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3. Much of research was devoted to explaining the high performance efficiency of helicon 

plasma sources as being due to the linear coupling between long-wavelength electromagnetic 

modes (helicons) and the short-wavelength quasi-electrostatic waves (TG-modes) near the 

plasma surface [3-6]. The volume linear coupling between these modes is also possible [3], 

but for long-wavelength oscillations, 3~akr  ( a  is the plasma radius, rk  is the radial 

wavenumber) it is ineffective [3]. For 3>>akr  at crr ≈ , where 2
||N = 222

|| ωck = ( )cr3
4ε , 

( )r
3

ε = ( ) 22
cp r ωω  and where with crr =  the radial wave number rk  of the helicon and the 

TG-mode coincide, the complete conversion is possible [3]. The present report considers the 

excitation, propagation, conversion and absorption of such coupled modes in a nonuniform 

plasma cylinder for 3>>akr . It is shown that the contribution of the surface conversion 

into the absorption may happen to be small, if  electron density at the edge of plasma is 

small. If the electron velocity oscillations in the electric field of such coupled oscillations 

exceeds the ion sound velocity, then the kinetic ion-sound parametric instability can be 

responsible for electron heating, discharge sustainment and absorption of these modes [7]. 

Similar instabilities have been discovered recently in experiment [8,9]. 

2. Consider the wave excitation by an external current located on the surface of radius 

arA >  outside the plasma cylinder with the electron density ( )rn0  immersed in the axial 

magnetic field 0B , the current density being 

( ) =zr ,,ϕj ( ){ zzjj ee +ϕϕRe ( )[ ]tzkmi ωϕ −+⋅ ||exp  ( )}Arr −δ , where ( ) 0|| =+ zA jkjrm ϕ . 

We seek the solution to Maxwell�s equations in the form ( ) ( ){ } ( )[ ]tzkmirr ωϕ −+ ||exp,BE . 

The conditions 2
pω >> 2

cω >> 2ω >> 2
LHω = ( )iec mm2ω  is assumed to be satisfied, the angle 

between k  and 0B  is close to 2π , kk ||cos =θ <<3. Than we obtain from the dispersion 

equation that 22
±= kkr >> ( )2

am , where 
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2

3

2
||3

2
||3

2
||3
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22 , (3) 

where ( ) crk pc ω= , enei ννν += <<ω . This yields under the condition  32
3

2
|| >>εN  the 

wellknown expressions for a TG-mode and a helicon: 
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||3
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||3
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In this case, −+ >> kk , the damping rkIm=κ  of the TG-mode is much larger than the 

helicon damping. At the plasma edge the condition 2
pω >> 2

cω  can be violated, in this case 

the quantity 2
+k  from (2) should be multiplied by ( ) 322

3
−

+ pc ωω . At the conversion point  

 ( ) ( )( )ωνiarrkk cccr 223
22 −−±= , ( crr ≈ ) (3) 

where ( ) ( )
crrc drrdnna == |33 00 . Hence it is clear that for crr < , 0<ca  and small ων  

the waves are damped according to the exponential law oscillating with the wave vector ck . 

 To the damping due to the friction force and determined by the formula (3), one must 

add the damping due to the transverse electron viscosity (gyrorelaxation effect due to 

electrons), which contributes to the component of the dielectric permittivity 

22322 δεεε i+= , where ( )( ) ( )23222
22 522 cpTeei vk ωωωνδε += . In this case in the formula 

(3) an term 22
22 2 pωωδε  must be added to the quantity ( ) ( )3

3

2
|| −⋅ εων N , and an term 

( )⋅22
22 2 pωωδε  ( )3

3

2
|| −⋅ εN  must be added to the quantity ( )ων2 . The contribution of the 

electron viscosity may be important only to the helicon damping at 
3

2
|| ε>>N  for 

( )θωωβ cos~ c . In this case in the formula (2) the term ( ) ( ) ( )522 βων ⋅⋅+ ei , where 

=β 2
004 BTn eπ , must be added to the quantity ( ) ( )ωνε ⋅2

||3
2 N . 

 Expression (3) can be used for 3>>akr  for the WKB-solution of Maxwell�s 

equations. This approximation is valid when ( ) 3
23

>>−⋅ arrk cc . For crr ≈ >> ck3  the 

solution can be expressed through Airy�s function ([cf. [30]) ( )[ ]cc rrkiCE −±= ± expϕ  

( )tAi , where ( )( )rrakt cc −−= 3 2
3 . These expressions present for ( ) 3>>− t  incident wave 

helicon (or TG mode) traveling to the cylinder axis with 
B

B kkr =  and converted TG-mode 

(or helicon) with ±= kkr B  also traveling to (or off) the cylinder axis with the phase 

velocity ±kω  and with the group velocity directed off the cylinder axis, and having the 

amplitude that is equal to that of the incident wave with damping neglected. This solution is 

asymptotically linked to the WKB-solution obtained.  

 Behavior of the amplitudes of WKB solutions versus radius due to their dependency 

from density and cumulative effect can be obtained taking into account that average value of  
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radial flux of RF power is constant, if damping is small.  

3. Consider the results of the numerical solution of Maxwell�s equations with 

( ) ( )[ ]22
0 3 arnrn α−= , eT =4 eV, a =50 cm, 0B =300 G, 0=m , 33.0|| =k  cm

-3
, 

πω 2 =28.66 ぜHz, Ar =52.5 cm, cmAj 300=ϕ , operating gas being argon. 

Fig. 3 depicts the radial profiles of the real parts of amplitudes for the plasma with the high  

neutral gas pressure ( ≈enν 2·30
7
 s

-3 
> eiν ),  whereas Fig. 2 shows the radial profile of the 

absorbed RF power density. The dependence of imaginary parts of amplitudes is similar to 

their real parts.  In this case the collisions with neutral particles play an important role. A 

small-scale TG-mode is excited at the plasma edge with rk  from Eq. (2). Decreasing of zrE ,  

for this mode is linked with increasing of ( )rn0  and with 

their collisional damping. The oscillations of ϕE  and rB  

are very small and are not visible in Fig. 3, the 

amplitudes  zB ,ϕ  are small too (~3÷2 G). A large-scale 

helicon is also excited at the edge and the wave propaga-

tes to the plasma centre. Its wavelength decreases. In the 

region ≈cr 25 cm the helicon is conversed into the TG-

mode. The helicon is damped at the edge weakly. The 

values zrE ,  and zB ,ϕ  increase with decreasing of  r  due 

to increasing of ( ) rrn0 , and the values  ϕE  and zB  are 

proportional to ( )( ) 23

0
−

⋅ rrn . In the region 2
||3

~ Nε  and crr ~  for crr <  all amplitudes 

decrease exponentially. The power is mainly absorbed in the vicinity of the conversion point. 

 Under small pressure of the operating gas, p < 30
-5

 Torr, we have enei νν >>  (see 
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Fig. 3.RF field radial profile ( ( )0n =3.4·30
32

 cm
-3

, ( )an =2·30
30

 cm
-3

, p ~30mTorr). 
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Fig. 2. RF power absorption 

radial profile. The calculation 

parameters are identical with 

those in Fig. 3. 
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Figs. 3,4). Behavior of the amplitudes versus radius is similar to one depicted in Fig. 3 The 

region of localization of the surface TG-mode expands. 

However, the fraction of the surface conversion is less 

than 30% of the absorbed power. The main fraction of 

the absorbed RF power is concentrated in the region 

crr ~ .  

 On decreasing ( )rn0 , the point cr  shifts to the 

values for 36 cm ( ) 332
302.30 −⋅= cmn . The amplitudes 

do not practically depend on radius outside the edge. 

With further decrease of the density, the conversion 

point disappears. But if the value ( )0n  is close to the 

critical one, the increase of zrE ,,ϕ  and zrB ,,ϕ  with r  

decreasing due to cumulative effect becomes important.  

 The authors are thankful to S.V.Kasilov, V.I. Lapshin and V.D. Yegorenkov for 

a discussion and a help in  the work. 
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Fig. 3. RF field radial profile under small pressure of the operating gas, p <30

-5
 Torr. 

The rest of the calculation parameters are the same as in Fig. 3. 
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Fig. 4. Radial profile of the

absorbed RF power ( p < 30
-5

Torr). The calculation parameters

are identical to those in Fig. 3. 
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