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Formulas  a r e  obtained to de te rmine  the fundamental  local  p a r a m e t e r s  of a pa r t i a l ly  ionized 
low densi ty  gas .  Resul ts  a r e  p r e sen t ed  of exper imenta l  invest igat ions of a non i so thermal  
r a r e f i e d  p l a s m a  of a high-frequeIicy d i scharge  in hel ium at  p r e s s u r e s  of 0.07, 0.12, and 0.20 
m m  Hg in the absence  of a magnet ic  field. 

Fo r  many  y e a r s  Langmui r  p robes  have been used by phys ic i s t s  for  the diagnost ics  of a s tat ic  gas  d i s -  
cha rge  p l a s m a .  The m e a s u r e m e n t  technique using e lec t r ica l  p robes  in a noniso thermal  low-densi ty  p l a sma  
in the absence  of a maguet ic  field has been worked out well .  The i r  applicat ion p e r m i t  a highly accura te  de- 
t e rmina t ion  of the local p l a sma  p a r a m e t e r s  such as  the charged par t i c le  density,  the e lec t ron t e m p e r a t u r e  
and the p l a s m a  potent ial .  But the de terminat ion  of the heavy par t i c le  t e m p e r a t u r e  by means  of the ionic 
port ion of the p robe  cha rac t e r i s t i c  is  quite difficult or  genera l ly  imposs ib le .  A method based  on using a 
ho t -wi re  t h e r m o a n e m o m e t e r  connected s imul taneous ly  as  a Langmr2ir p robe  was p roposed  in [1] for  the de-  
t e rmina t ion  of an aggrega te  of local  flow p a r a m e t e r s  of a pa r t i a l ly  ionized gas,  including even the heavy-  
pa r t i c l e  t e m p e r a t u r e .  An energy  ba lance  equation, which defines the f i lament  su r face  t e m p e r a t u r e  Tw as  
a function of the p robe  potential ,  is fo rmed  to desc r ibe  the operat ion of the t h e r m o a n e m o m e t e r  p laced in a 
nonequi l ibr ium low-densi ty  p l a s m a .  

The energy  balance  equation in a fixed p l a s m a  

Q~ + Q~ + J + A~(~ (T~ - -  T~,) = 0 

i s  wri t ten as  [1] 

where  

V~ap,v.RL ~ 4-I (i_ Tw ~ ' 2 4 4 2 y -------1 T,, J T Q~ + I ,  Rw q- 2nRLea (To -- Tw)= 0, 

e 

(1) 

for  V > 0; 

e 

for  V~< O; 

e - 

for  V < 0. 

Fo r  in te rmedia te  potent ia ls  on the f i lament  su r face  evidently Qo~ = Qe + Qi. 
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Fig. 1. Glow of the d ischarge  at  a 0.12 m m  Hg p r e s -  
su re ,  

The accommodat ion  coeff icient  a i in Qi is introduced so that neut ra l iza t ion  of the ions slowly approach-  
tug the meta l  su r face  would occur  mainly  at  a spacing of s eve ra l  ion d i a m e t e r s .  It can the re fo re  be  expected 
that, in the major i ty  of cases ,  a neut ra l ized  ion will r each  the me ta l  sur face  as a neut ra l  molecule .  The 
values  of the accommodat ion  coeff icients  of posi t ive  ions in a gas d ischarge  approach the accommodat ion  
coeff icients  of neu t ra l s  on a su r face  covered  by an absorbed  gas  [2-4]. 

Moreover ,  the fact  that the e lec t r i ca l  f ield of the p robe  pene t ra t e s  not only the volume charge  domain 
at high negat ive potentials ,  but a l so  the quasineutra l  p lasma ,  i . e . ,  that  the p l a sma  ions a r r i v e  at the bound- 
a r y  of the l ayer  nea r  the e lec t rode at a veloci ty  vi ~ ~rkTe/mi d i rec ted  at the probe,  is taken into account in 
determining Qi and Ii.  

An ana lys i s  of the energy balance  equation T w = Tw(V) and the v o l t - a m p e r e  cha r ac t e r i s t i c  I Z = I~(V) 
p e r m i t s  the de terminat ion  of an aggrega te  of local p a r a m e t e r s  of a pa r t i a l ly  ionized gas .  

Thus, a f te r  having subst i tuted the e lect ron t e m p e r a t u r e  T e, the charged  pa r t i c l e  concentrat ion n 0, 
and the p l a sma  potential  q0 found by means  of the p robe  cha rac t e r i s t i c  [3] into (1), we obtain for  T n 

1 

T,~ + [~-x [ I~Rw + 2nRLeo (T 4 - -  T4w) + Qa] T ~ - -  rw = 0. (2) 

Here  fi = CePnRL(Trk/2mn)l/2(Y + 1/y - 1). 

But in forming the energy balance  equation we neglected losses  due to heat  el imination to the fas ten-  
ings.  This  is valid if the supports  a re  provided with hea t e r s .  Otherwise these  lo s ses  can be s ignif icant  
and they mus t  essent ia l ly  be taken into account for  m o r e  accura t e  e s t ima te s  of the final r e su l t s .  The ene r -  
gy balance  equation for  a unit length of the f i lament  under cons idera t ion  taking account of the heat  t r a n s f e r -  
red  to the suppor ts  by heat  conduction 

O [ Otw 
-S; / \ 

is wri t ten as  

p~c~nR ~ Ot~ = xR ~ K~ - -  + + + I~ 0--7- Ox 2 ~ \--~-x L- ' 2 y--I  T. ] ~ -  eo (~--tw), 

where  t w = tw(t, x) is the local  f i lament  t e m p e r a t u r e  at a sect ion with coordinate  x; Pw, ew, Kw a re  the den- 
sity, specif ic  heat, and coefficient  of heat eoaduetion of the f i lament  m a t e r i a l .  It is  hence a s sumed  that the 
rad ia l  t e m p e r a t u r e  gradients  a r e  negligible,  and the f i lament  d iamete r  and the cu r ren t  densi ty a r e  constants  
in each section.  Since t e s t s  a r e  ord inar i ly  conducted in the s ta t ionary  mode,  then t w --- tw(X) and ~ w / ~ t  =0.  
Moreover ,  it can be a s sumed  with sufficient a ccu racy  that 

K w c o n s t ,  4 = t~ - -  T 4 3 4 4 4twTw - -  3Tw - To and R w = Ro [ I +  0 (tw--273)]. 

Using these  s impl i f ica t ions  we obtain 

(4twT~ --3T~ - -  ~ )  0 nR~Kw ~ - [ - - - U -  d2tv' I~R o [ 1 + 0 ( t w _ 2 7 3 ) ] +  V-~ap~v~R2 y--1Y+l 1 ,  ~--~n +----2~ReaL : 
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Fig.  2. Graphs  of the dependences of the f i lament  s u r -  
face  t e m p e r a t u r e  T w (~ and the p robe  cu r r en t  I Z (ma) 
on the su r face  potent ia l  q (V): 1) p = 0.07 m m  Hg, 2) 
0.12; 3) 0.20. 

o r  

d2t~ 
dx ~ 

- -  co~t~  + ~o~ = O, 

where  

Y + l  4 Q~ + 6eaT_____~4~ + I~Ro ( I - -2730)+ 2eaT4 o~----2 ~P-~V;wR , - - I  K~aR~L K~R KwaR K~------ff- 

o2 = c~p,~v,~ y + I  F 8eaT~ _ t~ RoO 
2 VK KwRT. y --1 KwR K--~aR2L 

If the cons tancy  of the t e m p e r a t u r e  T k on both suppor ts  i s  taken as  boundary conditions 

L t w - T  h = 0  for x =  + ~ ,  
2 

dt~ = 0 for x =0, 
dx 

then the solutions of (3) y ie lds  the t e m p e r a t u r e  distr ibution along the f i lament  

t~= (V~---j ) r ~L + J 
2 

and d e t e r m i n e s  the lo s ses  becaus e  of heat  e l iminat ion to the fas tenings  

(3) 

(4) 
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Then taking account of heat elimination at the ends, T n is determined f rom the equation 

[I.R~, q- 2z~RLe~ (T 4 - -  T~) + Q~ - -  Q~] T ~/~- - -  T w = 0 (5) 

by using success ive  approximations,  where the value to T n found in (2) is used as the f i r s t  approximation. 
In the major i ty  of cases ,  as  a rule, 3-4 approximations a re  required.  

The value of T n found f rom (5) affords a possibil i ty of estimating the concentrat ion of neutrals  n n and 
the degree of ionization by means of the measured  p r e s s u r e  p ~ Pn = nnkTn. 

Moreover,  in a cyl indrical ly symmetr ic  column of part ial ly ionized gas with or without a magnetic 
field present  under the assumption that the ions and electrons in the unperturbed plasma have a Maxwell 
velocity distribution for constant t empera tures  T i and T e, the following relationship is valid [5] 

T 2 -  ~2 en ~4 i e ~2 (T, - -  Tn) T i. (6) 
ta ~e 

The ~t i and n e in (6) denote the mean par t  of the total ion and electron energies,  which is lost upon collision 
with neutrals .  The ion t empera tu re  T i is somewhat g rea te r  than the tempera ture  of the neutrals  T n, hence 
it can be considered that the ions lose energy because of elastic collisions and 

• ~ 3 (rn~ + mi) 2 

on the other hand, inelastic collisions play the main par t  at high tempera tures ,  hence For  electrons,  

~e  = ~r [5] 

If the mean f ree  paths for the e l e c t ron -neu t r a l  and i on -neu t r a l  collisions a re  assumed equal [3] 

then (6) is written for T n < T i << T e as 

T~T[ 10.66 (Ti-- T,) 'T 2 T ~' = - -  ~ ~-- ~p. (7) 

Experimental  investigations were  conducted using a p lasmat ron  with a coaxial sys tem of water -cooled  
b r a s s  e lectrodes .  A high-frequency discharge (at a frequency of 7 Mttz) in helium was the p lasma source .  
To simulate the static conditions af ter  ignition of the discharge and leakage of the gas into the source  and 
the working chamber  had ceased, the evacuating pumps of the sys tem were  disconnected, the p r e s s u r e  was 
equilibrated, and the discharge burned in a fixed gas .  The glow of the discharge f rom the f ree  endface of 
the working chamber  is shown in Fig. 1. 

The cap of the t h e r m o a n e m o m e t e r -  Langmuir probe was in the fo rm of a 0.090 mm diameter  and 17 
mm long molybdenum filament.  The fi lament dimensions were  determined by using a labora tory  mic ro -  
scope. The filament was welded to mass ive  steel supports of 1.0 mm diameter  and 18 m m  length. The 
filament fastenings were  also the cur ren t  and potential leads.  The supports of the cap were  provided with 
miniature thermoeouples welded to the lower par t  of the supports 7 mm f rom the end. Low inert ia of the 
thermocouples  was achieved by using a C h r o m e l -  Copel wire junction of 0.13 mm diameter .  The the rmo-  
couple readings were made on M-82 type mil l ivol tmeters .  The filament fastenings of the cap as well as the 
thermocouples ,  were  insulated f rom possible contact with the p lasma by a special covering.  Molybdenum 
glass  of the type 3C-5 and epoxy res in  were used as coating. The support d iameters  were  enlarged to 1.73 
mm after  coating. 

The thermoanemometer  fi lament is the sensor  of a res is tance  thermometer ,  hence it was annealed at 
a tempera ture  500-700~ in a TS-24 thermosta t  before  the tes t  in order  to stabilize the tempera ture  de- 
pendence of the res is tance,  the dependence R w = Rw(Tw) was found which turned out to be pract ica l ly  l inear 
in the tempera ture  range used: R w = 0.33116 + 0.000705(T w -  273). Vacuum oil was used as thermosta t  
liquid. The electr ical  measur ing c i rcui ts  as  well as the lengths of the cur ren t  and potential leads were 
identical during both calibration and in the experiment.  The filament cal ibrat ion was ver i f ied periodical ly.  
Special precaut ions were taken in order  to eliminate harmful thermal  emf ' s  in the thermoeouple loop. 
Switching of the cur ren t  direct ion was used as a check, as is ordinari ly done in potentiometer  c i rcui t s .  
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T A B L E  1. In f luence  of Hea t  E l i m i n a t i o n  to the  F a s t e n i n g s  on the  
Va lue  of the  T e m p e r a t u r e  of N e u t r a l s ,  P r e s s u r e  0.12 m m  Hg 
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The  r e s i s t a n c e  of the  t h e r m o a n e m o m e t e r  f i l a m e n t  was  d e t e r m i n e d  by  us ing  a h igh  s e n s i t i v i t y  t h e r -  
m o a n e m o m e t r i c  a m p l i f i e r  d e v e l o p e d  in  the  M o s c o w  U n i v e r s i t y  S c i e n t i f i c - R e s e a r c h  I n s t i t u t e  of M e c h a n i c s .  
T h e  change  in f i l a m e n t  r e s i s t a n c e  was  d e t e r m i n e d  to 0.001 ohm a c c u r a c y .  The  m e a s u r i n g  c i r c u i t  i s  p r e -  
s e n t e d  in [1]. 

T h e  e x p e r i m e n t  was  c o n d u c t e d  a s  fo l lows :  a f t e r  the  p r e s c r i b e d  d i s c h a r g e  m o d e  had  been  e s t a b l i s h e d  
and  p r e s s u r e  m e a s u r e m e n t s  had  been  nmde ,  the  w o r k i n g  he a t i ng  c u r r e n t  was  p a s s e d  t h r o u g h  the  m e a s u r i n g  
f i l a m e n t  to  r a i s e  the  s e n s i t i v i t y  and  i t s  r e s i s t a n c e  was  d e t e r m i n e d .  Then  an a r b i t r a r y  p o t e n t i a l ,  r e g u l a t e d  
wi th  r e s p e c t  to  g round ,  was  d e l i v e r e d  to  the  f i l a m e n t  and  two c u r v e s  T w = Tw(V) and I~, = Iz(V) w e r e  r e -  
c o r d e d  a s  t he  f i l a m e n t  p o t e n t i a l  changed .  T h e  whole  p r o c e d u r e  was  r e p e a t e d  in r e v e r s e  o r d e r ,  which  d e -  
c r e a s e d  the p r o b a b i l i t y  of r a n d o m  e r r o r s .  

The  cap  was  m o u n t e d  2 m m  f r o m  the  end of the  e x t e r n a l  e l e c t r o d e  of the  s o u r c e .  I t  shou ld  hence  be  
no ted  tha t  the  f i l a m e n t  of the  cap  was  not  s u b j e c t e d  to  any  s p e c i a l  t r e a t m e n t  in the  w o r k i n g  c h a m b e r  so  tha t  
the  cond i t i ons  on i t s  s u r f a c e  c o r r e s p o n d e d  to t he  u s u a l  t e c h n i c a l  s t a t e  of the  f i l a m e n t  m a t e r i a l .  

The  t e m p e r a t u r e  T w = Tw(V) and p r o b e  IZ = Iz(V) c h a r a c t e r i s t i c s  a r e  p r e s e n t e d  in F i g .  2 fo r  the  p r e s -  
s u r e s  0.07, 0.12, and  0.20 m m  Hg.  The  p r e s e n c e  of a Maxwe l l  e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  p e r m i t t e d  d e -  
t e r m i n a t i o n  of t he  e l e c t r o n  t e m p e r a t u r e  T e b y  the  c u s t o m a r y  m e t h o d  [3]. 

The  p l a s m a  p o t e n t i a l  was  d e t e r m i n e d  b y  m e a n s  of the  e l e c t r o n  b r a n c h  of the  p r o b e  c h a r a c t e r i s t i c  
l o g I  e -= f(V) ( i n t e r s e c t i o n  of t he  a s y m p t o t e s )  and  b y  the  f o r m u l a  

%"~%z=~ kT----~ ln (O'7 v f ~ ~ (8) 

a t  a po in t  w h e r e  the  t o t a l  c u r r e n t  in  the  p r o b e  I Z w a s  z e r o .  

To d e t e r m i n e  the  c h a r g e d  p a r t i c l e  c o n c e n t r a t i o n ,  the  e l e c t r o n  

2 V ~ I ~  (9) 
n e ~ eveA 

and  ion  

n~ 
li 

O'43eA ~ / 2kT~m~ F (~I, --~) " 

p a r t s  of the  v o l t - a m p e r e  c h a r a c t e r i s t i c  w e r e  u s e d .  The  e f f ec t ive  r a d i u s  of ion c o l l e c t i o n  F0?, a/R) w a s  
d e t e r m i n e d  b y  m e a n s  of t he  c o m p u t e d  c u r v e  p r e s e n t e d  in [6]. The  ion p a r t  was  p r o c e s s e d  fo r  r = - 60 V. 

T A B L E  2. 
c h a r g e  in H e l i u m  

L o c a l  P l a s m a  P a r a m e t e r s  of a H i g h - F r e q u e n c y  D i s -  

Tn" Ti" 990, V p, II]ITI T , ~ ~ ~ ne'lO'~' hi l l~ nn'i0-15' Do, a from 
Hg e cm -3 cm -3 cm -3 (8) 

1,15 1,16 
1,77 1,68 
2,84 2,71 

1,69 
2,89 
4,83 

8 8,2 
10,5 10,5 
11,5 11,6 

0,07 ]70000]400 2500 
0,12 62000 400 2000 
0,20 50000 400 1300 

~e Tk ,~ 

0,0115 311 
0,0081 311,8 
0,0044 314 
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The tempera ture  of the neutrals  was determined by means of (2) for I H = 45.5 ma; Ti ~ 0.20; a i ~ 0.4; 
hi = 24.54 ev; % = 4.27 ev; e = 0.096; T o = 290~ Kw is taken equal to 0.35 [7]. It should hence be noted 
that there is some uncertainty in the selection of the value of the accommodation coefficient o~ [2]. The da- 
ta in Table l p e r f e e t l y c l e a r l y  indicate the influence of this uncertainty in a f i rs t  approximation. Subsequent 
approximations equilibrate the situation: the influence of a on the quantity Tn 4 is smoothed out as Qk is 
taken into account (Eq. (5)). 

The investigations conducted show that the proposed method of determining the pa ramete r s  of a pa r -  
tially ionized low-density gas is sufficiently convenient at gas p r e s s u r e s  f rom 10 -3 to units mm Hg, when 
eoll is ionless flow mode conditions a re  satisfied for the cap fi lament.  

Qg~ 

Qn 
J 
A 
L 

R 

{y 

k 

To 
Pn 
V 

= h i - ~  

Tn i, Tn 4 
0"0~, n 

~l~= eV/kT e 

1. 
2. 
3. 
4. 
5. 
6. 

7. 

NOTATION 

Is the total quantity of heat transmitted by the charged particles to the filament in unit time; 
Is the quantity of heat transmitted by the neutrals; 
is the electric heating energy; 
is the filament surface area; 
is the filament length; 
Is the radius of the layer near the electrode; 
is the filament radius; 
,s the radiation factor; 
Is the Stefan-Boltzmann constant; 
is the Boltzmann constant; 
is the wall surface temperature of the working section of the installation; 
is the gas pressure; 
is the potential difference run through by a particle in the layer; 
as the ratio of the specific heats of the gas; 
is the difference between the ionization energy and the work of the electron yield; 
is the secondary emission coefficient; 
are the temperature of neutrals, first and fourth approximations; 
is the effective elastic collision cross section of neutrals with respect to ions and electrons; 
is the filament resistivity; 
is the ratio between the probe's electrical field energy and the electron kinetic energy. 
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