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One of the ear l ies t  re fe rences  to the high-frequency e lect rodeless  discharge dates from 1884, when 
Hit torf  repor ted  [1] that the residual  gas in a vacuum tube placed in a solenoid begins to glow as soon as a 
high-frequency cur ren t  is passed through the solenoid, Hit torf  attributed this effect to the action of the 
magnetic field of the solenoid on the gas and expressed the opinion that the cur rent  in the discharge was 
inductive in character .  The same effect was observed by Lehrmann [2], who attributed the luminescence 
of the gas to the action of the e lectr ic  field crea ted  by the turns of the solenoid. 

A detailed study of the phenomenon did not begin until 1926-1927 when Thomson [3, 4] showed that the 
magnetic field of the solenoid was basical ly responsible for the discharge.  Thomson proposed a theory of 
the e lec t rodeless  discharge and, in par t icular ,  established a breakdown cri ter ion.  

Thomson experimental ly confirmed the inductive nature of the e lect rodeless  discharge.  

Later ,  Th0mson 's  experiments  were questioned by Townsend and Donaldson [5]. These authors a s -  
sumed that the discharge was caused by the electr ic  field of the solenoid and asse r ted  that the geometry  of 
this field controlled the r ing shape of the discharge.  

The debate between Thomson and Townsend led to the investigation of the e lec t rodeless  discharge by 
numerous investigators.  Between 1929 and 1934 the problem rece ived  the attention of MacKinnon [6], Knipp 
[7], Smith [8], Brasefield [9], Mierdel [10], and many others.  

MacKinnon's ar t icle  put an end to the dispute between Thomson [4] and Townsend-Donaldson [5]. 
MacKinnon was able to show that while Thomson had obtained a high-frequency H-mode  r ing discharge 
caused by the variable magnetic field, Townsend and Donaldson had obtained a s imilar  high-frequency dis-  
charge,  whose inductive nature was masked by the E-mode discharge caused by the e lectr ic  field of the 
solenoid. MacKinnon repeated the Thorn son and Townsend-Donaldson experiments  and showed that in the 
experimental  apparatus of the lat ter  conditions facilitating the appearance of a E-mode discharge had been 
accidentally created.  

The experiments  of Brasef ie ld  [9] and Mierdel [10] were devoted to a quantitative verif icat ion of 
Thomson ' s  theory [4] of the origin of the high-frequency discharge.  

Data were obtained for a ser ies  of gases:  O2, Nz, N, At ,  Ne, He. 

The relat ions between p res su re  and breakdown voltage obtained in these experiments  confirmed 
Thomson ' s  theoret ical  conclusions: 

A qualitatively new stage in the investigation of the e lec t rodeless  discharge began with the work of 
Babat [11]. Babat was the f i rs t  to demonstra te  the possibil i ty of introducing hundreds of kilowatts of power 
into a gas s t ream at a tmospher ic  p r e s s u r e  by an inductive e lect rodeless  method. His basic experimental  
pa r ame te r s  were as follows: d ischarge tube diameter  60-400 ram, tube osci l la tor  frequency f = 3-62 MHz, 
gas p r e s s u r e  p = 0.01-760 mm Hg; the gas was air. A discharge was crea ted  both with and without a gas 
flow. 
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Unfortunately,  in this appara tus  the d ischarge  channel, made of g lass  and quartz ,  did not have re l iab le  
t he rma l  shielding and at high powers  was instantaneously des t royed.  

Babat  turned his at tention to the effect  of the ae rodynamic  c h a r a c t e r i s t i c s  on the s tabi l i ty  of an e l e c -  
t rode le s s  d i scharge  in a gas  flow and also detected the impor tan t  phenomenon of separa t ion  (constrict ion) of 
the e l ec t rode le s s  d i scharge  f rom the walls  of the d ischarge  tube as the p r e s s u r e  increased .  

This  a r t i c le  [11] p re sen t s  s imple  fo rmulas  for es t imat ing  the e lec t r ica l  p a r a m e t e r s  of the r ad io -  
frequency circui t ,  the solenoid, and the e l ec t rode le s s  d ischarge .  It  r e m a i n s  the only descr ip t ion  of poss ib le  
appl icat ions of e l ec t rode les s  d i scharges  with polygonal (sectional) inductors.  

B a b a t ' s  work a t t r ac ted  the at tention of foreign spec ia l i s t s  and in 1947 a m o r e  detai led account was 
published abroad  [12]o 

At tempts  to use the e l ec t rode les s  d i scharge  for  purposes  of u l t raviole t  vacuum spec t roscopy  were  
desc r ibed  by Birkhoff  [13], who examined the question of the different  types  of e lec t rode less  h igh-f requency 
d i scharges .  Birkhoff  used a 2-kW tube osc i l la tor  with a f r e q u e n c y f  = 22.5-61.5 MHz and a d i scharge  tube 
22 m m  in d iamete r .  

S t rauss  [14] inves t igated the effect  of va r ious  gases  on the e l ec t rode le s s  d ischarge .  He employed 
He, At,  Kr, Ne, Xe, N2, O 2 and m e r c u r y  and iodine vapor .  The tube o s c i l l a t o r p r o d u c e s l . 3  kW at a f r e -  
quency of 4-8 MHz. St rauss  obtained the p r e s s u r e  dependence of the s t r ik ing  potential of the e l ec t rode les s  
d ischarge .  

Cabannes [15] made  an extens ive  invest igat ion of the e l ec t rode les s  d i scharge  in Ar,  He, Xe, Kr on the 
p r e s s u r e  in terval  5 .10 -~ -1  �9 10 2 m m  Hg. The d ischarge  power was 0.15-1.2 kW, the d i ame te r  of the d i s -  
charge  tube 30-45 ram, and the tube osc i l l a to r  f requency va r i ed  f rom 1 to 2.9 MHz. The exper imenta l  r e -  
lat ions for  the p r e s s u r e  dependence of the breakdown voltage a r e  in good ag reemen t  with the r e su l t s  of [9]. 
It  was  shown that the d i scharge  geom e t ry  depends on the p r e s s u r e  and that at p r e s s u r e s  below 1 m m  Hg the 
heat  t r a n s f e r  mechan i sm is de te rmined  by the diffusion of e lec t rons  and the i r  recombina t ion  at the walls  
and at p r e s s u r e s  exceeding 10 m m  Hg by heat  conduction. The e lec t ron  densi t ies  m e a s u r e d  by the probe  
and spec t r a l  methods were  of the s a m e  order  of magnitude~ 

Romig [16] made  a theore t ica l  ana lys i s  of the behavior  of the va r ious  aerodynamic  d ischarge  p a r a m -  
e t e r s  in a supersonic  low-densi ty  a i r  s t r e a m  with allowance for diffusion p r o c e s s e s .  The n e c e s s a r y  condi-  
t ions for  maintaining a s t eady - s t a t e  d i scharge  were  obtained as a function of the max imum of the e lec t ron  
dens i ty  and the e lec t r i c  field~ 

Ecke r t  [17, 18] has  made  ce r ta in  analyt ical  studies of a r ing d ischarge  at low p r e s s u r e s .  In [17] he 
examined the use of the Schottky theory  (posi t ive d i scharge  column) to desc r ibe  a h igh- f requency  d ischarge  
for the case  in which the col l is ion f requency exceeds  the field frequency.  In [18] he desc r ibed  the t rans i t ion  
f rom f ree  to ambipo la r  diffusion in a s t eady - s t a t e  h igh-f requency d ischarge  and showed that for a hydrogen 
d i scharge  in a field with solenoidal  g e o m e t r y  this t rans i t ion  is unstable. 

Soshnikov and Trekhov [19-21] have made  a theore t ica l  study of a h igh-f requency h i g h - p r e s s u r e  (p = 1 
arm) vor tex  d ischarge  c rea ted  in a cyl indr ica l  solenoid of infinite length. The p rob lem is fo rmula ted  on the 
assumpt ion  of the rmodynamic  equi l ibr ium. With these  assumpt ions  Maxwel l ' s  equations and the h e a t t r a n s -  
fe r  equation a r e  wri t ten  with al lowance for  rad ia t ive  losses  and solved numer ica l ly  for an a r b i t r a r i l y  sp ec i -  
fied magnet ic  field s t rength and t e m p e r a t u r e  on the d ischarge  axis.  The r e su l t s  of the calcula t ions  a re  
p r e sen t ed  in the fo rm of cu rves  r ep re sen t ing  the radia l  d is t r ibut ions  of the e lec t r i c  E(r) and magnet ic  H(r) 
field s t rengths ,  cu r ren t  densi ty  I(r), and t e m p e r a t u r e  T(r) for  a rgon and a i r  on the t e m p e r a t u r e  in terva l  
6000-14,000~ and field f requencies  1.5-100 Mttz. The integral  c h a r a c t e r i s t i c s  of the d ischarge:  total  d i s -  
cha rge  power,  radia t ion power,  inductive r eac tance ,  and r e s i s t a n c e  of the p l a sma  a re  tabulated for each 
calcula t ion r e g i m e  [19-21]. 

Gruzdev,  Rovinskii ,  and Sobolev [22] invest igated the analogous p rob lem for a dense p lasma ,  when the 
d i scharge  geome t ry  is de te rmined  by heat  conduction. Local  the rmodynamic  equil ibrium, when all the t r a n s -  
por t  coeff icients  a re  functions of t e m p e r a t u r e  and p r e s s u r e ,  is a ssumed.  The s ta r t ing  sy s t em of equations 
is wr i t ten  with the following assumpt ions :  the field exciting the d ischarge  is homogeneous along the d i s -  
charge  axis,  the p l a s m a  is s ta t ionary ,  the p r e s s u r e  is a tmospher i c  and constant,  the f requency of the e l e c -  
t r o m a g n e t i c  field is much g r e a t e r  than the c h a r a c t e r i s t i c  r ec ip roca l  re laxa t ion  t ime  of the p lasma ,  r a d i a -  
tion is neglected: 
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Here, H and E are the magnetic and electric field strengths, X is the thermal conductivity, ~ is the 
electrical conductivity, and T is temperature. 

The boundary value problem is solved by the method of successive approximations. The boundary 
conditions at the walls of the discharge chamber are obtained from physical considerations. The first ap- 
proximation, when the electrical conductivity of the plasma is assumed to be a step function of temperature, 
permits a qualitative investigation of the phenomena associated with the induced discharge. The second 
approximation is used for numerical calculations of the discharge power and separation of the discharge 
from the channel walls in argon. The radial distributions of magnetic and electric field strengths and cur- 
rent density are obtained. 

Rovinskii andSobolev [23] have examined the choice of the optimal frequency range of a stationary 
induced discharge, basing the analysis on the relations obtained in [22]. The optimality criterion is iden- 
tified with the condition most favorable for obtaining a given maximum temperature in the discharge~ 
Estimates [23] show that the frequencies of the order of several MHz or more encountered in practice do 
not correspond to optimal conditions. 

A reduction in working frequency is associated with an increase in skin depth and a more uniform 
occupation of the central zone of the discharge by the plasma. The electric field strength decreases in 
proportion to the frequency, which causes a deterioration in the discharge conditions. In this case two 
solenoids were used: a high-frequency initiating solenoid operating at 3.8 MHz and a low-frequency work- 
ing solenoid operating at 280 kHz [24]. 

Raizer [25] has proposed an approximate theory of the high-frequency high-pressure (p = 1 atm) elec- 
trodeless discharge in a gas stream. He begins by considering the qualitative picture of an electrodeless 
high-frequency discharge with allowance for the fact that the formation of the discharge geometry is im- 
portantly affected not only by heat conduction but also by the nature of the gas flow. In particular, he deals 
with a tangential supply of gas to the discharge chamber, which is of special practical importance. This 
produces a slow eddying motion in the axial region, and most of the gas flows along the walls of the dis- 
charge channel. This flow protects the walls of the channel from the heat of the plasma and helps to stabi- 
lize the discharge. 

Estimates for a frequency of 15 MHz show that the skin depth, within which Joule heat is released, is 
much less than the discharge radius. This makes it possible to consider a plane model of the discharge 
front. By the discharge front we understand the isotherm TO, where R 0 is the temperature value correspond- 
ing to the conventional abrupt change in electrical conductivity Cro It is assumed that at T < T o the electri- 
cal conductivity is negligibly small and there is almost no release of Joule heat~ The discharge front is 
treated in the same way as a combustion front. On the basis of Maxwell's equation and the energy-balance 
equation 

dT dI-I _ 4~ ~E, dE --. ico. H dT dJ ~_ ~ <E~> ' J ~ - -  ~ ~ ' d~ a Ox c P~ dx dx 

it is possible to formulate the conditions at the front and obtain relat ions for the region of existence of the 
discharge and its velocity in relat ion to the cold gas flowing into the discharge region along the normal to 
the front: here,  Cp is the specific heat at constant p ressure ,  ~ is the thermal  conductivity, P0 is the den- 
sity of the cold gas, < > denotes averaging with respect  to time, and u is the normal velocity of the gas. 
This velocity is determined by the thermal  diffusivity of the gas at the end tempera ture .  

Like the flame front in burners ,  the discharge front is inclined with respec t  to the direct ion of flow. 
Numerica l  es t imates  for d ischarges  in air  and argon have been based on the proposed model. The frequen-  
cy of 15 MHz and the other pa rame te r s  are  those of an existing plasma genera tor  at the Institute of Applied 
Mechanics of the USSR Academy of Sciences. These es t imates  give values of 9000-10,000~ obtained by 
Buevich et al. [26]. 

Mironer  and Hushfar  [27] have examined cer tain questions relat ing to the re lease  of high-frequency 
energy  in a s t r eam of aense moving plasma. 
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In the theoret ical  part  of their  work they analyze the case of a one-dimensional  flow of ionized gas in 
a chamber  of constant  c ross  section at a tmospheric  p ressure .  It is assumed that beyond the zone of in- 
ductive energy re lease  the flow becomes supersonic.  The effect of heat re lease  on the hydrodynamic flow 
pa ramete r s  is investigated. 

The effect of frequency on the energy distribution in the p lasma flow is then discussed in relat ion to 
an e lec t rodeless  high-frequency discharge.  The analysis is based on the analogy between the heating of a 
gas and the wel l -unders tood heating of a solid conductor in the e lec t romagnet ic  field of a solenoid. 

The theoretical  par t  of the work is approximate and idealized in cha rac te r  and there is no attempt to 
give a detailed descript ion of the state of the flow in the discharge.  

Freeman and Chase [28] investigated the energy t ransfer  mechanism and the operating charac te r i s t i c s  
of the thermal  high-frequency plasma generator .  The physical  p rocesses  in the discharge and the e lec t r ica l  
cha rac te r i s t i c s  of the power source,  obtained experimentally,  a re  considered independently. In the theore t -  
ical par t  of this study the Maxwell equation and the energy-balance  equation for a plasma in an infinitelylong 
solenoid are  writ ten without allowance for radiation at constant a tmospher ic  pressure .  The discharge 
channel is simulated by two concentr ic  zones with an electr ical  conductivity jump at the zone boundary. The 
central  zone is assumed to be conductive with constant conductivity, while the opposite applies to the outer 
zone. The principle of minimum entropy production of the thermodynamics  of i r revers ib le  p rocesses  is 
used to obtain relat ions that make it possible to calculate the magnetic  field strength, the heat flux potential, 
and the effective discharge radius.  The ra te  of increase  of entropy in the discharge is expressed  in t e r m s  
of the heat removed  f rom the discharge by radial heat conduction at constant channel radius.  The analytical 
re la t ions  obtained permi t  the numerical  determination of the charac te r i s t i c  curves:  dependence of the m a g -  
netic field strength on the power of the discharge in nitrogen and argon for a ser ies  of frequencies at fixed 
channel radius.  The separat ion of the d ischarge  from the walls and the heat flux density are investigated in 
relat ion to the power r e l eased  in argon, oxygen, and nitrogen. 

In the second half  of this study the theoret ical  conclusions are  used for an experimental  determination 
of the region of stable existence of the discharge and to establish the optimal relat ion between the power 
source  and the discharge pa ramete r s .  

The experimental  investigations of Sherman and McCoy [29] have shown that as the gas flow through 
the discharge channel increases ,  the minimum elect r ic  field strength grows more  slowly than would be the 
case if it increased according to a l inear law. 

Having examined existing methods of measur ing  the current  in high-voltage high-frequency circui ts ,  
Penfold and Warder  [30] proposed a convenient method of measur ing  the cur ren t  in a tank c i rcui t  f rom the 
voltage drop at the inductance. 

Rovinskii et al. [31] investigated the separat ion of a high-frequency e lect rodeless  discharge f rom the 
walls in s ta t ionary Ar and Xe on the p re s su re  interval 10-2-760 mm Hg, establishing the existence of three 
p r e s s u r e  regions:  a low-pressu re  region p < 1 ram Hg, a t ransi t ion region p ~ 1-250 mm Hg, and a high-  
p r e s su re  region p > 250 mm Hg, with distinct charac te r i s t i c s  depending on the mechanism of formation of 
the discharge.  For  h igh-p ressu re  regions  the authors confirm the conclusion of [15] to the effect that heat 
conduction is the principal mechanism determining separation of the p lasma from the discharge chamber  
wails. 

Smelyanskii et al. [32] investigated the separat ion of a discharge f rom the walls in a flow with a tan-  
gential gas supply to the discharge channel at a tmospheric  pressure .  It is shown that the discharge radius  
dec reases  with increase  in the gas flow ra te  and is 0.4-0.8 of the tube radius. Under these conditions sepa-  
rat ion is determined by heat conduction and convective heat ~ransfer. 

There  have been a number of studies concerned with the use of optical methods of measur ing t e m p e r -  
a tures  in an e lec t rodeless  high-frequency discharge [26, 33-46]. These studies differ chiefly with respec t  
to the experimental  conditions. Accordingly,  we have tabulated the principal resu l t s  of Soviet and foreign 
invest igators  published since 1961. F rom the table it may  be concluded that for an argon plasma at d is -  
charge powers of 2-24 kW on the frequency range 2-26 MHz the tempera ture  var ies  on average over the 
interval 8000-11,000~ Reed ' s  resu l t s  [33] form an exception. In this case the tempera ture  is exaggerated,  
since the Larenz method was unjustifiably used and the 7635 A line of argon, which is subjeotto reabsorpt ion,  
was selected for the pyromet r i c  measurements .  Spectroscopic studies of an air  p lasma are  descr ibed in 

473 



TABLE 1 
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[26, 46]. The  s p r e a d  of  the  t a b u l a t e d  t e m p e r a t u r e s  can  be a t t r i b u t e d  to d i f f e r e n c e s  in the  s p e c i f i c  p o w e r  
l e v e l  in  the  d i s c h a r g e  and i n s t r u m e n t a l  e r r o r s  in the  m e a s u r e m e n t s .  

The  t h e r m a l  ac t i on  of a h i g h - f r e q u e n c y  p l a s m a  f l ame  on bod i e s  wi th  f ia t  and c y l i n d r i c a l  s u r f a c e s  has  
shown [34, 47, 48] tha t  the  s p e c i f i c  hea t  f luxes  r e a c h  the  o r d e r  of  1 k W / c m  2. T h e s e  m e a s u r e m e n t s  w e r e  
m a d e  on c o n t i n u o u s - f l o w  w a t e r  c a l o r i m e t e r s  m a d e  of c o p p e r .  The  m e a n  p l a s m a  flow v e l o c i t y  was  20-50 
m / s e c  [34, 47]. S h o r t - w a v e  p o w e r  o s c i l l a t o r s  w e r e  used  as  a s o u r c e  of h i g h - f r e q u e n c y  e l e c t r i c a l  e n e r g y .  
The  e f f i c i ency  of  the  p r o c e s s  and t h e  q u a l i t y  of  the  p l a s m a  ob ta ined  depend  on the  c o r r e c t  c h o i c e  of o s c i l l a -  
t o r  tank  c i r c u i t  p a r a m e t e r s  and  the  c o o r d i n a t i o n  of  the  o s c i l l a t o r  and  the  d i s c h a r g e  [49-52] .  

The  e f f i c i e n c y  ( r a t i o  of  d i s c h a r g e  p o w e r  to p o w e r  input) i s  a m e a s u r e  of the  qua l i t y  of  p l a s m a  p r o -  
duc t ion  in an e l e c t r o d e l e s s  h i g h - f r e q u e n c y  d i s c h a r g e .  In  [33, 31, 53-59] i t  was  shown tha t  for  m o d e r n e q u i p -  
m e n t  the  e f f i c i e n c y  i s  on the  o r d e r  of 36-60%, r e a c h i n g  70-80% in p u l s e d  d e v i c e s .  

In m o s t  c a s e s  the  channe l  of  the  d i s c h a r g e  c h a m b e r  is  m a d e  of q u a r t z  g l a s s  and  p r o t e c t e d  by w a t e r -  
coo l ing  o r  h y d r o d y n a m i c  s e p a r a t i o n  o f  the  d i s c h a r g e  f r o m  the channe l  w a i l s .  In [60] M i r o n e r  d e s c r i b e s  a 
m e t h o d  of s h i e l d i n g  the  w a l l s  b a s e d  on the  use  of a c o p p e r  w a t e r - c o o l e d  tube  wi th  a notch o r i e n t e d  n o r m a l  
to the  i nduced  c u r r e n t s  and  s e a l e d  with  a h e a t - r e s i s t a n t  d i e l e c t r i c .  The  d i s c h a r g e  channe l  u s e d  by Donsko i  
e t  al .  [61] i s  b a s e d  on a s i m i l a r  p r i n c i p l e :  the  w a l l s  of  the  c y l i n d r i c a l  channe l  a r e  a s s e m b l e d  f r o m  c o p p e r  
w a t e r - c o o l e d  tubes  with a gap  f i l l e d  wi th  d i e l e c t r i c .  

In  1942 B a b a t  [11] p r e d i c t e d  tha t  the  h i g h - f r e q u e n c y  e l e c t r o d e l e s s  d i s c h a r g e  would  f ind e x t e n s i v e  
a p p l i c a t i o n  in e l e c t r o c h e m i s t r y .  T o d a y  the  h i g h - f r e q u e n c y  e l e c t r o d e l e s s  p l a s m a  t o r c h  h a s  b e c o m e  a w o r k -  
ing  too l  of  the  p h y s i c i s t ,  c h e m i s t ,  and m e t a l l u r g i s t  for  he a t i ng  g a s e s  to high t e m p e r a t u r e s  wi thout  c o n t a m i -  
nat ion.  The  use  of h i g h - f r e q u e n c y  p l a s m a  in a s t r e a m  of a rgon ,  h y d r o g e n ,  and o t h e r  g a s e s  fo r  ob ta in ing  
h e a t - r e s i s t a n t  o x i d e s  and g rowing  c r y s t a l s  of r e f r a c t o r y  m a t e r i a l s  of  the  s a p p h i r e  and r u b y  type  h a s  b e -  
c o m e  a r e a l i t y  [62-65] .  

In d i s c h a r g e s  of  t h i s  k ind  p a r t i c l e s  of  c h r o m i u m ,  t a n t a l u m ,  tungs ten ,  a l u m i n u m ,  m a g n e s i u m  oxide ,  
and c e r t a i n  u r a n i u m  a l l o y s  can  be s u c c e s s f u l l y  s p h e r o i d i z e d  [35]. The  p a r t i c l e s  o b t a i n e d  a r e  d i s t i n g u i s h e d  
by  the  s t e r i l i t y  of t h e i r  c h e m i c a l  c o m p o s i t i o n ,  t h e i r  r e g u l a r  s h a p e  ( s p h e r i c a l ) ,  and  the p o s s i b i l i t y  of v a r y i n g  
t h e i r  d i m e n s i o n s  o v e r  the  r a n g e  f r o m  50 to 7 0 0 ~ .  The  e l e c t r o d e l e s s  d i s c h a r g e  i s  u sed  in s p e c t r a l  a n a l y s i s  
[66], w h e r e  the  a t o m i z e d  s a m p l e  can  be i n t r o d u c e d  into the  p l a s m a  j e t  in the  p o w d e r e d ,  g a s e o u s ,  o r  l iqu id  
s t a r t i n g  s t a t e .  The  p r i n c i p a l  a d v a n t a g e  of th i s  t echn ique  is  the  a b s e n c e  of  c o n t a m i n a t i o n  and the  l a r g e  u s e -  
ful p l a s m a  v o l u m e .  The  use  of d i s c h a r g e s  for  c r e a t i n g  h i g h - i n t e n s i t y  p u l s e d  l ight  s o u r c e s  i s  of undoubted  
i n t e r e s t  [57]. In  s p e c t r o s c o p y  the  e l e c t r o d e l e s s  d i s c h a r g e  i s  u sed  as  a l igh t  s o u r c e  for  R a m a n  s c a t t e r i n g  
[67] and a s  a r a d i a t i o n  s o u r c e  for  the  v a c u u m  u l t r a v i o l e t  [68]. 

The  a b s e n c e  of c o n t a m i n a t i o n  and o t h e r  po t en t i a l  a d v a n t a g e s  of  the  e l e c t r o d e l e s s  h i g h - f r e q u e n c y  d i s -  
c h a r g e  m a k e  i t  s u i t a b l e  fo r  use  in a e r o d y n a m i c  r e s e a r c h  [69, 70]. Chuan [69] h a s  d e s c r i b e d  the  p l a s m a  
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heating of a supersonic (M = 3.5) air  s t r eam at a static p re s su re  of 0.4 mm Hg and a t empera tu re  of 900~ 
The discharge system consisted of a glass  Laval nozzle going over into a cylindrical  channel surrounded by 
an inductor and a magnetic coil creat ing a longitudinal field of 1000 gauss used to reduce the ambipolar 
diffusion of e lec t rons  to the walls. 

The plasma tunnel descr ibed by Carswell  [70] consists  of compressed  gas cylinders,  forechambers ,  
a supersonic nozzle, a test  section, a booster  tank, and a sys tem of vacuum pumps~ The gas is heated by 
an e lec t rodeless  high-frequency discharge with a capacitive coupling on the supersonic section of the nozzle. 
Carswell  used var ious  quartz nozzles with exit d iameters  of about 20 mm at Mach numbers M = 2. The 
static p r e s su re  in the supersonic flow was var ied from 0.1 to 10 mm Hg. 

The e lectron tempera ture  at the nozzle exit reached 65,000~ whereas  the gas tempera ture  was 750~ 
which coincides with the resul ts  of [71], in which the electron tempera ture  in a high-frequency discharge 
p lasma was measured  at low p res su res .  Probe  measurements  gave the radial  e lectron distributions (max-  
imum value n e = 1.5 �9 1013 cm -3) at the exit of the supersonic nozzle, which for the given conditions c o r -  
responds to a degree of ionization of 0~ The discharge power was 1 kW at a field frequency of 13.56 
~Hzo 

Although most  of the experiments  were conducted with argon, cer ta in  experiments  of di rect  interest  
to the aerodynamicis t  were conducted with air  and nitrogen. The same apparatus was used to investigate 
the interaction of cent imeter  waves (10-25 GHz) with a supersonic p lasma flow at var ious  angles of inci-  
dence of the radio waves. A number of investigations were devoted to recombinat ion p rocesses  in the flow 
when additives are  introduced. Carswell  [70] notes that the principle of his apparatus can be extended to 
much la rger  sys tems.  

Vermeulen,  Boddie, and Wierum [72] have examined the interaction of an e lec t rodeless  discharge with 
a thermal  p lasma obtained in a dc arc  plasma genera tor  from two standpoints: as a means of increasing the 
specific impulse of an e lec t ro thermal  engine and as a means of controll ing the flow pa ramete r  distribution. 

In a dc arc  plasma genera tor  under optimal conditions it is possible to obtain a stable and minimally 
contaminated p lasma flow, which, after expanding in a nozzle, is heated by an e lect rodeless  high-frequency 
discharge,  which leads to an increase  in the specific impulse of the system.  It is known that the most  
important  c r i te r ion  for est imating the quality of experimental  aerodynamic p lasma devices is the uniform 
distribution of the flow paramete r s .  This re la tes  p r imar i ly  to the obtaining of a flow with a flat profile of 
the radial  t empera tu re  distribution. A corresponding adjustment was obtained by supplying high-frequency 
power to the previously  obtained plasma. It was shown that it is possible not only to regulate,  but also to 
r a i se  somewhat the tempera ture  profi les  of the flow. 

Buevich and Yakushin [73, 74] have used plasma flows obtained in e lec t rodeless  high-frequency hea t -  
ing devices to investigate the effect of high t empera tu res  and heat fluxes on thermoplas t ics .  
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