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1-Introduction

ION CYCLOTRON RESONANCE HEATING (ICRH) via the magnetosonic wave, one of
the main additional heating methods of Tokamak plasmas, has received considerable
theoretical attention in recent years[1], especially in connection with the wave propagation
problem and dynamics of tail formation process. The understanding of the wave absorption
mechanisms by the plasma requires a precise description of the particle individual trajectories.
The Hamiltonian mechanics, through a set of canonical variables, allow this description, and
make the computation of the wave-patrticle interaction easier. In this analysis, we consider the
collisionless behaviour of ions treated as test particles moving through a maxwellian plasma
whose properties are not changed on the short time-scale of the ion heating, and subject to the
usual resonance condition within a confining stochastic magnetic field configuration. The test
particle experiences a net non adiabatic change in its magnetic moment and a net change in
energy as it passes through the wave-particle resonance during its transit of the torus.

2- Hamiltonian Formulation of Guiding Center Motion

The formalism described here is Hamiltonian in character and agrees to first qodsitin

the usual guiding center treatment. Higher-order corrections are beyond the scope of the work.
Unfortunately, magnetic coordinates are well defined in toroidal geometry only when
magnetic surfaces exist. Even the presence of small islands greatly complicates these
coordinates. However, the simplicity and elegance of the magnetic coordinate representation
of drift motion can be preserved in the analysis of motion in stochastic fields if it is assumed
that a neighboring magnetic configuration with nested surfaces exists. More precisely, we
assume the exact magnetic fi@lglis given by

B = Brob= b+ t(d)
whereB having exact nested, magnetic surfacescagiving the magnetic perturbation.
The guiding center drift motion in the presence of an ambient perturbed magnetiBfield

can be parameterized in terms of four convenient canonical varigl8sP,, ¢[2]

_OHy g OHo g OH g OH,
ok,

Y k7T a9

@

1253



26" EPS CCFPP 1999 ; M.Tribeche et al.: Effects of Magnetic Field Line Stochasticity on Resonant lon...

WhereP,,P, are the canonical momenta withthe poloidal angleg the toroidal angle and

the dot represents the time derivative.

e

1
Ho = Ep//ZBZ +UB, + Dy

is the Hamiltonian withp, the parallel gyro-radiusy the magnetic moment and,,, the
static electric potential of MHD activities.

The function L,U @,0 Z Gnm COS(FI(P+ me + (an)

which has units of length, is used to represent the islands and ergodic regions of the magnetic
field. The harmonic perturbing fields,n, were chosen to be of equal amplitude, and well

localized about their rational surfaces
0on(0) = ap expl-W - ,,,)? 1]
where q(y,,)=m/n, gnmare fixed random phases; b angwere taken to be(®0* and 1¢°

respectivelyy represents the toroidal flux function. Note that the poloidal coordthatenot

identical to the usual poloidal andle but we chos® to increase from 0 tor@if 8 completes

a poloidal rotation.

The unperturbed magnetic field used in this work is the simplest solution to the Grad-
Shavranov equation with a zefplarge-aspect-ratio toroidal equilibrium.

3- Single Particle Response to the ICRF Field

The cyclotron resonance is confined to a very small layer of the plasma (lying in a cylindrical
shell of constant radius) so a reasonable approximation is to represent the RF field as a plane,

left handed circularly polarized wave of the form
E = E, codk_x, )lcodk, x, —at)&, +sin(k,x, —t)8]
where (é’lé&) are unit vectors of the local orthogonal coordinate system &yi&hong the
magnetic field. The effect of ICRH is considered through the Hamiltonian
H=H,+H

where the wave-ion interaction occurs through the perturbative Hamiltéhiaritten in the

form = —ef/)DK

e is the ionic charge,

V= V,,é’l +V, (COSE% +siné 53)
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is the unperturbed particle velocit§, the gyro-phase anoK the vector potential of the
magnetosonic wave, assumed to be perpendicular to the magnetic field and with null-scalar-
potential gauge condition. With an RF electric fiédoscillating at a frequenay near the

local cyclotron frequency, the non-adiabatic changeg,invhich may either be positive or
negative depending on the gyro-phase compared to the phase of the wave, as the guiding
center passes through a cyclotron resonance can be found from the following normalized

equations

2uU . . e
g=-0H _E \/ZH—B%D\/%cosfsm(kmxm)sm(k,,x,, w &) E
n

% “ HCOikD Xg )COS(k,, T E)

&= g—':l =B- i sin(k, x, — at —E)E\/? codk_x, )+ 2k, sin& sin(kmxm)@
4- Numerical Results

The main part of the numerical analysis consists of solving the equations of motion for
various initial conditions and different values of the relevant parameters. These equations are
integrated numerically using a standard fourth order Runge-Kutta Algorithm. As a check for
accuracy, we demand that the collisionless drift orbits conserve energy in the abscence of the
RF electric field. Solving these equations yields the particle motion in a six-dimensional
phase space. A two-dimensional, graphical representation of this solution can be obtained by
plotting the phase pointy,8) or (u,6) wheneverp or £ becomes equal to some constant

or&.

The form of the electric field is chosen to be gaussian

E. (p)=E, ex%— ((p2—6721)2 %

with o = 2—7:) to model the finite toroidal extension of the wave field.

For E, = 310° , the interval of variation of the magnetic moment [4@3 , 1.93109
modifies to [4.88107 , 6.36107] in the presence of the magnetic perturbation wwithr10°.

The interval of variation ofy [0.01329, 0.01531] ( after 24 tours the long way around the
torus and 22000 gyro-periods) modifies to [0.01416 , 0.01606] ( after 25 tours the long way
around the torus and 22000 gyro-periods) in the presence of magnetic perturbation .

5- Conclusion

A Numerical code based on the Hamiltonian guiding center drift orbit formalism is used to

analyze the effects of magnetic field line stochastidvizl(S) on the ion cyclotron range of
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frequencies heating in a collisionless Tokamak plasma. Numerical calculations reveal large
changes in magnetic moment and drift orbit of the RF-heated ion. The results shiv\¥liBat
effects can have important consequences for the heating efficiency and may deeply modify its
impact on transport processes.
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