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1. Introduction

The accumulated experimental results from tokamak experiments during the last two decades
support the fact that RF heating at ion cyclotron frequency and lower hybrid heating of ions
provide an efficient way to heat tokamak plasmas. Previous work has shown that ions are
accelerated by the lower hybrid wave through a collisionless stochastic process and this is the
origin of hot ion tail formation in the ion distribution function during LH heating experiments
[1]. Similarly other authors [2], [3] have proved that ion cyclotron heating can become
stochastic. We present here a way to generalize these works to include the drift orbit motion
and the stochastic magnetic field lines in tokamaks.

2. Basic equations

The guiding center ion drift orbit in tokamak magnetic configuration is given by the following
hamiltonian equations using magnetic coordinates{x;[g]p,,ﬂ,ﬂ:
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where 4 is the magnetic momenpy, is the parallel gyro radiusy, is the poloidal flux
function, ¢ the toroidal angle an@ is a magnetic poloidal angle different from the physical
poloidal angled; p.=p,+a ; D= p,,(lg'— of! ’)— gg+1 , g andl are respectively the
poloidal and toroidal plasma current. Primes denote derivations with respegt.tdVe
choose a parabolic profile for the safety factofThe function
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a = da,.(v)codng +mg) 2
n,m

represents the magnetic perturbation leading on resonance to magnetic field line stochasticity;
with y the toroidal flux function andyp the static electric potential of MHD activities in

the plasma. The expression of the magnetic field in magnetic coordinates for a large aspect
ratio tokamak is given by

B =12y cod9+ 2y sing) 3
where use has been made for the transformation equations between the physical toroidal
coordinateq x,¢,6) and the magnetic coordinat@s, 9,¢):

X =42y
9= 0 —/2ysing

with x=r/R, ; r andRy are the minor and major radius respectively. All quantities are in

(4)

normalized units; wherey* is the time unit withog the on axis Larmor frequency aRy is

the unit of length. It is important to distinguish the topology of the magnetic field and that of
the drift orbits. Indeed one can find after integrating the drift equations (1a)-(1d) and the
corresponding magnetic field line equations (obtained by takirg andthe limitp —» 0O

in Egs. 1a-1d ) that there exist drift islands and stochastic drift orbits where the magnetic lines
are regular tori. The effect of the LH wave is considered through the electrostatic potential in
almost perpendicular propagation

O = &)(qﬁ)cos[k,,qﬁ + kn/ﬂcos(s + @sin9)+ k, pcos -2t (5)

wherek;, andk, are the parallel and perpendicular wave number respectivedythe Larmor
gyro radius and is the wave frequency. Thus to Egs. (1) we add the magnetic moment and

gyro phase evolution equations
=K 2ul Bé(¢)sin§cos[k,,¢ +k, 2w 005(3 + 2y sin3)+ K, pCOSE — ;)t] (6)
¢ =Bk, [cosz/B2ul B)cfn(¢)sin[k,,¢ +K /27 cod9 + /2y sing)+ klpcosf—”t] 7)
“0
For the ion cyclotron heating Whang and Morales considered the interaction of a test ion with

the electric field of a left circular polarized perpendicular propagating wave in the local

orthogonal coordinate system wehalong the magnetic field

E = E. cogk, x, [cogk,x, — at)e, +sin(k,x, - ot)e;] (8

Thus one can obtain the evolution equationgfand& given here in magnetic coordinates as
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In both cases the wave electric field induced change in the coordipgtes;) of the guiding
center is neglected in comparison with the changg since the main change in particle
velocity is perpendicular.

3. Results

Fig. 1 shows the topology of the drift orbits in the presence of magnetic perturbation. These
orbits are invariant tori in the absence of magnetic perturbations. In this later case and upon
considering the LH wave for parameters in the stochastic heating regime we obtain the
magnetic moment variation depicted on Fig. 2. One can see the poloidal positions of the
wave-particle resonances wherevolves stochasticaly. These resonance regions are parallel
planes in the poloidal section of the tokamak corresponding to the different resonance order.
The wave potential and electric field amplitude in Egs. (5),(9),(10) is taken in a Gaussian
form

B(g) = vy exil-(p 7)1 207] a9

with o= /20 to model the finite toroidal extension of the wave field. The interval of variation

of the magnetic moment [1B'—6-10°] when the drift orbit is on the regular surface
w=0.01 modifies to [40'—8107] (not depicted here) in the presence of the magnetic
perturbation given in Fig. 1 but with=1.2510% In this later case the ion explore the
stochastic region beyond the original drift surfage0.01 where it encounters more wave
resonance regions incresing therefore the wave energy. We obtain qualitatively the same
results in the case of ion cyclotron heating above the stochasticity threshold 23108

V-cm. The stochastic augmentation of the ion magnetic moment results in the creation of a
larger than normal population of trapped (or detrapped) ions leading even to the inversion of
parallel velocity.

4. Conclusion

The stochasticity of magnetic field lines and drift orbits in tokamaks provide a kind of
pumping for the evolution of the magnetic moment. This is in some way similar to the Arnold

diffusion generic to multidimensional hamiltonian systems [5].
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Fig 1: Surface of sectiony 9) at ¢=r of the drift orbits of a co-moving ion wiiE5.04-10". The perturbation
modes (8,4) and (9,4) have the amplitude(y )= «, ex;{— (w-wYi2: 10“] with ,=3.25-10° and y; the

resonant magnetic surface defineddfy, )=m/n.
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Fig 2: Surface of section(9) at &= /2 for 22000 gyro periods withg=0.15, p,6=1.46-10°, 110=5.04-10",
=0, Dyup=0 and @0:32510—8
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