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The transport of field lines or of charged particles in a @nfining device with a
stochastic divertor (typically a DED configuration) can in principle be estimated from
simplified representations of the dynamics [1]. For example, a symbadic analysis of the
Poincaré representation (in the {6,y} plane) of the magnetic field lines dynamics in a toroidal
geometry with braided magnetic surfaces has $hown that the field lines radia motion is a
continuows time randam walk [2]. The generdisation d this gudy to the guiding centre
motion implies the seach for canorica guiding centre coordinates and the development of
new methods for discretising the Hamiltonian. We also present preliminary results obtained
from the discrete stroboscopic section d the guiding centre motion in the standard - fully
toroidal — perturbed magnetic field.

1. Canonical guiding centre coordinates

The guiding centre position hes an evolution equation combining a parallel velocity
(alongthe magnetic field line) and a series of drift contributions. According to White d al. [3]
an unimportant modification d the drift terms permits to oltain the cmpact expresson

dY/dt=(U/B) [B+V x,)//é]/[n 0,b.V x 13] where p, = U/Q and Q= eB/mc (the usua
guiding centre parameter ¢=V,,/a<), is introduwced below). Here the pseudo-canorical

coordinates are {p,6,¢,E} where the first three can be identified with the usual toroidal

coordinates and the last one with the energy (i.e. the numericd value of the Hamiltonian). By
a detailed general cdculation, we eplicitly derived a set of canonical coordinates

2.0, B¢ } by introducing a Clebsch representation for the magnetic field B=Vax V,B In
the particular case of the standard model (Knorr [4] ) for the unperturbed part of the magnetic
field B=(1/ h){ég + gT(p/q(p))éo} where &, =a/R, (inverse apect ratio),
h=1+g, pcosd and ¢4(p) is the safety factor profile, explicit expressions for the canoncal

momenta ae shown to be given by =py — I dp G(p,0) and

e,
P = grLG pp, I h+ g_]‘[dp hgge)J . The function G(p,0)=¢,0(1/q +¢ cos278) depends
0 b
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on the magnetic field perturbation whose anplitude is chasen to be ¢ = —k /(1 + p*/2)” with
k areal number, in order to reproducethe Tokamap result for magnetic field lines.

The epressons given here acurately define a set of canonical guding centre
coordinates for a perturbed magnetic field gven by a Clebsch representation. Our results are
thus smilar to the Meiss & Hazdtine [5] canornical coordinates but our method applies to
magnetic fields more general than the standard model.

2. Symplectic integration of the equations of motion

To proceed, we neal a Hamiltonian map defined with the parameters (safety factor
a.s.0.) of the continuows Hamiltonian. To this end, we use an urambiguous procedure based
onfirst order sympledic integration. The relation ketween the map and the integration results
from the following arguments. A numerical integration d a set of Hamiltonian dfferential
equations dq/dt= f(q,p), dp/dt=g(q,p) can be performed by a first order (implicit)
sympledic integrator ¢, =q, +ot f(q,.p,),p, =p, + o &(q,, p,) With a small time increment
ot. This method applied to the GC motion in a toroidal geometry gives the following
difference uations: Py=PF, is the toroidal invariant;
B, =Py — 273t (£7Q°/ £*D)(DR - TS)sin270,; 6, =6, +5(Q*/D)S and a de-couped

equation for the toroidal ange g“l=§0+5t(gTQZ/5D)(p,,D—G'ZS). The functions
appearingin the map are

AGp/h U’ + MB
D:'Z(1+G2)+5p//(£;), R=-p, [+¢ %,
U U +MB) 1 &B [ )
:G+g£—2)ﬁ, T= gp,,G +jdp s LT’O”+GIJ
Q Q B dp h\(1+ 0 /2)
where/ = j dp ('0) The difference equations given here reproduce dl the feaures of
1+p /2

the toroi dal trgjedories. In particular it includes the two classs of trgjedories, the banana and
the passng ores. The equations are obviously implicit and require aroat finding procedure

at each step to solve the equationfor p: B, = G'ZP +-L (Idph+GpIdpG(p Q)J
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3. Maps and comb method for the perturbed Hamiltonian

Usualy the building d amap consistsin switching onthe perturbation strobcscopicdly
(see eg.[6]). Thisis performed by multiplying the perturbation bya “comb function” whaose
parameters are defined as follows: its periodicity is 7 =n 6t and the width and height of the
tedah are respedively &t and 7'/ 6t. This methodis applied in Sec. 4 to the derivation d the
Tokamap [2]. A procedure departing from this method consists in switching onthe whoe
Hamiltonian at strobosccopic times, which amourts to apply large time steps.

4. Derivation of the Tokamap for magnetic field lines

To describe magnetic field line motion we remove dl particle driftsand all variations of
the paralel velocity. This is acomplished by taking A7 =0 and keguing only the dominant
termsin ¢, and WBINQE =&, w/¢. In arder to gofrom the time dependence of the trajedory

to the ¢'-dependence of the field lines, we divide dl the eguations of motion bythe eguation
for . Applying the comb method, we get 4, =6, + {q_](l/ll)— k(1+ 1//,)_2 cos2 7t }

v =wo — 27k y(1+ y, )_] sin276, which is nothing else than the Tokamap [2]. In this

particular case, since field lines remain on the (unperturbed) magnetic surfaces where
q(w) = cst., the dternative comb methodleads to the same map.

5. Preliminary results from the alter native comb method

By applying the dternative comb method d Sec 3, together with the sympledic
integrator of Sec. 2, we have obtained promising results describing the GC dynamics in a
perturbed magnetic field with the same magnetic perturbation as in the Tokamap. This
amourts to use large time steps. Fig.1showsthe time evolution d the radia position d a GC
for two dfferent values of the perturbation amplitude: £ = 0.1 and £ = 0.5. It is obvious that
for small values of the perturbation amplitude the dynamics remains regular (periodic
oscill ations of the radius) whereas for large values of the perturbation amplitude the dynamics
seans to become stochastic. This behaviour is reminiscent of the behaviour of the “classca”
standard map.
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Two trajectories : lower k=0.2, upper k=0.5
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Fig. 1: The discrete equdions asa map. Theradial position of the GC as a function of time for two values of the
perturbation anplitude. Large \alues of the amplitude lead to chaotic trajedories.

6. Conclusions

Starting from the usual GC equations of motion and wsing a Clebsch representation for
the magnetic field, we have been able to derive aset of canonicdly conjugated coordinates.
Explicit results are given for the standard model. A procedure relying on sympledic
integration was used to derive adiscrete representation d the dynamics. This map can be
used in two dfferent ways, either as a integrator of the equations of motion in which case we
recover the known classes of trgjedories or, as amap in which case the dynamics can become
stochastic for sufficiently powerful perturbations. The Tokamap for the magnetic field lines
in a toroidal geometry is easily recvered as a limiting case. Preliminary results have been
obtained for GC dynamics taking moreover magnetic drifts into acourt. The anaysis of the
diffusion processisin progress
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