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The author cons iders  low-frequency p lasma  osci l la t ions in junction diodes using the kinet ic-equat ion method and 
allowing for  a s y m m e t r y  in the boundary conditions at p laces  where the p lasma  adjoins the p ree lec t rode  b a r r i e r s .  It is 
shown that waves moving f rom the cathode to the anode can be excited at low elec t ron drift  veloci t ies  than in an 
unbounded plasma,  because  these waves a re  re inforced  by waves ref lec ted  f rom the e lectrodes .  The condition for the 
appearance of nonattenuating p lasma  osci l la t ions is der ived for a wavelength equal to the distance between electrodes .  

In [1], the d ispers ion  equation for p l a sma  osci l la t ions in junction diodes was derived using the kinet ic-equation 
method and allowing for  a s y m m e t r y  in the boundary conditions at the p l a sma-p ree l ec t rode  boundaries .  A s y m m e t r y  in 
the boundary conditions is associa ted with the p resence  of an external voltage applied between the electrodes;  here  
the same charge  par t i c les  can be acce le ra ted  as they move to one electrode and decelera ted as they move to the other.  
In the same ar t ic le  [1], the d i spers ion  equation obtained in this manner  was studied for the case  of h igh-frequency 
(electron) p lasma osci l la t ions.  In this ar t ic le  we shall use the d ispers ion  equation obtained in [1] for low-frequency 
(ion) p l a sma  osci l lat ions.  

In [2], low-frequency osci l la t ions in an unbounded p lasma were  considered; the condition for wave excitation by 
the energy of e lect rons  drift ing in an external  field without the p resence  of an additional beam of par t ic les  was 
derived.  Exper imental  ver i f icat ion of this theory [3] qualitatively confirmed the theoret ical  conclusion regarding  the 
excitation of p lasma  osci l la t ions without the p resence  of an additional beam of par t ic les .  The qualitative resu l t s  
differ somewhat f rom the experimental  resu l t s .  In this ar t ic le  it will show that the d i sc repancy  between the 
quantitative theoret ical  conclsuions and the experimental  r esu l t s  is grea t ly  reduced if we allow for the effect of the 
p l a sma  boundaries  on the osci l la t ions.  

1. The d ispers ion  equation for p lasma osci l lat ions in junct ion diodes has the fo rm [1] 

Det![l +A l(k) ~A 2(k)] 5~}:, 

+ B~ (--k,  --k~) § B2 (k, k~) ! = 0 .  (1.1) 

Here k = r :n / l  and k 1 = ~ m / l  a re  wave numbers  (k > 0 if the wave t rave ls  f rom the anode to the cathode and 
k < 0 if it moves in the opposite direction); l is one half the distance between the cathode and anode p lasma  
boundaries;  n and m are  in tegers .  The quantities A a and B a are  expressed  in t e r m s  of ve ry  complex integrals  whose 
fo rm is given in [1]. We only note that B a i s  the co r rec t ion  to A a that resu l t s  when we allow for the effect of 
boundaries  on the p l a sma  osci l la t ions.  Consider  low-frequency osci l lat ions whose attenuation decrement  T is mcuh 
less  than their  f requency w. The phase velocity of such osci l la t ions falls within a narrow interval: it muct be mcuh 
less  than the e lec t ron  the rmal  (isothermal) velocity [2]; it can be one or (in ex t reme cases)  two o rde r s  less than the 
thermal  velocity.  

Fo r  these waves,  approximate  :calculation of the t e r m s  B 2 and A~ yields 

A , = ~ + ~ , ~ )  ~-~YEl~i' "'~-=- [~o-L(~-~-~)p, (1.2) 

( • ~"'~ /• \1/~ {4~e%0~\/' 
~'~ = ~ ~ J ' ~ ~ = W ~ 2  ) ' ~o2 = ~ - ; ~ -  ; . 
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Here  w is the osci l lat ion frequency; 7 is the attenuation decrement ;  a 1 is the electron Debye radius; ~?Ti is the 
e lec t ron t empera tu re  in ergs; n 1 is the e lec t ron density; e is the charge  on an electron; wa  is the drift  veloci ty  of 
e lect rons  (a = 1) and ion (a = 2); s a  is their  thermal  (isothermal) velocity; w~ is the limit f requency of p lasma- ion  
osciI lat ions;  n 2 is the ion density; m 2 is the ion mass;  r2 is the t ime between ion coll ision with neutral  atoms.  It is 
somewhat difficult to calcuiate B 1 since for [fi2[ << 1 the s ta t ionary-phase  method used in est imating the omitted t e r m s  
in B 2 is not aIways applicable. Let  n be the number of waves adding up to the distance between electrodes.  We set  
5 = 2 ~ w / k s l .  

If 5 >>1 we can use the s ta t ionary-phase  method and, by calculating B 1 approximately,  we have 

i 
B1 (-- k, -- kl) = (-- 1) n-m 4k~.al~.]~ll . (1.3). 

If, however,  5 < 1, it is not convenient to use the s ta t ionary-phase  method to evaluate the integrals  in the 
express ion  for Bl;  another method is the re fore  necessa ry .  

If5 <<1, it is more  convenient to integrate  f rom 0 and 1 and f r o m  1 to 0o in integrals  of type 

co 
1 I e x p ~ ( u )  du ~ ict5 u" ct = 1 ,2)  

which appear in the express ion for B l (see Eq. (20) of [1]); we have now the approximate express ion 

1 oo 

Thus, for 5 << 1, we have the following approximate  express ion  for  B1 : 

n rn i F 4 e_.~2~) ] .~- B1 (-- k --  kl) .~. (-- t) - 4k~a{'-k~ L 2"28 -I- ~ ( e-i~ @ 

~(-~)~-~ ' (55-  ~2 sin~) 
4k~ai..kll ~ i . 

(1.4) 

Substituting (1.2) and (1.3) or (1.4) (depending on whether 6 ~> 1 or  5 << 1) into Eq. (1.1), isolating the rea l  and 
imaginary  par t s  of Eq. (1.1), and solving for the wave attenuation and frequency,  we can obtain cor rec t ions  due to the 
p re sence  of p lasma  boundaries .  

2. Let us f i r s t  study the case  in which 5 >>1. In this case,  the co r rec t ion  t e r m s  Ba do not affect the oscil lat ion 
frequency.  F o r  this f requency,  the fami l ia r  Langmui r -Tonks  fo rmula  is obtained [4]: 

= oJ~a~k / 1/'t + k@ + (w~. �9 k) . (2.1) 

Fo r  attenuation, we have the approximate express ion  

l ( @ ) %  [o)-- (w,k)] (% 
~; = ~ -t- (t + k~al")  ~t" o),_ + 

• + + + 

[ k l a1r 
4 (t -t- k~a~)  ~/" 1['l • 

o l  ~ (4~e~nl / m~) % �9 (2.2) 

Here  w is the Langmuir  f requency of p l a s m a - e l e c t r o n  osci l lat ions.  The f i r s t  two t e rms  on the r ight-hand side of 
(2.2) de te rmine  wave attenuation in an unbounded p lasma  [2]; the last  t e r m  is the co r rec t ion  resul t ing f rom the effect 
of boundaries  on the p lasma osci l la t ions.  As is shown in [2], low-frequency wave propagating in the direct ion of 
e lec t ron drift  (k < 0) can be excited by the energy acquired by an e lec t ron in an external field. The wave number k,  
cor responding  to a maximum osci l lat ion increment  is defined (in an unbounded plasma) by the relat ion 
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~Ja,~ ~'.~-a? t) (2 .3)  k.al = ~ (l + :2k.~12_ �9 

T h i s  equa t ion  i s  va l id  g i v e n  the  c o n d i t i o n  2k2a ~ 1 - 1 > 0. The  m i n i m u m  f r e q u e n c y  s i m u l t a n e o u s l y  s a t i s f y i n g  bo th  (2.1) 

and (2.3)  i s  r e a l i z e d  when  k 2a 2 ~ 1 /2  and w~/v  s ~ ~ w h e r e  v s = (~r T 1 / m  2) 1/2 i s  t he  ion  s p e e d  of sound.  Th i s  quan t i t y  
d e p e n d s  on the  ion  d r i f t  v e l o c i t y .  If w 2 << vs ,  t hen  Wmin --- 0.6 c02; if ,  h o w e v e r ,  w 2 -~ 0 .8Vs,  t hen  Wmi n --* 0. 

When the effect of boundaries on the plasma oscillations is allowed for, the wave number k. corresponding to 
a maximum increment is given by 

k,al-= w~- t +  2 ' : ~ - 1  -- w~-- k T-~--.-al- -- 1~ 2+/~*"alz+ ~ 2  ~w2 (i + k.Zal"~) -_. (2.4) 

As is clear from (2.2) and (2.4), for a fixed gas pressure the electron drift velocity must be smaller in 

magnitude than the distance between electrodes for establishing nonattenuating waves. A decrease in the electron drift 

velocity required to establish a nonattenuating wave (assuming the presence of plasma boundaries) is associated with 

the fact that the energy lost by a wave through attenuation is partially compensated for the energy of wave reflected 

from the electrodes. As the distance between electrodes decreases, k. shifts toward smaller k (assuming the plasma 

parameters and drift velocity of the charged particles remain constant). The figure shows graphs of k,a i as a function 

of the parameter (~ -- wl/v s for certain values of the parameter fl = sl/w 2 1 . It is clear from this figure that the greater 

the value of fi the smaller the value of ~ required to reach the limit value k~a21 = 1/2. In particular for ~ = 0.8, 

k2a~ 1 ~ 1/2 even for a = 2. If for these values of ~ and fi we set w~ = 0.1 (this is admissible because of the effect of 

ion charge transfer), then w = 0.53w 2 which is 0.1 w 2 smaller than the value of w obtained for the same values of 

and o) 2 but for fl = 0. Therefore, the greater fl, the more closely the calculated value for the frequency approaches its 

experimental value [3]. It is impossible to expect theory and experiment to coincide exactly since the experiment [3] 

was performed with a plasma in a gas discharge tube in which the side boundaries of the plasma were of considerable 
importance; these factors were not allowed for in our theory. 

G r a p h  of k , a l  a s  a func t ion  of a f o r  d i f f e r e n t  ft. 

3. Now consider the case 5 <<I. Since the wave phase velocity is one or two orders less than the electron 

thermal velocity, the case 5 <<I can only occur when n = I. We shall consider the limit case n = I or k := k I where 

kll = ~ . (3.1) 

The width of the preelectrode layers is on the order of the electron Debye radius. Equation (i. I) is derived assuming 

that the width of the preelectrode layers is much less than the distance between electrodes or a I <<I. It now follows 
from (3. I) that 

~iai ~ ~ . (3.2) 

The correction to B i must now be found using (i~ 4) rather than (i. 3). The only effect on the oscillation 
frequency is that in this case there is an additional term 35 / IfmkT. in (2. I). Allowing for (3. I) and (2.2) we obtain 

~la~(D 2 

(o = l 1 / t  + , ~ 0 - ~ - ' / ~ +  6 ~ 0 . / V ~ , ~  " ( 3 . 3 )  
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Since ~2/r = ) f ~  M ~ i, the co r r ec t i on  6w2/27rw 1 to the 1 in the square  root  of (3.3) will  be insignificant;  
this  means  that  the c o r r e c t i o n  to B 1 will  not not iceably affect  the osci l la t ion f requency  for  6 << 1. Ignoring this 
c o r r e c t i o n  and the c o r r e c t i o n  r~a 2 l / l  2 to the 1 in the square  root  in (3.8),  we obtain the app rox ima te  expres s ion  

= ~al~:/l, (3.4) 

whe re  the wave  phase  veloci ty  is equal to the ion sound veloci ty .  Osci l la t ions  with a f requency inve r se ly  propor t iona l  
to the d i s tance  between e l ec t rodes  w e r e  obse rved  in a the rmion ic  c o n v e r t e r  [5]. Consider  the condition under which 
osc i l l a t ions ,  having the f requency  of (3.4) become  nonattenuating. Fo r  5 << 1 wave  at tenuation is de te rmined  by the 
s a m e  f o r m u l a  (2.2),  only the number  5.5 mus t  be subst i tuted for  the 1 in the square  root .  Let t ing 7 = 0 and using 
(3.1) and (3.2) we obtain the condition for  es tab l i sh ing  nonattenuating osc i l la t ions  with k = 7r/l (for w~ <<s~): 

l = [ 2 V T1 /  T2 ( ~.6 ~- ~'~ ~fl/9-~ Wl/,~1) , 

where  l 2 is  the ion mean  f r e e  path  and T 1 and T2 a r e  the e lec t ron  and ion t e m p e r a t u r e s .  As is c l ea r  f r o m  (3.5), 
nonattenuating p l a s m a  osc i l la t ions  with wave number  k = 7r/I and f requency  (3.4) a r e  poss ib le  when the d is tance  
between e l ec t rodes  is equal to a mul t ip le  of the ion mean  f r e e  path.  

The author e x p r e s s e s  his apprec ia t ion  to A. I. Gubanov for  rev iewing  the manusc r ip t  and making s o m e  valuable  
c o m m e n t s .  
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