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ABSTRACT

Fast a -particle losses in JET D-T discharges are studied in the context of neoclassical transport and
anomalous losses of super-Alfvénic a-particles in the presence of unstable TAE's. It is found that in the
Fokker-Planck treatment large orbit width effects need to be taken into account which leads to broader
ng profiles. In high performance JET discharges with np= nT, typically, n = 3 TAE can be driven
unstable. Such instabilities cause prompt a-losses scaling linearly with the TAE amplitude. Above the
stochasticity threshold, which is fairly high in this case, anomalous ¢t -particle diffusion sets in.

1. INTRODUCTION

The physics of o-particles in tokamaks is of particular interest and importance now
that research into controlled fusion has reached thermonuclear parameters and D-T
fuel has been used in JET and TFTR. One key issue for burning plasmas is transport.
The magnitude of slow a.-particle transport will determine the "Helium ash" content
and therefore the dilution of the plasma. The level of fast a-particle transport, which
is considered in this paper, will determine both the radial dependence of the source
of Helium ash and the plasma heating profile. Studies of a -particle transport and
losses feature in the TFTR D-T campaign [1] and are likely to feature in further D-T
experiments in JET. In this paper we consider, for typical JET conditions, firstly fast
a-particle neo-classical transport allowing for large drift orbit effects. Secondly,
anomalous losses of super-Alfvénic a-particles in the presence of unstable TAE-
modes are studied. The relevance of TAE-excitation in actual JET discharges can be
verified experimentally by the Alfvén Eigenmode Active Diagnostic experiments in
JET [2]. However, the problem whether unstable TAE's can cause significant
anomalous losses of a.-particles is of principal interest in itself. For this purpose we
suppose some TAE's to be driven unstable and analyse the @-particle behaviour in
the presence of finite-amplitude TAE's.

2. NEO-CLASSICAL ALPHA-PARTICLE TRANSPORT

The a-particle distribution f is calculated as a function of position, speed and pitch-
angle using the FPP code [3]. The code solves the 3D trajectory-averaged Fokker-
Planck equation [4] with terms for the o -particle source and the full collision
operator including the neo-classical transport terms. The code has been tested by
comparison with standard expressions for neo-classical ion fluxes, bootstrap current
and toroidal conductivity, but is not restricted to large aspect ratios nor to
distributions close to Maxwellian, unlike most neo-classical treatments. The collision
operator can be integrated either over the full a-particle trajectories or over flux
surfaces allowing an assessment of the importance of finite drift effects. Collisions
are with background electron, deuterium and tritium Maxwellians. The a-particle
source is isotropic in pitch-angle and monoenergetic (at 3.5MeV) with magnitude
and profile determined by the background deuterium and tritium density and
temperature profiles. Here we restrict the source to thermal-thermal fusion and
neglect orbit losses. Also, the results here are steady-state, though a time-dependent
simulation is used for the TFTR comparison and may be necessary for similar JET
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comparisons. Parameters typical of JET were used for the simulations : R=3m;

a=1.07m; k=1.5; I =1, 3 and 5 MA; B,=3T; n (0)=(0.9(1-1%¥a2) 12 +0.1) 5x10°m3;
np=n=0.4n,. Te(r)=(0.95(1-r2/a2)+0.85) x 10 keV; Tp=T=2T,; j(r)~(1-(1/a)??
(which gives q,~1 for I_=3MA). Figure 1 shows the predicted proffles of a-particle

density and plasma heagng by the a-particles (which is largely electron heating) for

I,=1 and 3 MA.

On each graph the results of calculations with both flux surface- and trajectory -
averaging are shown. As expected, the a-particle density rises with increasing I as
the neo-classical transport drops. Also, the differences between surface- and
trajectory-averaging reduce as I rises since the orbit widths drop. The trajectory-
averaging gives a broader nq(r) 3emonstrating the importance of including all large
orbit width effects in the calculation. In the cases considered the transport time was
long compared with the collision time and the ¢ -particles had almost thermalised
(energies ~102 keV) by the time they left the plasma edge. Consequently the heating
profile if orbit excursions are neglected is close to that deduced from the a-particle
source (Figures 1(b) and 1(d)), though the orbit excursions significantly broaden the
profile. These trends were confirmed by calculations for I =5MA (not illustrated).

Figure 2 shows, for the trajectory-averaged I =3MA case, velocity space contours of
fo at the inside and outside of the flux surface with r=~a/2. There is significant
anisotropy in pitch-angle, unlike in standard slowing down approximations for f,
showing that such approximations are inadequate for comparisons with a-particle
measurements and that a fuller treatment as described here is required.

3. ALFVEN EIGENMODE SPECTRA AND PARTICLE LOSSES

In order to analyse the super-Alfvénic ¢ -particle losses due to TAE's, the most
unstable TAE's need to be identified. For typical JET parameters we calculate TAE-
spectra, mode structure and continuum damping effect using the toroidal linear
spectral code CASTOR [5]. For the analysis of driving and various damping
mechanisms (ion Landau [6], trapped electron collisional [7,8] and radiative [9]
dampings) a hybrid kinetic - MHD model is employed. The local TAE-stability
analysis reveals that for low-m TAE-modes in JET ion Landau damping plays a
dominant role; high-m TAE's are strongly suppressed by radiative and trapped
electron collisional damping effects, and therefore TAE's of intermediate mode
numbers, m ~ 3 + 6, are the most dangerous. In particular, the TAE stability of a
high performance deuterium JET discharge (#26087) was analysed, assuming
np =nt. It is found for this case that a modest decrease in density (and increase in
temperature) destabilises the Alfven modes, and thus would permit their effects to be
studied. The most likely candidates for TAE instability are found to be the n=3
modes. These n=3 eigenfunctions are used as input to a Hamiltonian guiding centre
code with which collisionless losses due to TAE modes have been studied by Monte -
Carlo simulations of 50,000 a -particles. The a-particles have a slowing down
distribution with energies in the range 3.5MeV to 1.5MeV, a radial distribution
varying as (1-¥)3 and a random distribution in pitch, poloidal and toroidal angle. For
these studies three n=3 TAE modes with normalised frequencies ®/w,=0.41, 0.51
and 0.58 have been used. Since these eigenmodes have been obtained from a linear
simulation their amplitudes are arbitrary; here they are normalised so each
eigenfunction has the same maximum radial field amplitude. As in Ref. [10] these
Monte-Carlo simulations show two distinct classes of lost particles due to the n=3
TAE modes. Firstly there is a prompt loss of o-particles born near a loss boundary;
co- and counter-passing particle prompt losses peak at ~3us and trapped losses at
~6us. These losses scale linearly with the applied TAE perturbation. Secondly above
a stochastic threshold there is a steady long term loss of a-particles by stochastic
diffusion into a loss boundary.

It can be seen from Fig 3 (d) that the majority of particles are lost just below the
outboard mid-plane for the particular V B-drift direction used; this is due mainly to
co-directed trapped particle orbits (see Fig 3(c)) intercepting the 'wall' (at 8 = 0).



We now examine the stochastic losses and diffusion in more detail. For passing
particles the stochastic diffusion occurs in the presence of the TAE perturbations
because the particle orbits and flux surfaces are relatively displaced causing side-
band resonances. Stochasticity occurs when the particle excursions due to the
primary and side-band [11] resonances overlap. With multiple TAE perturbations (of
different frequency) stochasticity must be determined by the particle diffusion (or
loss) which the TAE perturbations cause. As in Ref. [10] diffusion is measured by
evaluating for an initially mono-energetic and mono-P, particle distribution, the
spread of (AP2) = (P3})—(Ps)? in time (where () denotes an ensemble average).
Figure 4 (a) shows for the same n=3 TAE perturbations as used for Fig 3 the
variation of (AP?) with time for 8B,/B=3x10-3 and 5x10-4; for these cases 500
particles are launched with an initial E=2.5MeV, Py=3.6x10-19%kgm2s! and the
particles are randomly distributed in pitch, poloidal and toroidal angles. For this case
the stochasticity threshold is fairly high since the n=3 eigenmodes peak in a low
shear region which increases the field amplitude required for island overlap [11].
Figure 4(b) shows for the 8 B,/B=3x10-3 case the number of particles experiencing a
given variation in Py The smaller class experiencing a large variation are passing
particles while the trapped particles have a small variation in Py.
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Fig. 1 Comparison between surface- and trajectory-averaged calculations for
1,=IMA: (a) Alpha-particle density profile and (b) Alpha-particle
source and plasma heating profiles, (c) and (d) as (a) and (b) but for
I =3MA.

14

T
‘ \\“ ! YR
‘\‘\'\‘\\\\\}&\\\k\§\§}§\\\\\\\\$:‘\"\§\
NN
NN SR

AL WSS,
“‘\\‘“M R ’
PR Sty &8
W\, X8 0 5050
(OO QIS
A Sartany T teteteteretsts;
$ :“:\ 5 \::.::‘::o’o'.'o‘o%‘

g W
AR s et et at e
n Mt R0SI0NIS

X
(5200
eearenisite
Lstesiesaesy
e
"".].:‘.

\\"\3.--"'
R

Fig. 2 Contours of f o as functions of speed and pitch-angle for 1,=3MA for the
(a) outside and (b) inside of the flux surface with r=a/2. The minimum
and maximum energies plotted are 0.6 and 4 MeV.



Fig. 3
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Fig. 4 (a) Variation of {AP})x10*% with time for 5B,/B=3x1073 and 5x10+ (b)
Number of particles with a given variation AP, for 8B,/B=3x10- , the
shaded bars are trapped particles.
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