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Elect rodynamic plasma accelera t ion  in a coaxial is investigated on the basis of an ideal-  
ized model of a cur ren t  a rch ,  when no mass  is re leased during the accelerat ion.  A 
computer is used to solve the corresponding sys tem of differential equations describing 
the simultaneous operation of such a s t rong-cu r ren t  plasma acce le ra tor ,  a capacitor ,  
and a synchronous magnetoelect r ic  generator .  A sys tem of differential equations for 
e lect rodynamic plasma accelera t ion  in an autonomous acce le ra tor  is obtained with a l -  
lowance for the m a s s - t r a n s f e r  p rocesses  and res i s tance  forces .  

The operation of a s t rong-cu r ren t  plasma acce le ra to r  was investigated on the basis  of the well-known 
idealized model  of a cur ren t  a rch  with an accumulator  of e lect r ic  energy in the fo rm of a capaci tor  by a 
number of workers  [1-7]. The e lec t r ic  supply source and the process  of charging the capacitor  were not 
considered in these studies. However, the development of an autonomous s t rong-cu r ren t  plasma a c c e l e r a -  
tor ra i ses  the question of the charac te r  of plasma accelera t ion  when the e lectr ic  supply source,  the s torage 
device, and the acce le ra to r  operate jointly, since their pa ramete r s  and charac te r i s t i c s  influence the opera -  
tion of the sys tem as a whole. The s teady-s ta te  p rocesses  in a synchronous genera tor  feeding a pulsed 
load were investigated in [8, 15, 16], but the simultaneous operation of a genera tor  and an acce le ra to r  has 
never been considered. 

In the present  paper we investigate an e lect rodynamic plasma acce le ra to r  operating simultaneously 
with capacitive e l ec t r i c - ene rgy  device and an e lec t r ic  supply source in the fo rm of a s ingle-phase sal ient-  
pole synchronous magnetoelectr ic  generator .  The choice of a magnetoelectr ic  generator  as the source 
of e lect r ic  energy was dictated by its many advantages [9-13]: high operating rel iabil i ty and simplici ty of 
design, owing to the absence of a winding on the ro tor  and on the exciter;  high efficiency and lower heating 
owing to the absence of losses  to excitation and in the slip rings; lower radio in ter ference  because of the 
absence of sparking contacts;  low ratio of genera tor  weight to output power for high-speed machines with 
effective util ization of h igh-grade  mater ia ls ;  low t ime constant of the a rma tu re  winding; and others.  

Recently,  in connection with the development of mater ia ls  for permanent magnets with higher specific 
energy (e.g., anisotropic  alloys with columnar s t ruc ture  [10]), magnetoelectr ic  genera tors  have started 
to compete in a definite range of power rating with e lec t r ic  genera tors  that use e lectromagnet ic  excita-  
tions. In a number of cases ,  genera tors  with permanent  magnets afford the only solution to the ar is ing 
problems. 

The genera tor  together with the capacitor  and the plasma acce le ra to r  form a c h a r g e - d i s c h a r g e  c i r -  
cuit. The equivalent e lec t r ic  circuit  of the charging loop is a se r ies  circui t  consisting of a source of sinu- 
soidal e lect romotive force,  the lumped active res i s tance  R 0 of the stator  winding and of the connecting leads, 
the inductance L a of the s ta tor  winding, and a load in the fo rm of a capacitor.  The sys tem in question 
operates  as follows. When the genera tor  ro tor  turns,  an electromotive force  is excited in its winding. The 
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capaci tor  is  connected to the genera to r  with the d ischarge  c i rcui t  (accelera tor)  open, in which case  all  
that happens is  the charging of the capaci tor .  When a specified vol tage is reached,  the p lasma a c c e l e r a t o r  
is  connected to the capac i tor ,  and the s imul taneous operat ion of the genera to r ,  capaci tor ,  and a c c e l e r a t o r  
begins. Curren ts  of 100-400 kA and magnet ic  f ields of 1-5 T a r e  produced in the d i scharge  c i rcui t  and 
a c c e l e r a t e  the p lasma to high veloci t ies .  

The capac i tor  can be charged to a definite voltage within a f rac t ion  of a cycle  or  in one or m o r e  
cycles .  It is easy  to see  that to obtain a high eff ic iency of the d i scharge  c i rcui t ,  it is des i rab le . to  charge  
the capac i tor  within the f i r s t  qua r t e r - cyc l e .  

We have invest igated only one-shot  turning on of the s t r o n g - c u r r e n t  p la sma  a c c e l e r a t o r  when o p e r a -  
ting s imul taneous ly  with the genera to r .  

Taking [1-5] and [8-16] into account,  the in d imens ionless  equations descr ib ing the operat ion of an 
autonomous e lec t rodynamic  p lasma  a c c e l e r a t o r ,  reduced beforehand to cannonical  form,  a r e  

d I  viQ sin 9T 2%~2 sin 2gh: - -  a ~-V 
d-~-= l + % c o s 2 9 r  + ~ i  7 l -~%cos29x  ' 

d~ 
d---~- = I + 11, 

d~ l + z  1 + z  

C, dr 

dz v,  
dr 

(1) 

(2) 

(3) 

(4) 

(5) 

where  the d imens ion less  va r i ab l e s  and p a r a m e t e r s  a r e  defined by the fo rmulas  
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It is a s sumed  in Eqs. (1)-(2) that  the magnet ic  flux due to the magnet iza t ion  of the permanent  magnets  
in the ro to r  is linked with the winding dis t r ibuted over  the s ta tor ,  and the magnet ic  flux l inkages CM of 
the genera to r  winding can be r ep re sen ted  in the f o r m  

~M = ~0M c~176 (7) 

A sinusoidal  dis t r ibut ion of the magnet ic  induction is produced in the gap between the s ta tor  and the 
ro to r  [10], and the genera to r  is not damped. When determining the e l ec t romot ive  fo rce  in the s t a to r  wind- 
ing, only the fundamental  ha rmonic  of the exci ta t ion field" is taken into account,  as  is usual ly done in 
theore t ica l  invest igat ions of t rans ien ts  in e l ec t r i ca l  mach ine ry  [11-13]. It is a s sumed  that during the 
s imul taneous opera t ion of the genera to r ,  capac i to r ,  and plasma acce l e r a to r ,  the genera to r  ro to r  ve loci ty  
is  maintained constant,  and the magne t i c - c i r cu i t  nonl ineari ty  due to magnet ic  sa tura t ion  of the individual 
c i rcui t  e lements  is d i s regarded .  

Since the ana lys i s  cons iders  not the axial  dis t r ibut ion of the induction in the gap between the s ta to r  and 
the ro to r  but only the f i r s t  harmonic  of this distr ibution,  the inductness of the winding of a sa l ien t -pole  
magne toe lec t r i c  gene ra to r  is given by [11-13] 

La = lo T l2cos 2o)t. (8) 
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Fig .  1. V a r i a t i o n  of the  v o l t a g e  V (a) and of the  c u r -  
r e n t ' I  (b) in the  c h a r g i n g  c i r c u i t  wi th  t i m e  ~- d u r i n g  
s i m u l t a n e o u s  o p e r a t i o n  of the  a c c e l e r a t o r ,  c a p a c i t o r ,  
and g e n e r a t o r ,  and  wi th  the  p a r a m e t e r s  (6) of the  s y s -  
t e m  (1)-(5):  v 1 = 1, v z = 0.2, a = 0.01, fl = 1,1] = 0.5, q 
= 1 [1) fit = 0 .5 .105 ,  a 1 = 20; 2) fil = 105, ~ l  = 20; 3) fit 
= 2-  l 0  s, c~ i = 20; 4) fll = 105, ~ = 8 0 ] .  

If we pu t  in  (1)-(5) f o r m a l l y  I 1 = 0 and fll = 0, then  th i s  s y s t e m  of equa t ions  wi l l  d e s c r i b e  the o p e r a t i o n  
of the  g e n e r a t o r  in  q u e s t i o n  when connec t ed  in  a c h a r g i n g  c i r c u i t  wi th  a c a p a c i t i v e  load.  To so lve  (1)-(5) 
i t  i s  n e c e s s a r y  to  s p e c i f y  a l s o  f ive  i n i t i a l  cond i t ions .  T h e i r  v a l u e s  w i l l  be c h o s e n  in  each  c o n c r e t e  c a s e .  

The  c h a r a c t e r  of the  so lu t i on  of the  s y s t e m  (1)-(5) de pe nds  e s s e n t i a l l y  on the d i m e n s i o n l e s s  p a r a m -  
e t e r s  (6) and on the g e n e r a t o r  r o t o r  c i r c u l a r  f r e q u e n c y  ~ .  The v a l u e  of the  p a r a m e t e r  q was  d i s c u s s e d  in  
[1-7],  and l i e s  in  the  r a n g e  10-3-102. The d i m e n s i o n l e s s  p a r a m e t e r  v I c h a r a c t e r i z e s  the  a m p l i t u d e  r 
S ince  r can  r a n g e  f r o m  1 to 10 V-  s e c ,  i t  f o l l ows  tha t  a t  the c h o s e n  v a l u e s  of the  d i s c h a r g e  c u r r e n t  I 

= CoV0co 0 = 1000 A and l 0 = 2 0 . 1 0  -4 H the va lue  of v 1 c a l c u l a t e d  f r o m  (6) i s  -~0.5-5.  The  p a r a m e t e r  v 2 
c h a r a c t e r i z e s  the r a t i o  of the ac  c o m p o n e n t  of the  s t a r e r - w i n d i n g  i nduc t a nc e  to i t s  dc componen t ,  and i t s  
v a l u e s  a r e  a s s u m e d ,  a c c o r d i n g  to [10], to be  0 .2 -0 .5 .  The  d i m e n s i o n l e s s  p a r a m e t e r  a c o r r e s p o n d s  to  
the  v a l u e s  of the  o h m i c  l o s s e s  in  the wind ing  and in  the  connec t ing  l eads .  Choos ing  R 0 = 0.05 ~ ,  we ob ta in  

= 0 .1 -0 .01 .  The p a r a m e t e r  a l  i s  p r o p o r t i o n a l  to the  o h m i c  r e s i s t a n c e  of the  a c c e l e r a t o r  and a t  L 0 = (15- 
1 5 0 )  �9 1 0  - 9  H and R 1 = 0.001 ~] i t  t a k e s  on v a l u e s  in  the  i n t e r v a l  10-80.  The  p a r a m e t e r  fil c an  v a r y  in th is  
c a s e  in  the  i n t e r v a l  fii = (1-60) �9 104. The  p a r a m e t e r  fl a t  s p e c i f i e d  Co, 10, and co o i s  a l w a y s  equa l  to unity.  
fi can  be  v a r i e d  only  by chang ing  the  n o m i n a l  v a l u e  of coo. 

E q u a t i o n s  (1)-(5) wi th  the  c h o s e n  v a l u e s  of the  p a r a m e t e r s  (6) w e r e  so lved  with  the  "Minsk"  c o m -  
pu te r .  We  f i r s t  i n v e s t i g a t e d  only the  c h a r g i n g  c u r r e n t  a t  d i f f e r e n t  g e n e r a t o r  p a r a m e t e r s  (defined the i n s t a n t  
of t i m e  T 0 a t  which  the  a c c e l e r a t o r  and  the c a p a c i t o r  a r e  to  be  connec ted  and to ob ta in  the  m i s s i n g  i n i t i a l  
cond i t i ons  fo r  the s y s t e m  of equa t i ons  of the a u tonomous  e l e c t r o d y n a m i c  p l a s m a  a c c e l e r a t o r ) ,  a f t e r  which  
we i n v e s t i g a t e d  the  c o m p l e t e  s y s t e m  (1)-(5). 

The c a l c u l a t i o n s  have  shown tha t  when a s i n g l e - p h a s e  s y n c h r o n o u s  s a l i e n t - p o l e  m a g n e t o e l e c t r i c  
g e n e r a t o r  f e e d s  a c a p a c i t o r  load ,  two o p e r a t i n g  m o d e s  a r e  p o s s i b l e ,  one wi th  a l i m i t e d  a m p l i t u d e  of the  o s -  
c i l l a t i o n s  of  the  vo l t age  V and the  c u r r e n t  T, and one wi th  a t h e o r e t i c a l l y  u n l i m i t e d  g rowth  of the  a m p l i t u d e s  
of V and T ( r e sonan t  exc i t a t ion ) .  The  s e c o n d  mode  can  be e l i m i n a t e d  by  s u i t a b l e  cho ice  of the  p a r a m e t e r s  
(6), e s p e c i a l l y  by  v a r y i n g  the  c i r c u l a r  f r e q u e n c y  ~ of the  g e n e r a t o r  r o t o r .  I t  w a s  o b s e r v e d  in  the f r e q u e n c y  
i n t e r v a l  0.8 < ~ < 1.2 a t  p a r a m e t e r  v a l u e s  v I = 0 .5 -1 ;  v 2 = 0.2; o~ = 0 .1 -0 .01 ;  and fl = 0 .5-1 .  The use  of 
r e s o n a n t  e x c i t a t i o n  of the  g e n e r a t o r  m a k e s  i t  p o s s i b l e  to c h a r g e  the c a p a c i t o r  to high v o l t a g e s  in  the  c o n -  
s i d e r e d  a u t o n o m o u s  e l e c t r o d y n a m i e  a c c e l e r a t o r ,  but  only  a f t e r  a p r o l o n g e d  t i m e  and wi th  l a r g e  l o s s e s .  

The c o m p l e t e  s y s t e m  of equa t i ons  (1)-(5) was  so lved  n u m e r i c a l l y  fo r  d i f f e r e n t  v a l u e s  of the  p a r a m -  
e t e r s  (6) wi th  the fo l lowing  i n i t i a l  cond i t ions :  

at ~=.~o=4.0 V=0.89887, I=--0 .014837,  Ii=v=z=O, (9) 

w h e r e  ~'0 c o r r e s p o n d s  to the  i n s t a n t  of t i m e  when the v o l t a g e  a m p l i t u d e  n o r m a l i z e d  to un i ty  r e a c h e s  i t s  
m a x i m u m  va lue .  
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Fig. 2. Variat ion  of the a c c e l e r a t o r  current  ~t (a) and 
of the ve loc i ty  of the m a s s  center of the a c c e l e r a t e d  
plasma v and of the path z (b) with t ime ~-. The notation 
and the p a r a m e t e r s  of the curves  a r e t h e  s a m e  as  in Fig.  1. 

The resul ts  of the numerical  calculations a re  shown in Figs. 1 and 2. Curves 1-3 of these f igures 
make it possible to es t imate  the influence of the parameter  fit on the integral  plasma charac te r i s t i cs  de-  
veloped by the acce le ra tor ,  and the values of this parameter  a re  varied in the range (0.5-1.0) �9 105. Curves 
4 of Figs. 1 and 2 a re  shown for the purpose of est imating the parameter  ~1. It is seen f rom the f igures 
that during the simultaneous operation of the generator ,  capacitor,  and acce le ra to r  the cur rent  flows mainly 
through the acce le ra to r  and its value at the chosen parameters  reaches  320 kA (cf. Fig. 2a). As seen f rom 
Fig. lb,  the cur rent  in the genera tor  is 15 A in this case. 

Voltages of opposite polari t ies are  produced on the capacitor  e lectrodes,  but they do not exceed the 
initial charge of the capacitor  at the instant of t ime T O = 4.0. It is seen f rom Fig. 2 that after  a time 
= 4.05 the plasma is accelera ted  to a velocity 220-480, and the acce lera t ion  process  is pract ical ly  stopped. 
The time of simultaneous operation of the genera tor  and acce le ra to r  is shor te r  by an approximate factor  
100-3000 than the time of charging of the capacitor.  Thus, when a 150-200 pF capaci tor  is connected to a 
generator  with a ro to r  speed n = 10,000-30,000 rpm, the capacitor  can be charged to 1-10 kV within 0.001- 
0.002 sec, thereby accelera t ing the plasma in the s t rong-cur ren t  autonomous e lectrodynamic acce le ra to r  to 
105 m / s e c . ,  We note that the appearance of a reversed  voltage polari ty on the capacitor,  if necessary ,  can 
be prevented by limiting the acce lera t ion  time or the acce le ra tor  length. It is possible to stop the operation 
of the acce le ra to r  as soon as the voltage on the capacitor  e lectrodes  reaches  zero. A discharge of this type 
into an ohmic load was investigated in [8], but in the acce le ra to r  considered here,  with such a limitation, 
the plasma velocity will be smal ler  by an approximate factor  2-3 than its maximum value, as seen f rom 
Fig. 2b. 

Table 1 shows a compar ison of the resul ts  obtained in the present  paper by solving the sys tem of 
equations (1)-(5) with the resul ts  of a solution of the same sys tem of equations when v I = v 2 = a = fl = 
= 0, i.e., without the e lectr ic  supply source.  An analysis of the table, and also a compar ison with the r e -  
suits of [1-7], shows that the charac te r  of the plasma accelera t ion as a whole remains  unchanged. 

Taking into account our ear l ie r  investigations [3-7, 17-19], we can easi ly obtain a sys tem of dif-  
ferential  equations describing the operation of such an autonomous electrodynamic acce le ra to r  with co-  
axial geometry,  with allowance for the processes  of electrode erosion,  charge exchange, and ambipolar  
diffusion and recombinat ion of the plasma part icles ,  and the fr ict ion and res i s tance  forces ;  these equa- 
tions take the form 

dT -- Ix 

I 1 T f l~ ] ,  (10) 
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T A B L E  1. C o m p a r i s o n  of the  C h a r a c t e r i s t i c s  of an  A c c e l e r a t o r  

With the generator Without the generator 

Param- 
eter of 
the sys- 
tem of 
e quations 
(1) - (5) 
Initial 
condi- 
tions 

Accelera- 
tion time 

Accelera- 
tor charac- 
teristics 

Q=0,5; %=1;  %=0,2;  ~=  1; 

a=O,Ol; q =  1; ~1=I05; %=20  

for z=2,6 7=0,44470, V=0,50375, 

I1= u =  Z=0. 

2,605 2 , 6 2 5  2 ,650  2,675 

0,02458 0,3076 --0,24412 0,2025 
--141,04 7,9097 5,8059 5,7287 
56,236 141,57 159,75 168,08 
0,08740 2,3554 6,I550 10,259 

for 

2,605 

0,02310 
-140,66 
56,044 
0,08717 

t } = ~ l = v 2 - - - ~ = a = 0 ;  

q : l ;  ~1=105; a1=20 

V=2,6 ~=0, ~7=0,50375, 
I i = v = z = O .  

2,625 2 , 6 5 0  2,675 

+0,3074 --0,2447 
8,0222 6,4968 
141,72 159,44 
2,3505 6,1481 

0,2023 
6,0271 
168,20 
10,250 

7t ~ ,  (11) 

and must be solved simultaneously with (1)-(3) and (5). 

The mass-transport parameters Ti-T4 and the resistance-force parameters 61-64 which enter in 
the system of equations (1)-(3), (5), (10)-(11) were already discussed by us in [5, 6, 17, 19]. 

We present the equation of the overall energy balance in the electrodynamic autonomous plasma ac- 
celerator with the described electric supply source. According to [5, 6], taking (6) into account, this 
equation can be written in the form of a dimensionless energy conservation law 

1 -  W~ + W~ Wh W~ Wp - +-Cj +-W,~ 

~2 + + I~dT + - -  + - -  (12) 
~2~1 ~ a  J 2q~213~ W~o ' 

where 

~ _  V~o (13) 
Vo 

Unl ike  in  [6], a s  s e e n  f r o m  (12)-(13),  Eq. (12) i s  n o r m a l i z e d  not to the quan t i ty  CoV~/2 , but  to the  
quan t i t y  Wr0 = C0~2V2/2. The  r e a s o n i s  tha t  in our  s y s t e m  we cannot  choose  the  n o r m a l i z i n g  v o l t a g e  to be 
the  m a x i m u m  a m p l i t u d e  of the c a p a c i t o r  vo l t age ,  a s  was  done in [6, 17], s i n c e  the  a m p l i t u d e  of the  v o l t a g e  
V i n c r e a s e s  wi thout  l i m i t  when the g e n e r a t o r  i s  r e s o n a n t l y  exc i ted .  

[o 
[2 

t 

R0 
R1 
I 
03 

Co 
V 

N O T A T I O N  

is  the  c o n s t a n t  componen t  of s t a t o r  winding  induc tance ;  
i s  the  a m p l i t u d e  of s econd  h a r m o n i c  co~nec ted  wi th  d i f f e r e n c e  in m a g n e t i c  r e s i s t a n c e s  a long  l ong i -  
tud ina l  and t r a n s v e r s e  a x e s  of g e n e r a t o r  r o t o r ;  
i s  the t i m e ;  
i s  the  a c t i v e  r e s i s t a n c e  of g e n e r a t o r  wind ing  and w i r e s ;  
i s  the a c t i v e  r e s i s t a n c e  of a c c e l e r a t o r ;  
i s  the  c u r r e n t  in  c h a r g i n g  c i r c u i t ;  
i s  the  a n g u l a r  f r e q u e n c y  of g e n e r a t o r  r o t o r  r e v o l u t i o n ;  
is  the c a p a c i t o r  c a p a c i t a n c e ;  
is the voltage on capacitor plates; 
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co 0, V0 

is the magnetic linkage of generator  winding; 
is the amplitude of magnetic linkage defined as the product of magnetic flux and 
number of windings with regard  for winding coefficient;  
is the cur ren t  in acce le ra to r ;  
is the mass  of acce le ra ted  plasma; 
is the coordinate of center  of accelera ted  plasma mass;  
is the initial inductance of plasma acce le ra to r ;  
is the inductance of plasma acce le ra to r ;  
is the distr ibuted inductance of acce l e ra to r  per unit length; 

a re  the e lec t r ic ,  magnetic energy, losses  for  Joule heat in acce le ra to r ,  and 
kinetic energy of plasma jet, respect ively ,  divided by the energy W~- 0 accumulated 
in capaci tor  by the t ime ~0; 

a r e  the dimensionless  pa ramete r s ;  
a re  the dimensionless  var iables  of cur ren t  for  charging circui t  in the acce le ra to r ,  
of the voltages,  velocity,  tength t r ave r sed  by the plasma and of the mass ,  r e -  
spectively;  
a re  the nominal values of angular veloci ty of genera tor  ro to r  and of the voltage, 
respect ively .  
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