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3plasma Fusion Center, MIT, Cambridge, MA02139, USA 

Abs t rac t .  The fast wave approximation, extended to include the effects 
of electron dissipation, is used to calculate the power mode converted to 
the ion hybrid (Bernstein) wave in the vicinity of the ion hybrid resonance. 
The power absorbed from the fast wave by ion cyclotron damping and 
by electron Landau and transit time damping (including cross terms) is 
also calculated. The fast wave equation is solved for either the Budden 
configuration of a cut-off-resonance pair or the triplet configuration of cut- 
off-resonance-cut-off. The fraction mode converted is compared for the 
triplet case and the Budden multi-pass situation. The electron damping 
rate of the ion hybrid wave is obtained from the local dispersion relation 
and a ray tracing code is used to calculate the damping of the mode 
converted ion hybrid wave by the electrons as it propagates away from 
the resonance. Quantitative results for a range of conditions relevant to 
JET, TFTR and ITER are given. 

I N T R O D U C T I O N  

There  is a strong incentive to make use of the fast wave in the ion cyclotron 
range of frequencies to provide a seed for the boots t rap current and to modify 
the current profile. The fast wave has good accessibility properties without  any 
density limit. However, under present tokamak conditions its coupling to the 
electrons is weak. A method of achieving efficient coupling of fast wave power 
to the electrons has recently been described by Majeski, Phillips and Wilson a 
who observed strong electron heating in the vicinity of the two ion hybr id  
resonance. The mechanism believed to be responsible for these observations is 
mode conversion of the fast wave to the ion hybrid wave, Majeski et al 1 drew 
at tention to the fact that the fast wave cut-off, in the edge region on the high 
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field side, moves towards the hybrid resonance as kll increases, and suggested 
that the cut-off-resonance-cut-off triplet could lead to an enhancement of the 
mode conversion over the Budden value 2'3. The triplet problem was recently 
solved in refs 4 and 5. 

In a plasma in which the two ion species are present in comparable pro- 
portions the two ion hybrid resonance is well separated from both cyclotron 
resonances. As a result, in the vicinity of the ion hybrid resonance, the ion 
hybrid wave is damped only by the electrons. Furthermore, the electron damp- 
ing of the ion hybrid wave is much stronger than the electron damping of the 
fast wave. An approximate expression for the damping rate of the ion hy- 
brid wave is obtained and results from a ray tracing code quantify electron 
damping of the ion hybrid wave as it propagates away from the ion hybrid 
resonance. Mode conversion in the presence of both ion and electron damping 
is then calculated. This allows the power lost by the fast wave before it reaches 
the ion hybrid resonance to be obtained. Results are given for JET discharge 
conditions. 

T H E  P R O P A G A T I O N  A N D  D A M P I N G  OF T H E  
I O N  H Y B R I D  W A V E  

For the purposes of simplicity, only the specific case of a deuterium-tritium 
plasma will be considered. The two ion species are assumed to have equal con- 
centrations and the same temperature. In addition, the small Larmor radius 
approximation is made for both ion species and only the imaginary parts of 
the off-diagonal elements of the dielectric tensor which contribute to the n = 0 
electron resonance are included. The dispersion relation is given by 

(ufl-c~kl) w2-f~'2/-  T II +~6"d~lw- ' - -~ )  (11 

~2 v~.,. r - , -  r --eL 
= i-6 a  - - a , , -  T ii + ~ 5 "~176176 

C2A = B~/~o(pl + P2) is the Alfv~n speed where pl,2 are the mass densities 
of the two ion species. Nit = cAkll/w, ~o, = ~o/kllvT~ and ftll is the ion hybrid 
frequency, all other symbols having their usual meanings. Equation (1) is valid 
for Nil << 1. A solution for the ion hybrid wave which is far from the resonance 
condition with the Alfv~n wave is obtained by assuming kz = kxo + 6kx 
where k• is a solution of Eq (1) with the electron term on the right-hand-side 
neglected. The required solution is 

5k• ~- irl/2 1 no, T, kioGee_r (2) 
15 (N~. o - 1) 2 nod To 
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where N• = CAk• The negative sign of 6k• is due to the backward wave 
nature of the ion hybrid wave. 

In order to quantify the strength of the damping of the ion hybrid wave 
as it propagates away from the conversion region a ray tracing code has been 
used. For parameters relevant to a JET discharge this shows that the value 
of kll first downshifts to zero and then evolves to larger negative values until 
I ~o~ I "~ 1 when the wave damps completely, as shown in Fig 1. 

M O D E  C O N V E R S I O N  I N  T H E  P R E S E N C E  OF I O N  
A N D  E L E C T R O N  D A M P I N G  

In order to give a realistic estimate for the power mode converted, the 
energy lost by the fast wave due to ion cyclotron and direct electron damping 
before it reaches the hybrid resonance must be calculated. This is done with 
the aid of a generalization of the second order fast wave equation which includes 
not only fundamental and second harmonic ion cylotron damping of both ion 
species but all electron dissipation effects. 5 

Integration results for a JET case are shown in Fig 2 for a D(3He) plasma in 
which the helium-3 is present at a 25% concentration and the electron density is 
taken as 4x 1019m -3. The other parameters are given in the figure caption. The 
transmission, reflection and dissipation coefficients are shown as a function of 
kll for low field incidence. The curves illustrate the transition from a Budden to 
a triplet configuration which occurs at kll ~ 5.5m -1. The dissipation coefficient 
is the sum of all loss mechanisms for the fast wave including mode conversion 
given by the integral over the hybrid resonance. By integrating ImQ I Ey 12 
just across the hybrid resonance, it is found that most of the fast wave loss is 
due to conversion. 

C O N C L U S I O N S  

The generalized fast wave equation has been used to show that up to eighty 
per cent of the fast wave power can be mode converted to the ion hybrid wave 
under existing conditions in JET and TFTR. However, for higher density plas- 
mas, appropriate to the projected ITER conditions, with an electron temper- 
ature T~ = 30 keV, the fast wave is evidently damped directly by the electrons 
and ions before reaching the hybrid resonance and there is Mmost no mode 
converted power. 
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F I G U R E  1 Ray tracing cMcula- 
tion of the change of the modulus 
of the total electric field ] E J, of 
the ion hybrid wave, as a function 
of time along the ray path. 
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I j 
F I G U R E  2 Total absorption (A) 
and mode conversion (C) fractions 
as a function of kll(m-1 ) for a 
D(3He) JET plasma ne = 4 • 

1019m -3, Bo = 3.45 T, Te = 8 keV, 
TD = T3H~ = 5 keV and a helium- 
3 concentration of 25%. 
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