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Abstract We have exper imental ly  observed i n  the M i r r o r  L inear DeviceLISA 
o f  the  Universidade Federa2 FZwninense the global  hyb r i d  mode which has 
been exc i  ted by a microwave power source o f  800 W and f requency o f  2.45 
GHz. The data about the wave (magnetic and e l e c t r i c )  f i e l ds ,  the density, 
and the temperature p r o f i l e s  have been analyzed. These data have shown 
tha t  there  e x i s t s  a c lea r  absorpt ion o f  energy by the e lec t rons ,  due t o  
the e lec t ron  cyc lo t ron  resonance heat ing,  and t h a t  the plasma po ten t i a l  
drops due t o  t ha t  heating. We have a l ço  observed the mode conversion o f  
the microwave i n t o  a Langmuir wave a t  the resonance layer  a t  rad ia l  pos- 
i t i o n  R = '3 cm, where R i s  the inner radius o f  LISA. 

1. INTRODUCTION 

I n  m a l  I plasma devices, the shape o f  the wa l l ,  the plasma d i -  

e l e c t r i c  constant, and the p o l a r i z a t i o n  o f  the wave a t  the i n j e c t i o n p o r t  

es tab l i sh  the  modes by which the radio- frequency wave propagates through 

the plasma. These a re  the global  e l  ectromagnet i c  rnodes' ". These modes 

are  usua l l y  converted i n t o  e l e c t r o s t a t i c  rnodes which, i n  tu rn ,  heat the 

plasma. 

I t has been shown by Galvão and ~ i h a r a ~ ' ~ "  t h a t  dur ing  electron 

cyc lo t ron  heat ing the  plasma po ten t i a l  drops. However, f o r  rn i c r o w a v e s  

t h i s  s t i l l  has t o  be v e r i f i e d  and t h i s  i s  one o f  our goals. Furthermore, 

we here ob ta in  the heat ing e f f i c i e n c y  as a f unc t i on  o f  the  resonant vo l -  

ume and v e r i f y  the mode conversion o f  the microwave i n t o  a Langmuir wave. 

This work i s  organized as fo l lows.  I n  sec t ion  2 the proper t ies  

of the hybr id  g lobal  rnodes a re  studied.  I n  sec t ion  3 the LISA device i s  

described. I n  sec t ion  4 we present the experimental r e s u l t s .  The con- 

c lusions are  discussed i n  sec t ion  5. 
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2. H Y B R I D  GLOBAL MODES 

The microwave power i s  i n j ec ted  i n t o  the plasma o f  LISA through 

a rectangular  waveguide. The dominant mode i s  the TE,, and the dominant 

e l e c t r i c  f i e l d  i n  the o u t l e t  o f  the waveguide i s  p a r a l l e l  t o  the de mag- 

n e t i c  f i e l d .  To make c lea r  our experimental r esu l t s ,  i t  i s  worthwhi le 

t o  make a b r i e f  review about wave propagation i n  a c y l i n d r i c a l  waveguide 

f i e l d  wi t h  a inhomogeneous plasma. 

The d i e l e c t r i c  tensor i n  a c y l i n d r i c a l  plasma i s  g iven by 

where 

According t o  Gore and ~ a s h i n s k ~ ~ ,  we can use i n  our s i  t ua t i on  the elec- 

t r o s t a t i c  approximation instead o f  the f u l l  electromagnetic analys i s  t o  

descr ibe the  plasma waves, because we a r e  in teres ted i n  plasma guide 

modes which have a phase v e l o c i t y  much smal ler  than the speed o f  l i g h t .  

Thus, the wave f i e l d s  can be obtained using Poisson's equation, t ha t  i s  
+ 

v . ~ . v $  = O (2.2) 
+ 

where S i s  g iven by eq.(2.1) and $ i s  the sca lar  p o t e n t i a l .  

From eq. (2.2) we have an expression f o r  which i s  g iven by 

where ~ ( r )  s a t i s f i e s  the r a d i a l  d i f f e r e n t i a l  equation 
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The r e l a t i o n  between the sca lar  po ten t i a l  4 and the e l e c t r i c  f i e l d  i s  

given by 

From the boundary cond i t ion  a t  r = a we h a v e  4 ( a )  = O f o r  

J ~ ( T ~ )  = 0 ,  where Te = P i s  t he  Q~~ r o o t  o f  the ~ ~ ~ - o r d e r  B e s s e l  I s nR 
func t ion  o f  the f i r s t  k ind.  To ob ta in  the po ten t i a l  and the e l e c t r i c  

f i e l d s ,  we use eqs. (2.31, (2.4) and (2.5). The r e s u l t  i s  

and 

wi t h  

and the constant o f  propagat ion  i s  

Since we a re  in teres ted i n  the g loba l  hybr id  modes, t h a t  i s  a 

mixing between TEl2 and TMo3, i t  i s  i n te res t i ng  t o  descr ibe them. 

The components o f  the e l e c t r i c  f i e l d  f o r  the TE  mode a r e  
12 

g iven from eq. (2.6) by 

and 
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where J, i s  Bessel ' s  f unc t i on  o f  order 1 and T, i s  g iven by P;,/ a ,  

w i t h  p:, the second roo t  o f  the d e r i v a t i v e  o f  the B e s s e l  ' s  f u n c t  i o n  

J : ( z ) ,  P ; ,  = 5.331, and a i s  the L I S A  wa l l  radius.  For a = 8.5 cm, we 

have then T, = 0.63 cm-'. 

The Ez component o f  the TM03 rnode i s  g iven by 

EZ = E o J 0 ( ~ , r )  cos k z , 
Z 

where T, i s  equal t o  Po,/a, w i t h  P o 3  being t h e  t h i r d  r o o t  o f  t h e  

Bessel 's f unc t i on  J o ( z ) ,  P O 3  = 8.'65. With a = 8.5 cm we haveT2 = 1.02 

cm- ', 
The value o f  kZ are  given by the equation 

where w i s  the angular frequency o f  the microwave and w i s  the elec- 
R F c e 

t ron  cyc lo t ron  frequency. 

L I S A  i s  a 1 inear m i r r o r  device which has a t o t a l  length  o f  

255cm and inner radius 8.5cm. The maximum magnetic f i e l d  i n  the uni form 

reg ion f o r  continuous operat ions i s  10.5 KG; however, i n  the m i r r o r  re- 

f iom t h i s  f i e l d  i s  13.0 KG. The uni form magnetic f i e l d  has an extension 

o f  100cm. A region o f  magnetíc d i p  was s e t  up disconnecting a c e r t a i n  

number o f  c o i l s ,  w i t h i n  the .or ig ina1 uni form region ( f i g .1 ) .  Two 'd i f -  

f e ren t  d i p  s izes have been cr.eated t o  study the e f f i c i e n c y  dur ing  the 

e lec t ron  cyc lo t ron  heating. This e f f i c i e n c y  i s  fo be re la ted  t o  the two 

resonant plasma volumes, namely: small and l a rge  resonant plasma vo l-  

umes. 

The gas used i s  Heliurn a t  the pressure o f  I O - ~  Torr  and the 

plasma i s  created by a microwave generator which produces a power o f  

800 W a t  a frequency o f  2.45 GHz. This power i s  i n j ec ted  through a rec- 

tangular  waveguide a t  the s i t e  where there  i s  a d i p  i n  t h e  m a g n e t i c  

f i e l d .  
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Fig.1 - LISA Machine. 
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do the d iagnost ics  we have used plane movable e l e c t r o s t a t  i c  

1 probes, magnetic probes, diamagnetic c o i l s ,  and f i n a l l y  

c troscopy. 
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4. EXPERIMENTAL RESULTS 

I I  Diamagnaic 
wl l  fRF = 2.45 GHz 

1 1  
TO 

VA&M 1.2.3.4 = windows for 
P O W  

PRF = 800 Watts VACUUM 

I n  t h i s  sec t ion  we descr ibe the  measurement w h i c h  has been 

c a r r i e d  ou t  i n  the LISA. The wave generated by the microwave enters i n  

the reg ion o f  the plasma o f  LISA and i s  converted i n t o  a hybr id  mode2. 

To be s p e c i f i c  t h i s  hyb r i d  mode resembles a mix ture  o f  two c y l i n d r i c a l  

modes, TEi2 and TMo3. This can be seen from the e l e c t r i c  f i e l d  p r o f i l e s  

( f igs .3a,  3b, 3c) and from the d ispers ion  r e l a t i o n  (eq. 3.7). 

F ig.  2 shows the spectrum o f  the  t yp i ca l  values o f  kZ and AZ 
as func t ions  o f  the magnetic f i e l d  f o r  the admissib le values o f  600 t o  

800 Gauss, f o r  the TMo3 mode. From t h i s  r e s u l t  one can see tha t  i t  i s  

possib le t o  have a propagation o f  the TMO3 mode wi t h  the wavelength com- 

p a t i b l e  w i t h  the dimensions o f  the resonant volume. 
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Fig.2 - Admissible wave number k and wave 
length.  Z 

The p r o f i l e s  o f  the measured e l e c t r i d  f i e l d  components E 
r, E0 

and Ez are  shown i n  f i g s .  3a, 3b and 3c, respect ive ly .  The p o s i t i v e  

radius re fe rs  t o  the azimuthal angle zero, 0 = 0, and t h e  n e g a t i v e  

radius r e f e r s  t o  0 =.rr. The microwave p o r t  i s  exact ly  a t  0 = p. These 

p r o f i l e s  can be i d e n t i f i e d  w i t h  the expression given by (2.8) t o  (2.10), 

tak ing  i n t o  account the resonance and mode conversion, as w i l l  be seen 

i n  the n e x t  s e c t i o n .  

4.1 - E lec t ron Temperature Prof  i i e s  

One o f  the aims o f  t h i s  work i s  t o  study the  e f f i c i e n c y  o f  the 

e lec t ron  cyc lo t ron  heat ing and resonant absorpt ion when the resonant 

volume s i z e  i s  changed. Figs 4a and 4b show the p ro f  i l e s  o f  the p a r a l l e l  

e l ec t ron  temperature, Te,, ,  f o r  the two d i f f e r e n t  resonant volume sizes,  

namely, the l a rge  and the small resonant volumes. 

One can n o t i c e  tha t  there  i s  a maximum e lec t ron  t e m p e r a t u r e  

a t  r = -3cm, This i s  the s ide  i n  which microwave power i s  1auchend.This 

temperature peak i s  due t o  both resonant absorpt ion and e lec t ron  cyclo-  

t r o n  resonance heating. 

The e l e c t r i c  p r o f i l e s  g i v e  us an informat ion about the leve1 

o f  absorpt ion and the k ind  o f  heating. The peaks which appear i n  the E 
r' 
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860 gauss 

890 gauss 

F i g . 3 a , 3 b , 3 c -  E o a n d E Z p r o -  
f e  r e s e t i v e  v e r s  r a d i u s  
f o r  d i f f e r e n t  va lues o f  m a g n e t i c  
f i e l d .  
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Fig.4 - Temperature p r o f i l e s  
small resonant volumes. 

f o r  l a r g e  

E and E f i e l d s  can be explained as fo l lows:  when the m i c r o w a v e  i s  8 
launched, i t  i s  predominantly an ord inary  mode, t ha t  i s ,  the e l e c t r i c  

f i e l d  i s  p a r a l l e l  t o  the  magnetic f i e l d .  This i s  checked launching the 

microwave i n t o  the LISA chamber w i thout  plasma and m e a s u r i n g  the com- 

ponents o f  the e l e c t r i c  f i e l d .  Now, the wave i s  launched a t  an angle o f  

incidente 8 between O and 90°, such tha t  about 70% o f  the power i s  car-  

r i e d  by the ord inary  mode. The remainder power i s  ca r r i ed  by the ex- 

t raord inary  mode. When the  ord inary  wave reaches the  p o i n t  r = 3cm, i t  

a r r i v e s  a t  the tu rn ing  po in t ,  wRF = w , and i s  r e f l e c t e d . l n  t h i s  turn-  
Pe 

ing p o i n t  however, there  i s  a l i n e a r  mode conversion because, even i f  

the wave i s  re f l ec ted ,  some energy undergoes tunne l ing  and a Langmuir 

wave i s  exc i ted7.  Nevertheless, a t  t h i s  t u r n i n g  p o i n t ,  w ~ ~ / w ~ ~  i s  

s l i g h t l y  la rger  than one so tha t  the ex t raord inary  wave i s  not  re f lec ted.  

Thus, f o r  Jrl < 3cm we have a peak i n  the e l e c t r i c  f i e l d  E8 (see fig.36). 

F i n a l l y ,  when the ex t raord inary  wave reaches the upper hybr id  resonance 

layer  (x=l -y) , wi t h  r = wie/u& and y = uSe/uiF, we have a l inear mode 

conversion i n t o  a Bernstein mode (see f i g .  3c) and the  dominant absorp- 

t i o n  i s  v i a  Landau damping. 
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At the rad ia l  po in t  r = 3.0 cm, the dominant absorpt ion pro- 

cesses responsible f o r  the temperature peak T a t  r = -j .Ocm,arebasi- 
e' 

c a l l y  resonant absorpt ion and e lec t ron  cyc lo t ron  absorpt ion.  

The absorpt ion power per u n i t  area i s  g iven by 

The resonant absorpt ion con t r i bu t i on  i s  v i a  E* and the e lec t ron  cyclo-  
r 

t r on  absorpt ion i s  v i a  E:. I f  one takes the experimental values o f  Er 

and Ee ( f  igs.  3a and 3b) one comes ou t  wi t h  the r a t i o  

where c and r r e f e r  respect ive ly  t o  the cyc lo t ron  and resonant processes. 

This r e s u l t  indicates tha t  the dominant process i s  resonant absorpt ion.  

The reason why the resonant absorpt ion i s  dominant might be tha t  the 

width o f  the resonant layer  L - 1.0 cm i s  l a rge r  than t h a t  due t o  the 

cyc lo t ron  resonant zone AR - 0.14 cm, as fo l lows from the ca l cu la t i on .  

The resonant zone i s  g iven bye 

where R i s  the inner plasma radius,  k i s  the wave vector, and v i s 

the e lec t ron  thermal ve loc i t y .  
the 

There are  severa1 d i f f e r e n t  types o f  mechanisms which can in-  

crease the absorpt ion i n  the resonant zone suchas inverseBremsstrahlung, 

Landau damping, and p a r t i c l e  c o l l i s i o n .  However, i t  i s  important t o  re-  

mark tha t  the resbnant power absorpt ion i s  independent o f  the c o l l i s i o n  

frequency7. The power absorbed per uni  t area i s  w r i  t t e n  as f o l  lows 

where v = 1 v i = 1,2,3 and the indices r e f e r  t o  Landau damp i ng , 
e f f  i i' 

inverse Bremsstrahlung, and c o l l i s i o n s .  However, a t  the resonant po in t ,  

r, ,  the e l e c t r i c  f i e l d  i s  g iven by 
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s i n  B B  (ro) 
Z R = 

r-11 - -  vef  f 0 i- 
L W R F 

where, i n  the case under considerat ion,  r,, 2 -3.0 cm and - 1.0cm. In- 

troducing the expression (4.4) i n t o  eq. (4.3) and tak ing  the l i m i t  

we ob ta in  

which i s  independent o f  the e f f e c t i v e  c o l l i s i o n  frequency Ve f f .  Thus , 
the c o l l i s i o n  frequency drops ou t  o f  the expression f o r  the power ab- 

sorbed by the plasma. 

4.2 - Heating E f f i c i ency  as a Function o f  the Resonant Volume 

From f i g s .  4a and 4b we can ob ta in  the temperature peakfor  two 

cases w i t h  d i f f e r e n t  resonant volumes: 47 eV and 37 eV respective1y;the 

f i r s t  f o r  l a rge  volume s i z e  and the second f o r  small one. 

The average temperature f o r  these two cases are  o f  the order o f  

40 eV and 30 eV respect ive ly .  I f  we consider t h a t  the t o t a l  microwave 

power input  f o r  both cases i s  t he  same, i t  can be seen t h a t  the la rger  

resonant volume i s  more e f f  i c i e n t  t o  absorb energy. However , before 

t h i s  conclusion can be reached, we have t o  check the energy loss rates 

fo r  both cases. Let  us then consider the energy balance equation 

where a and L are  the heat ing r a t e  and the energy c o n f i n e m e n t  time, 
3' i 

respect ive ly ,  and j = 1,2 indicates the la rge and smal 1 resonant volume 

cases. I n  a steady s t a t e  s i t u a t i o n  we have 
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The heat ing r a t e  has been ca lcu la ted by Barter  e t  aZ.  who 

qudte 

where B i s  the resonant magnetic f i e l d .  For our experiment, B ,  = 875 
o 

Gauss and ne = 7.10" ~ m - ~ .  The resonant volumes a re  AL, and AL, re-  

spect ive ly .  A i s  the lengths o f  the resonant regions. We have L,  = 60cm 

and L ,  = 40cm. Therefore, we can w r i t e  

Since we have L, > L,, we conclude tha t  a ,  > a,. 

The energy confinement times - r l  and .r2 have been ca lcu la ted 

using a 3D p a r t i c l e  s imula t ion  code, w i t h  5000 p a r t i c l e s  in themagnet ic  

f i e l d  g iven by the measured values, developed by Raposo e t  a2. l ' .  For 

both cases we have the confinement times o f  the same order o f  magnitude, 

-rl = 122 ys and -r2 = 128 11s. 

I n  conclusion, s ince we have from our experiment t h e  values 

> T and f rom theory the values -r, f 2 ,  we have c o n f  i rmed ex -  
Tel e 2 >  

per imental ly  the r e l a t i o n  obtained by Barter  e t  aZ.9 t h a t  i s ,  the 

heat ing r a t e  i s  a f unc t i on  o f  the resonant volume s ize .  

4.3 - Plasma Potent ia l  Drops due t o  E lec t ron Cyclotron Heating and res- 

onant Absorption 

I t  i s  known tha t  the plasma po ten t i a l  V decreases a t  the res- 
P 

3," 95  onant zone when the plasma i s  heated by e lec t ron  cyc lo t ron  resonance . 
This f a c t  i s  explained as a consequence o f  the increase o f  the 

r a t  i o  between the perpendicular and para1 1 e l  temperature a t  the  e1 ec- 

t r on  cyc lo t ron  resonance zone, and by e f f e c t i v e  m i r r o r  s t a t e 3.  F ig.  5 

shows the  plasma po ten t i a l  p r o f i l e  f o r  both cases o f  resonance volume 

sizes.  In  both cases we observe a po ten t i a l  drop a t  t h e  r e g  i o n  n e a r  

r = 3.0 cm. The E component i s  the responsible f o r  the increase o f  the 
8 

perpendicular e lec t ron  temperature by cyc lo t ron  resonance, and EF f o r  

the resonant absorpt ion.  Otherwise the dependence o f  the plasma poten- 
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F ig .5  - Plasma p o t e n t i a l  
p r o f  i l e  versus r a d i u s  f o r  
l a r g e  ( s o l  i d  1  i n e )  and 
smal l (dashed 1 i n e )  res-  
onance volume. 

t i a 1  on t h e  e f f e c t i v e  c o l l i s i o n  f requency i s  g i v e n  by 

I f  we cons ider  V a  Coulomb p o t e n t i a l  we can w r i t e  
P 

and 

we concl  ude t h a t  

We can i n t e r p r e t  the  above r e s u l t  as f o l l o w s i  we h a v e a  temperaturepeak 

( f i g s .  4a and 4b) ,  t h a t  i s :  t h e  e l e c t r o n s  which a r e  i n  t h e s e  r e g  i o n s  

s u f f e r  l e s s  c o l l i s i o n  than t h e  o t h e r s .  Thus, we can conclude t h a t  t h e  

a b s o r p t i o n  i s  v i a  t h e  resonant mode convers ion  due t o  t h s  E f i e l d  and 
r 

due t o  ECRH v i a  Ee, r a t h e r  than c o l l i s i o n a l  absorp t ion .  Thus, we have 

shown t h a t  t h e  plasma p o t e n t i a l  drops even i f  we have b o t h  t h e  e l e c t r o n  
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cyc lo t ron  heat ing and resonant absorpt ion.  

5. CONCLUSIONS 

I t  has been exper imental ly  shown t h a t  when a  microwave i s  in-  

jec ted i n t o  the LISA machine, a  hybr id  g lobal  mode which i s  a  mix ture  

o f  the modes TE,, and TMO3 i s  exci ted.  This g lobal  mode heatstheplasma 

v i a  the resonant mode conversion and v i a  e lec t ron  c y c l o t r o n  resonant 

heating. To descr ibe a n a l y t i c a l l y  the f i e l d s  o f  t h l s  hybr id  mode an 

e l e c t r o s t a t i c  approximation has been used which i s  v a l i d  i f  i t s  phase 

ve loc i  t y  i s  smal l e r  than the speed o f  1 i gh t .  

I t  has been shown a lso  tha t ,  i n  add i t i on  t o  the resonant ab- 

sorpt ion,  the heat ing r a t e  due t o  the e lec t ron  cyc lo t ron  resonance i s  a  

f unc t i on  o f  the resonant volume, conf i rming Ba r te r ' s  asser t ion .  F ina l ly ,  

we have shown tha t  even i f  we have both resonant absorpt ion and elec-  

t r on  cyc lo t ron  resonance heating, the plasma po ten t i a l  drops a t  the 

resonant zone. 

This work was supported by FINEP, CNPq, CAPES o f  Brasil.We are  

thankful  t o  Prof .  A.S. Assis, D r .  A. Hasegawa and D r .  M.E. Oakes foruse- 
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Resumo 

Foi observado experimentalmente na máquina l i n e a r  do t i p o  es- 
pelho magnético LISA, da Universidade Federal Fluminense, o modo global  
h í b r i d o  que f o i  exci tado pela in jeção de micro-ondas com uma potência de 
800 W e f k ~  = 2.45 GHz. 0s dados obt idos  sobre os campos e l é t r i c o s  .e 
magnéticos desta onda, bem como os p e r f i s  de densidade e temperatura fo- 
ram analisados. Estes dados mostram uma c l a r a  ex is tênc ia  de uma absorç?o 
c i c l o t r ô n i c a  pelos e lé t rons .  Além d i s to ,  é claramente v i s í v e l  nos gra- 
f icos obt idos,  a queda do potenc ia l  do plasma devido a esta absorçao. 
Foi também observado o modo de conversão ressonante da micro-onda para 
a onda de Langmuir. 


