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Resu l t s  a re  p resen ted  for m e a s u r e d  and calcula ted e l ec t ron  t e m p e r a t u r e  and concentra t ion,  
e l e c t r i c - f i e l d  in tens i ty ,  and e l ec t ron  col l i s ion  frequency in a high frequency (hf) e l ec t rode  
d i s cha rge  at p r e s s u r e s  below a tmospher i c .  

The h igh-f requency single electx:ode d i scha rge  at medium pre  ssure  i s  of g rea t  i n t e r e s t  because  of 
i t s  expanding use in science and technology [1]. F o r  a phenomenological  desc r ip t ion  of the d i s cha rge  and 
the p r o c e s s e s  occu r r ing  there in ,  a study of such p a r a m e t e r s  as  c h a r g e d - p a r t i c l e  concentra t ion,  t e m p e r a -  
ture  and field d i s t r ibu t ion  i s  of g rea t  impor tance .  

At reduced p r e s s u r e ,  ionizat ion by e lec t ron  col l i s ion  p lays  a s ignif icant  ro l e  [2]. The contr ibut ion 
of the e l ec t ron  component to the p r o c e s s e s  of exci ta t ion  and d i s soc ia t ion ,  as  well as  to the mechan i sm for 
population of o s c i l l a t o r y - r o t a t i o n a l  l eve l s  i s  s ignificant .  The field d i s t r ibu t ion  in the d i s cha rge  p l a s m a  i s  
an impor tan t  p a r a m e t e r ,  if the field ampli tude in the p l a s m a  is  comparab le  to or  exceeds  the c r i t i c a l  [31 
value E . :  

E ~ E ,  = [3mkTe 25 (~2 -t  v"-)]'/, (1) 

Here T i s  the p l a s m a  t e m p e r a t u r e ,  ~ i s  the c i r c u l a r  frequency of the bf f ield,  v i s  the effect ive co l l i -  
sion f requency,  and 5 i s  the mean effect ive energy los s  of an e l ec t ron  upon col l i s ion.  In the zone of action 
of the field E > E~ i t  is  n e c e s s a r y  to cons ider  nonl inear i ty  of the in te rac t ion  p r o c e s s e s  and to in t roduce  an 
approximat ion  for the dependence of the t r a n s f e r  coeff ic ients  on the deg ree  of "field" nonequil ibr ium of the 
p l a sma .  

Methods for the study of d i s cha rge  p lasma  p r o p e r t i e s  at medium p r e s s u r e s  a re  insuff ic ient ly  deve l -  
oped. Spec t roscop ic  methods  [4] of m e a s u r i n g  e lec t ron  concent ra t ion  n a re  inappl icab le ,  since n e < 1024 

e 
cm -~, and the in tens i ty  of the continuous spectrum is  low. The probe  method g ives  unre l i ab le  r e s u l t s  be -  
cause  of the d i s tu rb ing  effect  of the probe since the p r o b e - p l a s m a  and p l a s m a - g r o u n d  capac i t ances  are  
comparab l e  in magni tude  [5]. 

This  s tudy will  p r e sen t  the r e s u l t s  of spec t roscop ic ,  m i c r ow a ve ,  and c a l o r i m e t r i c  inves t iga t ion  of 
the p a r a m e t e r s  of an hf d i s cha rge  in ni t rogen in the p r e s s u r e  range  7.6-76 mm Hg. 

A high-f requency d i scha rge  in ni trogen at p r e s s u r e s  of 7.6-76 mm Hg is  s table at power l eve l s  of 
seve ra l  watts .  The g e n e r a t o r  power in the e x p e r i m e n t s  reached  16 kW, and the power  in t roduced into the 
p l a s m a  was c a l o r i m e t r i c a l l y  m e a s u r e d  and reached  6 kW. The c i r c u l a r  frequency of the field [2 ~ 2 �9 108 
Hz, i . e . ,  the condition v 2 >> ~2 was fulfi l led.  

The d i s cha rge  was c r ea t ed  in a quartz  chamber  with a d i a m e t e r  of 90 mm and ve r t i ca l  length of 
1000 mm,  with a w a t e r -  cooled c o p p e r -  nickel  e l ec t rode .  Depending on the opera t ing  p r e s s u r e ,  d i s cha rge  
length was from 60 to 90 cm, with d i a m e t e r  from 2 to 3.5 cm. Weak tangent ia l  t o r s ion  of the gas  was used,  
and the l inea r  p l a sma  flow ra t e  was smal l  (~1 m/sec) ,  so that flow turbul iza t ion  could be neglectod.  The 
to ta l  power  supplied to the p l a sma ,  i t s  t e m p e r a t u r e  T, the mean  e l ec t ron  concentra t ion (ne) , and the f r e -  
quency of co l l i s ion  of e l e c t r o n s  with neutral  p a r t i c l e s  v were  m e a s u r e d .  
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The plasma osc i l la tory  and rotational tempera t , , res  were measured  with an ISP-51 spectrograph.  
In measurement  of the osc i l la tory  tempera ture  Tv,the relat ive intensi t ies of the maxima of the osci l la tory  
bands of the second positive system of nitrogen with Av = 4.5 were measured .  The F r a n k - C o n d o n  fac tors  
were taken from [6]. To measu re  the rotational t empera tu re  Tr ,  photographic record ings  of the spectrum 
were made by a camera  with focal l e n g t h f  = 270 mm. Lines of the rotational s t ructure  of the 4278/~ band 
of the f i rs t  negative system of nitrogen with K= 10-23 were mea~ t red .  The gas tempera ture  measured  on 
the d ischarge  axis changed from 2000 to 2500~ with increase  in p res su re .  The osci l la tory  tempera ture  
underwent a cor re  spending change from 3800 to 2500~ The se T v value s ag ree  with measuremen t s  in a glow 
d ischarge  [7] and with values averaged over  the rad ius  for an e lec t rode less  d ischarge  of power 5 kW [8]. 
The T v values in a high-frequency e lect rode discharge  of [9] were higher. 

The osci l la tory  t empera tu res  in the ground state x 'Z calculated according to [10] for 7.6 mm Hg coin- 
cided with T r at this p res su re .  At 76 mm Hg, there is no such coincidence. 

:~Iicrowave probing of the p lasma was done by the d i rec ted-beam method in the wavelength range 
1.1-1.5 cm. A horn- lens  method was used to focus the microwave  beam to a sppt of the o rder  of a 

wavelength in dimension [11]. P re l iminary  exper iments  made it possible to select the plasmotron d iameter  
such that absorption and scat ter ing of the shf power on the walls could be neglected. The focal l e n g t h f  c of 
the Teflon lenses  was chosen with considerat ion of the condition t h a t f  c >> ~, D; d2//~. 2 >> 1 [11], where d is 
the lens d iameter ,  and D is the d iameter  of the pinch. Probing was done at d is tances  of 4, 16, and 28 cm 
from the electrode in a direct ion perpendicular  to the d ischarge  chamber  axis. 

F igure  1 shows the experimental ly  determined signal damping coefficients as functicns of the working 
p r e s s u r e  in the discharge chamber  at f requencies  of 19 (1), 23 (2), 24 (3), 26 (4) GI-/z. Damping inc reases  
with increase  in pressure .  No sharp cutoff of the microwave signal was observed in the experiments .  This 
may be explained by violation of the condition that v / w  << 0.01 [12], deviat ions of experimental  conditions 
from the requ i rements  of geometr ical  opt ics  [4], and by the fact that Wo2/W 2 >" 0.01, where cc 0 is the natural 
frequency of the plasma.  

If the condition co 2 >> tc/D) 2 is fulfilled, diffraction effects  can be neglected in the f irst  approximation 
II1]. Detailed consideration of the contribution of refract ion,  multiple reflection,  and other types of losses  
to attenuation of a signal passing through the plasma is difficult [111. Damping depends strongly on the 
radial  concentrat ion distribution, since 

D/l 

<n/~ = 2 f,, ~n' (r) or" 
0 

At p r e s s u r e s  below 100 mm Hg the high-frequency single e lectrode discharge begins to lose its chan- 
nelized quality (the conductive channel with a d iameter  of the o rder  of 1 mm.  specific for this type of d is -  
charge,  begins to disappear) ,  the diffusion mechani.~n of part icle  losses  becomes significant, and the d i s -  
charge is more  homogeneous in a radial direction.  The d ischarge  model with a region A with sharp con- 
centration gradients  and A << D becomes  admissible.  In this case,  the experimental  damping data can be 
processed  with the model of a plane layer  for a cylindrical  pl~szna column with sharp boundaries [11, 12]. 
Assuming that the reflected waves are incoherent [11], the reflect ion,  t ransmiss ion ,  and absorption of power 
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can be ca lcula ted  with the phase  constant  17 and the damping  constant  (~ [11]. Ca lcu la t ions  w e r e  conducted 
on a compute r  with an a c c u r a c y  to 10 -4 in each of the p a r a m e t e r s .  E x p r e s s i o n s  for  a and/3 were  taken in 
the form 

~ ~) = (o,~--~ :,,, ~- (2) 

ct~ _ I (~(  ~~ \ + I (  o),,2 \2 (~o~- v)~]'.., (3) 

s ince f rom p r e l i m i n a r y  e s t i m a t e s  v2/w 2 > 0.01 in h i g h - p r e s s u r e  r eg ions .  

It fol lows f rom the ca lcu la t ions  that in the p r e s s u r e  r ange  7.6-76 m m  Hg, the m e a n  e l ec t ron  concen-  
t ra t ion  ~1() ~2 crn -3, which a g r e e s  with the data  of  the l i t e r a t u r e  on hf d i s c h a r g e s  at high p r e s s u r e ,  for  the i r  
app rox ima t ions  [9]. The data  of  [13] on n e under  ana logous  condi t ions  appear  to be low in value.  Th i s  d i s -  
a g r e e m e n t  m a y  be explained by the d i f f e rence  in power  in t roduced  into the p l a s m a  (a d i f f e rence  of a lmos t  
one o rde r ) .  

F igu re  2 shows the ef fec t ive  col l i s ion f r equency  u as  a function of p r e s s u r e .  F o r  a Maxwell ian d i s -  
t r ibu t ion  of e l e c t r o n s  o v e r  ve loc i ty  we have for  v 

( ,n �9 - -  mY2 v 5 d r  (4) v = A P o , ~ ( v ) e x p  

where  P0 i s  the c o r r e c t e d  p r e s s u r e ,  o4v) is the col l i s ion sect ion with m o m e n t u m  t r a n s f e r .  The e l e c t r o n -  
ion col l i s ion  f r equency  %i and the e l e c t r o n - e l e c t r o n  co l l i s ion  f r equency  Uee a re  smal l  in c o m p a r i s o n  with 
the e l e c t r o n - n e u t r a l  pa r t i c l e  col l i s ion  f r equency  and m a k e  no s ignif icant  cont r ibut ion  to p. It fol lows f rom 
Eq. (4) that  the nonl inear i ty  of  u (P) (Fig. 2) ind ica tes  the complex  re la t ionsh ip  of T e with p r e s s u r e .  De-  
c r e a s e  in the growth  of vtP) in the h i g h - p r e s s u r e  reg ion  is  evident ly  r e l a t ed  to the c o m m e n c e m e n t  of  d i s -  
cha rge  channel iza t ion ,  i .e . ,  to i n c r e a s e  in the inhomogene i ty  ne(r) .  

The function Te(P) can be found f rom the e n e r g y  ba lance  equat ion 

n,,T'G(q~.) (~  - -  1) --  TV• Vr -- ~ (~) E 2 = 0 (5) 

Here  q~ = T e / T ,  ~ is  the coeff ic ient  of t he rma l  conduct ivi ty ,  o(~p) is the conduct ivi ty ,  d e t e r m i n e d  
for  a Maxwell  d i s t r ibu t ion  by the r e l a t ionsh ip  [15] 

(~ (<~) = ~ d  (<~) ~oo=,~o,/~v,.,o~ . (6) 

and E is  the e f fec t ive  field in the p l a sma .  

The ra t io  of  ene rgy  l o s s  by e l ec t ron  t he rma l  conduct ivi ty  [a por t ion  of  the second t e r m  in Eq. (5)] to 
e n e r g y  lo s s  by col l i s ion [the f i r s t  t e rm of Eq. (5)] i s  of the o r d e r  of X.2/D z, where  X, i s  the e l e c t r o n  e n e r g y  
m e a n  f ree  path.  Under  the condi t ions  here  ),,2/D2 << 1. L o s s e s  by t he rma l  conduct ivi ty  of the gas  m a y  a lso  
be neglec ted  [9]. 

In eva lua t ing  o/(p) and E the d i e l ec t r i c  p e r m e a b i l i t y  

n 7'(o,,i ~ d x  
8 = % 3 n f~v ! x (7) 
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for  a Maxwell ian d i s t r ibu t ion  of e l e c t r o n s  over  ve loc i ty  i s  ca lcula ted  
for  the case  r e a l i z e d  by the expe r imen ta l  data  v/~2 > 1, w02/,~W2f2v0 >~ a 0 
[14]. 

It fol lows f r o m  the ca lcu la t ions  that  Im  (e) >> Re (e) and Im (e) > 1 
ove r  the en t i r e  p r e s s u r e  range  studied. If, m o r e o v e r ,  D << L, where  L 
is  the length of  the d i s c h a r g e  conduct ive  zone,  the d i s c h a r g e  can be con-  
s idered  as  a conduc tor  with a d e c r e a s i n g  field the re in ,  in which d i s s i p a -  
t ion of  the hf power  o c c u r s  ba s i ca l l y  through co l l i s ion  l o s se s .  The solu-  
t ion of  the equat ion for  p ropaga t ion  of the field in the d i r ec t i on  of  the z 
axis  f rom the e l e c t r o d e ,  cons ide r ing  the low value of the Be ssel  function 
a r g u m e n t  [15], l eads  to the conc lus ion  that the damping  coeff ic ient  changes  
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only slightly over  the length of the d ischarge .  Losses  by radiat ion in this case are also low [1], and the 
effective field in the d i scharge  can be evaluated by ca lo r ime t r i c  methods  

Q~ !d(r E2dV (8) 

The near e lec t rode region with voltage drop ~400 V [2] is not considered.  

F r o m  Eqs. (5) and (8) Te and E may be determined.  The values of 6 for  ni t rogen in the range of gas 
t empera tu res  1000-5000~ and electron t empera tu res  1000-15000~ needed to calculate Ve a re  given in [2, 
16]. The functions Te(P) and E(P) are  shown in Fig. 3. With inc rease  in p r e s s u r e  a growth in E and de-  
c r ea se  in Te a re  observed.  Over the ent ire  p r e s s u r e  interval  E < E . .  With inc rease  in p r e s s u r e  the e lec -  
t ron t empera tu re  approaches that of the gas,  which inc reases  with inc reased  p r e s su re ;  at P ~1 arm the b,f 
p lasma in nitroo'en can be cons idered  dynamical ly  stable. 

Note added in proof. From solving the system of equations of balance and e lec t rodynamics  descr ib ing 
an hf d ischarge ,  and also from recent  spect roscopic  m e a s u r e m e n t s ,  it follows that T e in the central  por -  
tian of the di scharge exceeds the values obtained in this study. This  was to be expected, since the values 
of n e and ~ used for calculation of T e based on Eqs. (5) and (8) are  averaged values over  the d ischarge  
radius,  while a gas  d ischarge  p lasma in rea l i ty  is radia l ly  inhomogeneous in any of i ts  pa rame te r s .  
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