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Resu l t s  a r e  p resen ted  of an exper imenta l  invest igat ion of a p l a s m a  source  the cent ra l  e l ec -  
t rode of which cons is t s  of a combination of a copper  cyl indrical  cathode with a heated tung- 
sten cathode at the end; the t e s t s  were  conducted in argon and hel ium at cu r r en t s  of 0.4- 
3.0 kA. 

Coaxial plasma sources with cooled copper electrodes and magnetic stabilization of the arc are wide- 
ly used to heat gases, e.g., air [I], argon, helium [2]. The point of attachment of the are to the central 
electrode can be displaced to the end in response to the gas flow; then the interaction of the arc with the 
external axial magnetic field is reduced, and the rate of arc wander is much lower. This may lead to 
electrode burnout at high currents. 

An additional solenoid within the central electrode provides improved performance in a coaxial plas- 
ma source [3]. The internal magnetic field in this electrode provides for the movement of the point of at- 
tachment of the arc over the end surface, which eases considerably the operation of the electrode and re- 
duces the comtamination of the gas flow by electrode material. 

We have examined such a source having a central electrode containing two turns as a coil, these 
turns being connected in series with the power circuit, and the tests showed that the arc-burning voltage 
was higher than that for a simple electrode, especially at arc currents above 1.5 kA, but of course there 
was also a substantially increased heat loss to the external electrode. 

We have examined the parameters of a plasma source the central electrode of which consisted of a 
cooled copper cylindrical cathode with a heated tungsten cathode at the end; depending on the gas flow rate 
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Fig. 1. The apparatus:  1) copper  cathode; 2) heated tungsten 
cathode; 3) insulator;  4) a rc  ro ta t ion  t ransducer ;  5) anode 
chamber ;  6) solenoid; 7 and 8} m i r r o r s ;  9) lens; 10) spec t ro -  
graph; 11) p y r o m e t e r ;  12) cine camera ;  13) a r c  length t r a n s -  
ducer; 14) arc ;  15) gas  inlet.  
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Fig. 2. Axial fields in coils: a) four sections; b) two sections; c) one section. 
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F ig .3 .  A: 1, 2) Vol tage--current  curves;  3) t empera tu re  of gas at exit; B: heat losses  at 
cathode (1) and anode (2) with heated cathode; 3) efficiency (argon, G = 30 g /sec ;  I s = 10 
A for argon, 30 A for helium). A: 1) argon, G = 30 g/sec;  2) helium, G = 10 g /sec ;  a,b) 
heated cathode; c, d) copper cathode; 3) heated cathode; e) helium, G = 10 g / sec ;  f) argon, 
G = 120 g / sec ;  B: a) argon, G = 120 g /sec ;  b) helium, G = 10 g /sec ;  c) heated cathode; d) 
copper cathode. Q, kW; U, V; I, A; T, ~ 

and the strength and configuration of the external magnetic field, the arc  could be struck between the 
copper e lect rodes  (coaxial system) or between the tungsten cathode and the copper cyl indrical  anode (end- 
face system).  

The apparatus  is shown in Fig. 1. The a rc  discharge between the central  electrode (cathode) 1 and 
the body (anode) 5 was struck by exploding a wire; the p lasma source  and the coil 6 were fed f rom sep-  
a ra te  power supplies.  The internal diameter  of the a rc  chamber  was 70 mm, while the body of the cath-  
ode had a diameter  of 40 ram. The heated cathode 2 consis ted of lanthanum-treated tungsten in the form 
of a rod 10 mm in d iameter .  

The effects of the magnetic field on the operation were examined with various solenoids composed 

of identical sections, each section having 960 turns. The various forms of the external magnetic fields 

are shown in Fig. 2. We measured various parameters of the source during tests. 

We measured the arc rotation speed with the photodiode system 4 (Fig. I) having a narrow accept- 

ance angle [4]. 

We measured the axial component of the arc length by means of two narrow-angle transducers 13 

(DF-2), which were similar in design to the arc-rotation detector. During the measurements, the trans- 

ducers were positioned on the wall of the are chamber at distances I i and 12 from the plane of the cathode. 

We measured the temperature of the tungsten cathode by means of the specially developed BFEP-I 
fast photoelectric micropyrometer [5]. 

The sighting aperture of the pyrometer was 1 : 700, while the error of measurement was about :~1%; 
the instrument provided temperature recording with a delay of less than 10 -3 sec in the range 1700-4300OK. 
We measured the radiation from an area 3 mm in diameter. The detector could also receive light from 

the are column, which could lead to overestimation of the temperature. 
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Fig.4 .  a) Heat loss (1-3) and tempera ture  of gas at exit (4) as functions of solenoid cu r r en t  (argon, G 
= 120 g / s ec ) ' f o r  the following currents ,  A, in heated cathode: 1) 800; 2) 1300; 3) 2600; ~ )  loss in the 
anode; . . . .  ) l o s s  in cathode; b) exit gas tempera ture  (1-3) and voltage (4) as functions of argon flow 
ra te  (I s = 1 0 A )  f o r I ,  A: t) 800; 2) 1300; 3) 2600. Q, kW; I, A; U, V;G,  g / s ee .  

The electrode mater ia ls  in the plasma were identified qualitatively by spectrographic examination 
of the rotating arc  and the jet at the outlet by means of an ISP-30 spectrograph.  

High-speed cinematography was used to deduce the arc  s t ructre ,  rotat ion speed, point of a t tach-  
ment, etc. We used a SKS-IM cine camera  operating at 4 �9 103 f r a m e s / s e e  with A-2 fi lm and a blue fi l ter .  

The gas tempera ture  distribution at the exit was measured  with VR 5/20 thermocouples  0.34 mm in 
diameter;  four or five such couples were set along a radius in the exit section. 

In the f i rs t  se r ies  of tests,  we used a uniform axial magnetic field (Fig. 2a) to determine the op- 
erating capacity of the tungsten heated cathode and the stability of the device as  a whole; the cathode was 
placed at the center  of the solenoid (L = 0, Fig. 1). The tests  were conducted with an argon flow ra te  of 
30 g / see  anda helium flow rate  of 5 g / s ec .  

We used a rc  cur ren ts  of 0.6-2.5 kA and solenoid cur ren ts  I s = 10-40 A; in this range the discharge 
was unstable. Cinematography showed that the a rc  was attached to the end of the tungsten rod at its s i d e  
surface,  at the point abutting the copper body, or else to the cylindrical  copper surface of the cathode 
body. If the brightly emitting region at the end is taken to be a cathode spot, the mean current  density 
there was 0.5-1.0 �9 104 A / c m  2. 

Instability in the position of the cathode spot and change in arc  l en~h  cause large variat ions in the 
p l a sma- sou rce  voltage; the value ranged f rom 70-80 V on attachment to the end of the heated cathode to 
40-50 V on attachment to the cold copper rod, i . e . ,  as in the case of a simple cathode [2]. 

The br ightness  tempera ture  of the end of the heated cathode var ied  f rom 3300 to 1700~ with the a rc  
burning voltage; the rate  of change of tempera ture  as recorded  by the pyrometer  was as  high as 104 deg 
/ s ee .  These resu l t s  qualitatively ref lect  the change in the cathode tempera ture .  Spectrographic studies 
on the exit jet showed that the lines of copper and tungsten were present .  

With an argon flow G = 30 g / s ec  and Is = 60 A, the arc  burned stably between the copper electrodes,  
and the charac te r i s t i c s  have a l ready been repor ted  [2]. 

Stable operation of the plasma source in argon with the arc  attached to the heated cathode was 
achieved with a nonuniform axial magnetic field (F ig  2c) and L = 120 ram. The photodiode t ransducers  
were sited at ll = 60 mm (DF-2a) and 12 = 120 mm (DF-2b), these distances being measured  f rom the 
cathode (Fig. 1). 

With I s = 10 A and G = 30 g/see ,  the ra te  of rotat ion of the a re  represen ted  f -- 200 Hz, and the a rc  
burned stably with attachment to the heated cathode. The are  length then exceeded 60 mm (DF-2a), but 
was less  than 120 m m  (DF-2b). If I s was ra i sed  to 40 A, the ra te  of rotation rose  to 400 Hz and the a rc  
was unstable, leaping f rom the heated cathode to the copper part  and back again. 

When this instability appeared, the voltage fell by 60-70%, while the current  rose  by 8-10%. The 
ra te  of rotat ion of the a rc  was reduced by a factor  of 2-3. If the argon flow rate was grea ter  than 30 g 
/ sec ,  the arc  burned stably with attachment to the heated cathode, no mat ter  what the magnetic field 
strength.  

1396 



Visual  obse rva t ions  showed that the s ize  of the exit  jet  was r educed  as  the solenoid cu r ren t  was 
i nc rea sed ,  and the je t  extended back into the a r c  chamber .  I nc rea se  in d i scha rge  cu r r en t  at constant  
flow r a t e  and constant  magnet ic  f ie ld  r e s u l t e d  in an i n c r e a s e  in the a r c  length and improved  s t ab i l i ty  of 

opera t ion .  

The p y r o m e t e r  gave the t e m p e r a t u r e  at the end of the tungsten rod  as  4300-4800~4 when the a r c  was 
s tab ly  a t tached there ,  as  a r e su l t  of a contr ibut ion f rom the rad ia t ion  f rom the a r c  column. In this  case ,  
the exit je t  did not show the l ines  of the e l ec t rode  m a t e r i a l s .  

When he l ium was used, a s tab le  condit ion was p rov ided  by a solenoid of two sec t ions  (Fig.  2b) with 
I s = 20 A, L = 90 ram, and G = 5-10 g / s e c .  Spec t rography  showed only the l ines  of helium; the mean 
t e m p e r a t u r e  in the a r c  column at I a r  = 2.6 kA and a flow r a t e  of 10 g / s e c  was deduced f rom the Hei3888.65  
A and He I 3964.53 A, the r e s u l t  being about 15 �9 103~2. The phys ica l  constants  of these  l ines  were  taken 
f rom [6]. 

V o l t a g e -  c u r r e n t  cu rves  of the source  opera t ing  with a rgon  and hel ium a re  shown in Fig .  3a together  
with r e s u l t s  obtained using a copper  cen t ra l  cathode and a uni form axia l  magnet ic  f ie ld [4]. In both c a s e s  
the d i a m e t e r  of the a r c  chamber  and the body of the cathode were  the same as  above, namely  70 and 40 
Fi lm .  

At sma l l  cu r r en t s ,  the a r c  cur ren t  in a rgon  was roughly  the same  in both modes  of opera t ion .  How- 
ever ,  when the a r c  was a t tached to the copper  cathode, the vol tage tended to fal l  as  the c u r r e n t  was in -  
c r e a s e d ,  whe reas  when the a r c  was a t tached  to the heated cathode, it r e m a i n e d  constant .  This  is  due in 
the f i r s t  case  to i n c r e a s e  in the c r o s s  sec t ion  of the a r c  column at constant  length, and in the second to 
i n c r e a s e  in the a r c  length.  

If I a r  was 2-2.5 kA, the a r e  vol tage and hence the d i s s i pa t e d  power  was i n c r e a s e d  for  the heated 
cathodes  r e l a t i v e  to the copper  wi re  by 65-70%; in the case  of hel ium, the burning vol tage  was only 20- 
25% higher ,  while the v o l t a g e - c u r r e n t  c h a r a c t e r i s t i c  had a negat ive  s lope.  

The heat l o s s e s  in the e l e c t r o d e s  i n c r e a s e  l i n e a r l y  with the d i scha rge  cu r r en t  (Fig.  3b). The copper  
cathode had a cu r r en t  equivalent  of the heat l o s s  in hel ium of 20-30 V, or 15-20 V in a rgon  [2], while the 
co r r e spond ing  va lues  for  a tungsten heated cathode were  4-6 and 3.5-4 V, r e s p e c t i v e l y .  The heat 
l o s s e s  to the a r c  chamber  at I s = 10 A were  roughly  the same in the two c a s e s .  The m e a n - m a s s  
t e m p e r a t u r e  of the gas  at the exit i nc r ea sed  l i n e a r l y  with the cu r ren t  for  the two gases  (Fig.  3a). 

If the heat l o s s  in the e l ec t rode  i s  l i n e a r l y  r e l a t e d  to the cur ren t ,  the t h e r m a l  eff ic iency of the 
s o u r c e  i s  

~1 = 1 A U z  -~- AUa 
Uar 

The a r c  burning vol tage  in a rgon  with a heated cathode was l a r g e l y  independent of the cur ren t ,  so 
the t he rma l  ef f ic iency was a l so  independent of the cur ren t ;  in the ca se  of the copper  cathode, the vol tage 
d e c r e a ? e d  as  the cu r ren t  r o s e ,  so ~? a l so  fel l  (Fig.  3b). If G = 30 g / s e c  for a rgon  with a d i s cha rge  c u r -  
ren t  of 2.5 kA, ~? with the heated cathode was twice the above value  on account of the l a r g e r  Uar and the 
lower  AUc.  

The heat  l o s s e s  in the cen t ra l  cathode were  l a r g e l y  independent of the ex te rna l  magnet ic  field; the 
heat l o s s  in the chamber  tended to d e c r e a s e  a s  the ex te rna l  magnet ic  f ie ld was i n c r e a s e d  when a heated 
cathode was used, while the burning vol tage  did not a l t e r ,  and the m e a n - m a s s  gas  t e m p e r a t u r e  at the 
exit  i n c r e a s e d  (F ig .4a ) .  The conve r se  p i c tu re  was obse rved  for  a copper  cathode [2]. This  was due to 
the different  conf igurat ions  of the a r c  column.  

The a rgon  flow r a t e  af fec ted  the p l a s m a  p a r a m e t e r s ,  wh ichwere  examined at va r ious  fixed d i s -  
cha rge  c u r r e n t s  (0.8, 1.3, and 2.6 kA) and ex te rna l  magnet ic  f ie lds  (Fig .  2c, I S = 10 A). The a rgon  flow 
r a t e  v a r i e d  f rom 30 to 240 g / s e c .  

The m e a n - m a s s  gas  t e m p e r a t u r e  at the exit  d e c r e a s e d  as  the flow r a t e  was i n c r e a s e d  f rom 3200 to 
600~K (Fig.4b) ;  the t e m p e r a t u r e  d i s t r ibu t ion  a l so  tended to become f l a t t e r .  

F r o m  m e a s u r e m e n t s  of the axia l  component of the a r c  length and the cine it was found that the in -  
c r e a s e  in vol tage was r e l a t e d  to i n c r e a s e  in a r c  length; at a rgon  flow r a t e s  above 120 g / s e c ,  the a r c  length 
r e m a i n e d  unchanged, while the d i s tance  between the plane of the cathode and the point of a t tachment  of the 
a r c  to the anode was 100-120 mm.  
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Fig. 5. Approximate configuration of arc column as 
indicated by high-speed cinematography. 

distance between the plane of the cathode and the point of attachment of the are to the anode was 100-120 
mm.  

High-speed cinematography showed that the arc column had a complex form, as shown in Fig. 5; near 
the cathode, there was a straight region along the axis, which then gave way to a turning and spiral form 
near the point of attachment to the anode. The diameter of the arc column in the linear part increased with 
the current and was 10-15 mm for far = 2.6 kA; when the length/ar = 8-10 cm, the mean electric field 
strength in the are column was roughly 4-5 V/era. 

The cross section of the arc column increased with the current, while the electric field strength fell, 
but the increase in are length caused the overall plasma voltage to remain practically unchanged. 

When the arc was stably attached to the heated cathode, there was no appreciable size reduction over 
a total test period of 60 rain (6 • 10 rain) at 2-3 kA. 

A combined cathode the re fo re  p e r m i t s  the exit gas  t e m p e r a t u r e  to be regula ted  at constant flow r a t e  
by the use  of an external  magnet ic  field to change the cathode operat ing conditions. If the gas flow ra te  
is smal l  or zero,  the source  opera tes  in the coaxial  mode, while above a ce r ta in  flow ra te  it ope ra tes  
in the end-face mode.  The heated cathode roughly doubles the the rma l  eff iciency of the p l a sma  source  
re la t ive  to a copper  cathode in the case  of argon, and the gas at the exit is l e s s  contaminated with e l e c -  
t rode  m a t e r i a l .  

Is ,  Ia r  
Uar 
AUe, AUc 
G, T 
Q 

H 

N O T A T I O N  

a r e  the solenoid and a r c  cur ren ts ;  
is  the a r e  voltage; 
a r e  the equivalents of the heat l o s se s  in the cathode and anode; 
a r e  the gas flow r a t e  and the t e m p e r a t u r e  at the exit f rom the p l a s m a  source;  
is the heat loss  in the e lec t rodes;  
is  the eff iciency of the p l a sma  source;  
is the magnet ic  field of the solenoid. 
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