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Relaxat ion p r o c e s s e s  which occur  in a p l a sma  during its e lee t rodynamic  acce le ra t ion  a r e  
analyzed.  The corresponding m a s s - t r a n s f e r  equations a re  solved with an account  of Joule 
e ros ion  of the e l ec t rodes ,  par t ic le  diffusion, charge exchange, and the delay of mass  s e p a r a -  
tion. 

An e x t r e m e l y  wide va r ie ty  of physical  p r o c e s s e s  lead to mass  t r ans f e r  in an acce l e r a t ed  p l a sma  [1- 
11]. These p r o c e s s e s  a re  dist inguished by their  intensity and rapidity.  The t ime requi red  for  the develop-  
ment  of an ent i re  p r o c e s s  may be of the o rde r  of tens of mic roseconds ,  and some t imes  even l e s s ,  and the 
la rge  energ ies  avai lable  in a pulsed d ischarge  cause intense mass  t r ans fe r .  Acting s imul taneous ly  a r e  a 
wide var ie ty  of physical  phenomena resul t ing  in the addition of ma t t e r  to the p la sma ,  and there  a re  complex 
re la t ionships  among the e lec t romechan ica l  p r o c e s s e s  and phenomena accompanying e lec t rodynamic  p l a sma  
acce lera t ion .  

We will take up the mos t  important  of the physical  p r o c e s s e s  which lead to intense mass  t r ans fe r .  
These e l emen ta ry  p r o c e s s e s  were  analyzed ia detail  in [1-4], where methods were  desc r ibed  for their  
phenomenological  and kinetic descr ipt ion.  Here we will give only the n e c e s s a r y  equations,  r e f e r r i n g  the 
r eade r  to [1-5] for the detai ls .  

One p r o c e s s  which tends to inc rease  the mass  during its acce le ra t ion  is ionization. We can dis t in-  
guish between bulk ionization of a solid and sur face  ionization at the acce le ra t ing  e lec t rodes .  Ionization 
may  r e su l t  f rom coll is ions between pa r t i c l e s ,  heating, the effects  of photons, or  an increase  in the p r e s -  
sure .  The ionization p roce s s  is cha rac te r i zed  by ionization c ross  sect ions.  The kinetic equation for  
ionization is [41 

On coin. (1) 
Ot 

A competing p r o c e s s ,  which leads to p l a sma  deionization, is recombinat ion.  We can distinguish: 
bulk recombinat ion;  sur face  recombinat ion;  recombina t ion  according  to the type of in teract ion of the 
pa r t i c l e s ,  e .g . ,  e l e c t r o n - i o n  recombinat ion;  and recombina t ion  according to the type of in teract ing 
pa r t i c l e s ,  e . g . ,  two-par t i c le  or  t h r e e - p a r t i c l e  recombinat ion.  The kinetic equation for  two-par t i c le  r e -  
combination is [4] 

On 
pn ~. (2) 

Ot 

For t h r e e - p a r t i c l e  recombinat ion,  we have [5] 

at 

Charge exchange involves the exchange of an e lec t ron between a neutral  a tom and an ion and leads to m a s s  
t r a n s f e r  during p l a s m a  acce le ra t ion .  If the ionization potent ials  a r e  approx imate ly  equal,  this is a ve ry  
eff icient  p roce s s .  
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Attachment (or capture) in the case of two-part icle collisions is descr ibed by the kinetic equation 

On 
hvn,  (4) 

Ot 

while in the case of three-par t ic le  collisions it is described by [4] 

On 
- -  = - -  h l v ln  ~. (5) 

0t 

Diffusion leads to a redistr ibution of par t ic les  in inhomogeneous media. When there are par t ic les  
differing in charge, a special  type of diffusion occurs :  ambipolar diffusion, due to the effect of the intrinsic 
e lect romagnet ic  fields. The corresponding kinetic equation is 

On 
= D div grad n. (6) 

Ot 

Ambipolar diffusion can be thought of as a process  in which electrons,  diffusing rapidly from a 
plasma,  a t t rac t  positive ions by means of the e lec t ros ta t ic  fields due to the charge separation. As was 
mentioned in [5], there is a transit ion region between free diffusion and ambipolar diffusion which spans 
many o rde r s  of magnitude in the electron density; the ambipolar-diffusion coefficient is given by 

D+ ~ + De~ + 
D= = ~+ + ~te (7) 

When ambipolar diffusion predominates over other types of diffusive loss of electrons and ions, the 
coefficient D in Eq. (6) can be replaced by Da: 

On 
-- D= div grad n. (8) 

Ot 

If diffusion plays the p r imary  role,  Eq. (8) can be rewrit ten approximately as 

On D= n 
- -  - n - ( 9 )  

Ot ~ 2 ~D 

Mass t ransfer  occurs  between the plasma and surfaces  because of part icle emission from the solid 
and because of surface adsorption processes .  We can distinguish between thermion[c emission of par t ic les ,  
field emission (or cold emission) under the influence of applied fields, photoemission,  etc. Mass - t r ans fe r  
p rocesses  also occur in an electrode layer  as a resul t  of phase conversions.  The surface of an electrode 
can be destroyed as a resul t  of its interaction with par t ic les ,  as  a resul t  of its melting by Joule heating 
(Joule melting), etc. Two erosion mechanisms are known: in the f i rs t ,  mass  is l iberated by electrode 
erosion caused by ion bombardment  (cathode sputtering), in which case we have 

t 

Am = f I d t  (10) 
0 

in the second, Joule melting of the electrode occurs ,  and we have 

t 

h m  ~ .[. l~dt. (11) 
0 

Phenomena occurr ing near the electrode are ext remely  complicated and have been studied relat ively 
little. We might also mention the so-cal led e lementary  processes  leading to mass t ransfer ,  e .g . ,  various 
types of secondary ionization, emission,  and recombination. 

Taking into account ambipolar diffusion and ionization of the part icles  in the acce lera ted  plasma,  the 
increase in the plasma mass due to electrode erosion caused by ion bombardment,  charge exchange, and 
at tachment of e lect rons  to ions; and neglecting te rms  which are  nonlinear in the mass ,  e .g . ,  two-part icle  
and three-par t ic le  recombination; we can write the mass-balance  equation as [6] 

dm 
d-~- + a im ~: a3F (t), (12) 

where al and a~ are proport ionali ty factors ,  which are  determined f rom experiment or theoret ical ly,  on the 
basis of the kinetics of the e lementary processes .  The coefficient a t descr ibes  ionization and diffusion, 
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while a 3 d e s c r i b e s  cathode spu t t e r i ng  (a 1 may  be e i t h e r  pos i t i ve  or  negat ive) .  
which t akes  into accoun t  the ex t e rna l  m a s s  s o u r c e s .  Using 

m asCoVo t 
[*="  ' 7 1 = a J / L o c o ,  Y 3 - - - ,  r =  

mo rn o ~i, ~oC~ ' 
we can r e w r i t e  Eq. (12) in d i m e n s i o n l e s s  f o r m :  

.. dI x 
+ ~,~ = 7.f (T). & 

Also ,  F(t) is some  funct ion 

(in) 

(14) 

A s s u m i n g  that  we have g = 1 when r = 0, we find the fol lowing solut ion of Eq. (14): 

T 

~t @) = exp ( - -  ~ )  + Y3 exp ( - -  7~T) S f (r) exp (W0 dr. (15) 
0 

The o s c i l l o g r a m  of the d i m e n s i o n l e s s  d i s c h a r g e  q)' can be a p p r o x i m a t e d  suf f ic ien t ly  a c c u r a t e l y  by 

cp' (~) = exp ( - -  - ~ -  ) sin ~. (16) 

A s s u m i n g  that  we have in (14) 

[(~) = exp - -  s inr  , (17) 

which c o r r e s p o n d s  to cathode spu t t e r i ng  [Eq. (10)], we can  wr i t e  Eq. (15) a s  

0 

Y 3  f l @ e x p ( - -  ~ )  @- ) s in r - - cos~ ]}"  

by 
Using (II) and (16), we can d e s c r i b e  m a s s  t r a n s f e r  due to e l e c t r o d e  me l t ing  caused  by Joule  hea t ing  

d~ 
+ 7iV = ?~ exp ( - -  c~*) sin%, (19) 

dr 

which has  the fol lowing solut ion  under  the init ial  condi t ions  r = 0, # = 1: 

@) = exp (--'/iT) [ 1 Ya ~ (71-- a) y~ ] 2 (71--cr 2~)~J q- ?~ exp (-- ccr) 

• 2 ( v l - ~  - ( v l -  ~?+4"  

To d e s c r i b e  r e l a x a t i o n  m o r e  c o m p l e t e l y ,  we modi fy  Eq. (14) and wr i t e  it in m o r e  g e n e r a l  f o r m :  

d ~  4 1 d~ + Y1 ' Y~ f(~). (21) 
dr ~ Ar dr A~ [z = AT 

We have added a t e r m  p r o p o r t i o n a l  to the second d e r i v a t i v e  of the m a s s  with r e s p e c t  to t ime .  C o m p a r i n g  
this equat ion with the Newtonian d y n a m i c  equa t ions ,  we see  that  this second d e r i v a t i v e  t akes  into account  
the t ime  lag c o r r e s p o n d i n g  to m a s s  l i be r a t i on  [10]. The coef f ic ien t  Y1 can be pos i t i ve ,  c o r r e s p o n d i n g  to a 
d e c r e a s e  in m a s s ,  o r  nega t ive  ( co r r e spond ing  to an i n c r e a s e  in m a s s ) .  

The solut ion of this e0uat ion is: 

a) for ) 2 _  1 - - 4  J l _ _  > 0  
A~ 2 Ar 

2 + --s ; YJ (T') exp [ 2~- (~'-- T) ] sh [ + ('d-- T) J d,'; (22) 
0 
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b) for ee= 4 ~ . 1 ~ 0 ,  
hx hx ~ 

0 

c) for 1 4 ?~ 

~t (z) = exp (---~A~ ) (C~'~ +C~)+ ; , J  ('O ('~ -- ,') exP[ 2-~ ('d --'O ]d~'. (24) 

0 

The a r b i t r a r y  cons tants  Cl and C 2 in Eqs .  (22)-(24) a re  d e t e r m i n e d  f r o m  the initial condit ions.  

Adopting the approx imat ion  co r r e spond ing  to a Joule mel t ing  of the e l e c t r o d e s ,  

f (~) ----- exg(-- o~" 0 sin"c, (25) 

and a s s u m i n g  ~2 > 0 in (22), we find, fo r  the initial condit ions 

=1,  d~ -----0 at �9 =--0, (26) 

the fol lowing solution of Eq. (21): 

(~) = M --  N + Ct exp (b'0 -+- Cg exp (--  d~) + [ N - -  M cos 2"~ -~ ~t 
k 

(a ~ -  c ~) sin 2~ ] exp (--  ~ ) ,  
~A~ (a ~+4) (c~+4) 

where  

(27) 

C ,=I - -C~;  N =  V__Aa . ~,= + - - 4  ; a  a; 2ac h~ ' - 2AT 2 

1 ~. )~ 1 )~ 1 
c = - -  + - - a ;  b . . . .  ; d =  @ - - - ;  

2A'~ 2 -  2 2A'~ 2 2Ax 

b ~ & + 4 )  (c2+4) - -  ac [(~a --4) (c ~ +4) + (4-- ac) (a24-4)1 
C 2 = . _ ~ 2~ 2aci~ ~A~c (a s + 4) (c ~-[- 4) 

a (c~+4) - -  c (a~+4) 
M = ~,a 2~A~ (a~+4) (c~ .+4) 

F r o m  Eq. (27) we see that  by va ry ing  A~- we can adjus t  the t ime lag of  the m a s s  l ibera t ion .  If we 
e l iminate  the third  t e r m  on the left  side of  Eq. (21), i . e . ,  se t  Y1 = 0, and a s s u m e  "/~ = 1, we can wr i te  the 
solut ion of the equat ion 

d2p..~ I dl~ 1 f( '0 (28) 
d~ 2 h'~ dr h'~ 

,g 

0 

2c~[~ 2 (a2+4) ([~2+4) 

A~ ([~2+4) +AT[~ (4-- ~ )  + 
2[~ (1~+4) 

{ ~ + ~ [~ (gz +4) + a  (~3z-1-4)1 cos2v 
2a13 2 (ck2+4)(~+4) 

2[5 ([5~ +4)  

( ~ - -  [32) sin2T } exp (--czT), 
(a 2 + 4) ([~ + 4) 

in a s i m p l e r  fo rm:  

whe re  /3 = ( 1 / ~ - ) - a .  

(29) 
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Fig .  1. Dependence  of  the m a s s  p of the a c c e l e r a t e d  
p l a s m a  on the t ime  r .  

F i g u r e  l a  ( cu rves  1 and 2) show the b e h a v i o r  of the m a s s  d u r i n g  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 i o n ;  
cu rve  1 c o r r e s p o n d s  to Eq.  (29) fo r  o~ = 0.1 and AT = 0.5, whi le  cu rve  2 c o r r e s p o n d s  to a = 0.1 and A r  = 1 .0 .  
We see  tha t  a change  in A r  sh i f t s  the m a x i m u m  m a s s  evo lu t ion .  Curve  3 is found by so lv ing  the equa t ion  

d~ 
- -  = y~ exp ( - -  czz) sin 2 -r (30) 

dt  

for  the p a r a m e t e r  va lue s  "/a = 1 and o~ = 0.1. 

A d e t a i l e d  s tudy  was  made  in [6] of the c o m b i n e d  e f f e c t s  on a c c e l e r a t i o n  of p l a s m a  r e c o m b i n a t i o n ,  
a m b i p o l a r  d i f fus ion ,  e l e c t r o d e  e r o s i o n ,  c h a r g e  e x c h a n g e ,  a t t a c h m e n t  of e l e c t r o n s  to ions ,  and r e s i s t i v e  
f o r c e s .  C u r v e s  1-3 in F ig .  l b  show 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 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 i o n  with  an  a c c o u n t  of the " e l e m e n t a r y "  p r o c e s s e s  c i t ed  above  [6]: 

d y '  

_ _  y *  

dt  

q (p'~-- -~'  (41+G~ + G I(p'l +6~y)-- y' 

&P ~,, 
dt  

dcp' r - -  aq)' ~ y'rp' 
7 

dt  I + y  

d t  (- 71,~ - 7,J+ 73 I qr 4- v~q~'2), 

w h e r e  

(31) 

(32) 

(33) 

(34) 

(35) 

m V t b 
- - ~ ;  ~ - -  ; t - -  

mo I'o l / ~ '  "=C-o ~; 
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,=-/--Lo 
YI = as / LoCo ; 

2 2 CoVo 
/ - - -  at,; 

mo 1/LoCo 

1 

2 

b CoV o ; ~ = R C~ " 
; q -  2moLo "~o ' 

a~CoVo 
Y2-- a~moV LoCo ; Y~ = 

tI2 o 

6~ -~ - 01 1, �9 LoCo ; 69 =- b.2 ~ LoCo ; 
1770 

mi C~176 ," 6~---- -biL~~ 

e mo bmo 

(36) 

The values  and phys ica l  meaning of the d imens ion le s s  p a r a m e t e r s  q, a ,  7i ,  and 5j and the d i m e n -  
s ion less  va r i ab les  % y, y ' ,  ~o, cp', and/~ w e r e  d i s c u s s e d  in [6]. Sys tem (31)-(36) was solved n u m e r i c a l l y  
by the R u n g e - K u t t a  method with a ~- in tegra t ion  step of  h = 0.2 and under  the initial condit ions 

for T =0  Ix =qD = 1, cp' = y '  = y =0,  (37) 

Curve 1 c o r r e s p o n d s  to q = 1, a = 0.1, 71 = 72 = 51 = 63 -- 64 = 0 ,  73 = ]/4 -- 1 ,  62 = 1;  curve  2 c o r r e s p o n d s  to 
q = l ,  a = 0 . 1 ,  Y1 =72 =61 = 6 3 = 6 4  = 0 ,  73 = ~ / 4 = 1 ,  52= 0.1; and curve  3 c o r r e s p o n d s  t o q = l ,  a = 0.1, 
3/1 =72 =61  =63 =64  = 0, 73 = 1 ,  Y4= 0.1, 62= 0.1. 

We note that the d imens ion l e s s  p a r a m e t e r s  Yl and 52 a r e  funct ions of the coeff ic ients  a 1 and b 2 and of 
the t ime 

1 
= VL : ' (38) 

i . e . ,  us ing  (36)and (38), we can wr i te  these  p a r a m e t e r s  as  

a---L-1 8~ ----- bl Yi~ 6x ' " 67 (39) 

Curve  1 in Fig. l b  c o r r e s p o n d s  to intense e l ec t rode  e ros ion  due to Joule mel t ing and ion b o m b a r d m e n t  
(73 = ~/4 = 1) in the case  in which diffusive f r ic t ion  is impor t an t  (62 = 1). A tenfold d e c r e a s e  in 62 (curve 2), 
which may  be thought of as  a tenfold i nc rea se  in 5~ in (39), leads  to a t ime delay  of the m a s s  l ibera t ion ,  
which leads  in turn to an i nc rea se  in y '  [6]. Curve 3, co r r e spond ing  to a value of 74 one - t en th  of that  c o r -  
r esponding  to curve  2, c o r r e s p o n d s  to a m o r e  intense m a s s  l ibera t ion  due to ion b o m b a r d m e n t  with these  
p a r a m e t e r s .  F igure  l b  (curves  4, 5) a l so  shows the r e su l t s  found f r o m  solving 

d~ ( czx )[sinx, + u (--cox)sin~x. (40) = Ys exp 2 

A s s u m i n g  that  tz = 1 when ~- = 0, we find the following solut ion for  Eq. (40): 

( ax ) (~ sin~ + 2  cos~)] Y3 [4--2exp - -  T 
Ix(T) = I +  a~+4 {-?~{4-"exp(-"~e~T)[~2W4+~(2sin2x--ac~ �9 (41) 

2~ !a2 +4) 

Curve 4 c o r r e s p o n d s  to p a r a m e t e r s  a = O.l,and 73 = 74 = 1, while curve  5 c o r r e s p o n d s  to a = 0.1, 73 = 1, 
and 74 = 0.1. 

The d i s c r e p a n c y  between curves  1 and 4 and that  between cu rves  3 and 5 (Fig. lb)  r e s u l t s  f r o m  the 
e r r o r  in the approx imat ion  of  the d i s c h a r g e  c u r r e n t ,  which can be eva lua ted  f r o m  Fig.  2. This e r r o r  o c -  
cu r s  because  approx imat ion  (16) for  ~0' neglects  the ef fec t  of  the a c c e l e r a t e d  motion on the cu r ren t ;  this 
motion r educes  the c u r r e n t  because  magne t i c  e n e r g y  is t r a n s f o r m e d  into kinet ic  e n e r g y  of  the p l a sm a .  A c -  
cordingly ,  as  we can see f r o m  Fig.  2, approx imat ion  (16) with a = 0.1 yie lds  l a rge  c u r r e n t s  (curve 4) and 
thus ,  a c c o r d i n g  to (40) leads  to an i n c r e a s e  in the m a s s ,  as  is seen in Fig.  lb .  

Curves  1-3 in Fig.  2 a r e  the r e su l t  of a n u m e r i c a l  solution of  Eqs .  (31)-(35) under  init ial  condit ions 
(37); the values of the p a r a m e t e r s  q, ~ ,  Yi, and 6j a r e  those  co r r e spond ing  to curves  1-3 in Fig. lb .  

In the in tegra t ion of Eqs .  (14) and (40) with approx ima t ion  (17), which is not an ana ly t i c  function,  the 
magnitude of the m a s s - l i b e r a t i o n  i nc r emen t  in Eqs .  (18) and (41) should be eva lua ted  by changing the sign 
of  the d i s cha rge  c u r r e n t  to negat ive.  Equat ions  (18) and (41) w e r e  de r ived  without  an accoun t  of  this  r e -  
mark .  
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Fig. 2. The cu r ren t  ~p' as a 
function of the t ime % and 
compar i son  with app rox ima-  
tion (16). 

Comparing the resu l t s  calculated f rom complete  sy s t em (31)-(35) 
descr ib ing  e lec t rodynamic  p l a sma  acce le ra t ion  with those found by our 
approx imate  method, we find a good agreement ;  this method s ignif i -  
cantly s impl i f ies  and shor tens  the study of these topics.  

Account of the nonlinear t e r m s  descr ib ing such p r o c e s s e s  as two- 
par t ic le  recombinat ion  (2) and t h r ee -pa r t i c l e  combination (3) leads to 
the need to solve nonlinear equation (35) and its genera l iza t ion  with an 
account  of the inert ial  t e rm ,  analogous to Eq. (21). We will r epo r t  
s epa ra t e ly  the use of var ious  asympto t ic  methods [14, 15] to analyze 
these equations.  

In conclusion we wish to point out a re la t ion  between Eq. (21) and 
the equations which descr ibe  re laxat ion in a v i scoe las t ic  e lement  in the 
theory of creep and the equations taking into account  re laxat ion of the 
polar iza t ion  P and magnet izat ion M in l inear  d i spe r s ive  e l ec t r i c  and 
magnet ic  media.  For a v i scoe las t ic  e lement  we can write the genera l  
fo rm of the different ial  dependence of the s t ra in  ~b on the t ime t as [13] 

d25 +C~ d ,  + C ~ , = Q ( t ) .  (42) 
dt 2 dt 

To descr ibe  the re laxat ion of P and M we can wri te  [12] 

d~P .~_ks dP 
dr-- T ~ 4: kip ~ G (t). 

d~M ,~_12 dM + IllYl = U (t). 

Comparing Eq. (21) with Eqs.  (42)-(44), we immedia te ly  perce ive  their  s imi l a r  s t ruc ture ;  we can 
accordingly  use the same methods to study these different  p r o c e s s e s .  

(43) 

(44) 

wi 
n 

t 
p 

h 
P 

D 
D e and D+ 

Pe andou+ 
-r D = X~)/D a 

~D 
I 

m 

m 0 

L 0 
Co 
V0 
OL 

C1, C2, kl, k2, It ,  and l~ 
O(t) 

G(t) and U(t) 
V 
R 
b 

N O T A T I O N  

is the ionization probabil i ty;  
ts the densi ty  of the ionized par t ic les ;  
ts the t ime; 
is the recombina t ion  coefficient; 
is the coefficient  for t h r e e - p a r t i c l e  recombinat ion;  
ts the a t tachment  coefficient; 
is the coll is ion frequency; 
Ls the diffusion coefficient; 
a r e  the diffusion coefficients for e lec t rons  and ions; 
a r e  the mobil i t ies;  
is the d i f fus ive- re laxa t ion  t ime; 
a re  the cha r ac t e r i s t i c  dimensions;  
is the d ischarge  cur ren t  in the externa l  circuit;  
is the mass  of acce le ra t ed  p lasma;  
is the initial m a s s  of acce le ra t ed  p lasma;  
is the initial c i rcui t  inductance; 
is the capaci tance of capaci tor  bank; 
is the bank voltage; 
is the d imens ion less  c ircui t  r es i s tance ;  
a r e  the corresponding propor t iona l i ty  factors ;  
is the function taking into account external  voltage sources  affect ing the v i sco -  
e las t ic  e lements ;  
a r e  functions taking into account  the externa l  sources  affect ing the media; 
is the voltage; 
is the r e s i s t ance  of the total circuit;  
is the dis t r ibuted inductance per  unit length of the acce le ra to r ;  
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q, 7i, and 5j 
al,  a2, a3, and a 4 

bl, b2, b3, and b 4 

~-, y, y ' ,  ~p, ~0', and/~ 

are  the dimensionless  pa ramete r s ;  
a re  the mass coefficients of diffusion, recombinat ion,  e lect rode erosion caused by 
ion bombardment ,  and electrode erosion due to Joule melting, respect ively;  
a re  the proport ional i ty  factors  taking into account the fr ict ion of the moving plasma 
with the e lect rode (b0, fr ict ion during mass t r ans fe r  (b 2, b3), and the effect  of the 
res i s tance  of the external  medium (b4); 
are the dimensionle ss variable s of tim e, coordinate,  velocity,  voltage, cur ren t ,  and m ass.  
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