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E L E C T I ~ O D Y N A M I C  P L A S M A  A C C E L E R A T I O N  

P .  M. K o l e s n i k o v  a n d  N. N. S t o l o v i e h  UDC 533.9.07 

The effect of p rocesses  of three-par t ic le  e l e c t r o n - i o n  recombination in plasma during its 
e lectrodynamic accelerat ion in a coaxial channel was investigated. The appropriate sys tems 
of differential equations were  solved on a computer.  The integral charac te r i s t i c s  of p lasma 
were  determined both with considerat ion of triple recombination of electrons and ions and 
with consideration of other p rocesses  of mass t ransfer  and res is tance  forces.  

Volume recombination of negative ions and electrons with positive ions is one of the common mecha-  
n isms of loss of charged par t ic les  f rom plasma [1-8]. According to the type of recombining part icles,  r e -  
combination of ions and electrons are distinguished; according to the number ofinteracting part icles,  two- 
part icle,  three-par t ic le ,  e tc . ,  are  distinguished. Two-part ic le  ion recombination is possible due to the 
thermal  motion of ions or  under the effect of the attractive forces  of their e lectrostat ic  field. As a rule 
the p rocess  of recombination occurs  in the presence  of a third particle,  and the energy released during 
recombination is distributed between the three part icles.  It can change to the kinetic energy of the pa r -  
ticles or to the excitation or dissociation energy of molecules.  In the case of "spontaneous" recombination 
(which occurs  in the absence of a third particle) the two par t ic les  formed c a r r y  away the excess energy in 
the form of excitation energy. In the case of electron recombination, one distinguishes radiative r e c o m -  
bination, when the recombination energy is emitted as quantum, dissociat ive recombination, etc. 

Triple recombination was accomplished as a result  of triple coll isions of electrons and ions with 
free plasma part icles ,  such as an ion, electron, or  neutral  molecule. 

The equation of the kinetics of three-par t ic le  recombination, according to [3], can be written in the 
form 

dNe 
- -  = -c~3 recomb NeNIN. (1) 
dt 

The values of the coefficient of triple recombination O~3recomb, m6/sec, can va ry  in a very  wide range 
10-36-10 -45 m6/sec -1 [1, 3] depending on the p lasma temperature ,  concentration of ions N i and electrons 
Ne, concentration of neutral  molecules N, pressure ,  and other external conditions. 

If the electron and ion concentrat ions are  about the same, which is usually true for  plasma, and r e -  
combination occurs  upon collision of three par t ic les  - electron, positive ion, and electron, then Eq. (1) 
can be t ransformed to 

~N~ = _ ~ o ~ b N ~ ,  (2) 
dt 

as was done in [5]. 

The coefficient of three-par t ic le  recombination depends on the p ressure .  The appropriate  expres-  
sions for  the coefficients of three-par t ic le  recombination obtained by Thomson [3, 5] for low gas p r e s s u r e s  
and by Langevin [3, 5] for higher p r e s su re s  (of the o rder  of a tmospheric  and higher) are  given in [1-8]. 
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The coeff icient  of t h r e e - p a r t i c l e  recombinat ion for  molecu la r  ions is s eve ra l  o rde r s  g r e a t e r  than that 
for  a tomic ions [5], since the port ion of energy lost by the e lect ron on coll ision with a molecule  is s eve ra l  
o rde r s  of magnitude g r e a t e r  than the port ion of energy lost  on coll ision with an atom. 

The coeff icient  of t h r e e - p a r t i c l e  recombinat ion depends cons iderab ly  on the electron t e m p e r a t u r e  
and i n c r e a s e s  rapidly  with its dec rea se .  There fore ,  at low t empe ra tu r e s ,  when the ions formed in the 
p l a s m a  are  molecular ,  t r iple  recombinat ion  can compete  with two-par t ic le ,  since the coefficient  of two- 
par t ic le  recombinat ion  of e lec t rons  and molecu la r  tons i n c r e a s e s  more  weakly with dec rease  of t e m p e r a -  
ture  (C~2reeom b ~ T-3/2). This  c i r cums tance  is of p rac t ica l  value in e l e c t r o n - i o n  recombinat ion,  for  ex-  
ample,  in hel ium p l a s m a  [9, 11]. 

The effect  of loss  of charged pa r t i c l e s  owing to two-par t ic le  ion recombinat ion in p l a sma  on the p ro -  
c e s s  of its e lec t rodynamie  acce le ra t ion  was invest igated in [12]. It is of in te res t  to invest igate  the effect  
of t h r e e - p a r t i c l e  recombinat ion  of e lec t rons  and ions on e lec t rodynamic  p l a s m a  acce lera t ion .  In so doing 
we will cons ider  also the combined effect  of two-par t ic le  ion and t h r e e - p a r t i c l e  e l e c t r o n - i o n  recombinat ion 
of p l a s m a  during its acce lera t ion ,  s ince in many ca se s  both mechan i sms  of loss  of charged par t i c les  act  
s imul taneously .  

If we negleet  the effect  of o ther  f ac to r s  and take into account only tr iple reeombinat ion of tons and 
e lee t rons ,  the equations descr ib ing  the p r o c e s s  of e lec t rodynamie  acce le ra t ion  in an integral  f o r m  in a 
coaxial  channel can be wri t ten  so: 

dmv b I~, (3) 
dt 2 

dz (4) 
dt 

dV 1 
- I ,  ( 5 )  

dt C o 

dL__jI -t- Ro I - -  V -~0, (6) 
dt 

L = L o + bz, (7) 

dm 
. . . . . . . .  asm 3, (8) 

dt 

where  Eq. (3) de sc r ibe s  the motion of the een te r  of m a s s  of the aece le ra ted  p l a s m a  under the effect  of mag-  
nette forces ;  Eq. (4) de t e rmines  the veloci ty  of the cen te r  of m a s s  of the p lasma;  Eqs. (5), (6) a re  the 
equations of the cu r ren t  in the e i rcu t t  and voltage balanee,  respect ive ly ;  Eq. (7) de sc r ibe s  the law of v a r i -  
atton of the inductance of the eoaxial  ehannel during e lee t rodynamie  p l a s m a  aceelera t ion;  and Eq. (8) is 
the m a s s  balance  with considera t ion  only of t h r e e - p a r t i c l e  recombinat ion  of p lasma .  

Since during e lec t rodynamic  acce le ra t ion  m a s s  t r a n s f e r  is accompl ished mainly  by tons (m i >> me) , 
when N i ,~ N e loss  of ions will p lay the main role,  natural ly ,  in the dec rea se  of the acce le ra ted  mass .  If 
we introduce the p l a s m a  m a s s  m = miNt as the product  of the ion m a s s  m i and ion coneentrat ion Ni, the 
m a s s  coeff icient  of t r iple  recombina t ion  a~, according to (2) and (8), will be de termined by the re la t ion 

a3 recomb rnS' sec-~/kg 2. (9) 
a5 ~ tT"t~ ' 

t 

To solve system of Eqs. (3)-(8) we will assign the initial conditions when t = 0 in the form 

m = m o ,  V = V o ,  I = 0 ,  v = 0 ,  z = 0 .  (10) 

Equations (3)-(8) are  conveniently cons idered  in d imens ion less  va r i ab l e s  

t x -  m0 q~ ~ ~-0 (11) 

t 0 g, 1 / ' ~ o  v y= z, = b V L  ~ . 

In these va r i ab l e s  s y s t e m  of Eqs. (3)-(8) can be reduced in a d imens ion less  f o r m  to the following 
canonical  fo rm:  
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F ig .  1. C h a n g e  in t i m e  r of the a c c e l e r a t e d  m a s s  /~ f o r  the f o l l o w i n g  p a r a m e t e r s  of s y s t e m  

of Eqs .  (29)-(34) :  q = 1, I) c~ = 0.1,  `/l = T2 = `/3 = "/4 = T6 = 0, `/5 = 1, 61 = 62 = 63 = 54 = 0 ;  
II) c~ = 0.5,  `/1 = `/2 = `/3 = `/4 = `/6 = 0, `/5 = 1, 51 = 62 = (53 = (54 = 0; III) c~ = 0.1, Yl = `/2 = `/3 

= `/4 = T~ = 0 ,  `/5 = 1 ,  61 = (52 = ~i3 = 6r  = 0 . 1 ;  I V )  c~ = 0 . 1 ,  `/1 = `/3 = ` / 4  = `/6 = 0 ,  `/2 = `/5 = 1 ,  

61 = (52 = 63 = (54 = 0.1; V) o~ = 0.1,  `/6-`/1 = 1, `/2 = `/3 = `/4 = `/5 = 1, (51 = (52 = 63 = (54 = 0.1; 
VI) o~ = 0 . 1 ,  ` / 6 - Y l  = 1 ,  T2 = `/3 = Y4 = 1 ,  Y5 = 0 . 1 ,  (51 = (52 = (53 = (54 = 0 . 1 ;  V I I )  a = 0 . 1 ,  `/1 

= `/2 -- `/3 -- Y4 = `/5 -- `/6 = (51 = (52 -- (53 = 64 -- O. 

F i g .  2. C h a n g e  of c e n t e r - o f - m a s s  v e l o c i t y  yW and e f f i c i e n c y  ~? in t i m e  r .  The  p a r a m e t e r s  

and n o t a t i o n s  c o r r e s p o n d  to F i g .  1. 

dy'  qq/ '  + ?sy'~r (12) 
dz - 

d ~  = V,  (13) 
dT 

d(p _ , ,  (14) 

dv 

dq/ (~ q- y') cp' _ _ :  + q~ , (15) 
dx l + y  l q - y  

dp, (16) 
- - =  ?5 ~a ,  
dx 

w h e r e  

b~C2oV~~ I / C[~ o ' asm2o v % o C  o (17) 
q - -  2moL ~ , a = R o  V L o  % =  

The  i n i t i a l  cond i t ions .  (10) in v a r i a b l e s  (12) w i l l  t ake  on the  f o r m  

T = ~ t =  l, y '  = y = ( p '  when T ~ 0 .  (18) 

The  s y s t e m  of e q u a t i o n s  o b t a i n e d  is  c h a r a c t e r i z e d  b y  t h r e e  d i m e n s i o n l e s s  p a r a m e t e r s  (17): q, c~, 
and Ys. The  p a r a m e t e r  q r e p r e s e n t s  the  e n e r g y  p a r a m e t e r  of A r t s i m o v i c h  et  M. [17], and the  p a r a m e t e r  
oz c h a r a c t e r i z e s  the  d i m e n s i o n l e s s  o h m i c  r e s i s t a n c e  of the  c i r c u i t .  T h e i r  p h y s i c a l  s e n s e  and v a l u e s  have  

a l r e a d y  b e e n  d i s c u s s e d  in [12-17] .  

The  p a r a m e t e r  `/5 in r e l a t i v e  v a l u e s  c h a r a c t e r i z e s  the c h a n g e  ( loss)  of m a s s  due  to t r i p l e  r e e o m b i n a -  
t ion  of e l e c t r o n s  and tons  in p l a s m a .  D e p e n d i n g  on the  c h a r a c t e r  of e l e c t r o d y n a m i c  a c c e l e r a t i o n  and 
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p a r a m e t e r s  of the a c c e l e r a t o r  (mo, Co, L0, a5) the va lue  of 75 can v a r y  wi th in  a wide  r a n g e  f r o m  0 to 102 
and m o r e .  

Thus ,  fo r  L 0 = 5 0 - 1 0  - g H ,  C o = 100 -10  - 6 F ,  O~3reeom b '  ~ 10 -35m~/sec ,  m 0= 10 -Gkg ,  a n d m  i = 3 
�9 10 -27 kg, the quan t i ty  75 is  d e t e r m i n e d ,  a c c o r d i n g  to (18), in the  fo l lowing  way :  

, 2 1 0 - 3 5  . . ae recornbraoV-LoCo . 10 -a  10 -6 10 -a  
% = 2 = ~ 1. (19) 

mi 3.1 0 -2~. 3.10 -27 

S y s t e m  of Eqs .  (12)-(16) w a s  i n t e g r a t e d  n u m e r i c a l l y  f o r  in i t i a l  c o n d i t i o n s  (18). The  r e s u l t s  of the  
so lu t ion  a r e  p r e s e n t e d  in F i g s .  1-3 .  C u r v e s  I of t h e s e  f i g u r e s  p e r m i t  e va lua t i ng  the e f fec t  of t r i p l e  r e -  
c o m b i n a t i o n  of ions  and e l e c t r o n s  f o r  p a r a m e t e r s  of s y s t e m  (17) (q = 1, ce = 0.1, and 75 = 1) on the i n t e g r a l  
c h a r a c t e r i s t i c s  of the  a c c e l e r a t e d  p l a s m a  - v e l o c i t y  of the c e n t e r  of m a s s  y ' ;  vo l t a ge  r and c u r r e n t  q)' in 
the a e e e l e r a t o r ;  change  in t ime  r of the a c c e l e r a t e d  m a s s  p;  and e f f i c i e n c y  ~7. The  e f f i c i e nc y  r~ was  d e -  
t e r m i n e d  as  [15, 16] 

~l = ~Y'"/2q. (20) 

C u r v e s  II p e r m i t  e v a l u a t i n g  the e f fec t  on the i nd i ca t ed  c h a r a c t e r i s t i c s  of a f ive fo ld  i n c r e a s e  of r e s i s t -  
anee  c~ in c o m p a r i s o n  wi th  c u r v e s  I. 

C u r v e s  VII a r e  the so lu t ion  of the s y s t e m  of equa t ions  d e s c r i b i n g  e l e e 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 i o n  
on the b a s i s  of an i d e a l i z e d  c u r r e n t  c o n n e c t o r  [17] when m a s s  r e l e a s e  d u r i n g  a c c e l e r a t i o n  is  a b se n t :  

dy' ,, = qrp , (21) 
dx 

dy = y,, (22) 
dz 

@. = - -  ~',  (23) 
d'~ 

dq/ _ q~ - -  (co -t- Y') cp' (24) 
d~ 1 §  

fo r  in i t i a l  cond i t ions  

qg= i, q)' = y '  = y = 0  when ~=-0 .  (25) 

It fo l lows  f r o m  F i g .  1 tha t  t r i p l e  r e c o m b i n a t i o n  of e l e c t r o n s  and ions  l e a d s  to a d e c r e a s e  of the m a s s  
of the a c c e l e r a t e d  p l a s m a  #.  Thus ,  by  t ime  ~- ~- 1.5 it d e c r e a s e s  by half  and has  the  v a l u e  p = 0.5. I ts  
d e c r e a s e  l e a d s  to a r a p i d  i n c r e a s e  of the  v e l o e i t y  of the p l a s m a  y '  and e f f i c i e n c y  in t i m e  r (F ig .  2). The  
e f f ec t ive  v a l u e s  of the c u r r e n t  r and v o l t a g e  q~ d e c r e a s e  a l so  in th i s  c a s e  (Fig .  3) in c o m p a r i s o n  with c u r v e s  
VII of t he se  f i g u r e s .  

C o n s i d e r a t i o n  in the equa t ion  of mot ion  (12) of the r e s i s t a n c e  due to f r i c t i o n  of the mov ing  p l a s m a  on 
the e l e c t r o d e s ,  f r i c t i o n  d u r i n g  m a s s  t r a n s f e r ,  and r e s i s t a n c e  of the e x t e r n a l  e n v i r o n m e n t  r e q u i r e s  i t s  
change ,  and a c c o r d i n g  to [13, 14] i t  ean  be  w r i t t e n  in a d i m e n s i o n l e s s  f o r m  as  

_ _  Y '  dY---2-' = q ~"  - -  - -  (~1 + ~ + 6~ t~' I + 6,y') + 7w% 2, (26) 
d~ ~ 

where 

61 = b-A-1 V LoCo 6.z = b2 ]/LoCo , 
mo 

6~= 1 . m~ CoVo ' 6~-- b4L~ 
2 e m o mob 

The v a l u e s  of bl ,  b2, b3, b 4 and r e s p e c t i v e l y  51-64 have  a l r e a d y  been  d i s c u s s e d  in [13, 14]. 

force 

(27) 

A c o m p a r i s o n  of Eqs .  (12), (21), and (26) p e r m i t s  no t ing  the a p p e a r a n c e  of an add i t i ona l  " r e a c t i v e "  

-- ' 2 

Fir. recomb -- 75Y ~x , 
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Fig.  3. Change in t ime T of the vol tage  ~0(a) and c u r r e n t  ~0' 
(b). The p a r a m e t e r s  and nota t ions  c o r r e s p o n d  to Fig.  1. 

which appeared  as a r e su l t  of a d e c r e a s e  of m a s s  due to t h r e e - p a r t i c l e  e l e c t r o n - i o n  r ecombina t ion .  Ac-  
co rd ing  to Eq. (26), the fo rce  F t r . r e c o m  b p r o m o t e s  acce l e r a t i on  of p l a s m a  and r e d u c e s  the total  effect  of 
o ther  r e s i s t a n c e  f o r c e s  cons ide red ,  which a re  inevitable dur ing  acce l e ra t ion .  

Cu rves  III a re  the solution of s y s t e m  of Eqs .  (26), (13)-(16) f o r  initial condi t ions  (18), where  Ti = 1 
and 61 = 52 = 63 = 54 = 0.1. Cons ide ra t ion  of the r e s i s t a n c e  f o r c e s  leads  to a marked  d e c r e a s e  of the p l a s -  
ma  ve loc i ty  y '  and ef f ic iency  ~7. A c l e a r - c u t  m a x i m u m  of the i r  change appears ,  which is r eached  by t ime 
T =~ 1.6-1.7 .  

In r ea l  a c c e l e r a t o r s  two- and t h r e e - p a r t i c l e  r ecombina t ion  of p l a s m a  often act  s imul taneous ly .  T h e r e -  
fore ,  we will  c o n s i d e r  the i r  combined  effect  on acce le ra t ion .  

Sys tem of Eqs.  (12)-(16) with cons ide ra t ion  of two-pa r t i c l e  ion r ecombina t ion  of the p l a s m a  can be  
r ewr i t t en  in a d i m e n s i o n l e s s  f o r m  so: 

a) equation of mot ion 

t 

dg' _ q e~'" - -  ~ -  (61 + 6 ~  § 62 [ r I § 64Y') § ~'dxY' § %Y'lX~; (28) 
dx 

b) equation of m a s s  ba lance  with cons ide ra t ion  only of the indicated m a s s  t r a n s f e r  p r o c e s s e s  

d~ 
- -  : - -  721x ~ -  7slx3; (29) 
d~ 

c) equat ions which a re  the de t e rmina t ions  of the path and c u r r e n t  and equat ions  of the vol tage  ba lance  
in the c i rcu i t ,  which coinc ide  with (12)-(14). 

The d i m e n s i o n l e s s  p a r a m e t e r s  

W. = azmo V'LooC~o , a.z = - - ,  (30) 
m ~  

are  in t roduced  in Eqs.  (28), (29) acco rd ing  to [12]. 

An ana lys i s  of c u r v e s  IV, which a re  the solut ion of Eqs.  (28), (29), (12)-(14) with initial condi t ions  
(18) f o r  the se lec ted  p a r a m e t e r s  shows that two-pa r t i c l e  r ecombina t ion  in the case  being cons ide red  leads  
to a m o r e  intense d e c r e a s e  o f  m a s s  dur ing  acce l e ra t ion .  

In [14] the au thors  inves t iga ted  the combined  effect  on e l e c t r o d y n a m i c  p l a s m a  acce l e r a t i on  of m a s s  
t r a n s f e r  p r o c e s s e s  caused  by  diffusion and t w o - p a r t i c l e  r ecombina t ion  of p a r t i c l e s  of the acce l e r a t e d  p l a s -  
ma  and by  an i n c r e a s e  of its m a s s  owing to pa r t i a l  mel t ing  of the e l e c t r o d e s  and s t icking of e l ec t rons  and 
ions, and studied the effect  of r e s i s t a n c e  and f r ic t ion  f o r c e s  on acce l e r a t i on .  Genera l i z ing  Eqs.  (12)-(16) 
of [14] to the case  of cons ide ra t ion  of the effect  on e l e c t r o d y n a m i c  acce l e r a t i on  of t h r e e - p a r t i c l e  e l ec t ron  
- i o n  r ecombina t ion  of p l a s m a  and ionizat ion of neu t ra l  undis turbed  gas ,  we can obtain the fol lowing equat ions  
of mot ion and ba lance  of the m a s s  in a d i m e n s i o n l e s s  f o r m :  

dg' q y' g' . 1 .  t , 2 

dx -- tt q~'' - -  --ix (51 + 6~t + 63 [r [ @ 5,y') - -  -~-  (--  V,~t - -  y~2 , ~'3 [r I + y~tp - -  ~,,~bt 3 + ~'dQ, (31) 

d~ ' 2  3 

dT 
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where  

71 = al ]/-~oC~ , 7z = a2m. V LoCo , 

a3CoV o CoY 2 a 4 
v3 : v, = V - L c [  m-U' (an) 

76 = a6 ] /  L6Co . 

The values  of the p a r a m e t e r s  71, 72, Ya, Y4, 76 and the i r  physical  sense  have a l ready  been discussed 
by the authors  in [12, 14]. 

The solutions of s y s t e m  (31), (32), (12)-(14) for  initial conditions (18) are given in the f o r m  of curves  
V and VI in Fig. 1-3. A compar i son  of these cu rves  p e r m i t s  evaluating, all other  conditions being equal, 
the effect  of the p a r a m e t e r  of t h r e e - p a r t i c l e  recombinat ion of p l a s m a  75 upon its tenfold dec rease .  As in 
[14], pronounced e x t r e m e s  in the change of the acce le ra ted  m a s s  # are  observed;  however,  considerat ion 
of ionization ('/6) and recombinat ion  (75) does not lead to thei r  not iceable shift during t ime r. A tenfold de-  
c r e a s e  of the p a r a m e t e r  T5 inc rea se s  the m a s s  of the acce le ra ted  p l a s m a  (curve VI, Fig. 1), but, as we 
see f r o m  Fig. 2, this i nc rease  does not lead to a not iceable dec rea se  of rl and y ' .  
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7, y, y ' ,  G #, q~Y 

q, 61, 52, 53, 64, Yl, 72, %'3, Y4, YS, Y6 

N O T A T I O N  

is the time; 
are electron and ion concentration, respectively; 
Ls the concentration of third particle participating in the collision; 
ts the electron charge; 
ts the plasma temperature; 
ts the center-of-mass coordinate of plasma; 
ts the current in accelerator; 

ts the center-of-mass velocity of plasma; 
ts the variable accelerated mass of plasma; 
ts the voltage on plates of capacitor bank; 
ts the distributed inductance of unit length of accelerator; 
ts the capacitance of capacitor bank; 
ts the initial inductance of a c c e l e r a t o r  with considera t ion of indue- 
tance of capaci tor ;  
is the ohmic r e s i s t ance  of acce le ra to r ;  
is the initial charging vol tage of capaci tor ;  
is the initial mass  of p l a s m a  formed on breakdown of the gas -  
d i scharge  gap before  the s t a r t  of its accelerat ion;  
is the coeff icient  of two-par t ic le  ion recombinat ion of plasma;  
a re  the m a s s  coeff icients  of diffusion, two-par t ic le  recombinat ion,  
e lec t rode  erosion due to ion bombardmen t  of e lec t rodes ,  e lec t rode  
eros ion  due to the i r  Joule melting,  t r iple  recombinat ion  of e l ec -  
t rons  and ions, and ionization of neutra l  gas,  respect ive ly ;  
are  the f a c t o r s  of propor t iona l i ty  taking into account, respec t ive ly ,  
the fr ict ion of moving p l a s m a  on the e lec t rodes  C01) , f r ic t ion dur -  
ing mass  t r an s f e r  (b2, b3) , and effect of r e s i s t ance  of external  en- 
v i ronment  C04); 
a re  the d imens ion less  v a r i a b l e s  of t ime,  path, velocity,  voltage,  
mass ,  and cur ren t ,  respec t ive ly ;  
are  the d imens ion less  p a r a m e t e r s .  
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