
ELECTRICAL CONDUCTIVITY OF AN ARGON PLASMA 

IN A STABILIZED ARC 

V. A.  B a t u r i n  

A method is descr ibed for determining the e lec t r ica l  conductivity (r as a function of the 
tempera ture  T f rom measurements  in extended plasma sources  of radial  symmet ry .  The 
accuracy  and features  of the method are  analyzed in numerical  examples.  Measurements  
made for a stabilized argon arc  and the a(T) dependence determined from them are the 
argon plasma are repor ted.  The resul t s  are analyzed and compared  with theory and other 
exper iments .  

Study of many p rocesses  occuring in a p lasma requires  knowledge of the dependence of the e lec t r ica l  
conductivity a on the tempera ture  T. Theoret ical  a(T) dependences based on various equations for the 
conductivity and on various data for  the c ros s  sections for collisions between plasma par t ic les  yield very 
different resul ts  [1], so reliable exper imental  methods for determining the conductivity are impDrtanto 

It is difficult to determine ~(T) because an ar t i f ic ial ly produced plasma is general ly  nonisothermal 
throughout its volume. The quantities and effects associated with the conductivity here are of an integral  
nature,  so it is difficult to in te rpre t  exper imental  resul ts .  Steady-state p lasmas  at 10,000-15,000~ and 
above are  usually produced by e lec t r ic  a r c s .  The methods available for  determining a(T) f rom arc measure -  
ments have severa l  disadvantages.  

The method based on measurement  of the average atomic c ross  sections Qa [2, 3] is based on theo- 
re t ica l  equations for the conductivity, requi res  knowledge of the c ros s  sections for interactions between 
e lec t rons  and ions, and does not take into account the temperature  dependence of Qa " A method independent 
of this theory is descr ibed in [4], but the basic assumptions behind this method limit its application. For  
example,  this method cannot in principle be used for the case of a r c s  in intense gas flows, in a rcs  with an 
optically opaque plasma,  and in cer tain other par t icu lar  cases .  Two other methods [5, 6] require measure -  
ment of the arc  pa r ame te r s  under quite a large variety of conditions with a large temperature  range at the 
column axis.  However, it is not at all possible to stabilize a p lasma temperature  over a wide range in all 
a r c s .  In addition, these methods are sensitive to e r r o r s  in the measurement  of the arc  pa rame te r s  and 
have cer ta in  other disadvantages.  

1. We assume a p lasma occupying a ra ther  large volume whose temperature  and other proper t ies  
(the arc  column, the p lasma s t ream,  etc.) are  readi ly symmetr ic  about the longitudinal z axis. An electr ic  
field acts on the p lasma along the z direction,  causing a cur ren t  I; some potential distribution V(z) is set 
Upo The electric field intensity E = dV/dz is constant in z = coast cross sections. The plasma is at ther- 

modynamic equilibrium, so there is a single-valued dependence betweeno- and T for it. Then for a given 
cross section z = const with a radial temperature distribution T(r), we can write Ohm's law as 

R 

' I ~-  = a ~ 2 ~  6[r(r)]rdr (1 .1 )  
0 

where G is the integral  conductivity over the c ross  section, and R is the radius of the outer p lasma boundary 
in this c r o s s  section.  
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We a s s u m e  that  we have e x p e r i m e n t a l l y  d e t e r m i n e d  the i n t e g r a l  conduc t iv i t i e s  G i = I i /E  i and t e m -  
p e r a t u r e  p r o f i l e s  T i ( r  ) for some n u m b e r  N of d i f fe ren t  s t a tes  (condi t ions)  of the p l a s m a  in the c r o s s  s e c -  
t ions  z = coas t  (i = 1, 2, .. . ,  N). We a r e  to d e t e r m i n e  (r as  a funct ion of T f r o m  these  data ia the range  
T -< max  T(0) [max T(0) is  the g r e a t e s t  of the ax ia l  t e m p e r a t u r e s  Ti(0), i = 1, 2 . . . . .  N]. 

We seek  the a(T) depenence  a s  some ana ly t i c  funct ion  (~~ whose fo rm may be chosen  on the ba s i s  

of the fol lowing,  quite obvious c o n s i d e r a t i o n s .  

1. Fo r  any  m a x i m u m  p l a s m a  t e m p e r a t u r e  T there  is  a lways  a t e m p e r a t u r e  T o < T below 
max max 

which we have ~(T)<< (~(Tmax) or ,  a p p r o x i m a t e l y ,  

o(T) .~ %~ = 0 (T < To) (1.2) 

The value of T o may  be ca l l ed  the " re la t ive  t h e r m a l  b o u n d a r y  of the conduc t iv i ty . "  

2. In any t e m p e r a t u r e  range  (T1, T2) which is not too l a rge ,  the funct ion  o-(T), which is  obvious ly  
con t inuous  and smooth ,  may  be d e s c r i b e d  quite a c c u r a t e l y  by a po l ynomi na t  of the f o r m  

m 

z(r) ~zl~ (T) = ~ % ( r - -  ?1) ~ (TI< r < r~) (1.3) 
k=O 

where  a k (k = 0.1 . . . . .  m) a re  c e r t a i n  coe f f i c i en t s .  

The z e r o t h - o r d e r  funct ion  ~0~ and the p o l y a o m i n a l  ~I~ may  be r e p r e s e n t e d  as  a s ingle  funct ion 

(r~ which is  con t inuous  for  a l l  T < T m a  x. F o r  this  pu rpose  we mus t  a s s u m e  T I = To, T 2 = T m a  x, a 0 = 0 
and,  a t  l ea s t ,  a 1 = 0. Then we can wr i te  (r(T) dependence  in the i n t e r v a l  T -< max T(0) in the f o r m  

a~ = %~ = 0 
m 

~~ (T) = zl ~ (r) = ~ % (r -- T~,) ~ 

(T ~ To) 

(To ~ T ~ max T (0)) 
(1.4) 

where  l _> 2. The value of T O along with the coe f f i c i en t s  a k (k = l, l + 1 . . . . .  m) mus t  be t r e a t e d  here as a 
f r ee  p a r a m e t e r  of the funct ion  o-~ Using (1.4), we e x p r e s s  the r a d i a l  conduc t iv i ty  d i s t r i b u t i o n s  ia t e r m s  
of the known t e m p e r a t u r e  p r o f i l e s :  

m 

6i(r) =~[T i(r) l~~ i ( r ) ]  = ~ a  k I T  i ( r ) - T o ]  k 

~i (r) ~ 0 (r0i < r ~ Ri) 

(0 ~ r ~ ro~ ) (1.5) 
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TABLE 1 

Version T* (0), ~ a*, mho- <~o*>,mho. 0*>-Ioo% 
cm cm 

9220+13470 
9220.13470 
9220+13470 
9220+13470 

10290--13470 
9%0--13470 
9220+13470" 

t3500 

I.. 80+i 2.95 
i .  80+t 2.95 
t. 80+12.95 
t .80+12.95 
3.25+t2.95 
2.6i--t2.95 
t .80. t2 .95 
3.72+8.6S 

2~ r* m 

lO 2 
tO 3 

1o 

5 
4 

i .t6 
0.78 
0.52 
0.20 
0.54 
0.52 
0.51 
0.56 

2.7 
1.8 
t .2 
0.5 
t .2 
1.2 
1.2 
1.3 

w h e r e  R i i s  the  r a d i u s  of the  i n n e r  p l a s m a  b o u n d a r y  in the i - t h  s t a t e ,  and  r0i  a r e  the  r v a l u e s  c o r r e s p o n d i n g  

to  the  t e m p e r a t u r e  T = T O (i = 1, 2 . . . . .  N) .  S u b s t i t u t i n g  (1.55 in to  (1.1),  we f ind  the i n t e g r a l  e o n d u c t i v i t i e s  

Gi "~ Gi~ = ~ a~Oki ( 1 . 6  5 
k=l 

Oki = 2z~ I [ T i ( r ) - - T o ] ~ r d r  ( i = t , 2  . . . . .  N ; k = l , Z ~ - t  . . . . .  m) (1.7) 
o 

We s e e k  the o p t i m u m  v a l u e s  of the p a r a m e t e r s  a k (k = l ,  l + 1 . . . . .  m) and  T O f r o m  the  c o n d i t i o n  f o r  

t he  b e s t  f i t  of the  q u a n t i t i e s  

R i 

Gi ~  2~ t ' ~  ~  

o 

to the  a c t u a l  i n t e g r a l  c o n d u c t i v i t i e s  

R i 

G i : 2 g  Ia[Ti(r)]rdr 
o 

f o r  a s e t  of  a l l  N s t a t e s  (i = 1, 2 . . . . .  N). 

O i o c c u r s  when  

~K 

/ , '%! i l l  

X?ii 

r ,  CI" 

Fig. 3 

According to the method of l eas t  squares ,  the bes t  fit  of Gi~ and 

N N m 

S ~ _ Z  (Oi--G~~ , or S = Z ( G i - -  Z ak(P~i ) ~ m i n  

i=l i=I k~l 

(1.85 

T h i s  c o n d i t i o n  wi l l  e v i d e n t l y  ho ld  w h e n  a l l  the  p a r t i a l  d e r i v a t i v e s  o f  S 

w i t h  r e s p e c t  to the  f r e e  p a r a m e t e r  v a n i s h :  

N m 
�9 * . I  

Oaj Oaj ~=1 ~=i 

dS / dTo ~. 0 (I.,i0) 

E x p a n d i n g  the  p r o d u c t s  in (1.9),  we f ind  m - l + 1 e q u a t i o n s  

m N 

a~,Ok~Oj~=/_] \70~Oj i ( / = l ; l §  . . . .  . m) ( i . 1 1 )  
k=l ~=l 

w h i c h  a r e  l i n e a r  w i th  r e s p e c t  to t he  m - l + 1 u n k n o w n s  a k (k = l ,  l + 1, 
. . . .  m) a t  f i x e d  v a l u e s  of  T 0. When  T o i s  t a k e n  in to  a c c o u n t ,  the  t o t a l  

n u m b e r  of  u n k n o w n s  i s  m - l + 2. E q u a t i o n  (1.10) s h o u l d  be  c o n s i d e r e d  
the  m i s s i n g  e q u a t i o n .  U n d e r  the c o n d i t i o n  m - l + 2 _< N, the  o p t i m u m  

p a r a m e t e r s  a. and  T O m a y  be  d e t e r m i n e d  b y  m e a n s  of E q s .  (1.115 and  

(1.105 in the  foZllowing m a n n e r .  

W i t h i n  the  r e g i o n  T < m i n  T(0) [ioe.,  the  r e g i o n  b e l o w  the s m a l l -  

e s t  of  a l l  the  a x i a l  t e m p e r a t u r e s  Ti(05, i = 1, 2 . . . . .  N], a s e r i e s  of  
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v a l u e s  T O = To T, To" ,  T o " '  . . . . .  i s  s p e c i f i e d ;  then the qua n t i t i e s  ~ki  = ~ki ' ,  @ki '~, @ki ' "  . . . .  (i = 1, 2 . . . . .  N; 
k = l ,  I + 1 . . . . .  m) a r e  c a l c u l a t e d  f r o m  Eq.  (1.7), and  s y s t e m s  of e q u a t i o n s  of the f o r m  (1.11) a r e  c a l c u l a t e d  
f r o m  these  q u a n t i t i e s .  The s o l u t i o n s  of  t h e s e  e q u a t i o n s  y i e l d  the c o e f f i c i e n t s  a k = a k ' ,  a k " ,  a k ' "  . . . . .  then 
the c o r r e s p o n d i n g  v a l u e s  S = S ' ,  S " ,  S ' "  . . . . .  a r e  c a l c u l a t e d  f r o m  Eq.  (1.8). Th is  y i e l d s  the S(T0) dependence  
in the f o r m  of  i nd iv idua l  po in t s  S ' (T0 ' ) ,  S " ( T 0 " ) ,  S ' " ( T 0 ' "  ) . . . . .  The o p t i m u m  value  of T o c o r r e s p o n d i n g  
to Eq.  (1.10) i s  d e t e r m i n e d  f r o m  the m i n i m u m  of the funct ion S(T0). Solut ion of s y s t e m  (1.11) w r i t t e n  f o r  
t h i s  T o value  y i e l d s  the unknown c o e f f i c i e n t s  a k (k = l ,  l + 1 . . . . .  m).  In th i s  s a m e  m a n n e r ,  the funct ion 
if~ in the f o r m  (1.4) i s  d e t e r m i n e d  which c o r r e s p o n d s  to cond i t ion  (1.8) and which a p p a r e n t l y  b e s t  d e s c r i b e s  
(for  the g iven  I and  m) the if(T) d e p e n d e n c e .  

All the numerical calculations (including the optimization of solutions for To) were programed for an 
M-20 computer~ The computer time required for the complete calculation is 5-10 rain, depending primarily 
on the step AT 0. 

2. The function o-~ m if(T) is related in a very complicated manner to the initial values G i and Ti(r ) 
so it is not possible to carry out an accurate analysis of the accuracy of the method. Through the use of a 
computer, however, the method can be easily checked for particular examples. For this purpose some 
function i*(T) dependence, and arbitrary integral conductivities 

Bi* 

G i * = 2 n  f 6 * [ T i * ( r ) ] r d "  ( i =  '[, 2 , . . . ,  N*) 
o 

a r e  c a l c u l a t e d  fo r  a c e r t a i n  n u m b e r  N* of s p e c i f i e d  t e m p e r a t u r e  p r o f i l e s  T i * ( r ) .  

T r e a t m e n t  of the quan t i t i e s  Gi* and T i* ( r  ) d e t e r m i n e d  in th i s  m a n n e r  y i e l d s  the b e s t  f i t  funct ion if~ 
in the f o r m  (1.4)o Since th i s  funct ion r e p r o d u c e s  the o r i g i n a l  if*(T) d e p e n d e n c e ,  one can a c c u r a t e l y  e v a l u a t e  
the a c c u r a c y  and r e l i a b i l i t y  of the me thod .  

In a n u m e r i c a l  c h e c k  in th i s  m a n n e r ,  we a d o p t e d  a s  the a r b i t r a r y  funct ion o-*(T) the t h e o r e t i c a l  if(T) 
dependence  fo r  a r g o n  c a l c u l a t e d  f r o m  the e q u a t i o n s  of [3]. The Gi* v a l u e s  we re  c a l c u l a t e d  with an accoun t  
of the a*(T) func t ion  c h o s e n  fo r  two d i f f e r e n t  g r o u p s  of T i* ( r  ) t e m p e r a t u r e  c u r v e s .  The f i r s t  of t h e m  i s  a 
s e t  of r e a l  t e m p e r a t u r e  p r o f i l e s  in an a r g o n - a r c  c o l u m n  with  a r a n g e  T*(0) = 9220-13,4700K (see  Sec .  3 and 
F i g .  3). The s e c o n d  g r o u p  of T i * ( r  ) c u r v e s  shown in F i g .  1 w e r e  c a l c u l a t e d  f r o m  

T* (r) = T* (0) - -  [T* (0) - -  T~*] rnB *-~ 

Here  Tw* is  the n o m i n a l  t e m p e r a t u r e  of the o u t e r  b o u n d a r y  of the p l a s m a  (at the w a l l ) .  The c u r v e s  
in F ig .  1 c o r r e s p o n d  to ~7 = 2, 3, 4, 5 (at  c o n s t a n t  T*(0) = 13,500~ Tw* = 500~ and R* = 0.25 c m ) .  In 
add i t i on  to v a r y i n g  the na tu r e  of the Ti*(r  ) c u r v e s  in t h e s e  c a l c u l a t i o n s ,  we v a r i e d  the m va lues  (at  l = 
c o n s t  = 2) and the n u m b e r  of s t a t e s  N*. The f i t  of a*~ to a*(T) was  c h a r a c t e r i z e d  b y  the a v e r a g e d  i n t e g r a l  
a b s o l u t e  and  r e l a t i v e  d e v i a t i o n s ,  <~*> and <6.> , r e s p e c t i v e l y ,  c a l c u l a t e d  f r o m  

T2 

<A~*> -- T~ - -  T1 I G *~ (T) - -  6" (T) I dT  (2.1) 
Tt 

T2 
<Av*> 1 t~ 

~* (T) d r  (2.2) 
<6">--  <~,> , <~*>-- T~--T1 

Tx 

o v e r  the t e m p e r a t u r e  r a n g e  8000-13,500~ 
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TABLE 2 

Ip  - -  I 
I, a E,V/cm G, mho'cm I~, a --t--.ioo% ~_. d, m m  

1 5 
2 5 
3 5 
4 5 
5 5 
6 6 
7 6 
8 6 
9 8 

10 8 
tt 8 

33.2 
48.9 
70.9 

137 
165.5 
79 

tt0 
20t 
40 
80 

200 

7.4 
8.3 
9.9 

13.5 
t4.8 
8.3 
9.7 

t2.9 
5.2 
6.0 
9.2 

4.49 
5.89 
7.16 

10.t5 
t1.t8 
9.5 

t l .  34 
15.6 
7.7 

13.4 
21.7 

3t .8 
49.5 
73.5 

t42.4 
159.6 
77 

i02 
18i 
37.5 
76 

206 

--4.2 
+1.2 
+3.7 
+3.9 
--3.6 
--2.5 
--7.3 
--8.5 
--6.2 
--5.0 
+3.0 

Tab le  1 shown the r e s u l t s  of e ight  d i f f e ren t  v e r s i o n s  of the c a l c u l a t i o n .  V e r s i o n s  1-4 c o r r e s p o n d  
to m = 2-5 ,  r e s p e c t i v e l y ,  and the data for  the ten conven t iona l  s t a t e s  with t e m p e r a t u r e  d i s t r i b u t i o n s  Ti*(r ) 
a c c o r d i n g  to F ig ,  3. In v e r s i o n s  5 -7 ,  the n u m b e r  of s t a tes  N* was  changed  ( f rom four  to eight)  a t  the s a m e  
m = 4.  In the e ighth  v e r s i o n ,  the func t ion  cr *~ was  d e t e r m i n e d  for  m = 4 f r o m  the data of four  c onven -  
t i ona l  s t a t e s  with t e m p e r a t u r e  p r o f i l e s  T i* ( r  ) having iden t i ca l  T*(0) = 13,500~ (Fig.  1). The Gi* va lues  
for  the conven t iona l  s t a tes  u s e d  a re  shown in Table  1o 

A n a l y s i s  of the data  in the tab le  y i e lds  the fol lowing c o n c l u s i o n s .  

1. V e r s i o n s  1-4 show that  the a c c u r a c y  with which the ~*(T) dependence  is  r e p r o d u c e d  by o-*~ 
i n c r e a s e s  with i n c r e a s i n g  m. When exac t  G i and  Ti ( r  ) va lues  a re  ava i l ab l e ,  one can  a p p a r e n t l y  achieve an 
a r b i t r a r i l y  a c c u r a t e  d e t e r m i n a t i o n  of ~(T) in  f o r m  (1A) by i n c r e a s i n g  m w i t h / =  coas t .  Since,  however ,  
G i and  T i ( r  ) may  be d e t e r m i n e d  e x p e r i m e n t a l l y  within 1% or  a few p e r c e n t ,  i t  i s  in fac t  suf f ic ien t  to use 

m = 3-5  (for l = 2). 

2. It fol lows f r o m  v e r s i o n s  3, 5, 6, 7 that  for  cons t an t  l and  m the fi t  of ~*~ to a* (T)  is  e s s e n t i a l l y  
i ndependen t  of N* (for N* _> m - l + 2)~ Th i s  means  that  in de termining(~(T)  by  this  method i t  is  in p r i nc ip l e  

su f f i c i en t  to have ava i l ab le  G i and  T i ( r  ) for  the m i n i m u m  n u m b e r  of s t a t e s  Nmi n = m - l + 2 (e.g.,  Nmi n = 3 
for  l = 2 and  m = 3). On the o ther  hand,  the n u m b e r  of s t a tes  has no upper  l im i t .  If the re  is  a su f f i c ien t ly  
s t r o n g  inequa l i t y  N > m - l + 2, i t  fol lows f r o m  Eqs .  (1o11) tha t  an a ve r a g i ng  of the r a n d o m  m e a s u r e m e n t  
e r r o r s  in G i and  T i ( r  ) wil l  a u t o m a t i c a l l y  occu r  in the p r o c e s s  of d e t e r m i n i n g  the ~(T) dependence .  

3, Use of the Ti* c u r v e s  with i d e n t i c a l  T*(0) = 13,500~ y ie lds  e s s e n t i a l l y  the s ame  r e s u l t  as in the 
case  of the Ti*( r  ) c u r v e s  with an i n t e r v a l  T*(0) = 9220 - 13,470~ (Cfo v e r s i o n  7 and 8)~ This  i m p l i e s  that  
the t e m p e r a t u r e  i n t e r v a l  a t  the ax is  is  of no fundamen ta l  i m p o r t a n c e  in this  p r o c e d u r e .  

3. The method d e s c r i b e d  above was u s e d  to d e t e r m i n e  the e l e c t r i c a l  conduc t iv i ty  of an a rgon  p l a s m a  
at  a t m o s p h e r i c  p r e s s u r e  and at  t e m p e r a t u r e s  up to about  13,500~176 The e x p e r i m e n t s  were  c a r r i e d  out in 
an arc stabilized by copper diaphragms [7]. The stabilizing arc channel had a diameter of d = 5 mm and 
consisted of several cooled sections (each section was composed of several diaphragms). The cathode and 
anode parts and the diaphragms near the electrodes were also cooled individually~ The number of sections 
in a channel ranged from two to five, and the total arc length ranged from 4.86 to 12o3 cm. In one of several 
diaphragms there was a window for optical measurements transverse to the arc column. The test gas 
(argon) was supplied to the arc from the cathode direction at a constant rate of r = 0.2 g/see. 

The current I, the voltage U across the electrodes, the power Wwi transferred from the plasma to the 
walls in n individual arc regions (i = i, 2 . . . . .  n), the electric field intensity E and the temperature distri- 

bution T(r) in the column were measured for I in the range 5-190 a. 

The power W . absorbed by the walls was determined by a calorimetric method. Since the argon flow 
Wl 

was so slight, the energy carried away from the arc with the gas was negligible [8], and we would expect 

n 

~ ,  W ~ W  = IU (3.1) 
i = l  

to hold, where  W is the a r c  power .  The e x p e r i m e n t a l  I, U, and  Wwi(i = 1, 2 . . . . .  n) va lues  s a t i s f i e d  Eq. 
(3.1) wi thin  1-1.5%; this  is  ev idence  that  the m e a s u r e m e n t s  were  r e l i a b l e ,  
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The field intensity E was determined by two different methods. In the 

first method, E was found from a treatment of the U(1) characteristics measured 

for various arc lengths I. These characteristics were used to plot the U(/) 

dependences (for the I = coast values of interest), which were supposed to be 

l inea r  if the a r c  column was c y l i n d r i c a l l y  s y m m e t r i c  and had cons tant  condi -  
t ions at  e l e c t r o d e s  for  a l l  1. In this  ca se ,  the slope of the U(/) cu rves  y ie ld  
the f ie ld in tens i ty  in the column.  

In the second method, we have 

W ,  w W w 
lw -- I E ,  or E - -  lw I (3.2) 

f rom the power  balance for  a c y l i n d r i c a l  a r c  column.  Here W w is the power  
a b s o r b e d  by the wal ls  over  the measur ing  length l w of the channel .  

In the are  s tudied,  the column was uniform along i ts  length, and Eqs.  (3.2) 
were  e s s e n t i a l l y  sa t i s f i ed  at  argon flow r a t e s  of g-< 0.05 g / s e c  [8], so the use of 
these methods in the case  g = 0.02 g / s e c  is  comple t e ly  jus t i f i ed .  

To de t e rmine  E by the f i r s t  method,  we used  the U(I) c h a r a c t e r i s t i c s  m e a s u r e d  at  l = 4.86, 5.60, 8.13, 
and 12.3 cm (curves  1-4, r e s p e c t i v e l y ,  in F ig .  2). The U(/) dependences  plot ted f rom these c h a r a c t e r i s t i c s  
for  var ious  I = coas t  values  turned out to be l inea r .  The f ie ld in tens i t i e s  in the column found f rom the 
s lopes  of these dependences  turned  out to be d e s c r i b e d  by the smooth curve 5 a l so  shown in Fig~ 2. Here 
the points  show the E x 10 values  found by the second method~ Using (3.2), through the use of c a l o r i -  
me t r i c  data in va r ious  reg ions  (sect ions)  of the s tab i l iz ing  channel .  The two methods ag ree  within the 
e x p e r i m e n t a l  a c c u r a c y .  

The p l a s m a  t e m p e r a t u r e  in the a r e  column was de t e r m i ne d  f rom the absolute  in tens i ty  of the argon 
continuous spec t rum at ~=4300 ~ .  The continuum luminance was de t e rmined  f rom the blackening of photo-  
g raphs  of the a rc  obtained with an ISle-51 spec t rograph ;  the rad ia t ion  of the anode spot of a carbon a rc  
with a known s p e c t r a l  luminance was used  as  s t anda rd  [9]. The in tens i ty  p ro f i l e s  obse rved  at the s i te  of 
the a r c  were  conver ted  into r ad i a l  r a d i a t i o n - d e n s i t y  d i s t r ibu t ions  ax(r ) through a solution of the in t eg ra l  
Abel equat ion.  To de te rmine  the t e m p e r a t u r e  p ro f i l e s  T(r) f rom the m e a s u r e d  ex(r) dependences ,  we Used 
the ex(T ) dependence ca lcu la ted  f rom the Biberman - N o r m a n  theory  with an account  of the e xpe r i men t a l  
data on argon e m i s s i o n  given in [10]. This method y ie lded  t e m p e r a t u r e  d i s t r ibu t ions  in the luminous zone 
of the column at  a r c  c u r r e n t s  in the range  5.6-180 a .  

Before we could use the data f rom the a r c  m e a s u r e m e n t s  to de te rmine  ~(T), we had to de te rmine  
the val id i ty  of the assumpt ion  of a loca l  the rmodynamic  equ i l ib r ium in the p l a s m a  column.  As a measu re  
of the deviat ion f rom equ i l i b r ium we adopted the quantity T e - Tg(T e is  the e l ec t ron  t e m p e r a t u r e ,  and Tg 
is  the t e m p e r a t u r e  of the heavy p a r t i c l e s ,  a toms  and ions),  using [11] 

T e -  Tg mg (~,peE) ~ 

Te - -  5m e (3AkTe) ~ 
(3.3) 

for the calculation. Here mg is the mass of the heavy particles, e and m e are the charge and mass of the 

electron, k is the Boltzmann constant, X e = I/(naQ~. + niQi) is the mean free path of the electron, and n a 

and n i are the concentrations of atoms and ions. T~e cross sections Qa and Qi for collisions between 

electrons and atoms and ions, respectively, were taken from [3]. The temperature T e was assumed equal 

to that measured experimentally at the column axis. [The calculations were carried out only for the arc 

axis, where there was no temperature gradient or corresponding heat transfer by the electron gas, not 
taken into account by Eq~ (3.3).] 

Large deviations of T e from Tg (i.e., more than 10%) were observed at arc currents I <~ 10a. At 
higher currents (> 50a), the difference T e - Tg was only 1% of the measured T. The results of these 
estimates are in agreement with the experimental data of Kolesnikov [15]. 

The experimental temperature distribution T(r) in the column are shown in Fig. 3 for ten arc states 

with currents from 11.7 to 180 a; curves I-i0 correspond to I = 11.7, 18.4, 24.9, 38.1, 60, 81.3, 99.1, 120, 
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160.5,  and  180 a ,  r e s p e c t i v e l y .  The r e g i o n s  of the T(r )  c u r v e s  shown by  the s o l i d  l i ne s  w e r e  ob ta ined  
d i r e c t e l y  f r o m  a t r e a t m e n t  of the o p t i c a l  da t a .  The p e r i p h e r a l  r e g i o n s ,  shown b y  d a s h e d  l i ne s ,  we re  
o b t a i n e d  by  an i n t e r p o l a t i o n  b e t w e e n  the l e a s t  m e a s u r e d  T( r )  v a l u e s  and the wal l  t e m p e r a t u r e  T w. The 
t e m p e r a t u r e  T w was  found f r o m  a t h e r m a l  c a l c u l a t i o n  c a r r i e d  out  for  the d i a p h r a g m s  with an a c c ou n t  of 
the c a l o r i m e t r i c  da ta .  

4__:. The a r g o n  c o n d u c t i v i t y  ~(T) was  d e t e r m i n e d  f r o m  G and T(r )  for  t he se  ten a r c  s t a t e s  (F ig .  3). 
The i n t e g r a l  c o n d u e t i v i t i e s  G were  c a l c u l a t e d  with  an accoun t  of the c o r r e c t i o n  fo r  the p a r a s i t i c  c u r r e n t  
i '  f lowing t h r o u g h  c a s h  d i a p h r a g m  and  p a r t i a l l y  shunt ing  the a r c  c o l u m n  (the p a r a s i t i c  c u r r e n t s  t h rough  
the d i a p h r a g m s  w e r e  due to the p o t e n t i a l  d i f f e r e n c e  AV a c r o s s  the co lumn  s e g m e n t s  s p a n n e d  by  the d i a -  
p h r a g m s  and  by  the non idea l  i n s u l a t i o n  b e t w e e n  d i a p h r a g m s ) .  Th i s  c o r r e c t i o n  was  d e t e r m i n e d  f r o m  the 
e m p i r i c a l  equa t ion  

i' ~ 2.5.10-~ 5dEI2,S6 (4.1) 

w h e r e  5 d i s  the  d i a p h r a g m  t h i c k n e s s  in c e n t i m e t e r s .  The G v a l u e s  we re  c a l c u l a t e d  f r o m  the c u r r e n t  I '  = I -  
i ' ,  w h e r e  I i s  the c u r r e n t  m e a s u r e d  in the e x t e r n a l  c i r c u i t  of the a r c .  The c o r r e c t i o n s  fo r  the p a r a s i t i c  
c u r r e n t  we re  l a r g e  at  high a r c  c u r r e n t s .  

The cr on T dependence  was  sough t  in f o r m  (1o4) for  l = 2 and m = 3~ The p r o b l e m  of d e t e r m i n i n g  the 
p a r a m e t e r s  To, a2, and  a 3 by m e a n s  of E q s .  (1.10) and (1.11) was s o l v e d  in two w a y s .  F i r s t ,  E q s .  (1.11) 
w e r e  w r i t t e n  down and  s o l v e d  for  T o = 1000, 2000, . . . ,  8000~ and with an accoun t  of the ak(k  = 2.3) obta ined;  
e a c h  t i m e ,  the s u m s  S of the s q u a r e d  d i s c r e p a n c i e s  (1.8) w e r e  c a l c u l a t e d .  A r o u g h  e s t i m a t e  of the  o p t i m u m  
va lue  T o ~ 6000~ was  d e t e r m i n e d  f r o m  the m i n i m u m  of the S(T0) dependence  o b t a i n e d  (F ig .  4).  Then a 
m o r e  d e t a i l e d  o p t i m i z a t i o n  of the so lu t ion  was  c a r r i e d  out  o v e r  the T o r ange  5500-6500~ a t  a s t ep  of A T  0 = 
100~ As a r e s u l t ,  the o p t i m u m  p a r a m e t e r s  T o = 5900~ a 2 = 2.66-10 -G mho /c m(~  2, and  a 3 = - 0.188.10 -9 
m h o / c m ( ~  3 w e r e  found.  

In the s a m e  m a n n e r ,  the dependence  of ~ on T fo r  a r g o n  fo r  T ~ m a x  T(0) ~ 13,500~ a t  a t m o s p h e r i c  
p r e s s u r e  was  d e t e r m i n e d  to be 

f 0 (r < 5900 ~ K) 
6 (T) 

[2.66.10-~ (T --  5900) ~ -- 0.i88. l01 (T --  5900) 8 (5900 ~ T ~ i3 500 ~ K) 
(4.2) 

Curve  1 in F i g .  5 shows  the ~(T) d e p e n d e n c e  c a l c u l a t e d  f r o m  th i s  e q u a t i o n .  The r e g i o n  of the c u r v e  shown 
b y  the s o l i d  l ine  c o r r e s p o n d s  to the c o l u m n  t e m p e r a t u r e s  found in the o p t i c a l  m e a s u r e m e n t s ;  the r e g i o n  
shown b y  the d a s h e d  l ine c o r r e s p o n d s  to t e m p e r a t u r e s  found by  i n t e r p o l a t i o n  of the T(r )  c u r v e s  a t  the 
channe l  p e r i p h e r y  (F ig .  3). The c o n d u c t i v i t y  (T i n c r e a s e s  f r o m  abou t  12 to 71 m h o / c m  for  the m e a s u r e d  

range T ~ 8200 -13,500~176 

Several special calculations were carried out to analyze and evaluate the accuracy with which the 

(7(T) dependence was determined. Figure 6 shows the current distribution over the column cross section: 

r 

I r (r) = 2gE i ~ [T (r)l r dr (4.3) 
0 

c a l c u l a t e d  us ing  Eq.  (4.2) and  the e x p e r i m e n t a l  E ,  T( r ) ,  and  i '  v a l u e s  fo r  f ive a r e  s t a t e s  a t  c u r r e n t s  I = 18.4, 
38.1,  81.3,  120, 180a ( c u r v e s  1 -5 ,  r e s p e c t i v e l y ) .  It fo l lows  f r o m  t h e s e  c a l c u l a t i o n s  tha t  the c e n t r a l  r e g i o n s  
of the c o l u m n ,  w h e r e  the T(r )  v a l u e s  w e r e  o b t a i n e d  d i r e c t l y  f r o m  t h e i r  o p t i c a l  m e a s u r e m e n t s ,  make  the 
p r i m a r y  c o n t r i b u t i o n  to  the a r c  c u r r e n t .  On the a v e r a g e ,  about  15% of the t o t a l  c u r r e n t  c o r r e s p o n d s  to the 
p e r i p h e r a l  z o n e s ,  w h e r e  the t e m p e r a t u r e s  w e r e  found by  i n t e r p o l a t i o n .  In the s a m e  m a n n e r ,  the e r r o r s  
a s s o c i a t e d  with  the i n t e r p o l a t i o n  do not  c a u s e  s i g n i f i c a n t  e r r o r s  in the cr d e t e r m i n a t i o n  o v e r  the t e m p e r a t u r e  
r a n g e  s t u d i e d .  

Th i s  was c o n f i r m e d  by  o t h e r  c a l c u l a t i o n s :  the a(T) v a l u e s  ob t a ined  by  a t r e a t m e n t  of the s a m e  i n i t i a l  
d a t a ,  bu t  wi th  a d i f f e r e n t  ( c l e a r l y  i m p l a u s i b l e )  i m t e r p o l a t i o n  of the T ( r )  c u r v e s  at  the p e r i p h e r y ,  d i f f e r  f r o m  
(4.2) b y  a few p e r c e n t  (for T ~ 8200 - 13,500~ When the m a x i m u m  e r r o r s  in the m e a s u r e m e n t  of I, E ,  
and T(r) are taken into account, the resultant error in the (~(T) determination is, according to numerical 
estimates, about ~: 15% (an average for the range T ~ 8200 -- 13,500~ 
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The reliability of the or(T) dependence determined was checked indirectly through comparison of the 

calculated arc currents: 

R 

Ip = 2~E f z [T (r)] r dr 
0 

with the measured I. This comparison was carried out for five d = 5 rain arc states which were studied 
but not used for the cr determination and for six states of analogous argon ares with channel diameters d of 
6 and 8 ram, studied in [12]; the results of these calculations are shown in Table 2. The calculated and 
measured currents agree within a few percent. Since the total error in the measurement of the parameters 
I, E, and T(r) may reach a few percent, this agreement between Ip and I must be acknowledged to be satis- 
factory. 

In Fig. 5, the (r(T) dependence found is compared with theoretical and experimental data available on 
the argon conductivity. The theoretical or(T) dependence [12, 3] is shown by curve 2. In the range T 
II,000~ the experimental curve (!) and theoretical curve (2) essentially coincide. For T ) II,000~ the 
theoretical curve is much steeper. Its greatest deviation from experimental curve (i) (at T ~ 13,500~ is 
about + 20%, which is not much greater than the experimental error~ Curve 3 shows the experimental ~(T) 
dependence found in [13] from argon-arc measurements by the method described in [4]. This dependence 
lies about 6-ii% below curve I, lying essentially within the error of the cr(T) determination in this study. 
Figure 5 also shows the results of shock-tube measurements of ~ (circles), obtained in [14]; they are in 
satisfactory agreement with curve i. The deviation of the theoretical dependence (2) from the experimental 
dependence in the range T 9 ll,000~ is apparently due to the use in [12] of ion cross sections Qi slightly 
on the low side [3]. 

These calculations and comparisons show that the ~(T) dependence for argon has been determined 
quite reliably. The most convincing evidence of this comes from the good agreement between the cur- 
rents Ip and I for markedly different states of independently studied arcs (Table 2) and the satisfactory 
agreement between results obtained by independent methods with different plasma sources (in this study 
and in [14]). All this implies that this method of determining plasma conductivity in quite reliable and 
may be recommended for use in those cases in which the plasma conductivity has not been studied throughly. 

In conclusion the authors thank u M. Buzhdan for consultation in the writing of the computer program~ 
and N. A. Rubtsov for interest in the study and valuable advice. 
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