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A study has been made of the e lec t ros ta t ic  polar izat ion of a plasma in an appl ied  e lec t r ic  field,  i. e . ,  
the process of charge separation in the case when a steady current flow through the plasma is excluded. 

1. Statement  of the problem 

Consider a plane layer  of a homogeneous two-component  part ly ionized plasma of thickness d (Fig. t) confined 
between impermeable  d ie lec t r ic  walls x = 0 and x = d. 

At t = 0 a constant homogeneous external  e lec t r i c  f ield E0 is appl ied to the plasma along the x axis. 

This ini t iates in the plasma a movement  of positive ions and electrons with respective veloci t ies  Vp (x,' t) and 
v e (x, t), which leads to deviations of the concentrations np (x, t) and n e (x, t) from the original  common level  Np : 

=N e= N= const. 

Perturbations in concentratio1: are responsible for diffusion flows due to gradients in np and n e, but are also the 
source of an additional electric polarization field E*, which influences the motion of the particles. 

This motion of the ions and electrons is also determined by the effective frequencies of collision with neutral par- 

ticles Up and ve" 

If the applied field is sufficiently weak, so that all the resulting perturbations and their spatial derivatives are 

small, then the problem can be reduced to five linear quasihydrodynamic equations for five unknown functions: the 

velocities and concentrations of the ions and electrons, and electric polarization field (or potential), The temperatures 
of the ions Tp and electrons T e are assumed constant. 
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Here ~ is Boltzmann's constant, m and M are the mass of the e lec t ron and posit ive ion, respect ively,  and E* is 
the polar izat ion field. Neglect ing the d isplacement  current in the plasma compared with the conduction current, after 

a few simple transformations we get from (1. 1) 
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are the mean  veloci t ies  of electrons and ions and their  Langmuir frequencies, respect ively.  

System (1. 2) with the corresponding boundary and in i t ia l  conditions is closed and permits  the unique de te rmina -  

tion of the functions v e (x, t). As boundary and in i t ia l  conditions we take the relat ions 

Vo (0,  t)  = v v (0 ,  t )  = O, vo (d,  t )  = v v (d,  t)  = O . (1. 3) 
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v, (z, o) ffi ~,, (x, o) = o, 
a~ t=o 7- m ' at It=o=--M-" 

The initial  conditions imply that at t = 0 the velocities of the particles are still zero, but accelerations already 
exist, being conditioned only by the applied field, since at t = 0 there is no polarization field and the concentration 
gradients are zero. 

2. Solution of system of equations (1. 2) 

We seek a solution in the form of series 

q~ v, (~, t) = ~ ~ (t) sin ~ ,  v, (x, t) = ~ % (t) ~!n--z- (2. 1) 
q = l  q = I  

satisfying boundary conditions (1.3). Using (2. 1) and (1. 49 we can easily find the initial  conditions for the functions 
eq,  @q 

(Pq It=0 --'-- % It---o = 0, (2, 2) 

% m o  a~E~ % 2,eo t(-- d'-i- = q~m a t  ~=0 = ~ 1) q -  I I .  

Since we are interested in a nontrivial solution, in (2. 2) we must set q = 2k § 1. We now introduce the notations: 

�9 { kT,  ~V, 

: ( kT ,  ~ ' h  ~2. 3) 

4 ' ~ J  �9 

Here h e and hp are the Debye shielding radii for electrons and ions. From (1.2) we obtain the equations 

~r,+1 + v,%1,+i q- @." + V~v. s) ~I,+~ -- ~ 2%1,+i = 0., 

~Ik+l 

where the primes denote differentiation with respect to t. The system (2. 4) can be reduced by the Fubini method [1] to 
two integral equations 
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whose solution we shall obtain by the method of successive approximations.  As the zero approximation it is advisable 
to select the first terms on the right sides of the equations 

re(o) _ 4eEo sin 6e t - -  Vet Q(o) _: 4eEo sin ~pt e x p  -----~- , vvt 
~ + ~  (2k + 1) nm~e e x p  2 ' 2k+~ (2k ~- t)  nM~ v 

which character ize  the independent motion of the electrons and ions with their own characteristic times. Then 

t 
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o (2. ~) 
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We shall confine ourselves to the first approximation,  which will enable us tO take into account the interaction of 
the mot iom of electrons and ions. This effect  is expressed in the fact that the motion of the electrons is characterized 
by the ionic, as well  as electronic,  character is t ic  t imes, and vice-versa.  
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Evaluation of the integrals (2. 6) leads to the following expressions for the first approximation: 

q)~.~+l = A [exp ( - -  1/2Vpt) (ae cos 5~t + b e sin 5vt ) 
- -  exp (--  1/~%t) (a~ cos 5 J  + c~ sin 5 J ) ] ,  

~o.~ = - -  A [exp (--  V2v~t) (% cos 6 j  + bv sin 6J)  

- -  exp (--  V~vvt ) (% cos 5pt + c v sin 5vt)].  

(2.7) 

Here 
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(2. 8) 

3. 

Thus, for v e (x, t) and Vp (x, t) we have 

4eEo exp (-- 1Avet) sin let  + A exp --2--- (ae cos 5vt + v. (z,  t) = ~ ,  (2k + i) ~.~8o 
k = 0  

- -  }} + be s in  8pt) - -  e x p  ~ (a s cos  Set + Ce s in  6et) s in (2k + 1) nz 
d 

(2. 9) 

v p ( x , t )  = ' ~ j t  ~ i ) ~  s i n f v t - - A  cos 
k=0  

+ bp s i n  6 , t ) -  e x p - ~  vt (% cos 6pt + cv sin 6v,)] } sin (2k +di):tz 

It is easy to verify that solutions (2.9) satisfy the initial  and boundary conditions (1.3) and (1.4). 

Solutiom for perturbations of the ion and electron concentrations 

The expressions for n e (x, t) and np(X, t) are obtained from the third and fourth of equations (1.1), taking into 

account the initial conditions 

n~ (z, t)1~=o = np (x, t)It=o = O. 

After transformation We get 

2eEocov~ (2k + t )  ~tz { [pC (1 exp ( - -  1/2vet ) cos 5~t) n~ (x, t) = N ~ 6e6pmd cos - -  - -  
k = 0  

- -  Q~ exp ( -  1/2vj) sin 6 j ]  - [Re (1 - -  exp ( - -  1/2vpt) cos 6vt ) + 

-4- S~ exp (--  1/2vvt) sin 6vtl } , 

2eEoo)p 2 (2k + t) ~x 
�9 t v (x, t) = - -  N ~] ~ cos d { [Pv (t - -  exp  ( - -  1/~vvt ) cos 6vt ) --  

k = 0  

(3. I) 

(3. 2) 
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- -  Qv exp  ( - -  V~vvt) sin 6vt] - -  [R v (1 - -  exp  ( - -  V2%t) cos Set) -}- 

-t- Sv  exp  ( - -  Y~%t) sin 8 J l .  (3. 3) 

P e  26e6v/~ -{- ~/~aev e ~- ce6~ 

__ ll~aevp 4 -  beSp 
R ~  - -  ~ / o ~  ~ + ~ .~ - ,  

a~6v 4- '/~b~vv 
S~ = ~/~ ~ + ~ ~ , 
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QV = ~] v ~ e / ~ 2 -  ap8 v + 1/~CV~p 

Bp ~/uap,~p -~- by8 e 
- -  ~/~v~ ~ + 8 ~  ' 
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4. Distribution of electron and ion concentrations in the polarized plasma 

To obtain the spatial distribution of n e and np after damping of all transient processes, we must take the asymp- 
totic value of solutions (3. 2) as t ~ ~,  Here it is convenient to simplify expressions (3.3) by taking into account the 
obvious inequalities v e >> ~r o)~ >> coy, 8e >> 8 v . Then the steady-state distribution of electron and ion concentra- 
tions tal~es the form 

n e (x, oo) -~ Eo (2k -~ i) 2 n ~ (hp/d)2 cos (2k "4- 1) gx/d 
2 [(2k --~ t)2~ ~ (he/d)~ --~i] [(2k -~- i)~ga(hp/d) ~ "Jri] ' 

k=o 

rt~(X., cr --=- e-~ 2 (2k-~-" l)~g~(he/d)~cos(2k'4- i )gx/d 
�9 - -  [(2k -{- i) ~ a s (he/d)~ -4- t1 [(2k -4- i) ~ g~ (hv/d)~ -4- t1 

k-----0 

(4. I) 

fled: 

The series can be summed and written in 

n,  (z,  = g0hv 
4ae (h8  - -  by2) 

Eohe 

In the case of a weakly ionized gas, when 

the form of a combination of hypexbolic functions: 

sh dhp -a (I/9. - -  x/d) __  (Tp ~'/' sh dhe-1 (~12-- z/d) 

(4. 2) 

ch Z/~dhe -1 ~ \ T--pp ] ch l]~hp -I J " 

he, hp > d, the expressions for ne(x,  oo) and np(x, r can be simpli- 

E0d i (2k q- t) ~t~ n (z, = (2k - t)2 c~  a ' 
k=0 (4. 3) 

n v (x, cr _~ en3hv~E~ ?0= (2k -4-i i ) i  cos (2k +dt) :~x 

Considering the rapid convergence of the series (4. 8), we can confine ourselves in the calculations for ne (x, r162 
and np (x, ~ )  to  t h e  f i rs t  three  t e rms  of the series (k = 0, k = 1, k = 2). The error in t roduced  the reby  dces  not e x c e e d  

3-4%. 

5. Transient processes 

The general relations (2.9) and (3.2) give the particle velocity and concentration at any point as a function~ of 
time. As in the last section, it is convenient to simplify these expressions by deliberately neglecting the small quanti- 
ties (yp, ~ p ,  5p) as compared with the large (v e, r 5e). In this approximation 

4eEo [ epx (--  1/~vet) sin 6et 
re (x, t) = - -  y ,  (2k T V) L 

k==0 

m/M exp (--  x/2vvt) sin 8pt3 . (2k + t) nx 
- - :Sv (2k+t )2~(he /d )~  -[- t ]  s m  d ' ! (5. i) 

4 e E a s i n S ~ t [  t ] (2k -}- t) n~: 
Vv(X ' t )  = 2 (2k~-t)~tmSp t - - ( 2 k _ ~ _ t ) ~ ( h e / d ) ~ _  t sin d 

k=o 
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In the same way, for the concentrations we get 

~ 4 e E o ( % 2 e ~  + t)~tx/d f Sv ['5 2 r v s 
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6. Anal~rsis of results 

The solutions obtained show that the sudden application of a constant field to a plasma layer initiates in the 
plasma a complex motion that decays with time. After the transient processes have damped out, a state of polarization 
is established in the plasma; this state is a function of the intensity of the applied field and of certain plasma parame- 
ters. 

Each spatial harmonic of the velocity and concentration perturbations is established with its own characteristic 
time. This process may take two typical forms: periodic and aperiodi c. At sufficiently low gas pressures, when y e and 
Up are small enough for 5 e and 5p in (2. 3) to be real, the process is a damped oscillation with the two characteristic 
frequencies 5 e and 5p and decay constants 2/u e and 2/Vp, respectively. 
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In this case the spatial harmonics of the electron velocity and concentration, as is obvious from the first of equa- 
tions (5. 1) and (5. 2), will have two characteristic frequencies and two decay constants, as distinct from the spatial 
harmonics of the ion velocity and concentration (second of equations (5. 1) and (5. 2), which have only one characteris- 
tic frequency and one decay constant. This is due to the smallness of the ratio m/M. On the other hand, at high pres- 

sures and/or  low values of the concentration N, when 

V, 2 > 0)2 [(2k + l) z (h, / + i ], 
1/.~v2 > o) 2 [(2k + i)2n ~ (hv / d) ~ q- t ] ,  

the settling process becomes aperiodic. In this case the phase shift can be neglected in (5.2), and in (5. 1) and (5.2) we 

can write 

Fe (t) = exp  { - -  V2%t) sin Set ----- V2i {exp [ - -  (:/~% - -  

_ 1/1/4%2 _ (%2 [(2k -q- i )  2 n 2 (h~ / d) ~ q- l ]) t] - -  

- -  exp [ - -  Q/~:% q- ]/h/.%~. + r [(2k + i )  2 n 2 (h e / d) 2 -'t- i]-'-) t } ,  

(6. I) 
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F p  (t) ~ oxp ( - -  Vtvpt) sin 6vt = Vai {exp [ - -  (1/av v - -  

o,,,, + a, / d), + i ] )  t] - -  

- . -  ezp [ - -  (a/sv, q-- lFV',v,S--o~',s [(2k q-- t)s as (/z, i d)' -k- 1]) t} . 

(6.1) 
(cont'd) 

Functions F e and Fp decay with time constants 1/v e and 1/Vp. 

After an interval of several ionic mean free times, the drift velocities of the electrons and ions are practically 
zero, and the concentration perturbations reach their steady-state value, in this case, as can easily be seen from (4. 2), 
the steady-state concentration distribution does not depend on the effective collision frequencies v e and vp or on the 
ratio m/M. 

The steady-state spatial distribution of n e and np is determined exclusively by the relation between the Debye 
radii he and hp and the thickness of the plasma layer d. 

It is interesting to note that for T e >> Tp the electron concentration perturbation is negligible compared with that 
for the ions. This is plainly visible in Fig. 2 which shown n and nr in the polarized plasma in the immediate vicinity 
of the wall as functions of Te/Tp,  as calculated (in CGSE uPnits) for the case: d = 1 cm, N -- 10 "!~ cm "s, Tp = 1000 ~ K. 
This result fully agrees with the previously published [2] qualitative argument concerning the predominant ~ole played 
by the ions in the process of electrostatic plasma polarization when T e >> Tp, 

As may be seen from Fig. 2, the ratio rip/% in a polarized plasma is of the same order as Te /T  p. 

�9 Figure 3 shows the distribution of the ion concentration perturbation in a polarized plasma for three cases, with 
the initial level of electron and ion concentration as parameter. The Calculations have been made for the case: d = 
= 1 cm, Tp = 1000 ~ K, T e = 100 000 ~ K. As may be seen from Fig. 3, with increase in concentration level the pertur- 
bat/on is concentrated in ever thinner layers near the walls. 

At N 106 cm "3 the concentration of ions is perturbed practically throughout the plasma layer, since we then have 
~ > d .  

The above-mentioned characteristic times of the transient processes for electrostatic plasma polarization can be 
used for plasma diagnostics. In this respect, the characteristic times of the ions are of particular interest, since mea-  
surement of the parameters of the ionic component involves known difficulties. 

The authors are deeply grateful to G. A. Lyubimov and S. A. Regirer for useful discussion. 
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