u r r e n t  d e n s i t y  J i s  d e f i n e d  by, 
Y  



E q u a t i o n  28 t h e n  reduces t o ,  

F = J B  
Y  z 

wh ich  i s  t h e  same as e q u a t i o n  26. Bu t ,  as soon as t h e  p o s i t i v e  

i o n s  b e g i n  t o  a c c e l e r a t e ,  t h e  e l e c t r o n s  a d h e r i n g  t o  t h e  base o f  t h e  

p r o j e c t i l e  t r a n s m i t  t h e  same f o r c e  t o  t h e  p r o j e c t i l e  t o  m a i n t a i n  t h e  

p r e v i o u s l y  a t t a i n e d  cha rge  s e p a r a t i o n .  T h i s  makes t h e  plasma and 

t h e  p r o j e c t i l e  a c c e l e r a t e  t o g e t h e r  i n  t h e  r a i l  gun. 

Plasma Conduct i  v i  t y  

Fo r  c a l c u l a t i n g  t h e  c o n d u c t i v i t y ,  each c o n s t i t u e n t  spec ies  

o f  t h e  plasma i s  assumed t o  be a  c o n t i n u o u s  f l u i d  w i t h  macroscop ic  

p r o p e r t i e s  d e r i v e d  from a p p r o p r i a t e  averages o v e r  t h e  p a r t i c l e s .  

Thus t h e  plasma i s  c o n s i d e r e d  t o  c o n s i s t  o f  n  f r e e  e l e c t r o n s ,  n  

s i n g l y  charged p o s i t i v e  i o n s  and nn n e u t r a l  atoms p e r  u n i t  volume. 

The n e u t r a l  atoms a r e  assumed t o  be c o u p l e d  t o  t h e  main body o f  t h e  

plasma t h r o u g h  c o l l i s i o n  processes w i t h  e l e c t r o n s  and i o n s .  

I n  t h e  r e s t  f rame o f  t h e  f l u i d ,  t h e  e l e c t r i c  c u r r e n t  i s  

c a r r i e d  p r e d o m i n a n t l y  b y  t h e  e l e c t r o n s .  I n  an i d e a l ,  c o l l i s i o n l e s s  

plasma t h e  charged p a r t i c l e s  g y r a t e  around t h e  l i n e s  o f  f o r c e  as t h e y  

deve lop  d r i f t  v e l o c i t i e s  i n  t h e  - E x - B  d i r e c t i o n .  I n  a  r e a l  plasma, 

t h e r e  a r e  c o l l i s i o n s  between e l e c t r o n s  and i o n s  and between e l e c t r o n s  

and atoms. These c o l l i s i o n s  produce a  dampjng e f f e c t  on t h e  m o t i o n  

o f  t h e  e l e c t r o n s .  The damping e f f e c t  can be expressed by  a  c o l l i s i o n  

f requency  veT i n  te rms o f  t h e  r a t e  a t  wh ich  an e l e c t r o n  l o s e s  i t s  
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momentum through a l l  such c o l l i s i o n s .  The response o f  t he  e l e c t r o n s  

t o  t h e  e l e c t r i c  and t h e  magnet ic f i e l d  i s  then determined by t h e  

r a t i o  o f  t h e i r  gy ro  f requency we t o  t h e  c o l l i s i o n  f requency veT. 

When u ~ / ' I ~ ~  << 1, as i s  t h e  case i n  t h e  r a i l  gun plasmas, t he  e l e c t r o n s  

seldom complete one c y c l e  o f  t h e i r  d r i f t  mot ion  be fo re  c o l l i s i o n  and 

hence develop l i t t l e  c ross  f i e l d  mot ion.  

The average v e l o c i t y  of t h e  e l e c t r o n s  - v i n  t h i s  plasma can 

be g i ven  by t h e  Langevin equa t i on  [25, 261 

The f l o w  o f  e l e c t r o n s  corresponds t o  a c u r r e n t  d e n s i t y  - J g i ven  by 

S u b s t i t u t i n g  t h e  va lue  o f  - v f rom equa t i on  32 i n t o  equa t ion  31 and 

assuming steady s t a t e  c o n d i t i o n  one ob ta i ns ,  

n e 2 
- -  where oo - .G 

e eT 

a can be i n t e r p r e t e d  as t he  dc c o n d u c t i v i t y  o f  t h e  plasma. I f  t h e  
0 

d i r e c t i o n  o f  t he  induced magnet ic f i e l d  i s  taken as t he  z - d i r e c t i o n ,  

i .e., - B = (O,O,B,z), equa t ion  33 can be w r i t t e n  as 



-eB z  where o = - e m e 

i s  t h e  e l e c t r o n  gyromagnet ic  f requency  and aZ i s  t h e  u n i t  v e c t o r  - 
i n  t h e  z - d i r e c t i o n .  I f  t h e  e l e c t r i c  f i e l d  i n  t h e  plasma i s  g i v e n  b y  

E = (E , E  , O ) ,  t h e n  e q u a t i o n  35 can be broken down i n t o  i t s  compo- - x Y 
nen ts  as 

W 

and . . 
\ ,  

e J x + J  = o ~  
"eT Y O Y  

Equa t ions  37 and 38 can be reduced t o  

and J = ulEy - 7, EX 
Y 

3 V L  

where o = 
o  eT 

U 2 + V  2 
e  eT 

0 id '\J 

and - - o e  eT 
l + .\J 

2 
e eT 



I n  t he  r a i  1  guns, veT >> ue, hence o,, << a Thus t he  p r imary  compo- 
I ' 

nent  o f  t h e  c u r r e n t  i s  p a r a l l e l  t o  E which e s s e n t i a l l y  rep resen ts  
Y  

a  s c a l a r  conduct ion i n  t h e  plasma. A smal l  c u r r e n t  element i s  a'dded 

t o  i t  i n  t h e  pe rpend i cu l a r  d i r e c t i o n  ( F i g .  14 ) .  

The f l o w  o f  c u r r e n t  i n  t h e  r a i l  gun can then be represen ted  

where - a i s  t h e  c o n d u c t i v i t y  t enso r  and i s  g iven  by 

C h a r a c t e r i z a t i o n  o f  Plasma 

I n  t h e  r a i l  gun plasmas veT >> , so t he  c u r r e n t  can be e  

cons idered t o  f l o w  i n  t he  y - d i r e c t i o n  o n l y .  The plasma c o n d u c t i v i t y  

i s  assumed t o  be un i fo rm.  The assumption o f  un i f o rm  c o n d u c t i v i t y  

does n o t  i n t r o d u c e  any s i g n i f i c a n t  e r r o r ,  b u t  cons ide rab l y  s i m p l i -  

f i e s  t h e  c a l c u l a t i o n s  [24]. The plasma i s  cons idered t o  be a  

r e c t a n g u l a r  p a r a l l e l o p i p e d  o f  d imension 2 x h  x w ( F i g .  15 ) .  I t  

i s  f u r t h e r  assumed t h a t  t he  plasma i s  s i n g l y  i on i zed .  

The c u r r e n t  d e n s i t y  and t h e  c u r r e n t  pe r  u n i t  h e i g h t  o f  t he  

r a i l  a re  g i ven  by  



Fig. 14. Migration o f  electrons in the electric and 
magnetic fields 



L m u L s  PLASMA 

F i g .  15. Geometry o f  plasma f o r  mode l ing  



Equa t ions  45 and 46 a l s o  i n d i c a t e  t h a t  

Induced magnet ic  f i e l d  

The induced magnet ic  f i e l d  - B can be e v a l u a t e d  f rom Max- 

w e l l ' s  e q u a t i o n  

Assuming t h a t  t h e  magnet ic  f i e l d  v a r i e s  o n l y  i n  t h e  x - d i r e c t i o n ,  

e q u a t i o n  48 reduces t o  

A t  t h e  l e a d i n g  edge o f  t h e  plasma, t h e  induced  magnet ic  f i e l d  i s  

ze ro .  Wi th  t h i s  c o n d i t i o n ,  e q u a t i o n  49 can be i n t e g r a t e d  t o  y i e l d  

The magnet ic  f i e l d  a t  t h e  t r a i l i n g  edge o f  t h e  plasma i s  then  

g i v e n  by 
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However, i t  was found t h a t  t h i s  express ion  overes t imates  t he  mag- 

n e t i c  f i e l d  and hence, t he  p r o p u l s i v e  f o r c e  by a  f a c t o r  o f  2 o r  

more, as equa t ion  51 p e r t a i n s  t o  r a i l s  o f  i n f i n i t e  h e i g h t  [24] .  

To es t ima te  t h e  va lue o f  t h e  magnet ic f i e l d  more accu ra te l y ,  a  

c o r r e c t i o n  f a c t o r  fl i s  i n t r oduced  here,  such t h a t  

The va lue o f  fl can be found by n o r m a l i z i n g  t he  - J x - B f o r c e  w i t h  

t h a t  c a l c u l a t e d  f rom the  exper imenta l  da ta .  The average magnet ic 

f i e l d  i s  then  

Pressure 

The p ressure  i n  t h e  plasma i s  assumed t o  va ry  i n  t h e  

x - d i  r e c t i o n .    his i s  a  reasonable assumption because p ressure  w i  11 

va ry  s i g n i f i c a n t l y  i n  t h e  x - d i r e c t i o n  only,due t o  t he  mechanical 

e f f e c t  o f  t h e  a c c e l e r a t i o n .  

The equa t ion  r e p r e s e n t i n g  t h e  conserva t ion  o f  momentum i n  

t he  plasma can be w r i t t e n  as [27 ]  

Ana l ys i s  o f  equa t i on  54 can be cons ide rab l y  s i m p l i f i e d  by d ropp ing  

t h e  f i r s t  term f rom the  equa t ion  as i t  i s  an o rde r  o f  magnitude 
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s m a l l e r  t h a n  t h e  e l e c t r o m a g n e t i c  body f o r c e .  E q u a t i o n  54 t h e n  

reduces t o  

S u b s t i t u t i n g  t h e  v a l u e s  o f  J and B f r o m  e q u a t i o n s  47 and 52 i n t o  

e q u a t i o n  55, one o b t a i n s  

Fo r  a  p u r e  e l e c t r o m a g n e t i c  a c c e l e r a t i o n  o f  t h e  plasma, t h e  p r e s s u r e  

a t  t h e  t r a i l i n g  edge i s  z e r o .  W i t h  t h i s  c o n d i t i o n ,  e q u a t i o n  56 can 

be i n t e g r a t e d  t o  y i e l d  

The p r e s s u r e  e x e r t e d  b y  t h e  plasma a t  t h e  base o f  t h e  p r o j e c t i l e  

i s  t h e n  

,, 

I t  has been observed  t h a t  t h e  f o r c e  on t h e  p r o j e c t i l e  a t  t h e  

b e g i n n i n g  o f  a c c e l e r a t i o n  can a l s o  be r e p r e s e n t e d  by  [8] 
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Equat ing t h e  two f o r ces ,  one o b t a i n s  

fld 2 
L '  12 (hw) = - 

2h2 2 

L ' h  g i v i n g  f = - 
1 r-lw 

I n  t h e  exper iment  o f  Bauer e t  a l . ,  h  = 3.85 mm, w = 6.35 mm and 

L '  was measured t o  have a  va lue  of  0.5 pH/m. S u b s t i t u t i n g  these 

va lues i n t o  equa t i on  61, t h e  va lue o f  fl i s  found t o  be equal t o  

0.24. 

The average pressure i s  g iven  by 

2 
- p .'j 

2 
P ( x )  dx 

S u b s t i t u t i n g  t h e  va lue o f  P (x )  f rom equa t ion  57 i n t o  equa t ion  62 

and i n t e g r a t i n g ,  one ob ta i ns  

The v a r i a t i o n  o f  p ressure  a long  t h e  l e n g t h  o f  t h e  plasma and t h e  

average p ressure  i s  shown i n  F i g .  16. 

Temperature and degree o f  i o n i z a t i o n  

The average temperature o f  t h e  plasma can be ob ta i ned  f rom 

the  average p ressure  by assuming t h a t  t h e  e l e c t r o n s ,  t he  i o n s  and 

t he  n e u t r a l  atoms a re  a t  t h e  same temperature.  Th i s  i s  a  reasonable 
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F i g .  16. V a r i a t i o n  o f  p r e s s u r e  a l o n g  t h e  l e n g t h  o f  t h e  plasma 
and average p r e s s u r e  
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assumption because due t o  t h e  h i g h  c o l l i s i o n  f requenc ies  i n  r a i l  

gun plasmas, t h e  t ime sca le  i n  which t h e  p a r t i c l e s  a t t a i n  an 

e q u i l i b r i u m  v e l o c i t y  d i s t r i b u t i o n  i s  niuch sma l l e r  than t h a t  o f  t h e  

a c c e l e r a t i o n  i n  t h e  gun. Hence, P and T  a re  r e l a t e d  by 

where a i s  t h e  average degree o f  i o n i z a t i o n  and i s  d e f i n e d  by 

The degree o f  i o n i z a t i o n  can be ob ta ined  f rom the  Saha equa t ion  

[ 201 

where K(T) i s  g i ven  by 

Thus, 



D e n s i t y  

N e g l e c t i n g  t h e  mass o f  t h e  e l e c t r o n s ,  t h e  average d e n s i t y  

o f  t h e  plasma i s  g i v e n  by 

S u b s t i t u t i n g  t h e  v a l u e  o f  a f rom e q u a t i o n  65 i n t o  e q u a t i o n  69, 

one o b t a i n s  

Conduct i  v i  t y  and r e s i  s tance  

Due t o  t h e  h i g h  c o l l i s i o n  f requency,  t h e  plasma can be 

assumed t o  have a  s c a l a r  c o n d u c t i v i t y .  The plasma c o n d u c t i v i t y  

can be c a l c u l a t e d  f r o m  e q u a t i o n  34, where 

.> = 
" e ~  'e i + "en (71  

v and a r e  g i v e n  by  [25]  e  i 

and 4 2  1 /2  v = 2.60 x 10 6 nnT en 

The Coulomb c u t o f f  parameter  A r e p r e s e n t s  t h e  e x t e n t  t o  wh ich 

c o l l e c t i v e  plasma e f f e c t s  dominate o v e r  i n d i v i d u a l  p a r t i c l e  

phenomena and i s  g i v e n  b y  [ 25 ]  

7 3/2n-1/2 
A = 1.23 x 10 T 



The r e s i s t a n c e  o f  t h e  plasma i s  g i v e n  by  

The l e n g t h  o f  t h e  plasma i s  c a l c u l a t e d  f r o m  

The v o l t a g e  d r o p  a c r o s s  t h e  plasma i s  

R e s u l t s  and D i s c u s s i o n  

The amount o f  plasma t h a t  i s  genera ted  f rom t h e  e x p l o d i n g  

f o i l  i s  n o t  de te rm ined  f r o m  t h e  exper imen ts .  I n  v iew o f  t h i s ,  t h e  

plasma mass i s  v a r i e d  i n  t h i s  s t u d y  and t h e  parameters  t h a t  

c h a r a c t e r i z e  t h e  plasma a r e  e v a l u a t e d  as a  f u n c t i o n  o f  t h e  plasma 

mass. The magne t i c  f i e l d  and hence, t h e  p r e s s u r e  a r e  o f  cou rse  

de te rm ined  p r i m a r i l y  by  t h e  c u r r e n t  i n  t h e  r a i l  gun. 

The c a l c u l a t i o n s  a r e  pe r fo rmed  as f o l l o w s .  F i r s t ,  a  plasma 

mass i s  assumed. Next ,  t h e  plasma tempera tu re  i s  assumed and t h e  

degree o f  i o n i z a t i o n ,  t h e  plasma d e n s i t y ,  t h e  e l e c t r o n  d e n s i t y ,  

t h e  c o l l i s i o n  f requency,  t h e  plasma c o n d u c t i v i t y ,  t h e  plasma l e n g t h ,  

t h e  plasma r e s i s t a n c e  and t h e  v o l t a g e  d r o p  ac ross  t h e  plasma a r e  

c a l c u l a t e d .  The c a l c u l a t e d  v o l t a g e  d r o p  ac ross  t h e  plasma i s  t h e n  

checked a g a i n s t  t h e  measured muzz le  v o l t a g e .  I f  t h e  two va lues  a r e  

d i f f e r e n t ,  a  new tempera tu re  i s  s e l e c t e d  and t h e  i t e r a t i o n  p rocess  
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i s  c o n t i n u e d  u n t i l  t h e  two v a l u e s  do n o t  d i f f e r  by  more t h a n  1  v o l t .  

The plasma mass i s  t h e n  changed t o  a  new v a l u e  and t h e  who le  p rocess  

i s  repea ted .  

I n  t h e  exper imen t  o f  Bauer e t  a l . ,  t h e  average mass o f  t h e  

copper  f o i l s  was a p p r o x i m a t e l y  30 mg [28].  I n  t h i s  s tudy ,  t h e  plasma 

mass was v a r i e d  f r o m  10 mg t o  50 mg. F i g u r e  17 shows t h e  plasma tem- 

p e r a t u r e  and degree o f  i o n i z a t i o n  as a  f u n c t i o n  o f  plasma mass. I t  i s  

observed t h a t  t h e  tempera tu re  decreases w i t h  t h e  i n c r e a s e  o f  plasma 

mass. S ince  t h e  v o l t a g e  d r o p  a c r o s s  t h e  plasma i s  n o r m a l i z e d  t o  t h e  

measured muzz le  v o l t a g e ,  t h e  plasma r e s i s t a n c e  remains  c o n s t a n t  and 

thus ,  t h e  ohmic h e a t i n g  i n  t h e  plasma i s  c o n s t a n t  f o r  a  g i v e n  c u r r e n t .  

More plasma r e p r e s e n t s  more p a r t i c l e s  t o  abso rb  t h e  energy  d i s s i p a t e d  

i n  t h e  plasma and hence, t h e  plasma tempera tu re  decreases.  The degree 

o f  i o n i z a t i o n  o f  cou rse  decreases w i t h  an i n c r e a s e  i n  plasma mass as 

i t s  tempera tu re  i s  l owered .  

The v a r i a t i o n  o f  e l e c t r o n  and plasma d e n s i t y  w i t h  t h e  plasma 

mass a r e  shown i n  F i g .  18.  The plasma d e n s i t y  i n c r e a s e s  w i t h  plasma 

mass as t h e  l e n g t h  o f  t h e  plasma and hence, i t s  volume i n c r e a s e s  a t  a  

much s l o w e r  r a t e  w i t h  t h e  i n c r e a s e  o f  plasma mass ( ~ i g .  1 9 ) .  However, 

t h e  e l e c t r o n  d e n s i t y  i s  i n i t i a l l y  f ound  t o  i n c r e a s e  and t h e n  decrease 

w i t h  an i n c r e a s e  i n  plasma mass. T h i s  b e h a v i o r  i s  due t o  t h e  f a c t  t h a t  

t h e  degree o f  i o n i z a t i o n  a l s o  decreases w i t h  t h e  i n c r e a s e  o f  plasma mass. 

The e f f e c t  o f  v a r i a t i o n  o f  plasma mass on i t s  c o n d u c t i v i t y  i s  a l s o  shown 

i n  F i g .  19. As t h e  plasma mass i s  i n c r e a s e d  i t s  t empera tu re  decreases 

wh ich  i n  t u r n  i n c r e a s e s  t h e  c o l l i s i o n  f requency .  S ince  c o l l i s i o n s  

r e p r e s e n t  r e s i s t a n c e  t o  t h e  m o t i o n  o f  t h e  e l e c t r o n s ,  an i n c r e a s e  
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PLASMA MASS, MG 

F i g .  17 .  Average plasma tempera tu re  and average degree o f  
i o n i z a t i o n  as a f u n c t i o n  o f  plasma mass 



PLASMA MASS, MG 

F i g .  18. V a r i a t i o n  o f  e l e c t r o n  and plasma d e n s i t y  w i t h  t h e  plasma 
mass 



PLASMA MASS, MG 

F i g .  19. E f f e c t  o f  v a r i a t i o n  o f  plasma mass on plasma l e n g t h  and 
c o n d u c t i  v i  t y  



i n  c o l l i s i o n  f requency  i s  accompanied w i t h  a  decrease i n  conduc- 

t i v i t y .  

S ince  t h e  a c t u a l  mass o f  t h e  plasma c o u l d  n o t  be de te rm ined  

f rom t h e  exper imen t ,  t h e  plasma c o n d i t i o n s  can o n l y  be e s t i m a t e d .  

For  t h e  plasma t o  a t t a i n  an e q u i l i b r i u m  c o n d i t i o n ,  t h e  energy  d i s s i -  

p a t e d  i n  i t  b y  ohmic h e a t i n g  must be ba lanced  by t h e  h e a t  l o s s  f r o m  

t h e  plasma. Because o f  t h e  h i g h  plasma tempera tu re ,  t h e  h e a t  l o s s  

i s  p r i n i a r i l y  by  r a d i a t i o n .  Thus, 

The tempera tu re  o b t a i n e d  from t h i s  e q u a t i o n  i s  t h e n  matched w i t h  

t h e  plasma t e m p e r a t u r e  c a l c u l a t e d  t h r o u g h  t h e  i t e r a t i o n  p rocess .  

I n  t h i s  way, t h e  plasma mass and hence, t h e  o t h e r  plasma parameters  

can be e s t i m a t e d .  

The two tempera tu res  a r e  matched when t h e  plasma mass i s  

28 mg. T h i s  means t h a t  o v e r  90 p e r c e n t  o f  t h e  f o i l  was c o n v e r t e d  i n t o  

p lasma. More r e s e a r c h  i s  needed i n  t h e  a rea  o f  e x p l o d i n g  f o i l s  t o  - 

de te rm ine  i f  such a  l a r g e  p o r t i o n  o f  t h e  f o i l  can be c o n v e r t e d  i n t o  

plasma. T a b l e  3  p r o v i d e s  t h e  i n p u t  d a t a  f o r  t h e  exper imen t  o f  Bauer 

e t  a l .  and i n  T a b l e  4 t h e  e s t i m a t e d  plasma c o n d i t i o n s  a r e  l i s t e d .  

The plasma t e m p e r a t u r e  i s  found t o  be 25,600°K. T h i s  i s  

somewhat l o w e r  t h a n  t h e  e s t i m a t e  o f  44,000 5 13,000°K by  McNab f o r  

t h e  plasnia i n  R a s h l e i g h  and M a r s h a l l ' s  exper imen t .  However, t h i s  

i s  expec ted  as e q u a t i o n  78 tends  t o  u n d e r e s t i m a t e  t h e  plasma tempera- 

t u r e .  The plasma i s  found  t o  be 68% i o n i z e d ,  hence t h e  assumpt ion  

o f  s i n g l y  i o n i z e d  plasma i s  j u s t i f i e d .  The r e s i s t a n c e  o f  t h e  plasma 
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T a b l e  3  

I n p u t  Data f o r  E s t i m a t i n g  Plasma C o n d i t i o n s  

Parameter Val ue 

3.85 mm 

135 KA 

0.50 pH/m 

200 : v o l  t 

6.35 mm 

3  i s  1.48 mR and i t s  d e n s i t y  i s  22.1 kg/m . The l e n g t h  o f  t h e  plasma 

i s  e s t i m a t e d  t o  be 52 mm wh ich  i s  abou t  h a l f  t h e  l e n g t h  assumed i n  

2  6  3  McNab's c a l c u l a t i o n s .  The e l e c t r o n  d e n s i t y  i s  1 .4  x 10 p e r  m  . 

The r a t i o  o f  c o l l i s i o n  f requency  t o  gyromagnet ic  f requency  i s  1246, 

wh ich  j u s t i f i e s  t h e  assumpt ion  o f  s c a l a r  c o n d u c t i o n  i n  t h e  plasma. 

C o n c l u s i o n  

I n  a  r a i l  gun, charge s e p a r a t i o n  occu rs  a t  t h e  edges o f  

t h e  plasma t o  produce a  H a l l  f i e l d .  T h i s  e l e c t r i c  f i e l d  f o r c e s  t h e  

p o s i t i v e  i o n s  and hence, t h e  plasma and t h e  p r o j e c t i l e ,  t o  a c c e l e r -  

a t e .  The plasma c o n d u c t i v i t y  i s  shown t o  be a  t e n s o r ,  b u t  because 

o f  t h e  h i g h  r a t i o  o f  veT t o  we, a  s c a l a r  c o n d u c t i o n  i n  t h e  plasma 

can be assumed w i t h o u t  much e r r o r .  Plasma p r o p e r t i e s  a r e  e s t i m a t e d  

as a  f u n c t i o n  o f  plasma mass t h r o u g h  a  s i m p l e  model. I t  i s  obse rved  

t h a t  t h e  magne t i c  f i e l d  and hence, t h e  p r e s s u r e  depends on t h e  



Tab le  4 

E s t i m a t e d  Plasma Parameters i n  t h e  Exper iment  
o f  Bauer e t  a l .  

Parameter Va 1 ue 

28 rng 

26 3 1 .4  x 10 /m 

1 . 2  x l o 8  ~ / m '  

29.7 rn/s 

0 . 6 8  

22.1 kg/m3 

-1 -1 21,510 ohm m 

1 . 8  x 1014/sec 

12 4.6 x 10 /sec  



60 

c u r r e n t  i n  t h e  r a i l  gun. The temperature,  t h e  degree o f  i o n i z a t i o n  

and t h e  plasma c o n d u c t i v i t y  decreases w i t h  an inc rease  i n  plasma 

mass whereas t h e  plasma d e n s i t y ,  t h e  plasma l e n g t h  and t he  e l e c t r o n  

d e n s i t y  increases as t h e  plasma mass i s  increased.  F u r t h e r  s tudy 

i s  needed t o  understand t h e  phys ics  o f  t he  processes t h a t  take  

p lace  i n  an exp lod ing  f o i l  so t h a t  t h e  plasma mass can be c a l c u l a t e d  

w i t h  a  h i g h  degree o f  p r e c i s i o n .  



Nomenclature 

a z = U n i t  v e c t o r  i n  t h e  z - d i r e c t i o n  

B  = Induced magne t i c  f i e l d  - 

BZ = Magnet ic  f i e l d  i n  t h e  z - d i r e c t i o n  

e  = Charge o f  an e l e c t r o n  

E = E l e c t r i c  f i e l d  - 

Ex = E l e c t r i c  f i e l d  i n  t h e  x - d i r e c t i o n  

E~ 
= E l e c t r i c  f i e l d  i n  t h e  y - d i r e c t i o n  

fl = C o r r e c t i o n  f a c t o r  

F = Force 

h  = H e i g h t  o f  t h e  r a i l s  

I = C u r r e n t  

j = C u r r e n t  p e r  u n i t  h e i g h t  o f  t h e  r a i l  

J  = C u r r e n t  d e n s i t y  - 

J x  = C u r r e n t  d e n s i t y  i n  t h e  x - d i r e c t i o n  

Y 
= C u r r e n t  d e n s i t y  i n  t h e  y - d i r e c t i o n  

k = Bo l t zmann 's  c o n s t a n t  

k = Length  o f  t h e  plasma 

L '  = Induc tance  g r a d i e n t  o f  t h e  r a i l s  

me = Mass o f  e l e c t r o n  

"'n = Mass o f  n e u t r a l  atom 

m  
P 

= Mass o f  plasma 

P  = P ressure  
- 
P = Average p r e s s u r e  

R = Plasma r e s i s t a n c e  
P 



t = Time 

T = Average temperature 

u  = Plasma v e l o c i t y  

v,ve = D r i f t  v e l o c i t y  o f  e l e c t r o n s  

i = D r i f t  v e l o c i t y  o f  i o n s  

Vi = I o n i z a t i o n  p o t e n t i a l  

P 
= Vol tage drop across plasma 

w = R a i l  sepa ra t i on  

a = Average degree o f  i o n i z a t i o n  

& = Radius o f  n e u t r a l  atom 

0 
0 

= DC conduc t i  v i  ty  

0 - = C o n d u c t i v i t y  t enso r  

P = Average d e n s i t y  

i~ = Magnet ic p e r m e a b i l i t y  

LIJ e  = E l e c t r o n  gyromagnet ic f requency 

v e  i = E l e c t r o n - i o n  c o l l i s i o n  f requency 

V en = E l e c t r o n  atom c o l l i s i o n  f requency 

v e  T = E l e c t r o n  c o l l i s i o n  f reuqency, t o t a l  

A = Coulomb c u t o f f  parameter 
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