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the Presence  of Fusion 
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A b s t r a c t .  The propagation of the ion hybrid wave in a deuterium- 
tritium plasma and in the presence of a small population of fusion alpha- 
particles is analysed. A non-thermal distribution of alpha-particles is 
considered which is relevant to their distribution before they have slowed 
down. Non-thermal distributions are also relevant to large excursion or- 
bit alpha-particles which give rise to ion cyclotron emission in the edge 
region of a tokamak. Numerical solutions of the full electromagnetic dis- 
persion relation are presented which includes ion cyclotron damping of 
the deuterium and tritium ions, Landau and transit time damping of the 
electrons and the cyclotron resonance interaction of the alpha-particles. 
An analytic dispersion relation is used to identify the most unstable con- 
ditions. Unstable solutions for the ion hybrid wave are given for sub- 
Atfv~nic alpha-particles. 

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

In this paper  we use a simple model distr ibution function for the  alpha- 
particles to investigate the stabil i ty of the ion hybrid wave in a deuter ium- 
t r i t ium plasma.  The question of the stabil i ty of the ion hybrid wave (a m e m b e r  
of the family of Bernstein waves) is relevant to the alpha-channell ing proposa l?  
It  is also relevant to the ion cyclotron emission 2 from fusion products  observed 
in J E T  and T F T R .  

T H E  D I S P E R S I O N  R E L A T I O N  

We consider an infinite, uniform plasma with deuter ium and t r i t ium present  
in comparable  proportions.  The deuterons, tritons, and electrons are all as- 
sumed to have Maxwellian distributions. We also assume a small populat ion of 
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fusion alpha-particles with a density much less than the thermal constituents, 
no~lno~ << 1. 

The alpha-particle distribution is assumed to be 

fo~ = (27ra/2VioVTll~) -a exp{--(Vl{ -- vd)2/v~.ll,~}6(v• -- V• (1) 

For the alpha-channelling application it is more appropriate to take Vd = 0 
and VTll,~<v• whereas for the ion cylotron emission from the edge region a 
finite Vd is taken 2. The dielectric tensor elements appropriate to Eq (1) for the 
alpha-particles are given in ref (2). For the analysis, we neglect the effect of the 
parallel electric field and reduce the dispersion relation to the usual two by two 
determinant. Numerical solutions of the full three by three electromagnetic 
dispersion relation will be given later. We therefore start from the standard 
expression 

2 
gxy 

n l  ~ ~ - ~ + ( ~  _ n~) (2) 

where the dielectric tensor elements ~ ,  ~uu and ~y have contributions from 
deuterons, tritons, electrons and alpha-paricles. Since we shall be interested 
in the case of approximately equal concentrations of deuterium and tritium 
we begin by treating the deuterons and tritons as cold. The thermal effects of 
these ions will be included in the numerical solutions. Following the approach 
used in ref 2 we write the dispersion relation in the form 

1) 
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.+03;2 ~2 J? -~ Z~J 1 -- 2~lZaJiJ; ( j? 
/.dpl (0.~2 : n 2 )  Z2(1 + p2/PX) ~-Ul~ \ z  2 --k J; 2 (3) 

The above equation is for any two thermal ion species. In the examples 
to be considered in this paper we shall be concerned with deuter ium and 
tr i t ium which are represented by the subscripts 1 and 2 respectively. The 
dispersion equation shows explicitly the coupling of the ion hybrid wave with 
the compressional Alfv~n wave which is supported by both thermal ion species. 
We shall only be concerned with the properties of the ion hybrid wave. In Eq 
(3) Pl,2 denote the mass densities of the two ion species. The Alfv@n speed is 
given by c~ = B2o/tto(pl +P2), Nil = CAkll/W, N• = cAk•  and _k = (k• O, kll ). 
The contribution of the alpha-particles to the dispersion relation has been put 
on the right-hand-side in anticipation of their t reatment  as a perturbation to 
the properties of the ion hybrid wave. J1 is the Bessel function of the first kind 
of order one whose argument is z4 = k_t.vj_o/f~,~ and J~ is the derivative with 
respect to its argument. The argument of the plasma dispersion function 
Z(~I~) is ~1~, = (w - 9t,~ - kllVd)/kllVTii4. The quantities P, Q and R are 
P = (2/z4)(1 _ z4)J1ja,2 ' Q = J ~  + (1/z~ - 1)J12 and R = (2/z~)JxJ~.  

The stability of the ion hybrid wave is determined by the sign of the imagi- 
nary terms on the right-hand-side of Eq (3). Evidently, the dominant  destabi- 
lizing terms are N~.R and N~_J~/z]. The first term can be destabilizing for an 
isotropic distribution of alpha-particles whereas the second term only arises 
when the distribution is anisotropic. Both terms require a significant num- 
ber of resonant alpha-particles implying [ (14 I< 2 (approximately) but the 
anisotropic term also requires (14 < 0. A choice meeting all these conditions 
is ~1~ -~ - 1  and z4 = 3. The choice of z4 = 3 ensures R < 0 since J~ < 0 for 
this value of the argument. 

A numerical solution of the full electromagnetic dispersion relation has 
been obtained for a deuterium-tri t ium plasma with a 1% concentration of 
alpha-particles and equal concentrations of deuterium and tr i t ium. The per- 
pendicular energy of the alpha-particles was taken to be 2.86 MeV and the 
parallel temperature TII4 = 2.61 MeV. The wave numbers k• = 0.1 cm -1, kll 
= 0.005 cm -1 were chosen to satisfy z4 = 3 and (14 = 1 for Vd = 0. The 
parameters of the thermal plasma were Bo = 3.62 T, n, = 1.5 • 1013 cm -3, 
T, = 1 keV and To = TT = 3.5 keV. Figure 1 shows the real part of the ion 
hybrid wave frequency and Fig 2 the imaginary part. The curves labelled 1 - 
6 correspond to kll (cm -1) values of 0.005, 0.01, 0.015, 0.02, 0.025 and 0.03. It 
can be seen that  curves 1-3 correspond to instability and that  the lowest value 
of kll has other bands of instability. 
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A simple model distribution for fusion alpha-particles relevant either to 
the immediate post-birth phase or to the edge region of a tokamak has been 
shown to give rise to unstable ion hybrid waves even when the alpha-particles 
are sub-Alfvdnic. The numerical solution included all the relevant electron and 
thermal ion damping mechanisms. Future work will extend the calculations 
to a wider range of parameters and examine the conditions for the electrons 
or thermal ions to determine the threshold for instability. 
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Figure  1 Real (la) and Imaginary (lb) parts of the frequency of the ion 
hybrid wave as a function of k.t. (cm -1) obtained from the solution of the 
full electromagnetic dispersion relation for a D/T plasma with no  = nT 
and n~,/n, = 0.01 for TFTR. The alpha-particle parameters are Tx~ = 
1.5 M e V ,  TII~, = 2MeV,  13o = 3.62 T , n ,  = 1.5 x 1013 cm -a, T, = 1 keV  
and TD = TT- = 3.5 keV.  The numbers 1 through 6 denote kll/2~r = 
0.005, 0.01, 0.015, 0.02, 0.025 and 0.03 respectively in cm -1. 
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