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ABSTRACT

A variety of diagnostics indicate the presence, in a hot
magnetized plasma, of a wide spectrum of fluctuations,
on, 6E, 6B, 0T, which are probably due to micro-
instabilities. The theories of anomalous transport try
to explain the observed transport in terms of the mea-
sured fluctuations. We consider some recent applica-
tions of stochastic methods to the study of plasmas in
a turbulent state.

I. PARTICLES IN TURBULENT MAGNETIC FIELD

We shall consider different approaches to the problem
of transport in a turbulent magnetic fields in toroidal
magnetic fields. This problem is of fundamental im-
portance in fusion since flow of particles and heat are
very rapid along the magnetic field lines which may be
open, due to radial magnetic field perturbations 6B,.
Stochasticity of the field lines can thus yield to an im-
portant radial transport and therefore to an important
loss of energy.

For the discussion of the methods it is sufficient to
consider a magnetic field of the form

B = Bofe. + by (=) e, +b.(2) e,]. (1)

satisfying the constraint V - B. The full generality of
the problem is not considered since we assume b, (2)
and by(z) constant in the plane perpendicular to B.
The random fluctuating field b is a Gaussian stochastic
process characterized by a single spatial scale (a par-
allel correlation length) Aj. Its (two point) Eulerian
correlation is given by (m,n = z,y)

< by (2) bp (7)) >= B exp (—(Z;>?>5mn . (2)

In the fourier space, with b, (2) = [ dk e™** by, (k), the

correlation function becomes

< bin (k) bn(k/) >=B(k)é(k + k,) Omn ; (3)

where the spectral density of the magnetic field fluctu-
ations is
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We now consider a test particle in this stochastic mag-
netic field. If the averaged magnetic field is sufficiently
strong, the position of the particle is assimilated to the
position of its guiding centre and its motion is mainly
parallel to the perturbed magnetic field with suddent
interruptions due to collisions with the particles of the
background plasma. This later effect is modelled ei-
ther by a random variation of the velocity field or by a
random variation of the acceleration. Various models,
usually gaussian, can be used for the velocity: white
noise or colored noise [1]. The analysis can also be
extended to a two component background with differ-
ent thermal velocities (and non gaussian acceleration).
The Langevin formalism gives the following equations
of motion:

B exp(—%)\ﬁkQ) . (4)

dX;t“) = blxy,2]vs(t)
d2(t)
dt va(t)
dv,(t) _
7 = —Vzvz+az(t) (5)

The perpendicular collisions are neglected here to stress
the importance of the magnetic fluctuations. From here
on, the subscript z will not be written down any more.
The last equation in (5) may be used to modelize the
parallel velocity by a colored noise process starting from
a white noise process for the parallel acceleration a,:

<an(t) >=0, < an(t) an(t+7)>= A 5(r).  (6)

The formal solution of the last equation of (5) is

t
v=e""Py+ / dra(r)e =) (7)
0

where ¥y is the initial stochastic velocity taken in a
maxwellian distribution:

#(vo) = !

[ — efﬁg/vT
(VrorP )



where op is the thermal velocity. Recalling (7), and
performing the averaging over the initial velocity, the
correlation of the parallel velocity becomes

<v)v(t+7)> = oRe VD

2 t
+AY / dtye T2 ()
n=1 "0

or

A
< Uz(t)’UZ(t + 7-) >= (’U% + 5(62% _ 1)) e—v(2t+7) (10)

A stationary stochastic velocity is obtained with:
A= 2005 . (11)
Assuming this choice, we finally get
<o)t +71)>=0%e"7. (12)

Now splitting the guiding centre position in an averaged
part and a fluctuating part, x =< x >, (t) + 0x(?),
and using the initial conditions < z(t) >p,= 20, <
x(t) >pn= xo and 9z(0) = 0,6x(0) = 0, the formal
solution of the two first equations in (5) is obtained as:

= /Ot dr (),

Recalling (12), the mean square displacement in the
z-direction is now easily obtained :

:/0 drblz(T)]v(r). (13)

<62 > = /tdtl /tdtg < v(t)o(ts) >
= 20— (- ) (14)

The parallel motion in this model goes like ¢ for large
times. This motion is therefore diffusive with a diffu-
sion coefficient D, = 10, < §2%(t) >= 0% /v. The mean
free path being A\ = v /v, we also have D, = \?v. A
quantity of greather interest is the mean square dis-
placement in the "radial” x-direction:

< 5(E / / dridrs

< O[z(m0)]my (11) blz(72)] 02(72) >b  (15)

Using the Fourier representation for b, and recalling
(2), the equation becomes

<5I / dTl/ dTg/dkl/de

X < by, by elik1z(m1)+ikez(12)] (Tl)Uz(T2) >p

72/ dﬁ/ de/dkB

k 7'1,7'2) (16)

where
ik [T dov. (0)
Z(k;,m) =<e" ) 0+ T (t) >, . (17)

With 7 = t5 — 1, the running diffusion coefficient is
obtained in the form:

£ = At dT/dk Blk) Z(k: 7). (18)

When lim;_, o, D, (t) is finite and positive the displace-
ment is diffusive; when it is zero the process is subd-
iffusive; whereas when it is infinite the process is su-
perdiffusive. We have already shown that the parallel
displacement is diffusive. The perpendicular motion,
driven by the product of two stochastic processes, the
parallel velocity and the magnetic fluctuations, shows
a fundamentally different behaviour. To get a more
explicit expression for the diffusion coefficient, we first
rewrite Z(k;7) as

ik [ dov. (0)

1
Z(k;T) = ﬁaaa,, <e > la=tib=t+r - (19)

The exponential is expanded leading to

> (—k2)”

1
730 a,,z o

01 Oan
/ d01 / d@gn/ d7'1 / d’TQn 671’(0177—1)

*V(02n T2n) < Oé(Tl) Oz(TQn) > |a t;b=t+71 (20)

Z(k;T) =

Since the acceleration is assumed to be a gaussian pro-
cess, we have:

<a(mn)...a(r) > = (2n-—D!<a(n)a(r) >

< aTon—1) aften) > (21)
With this expression, we recognize in (20) a product of

correlations of the parallel displacement. We can thus
write:

1 > 2n — 1)!!
Z(k;T) = ﬁaaab Z (k% < 622 >)”%
n=0 '
1 _ 1.2
= ﬁaaab exp —w‘azt;b=t+‘r (22)

Recalling (4) we easily derive the running diffusion co-
efficient defined in (18) as

A 32 —k2(< 022 > +Af)
D(t) = 0 | dk
( ) t/ \/ﬁkQ €x B

A 2
= % /< 022 > +A7. (23)



The mean square displacement in the parallel direction
being linear in ¢, the running diffusion coefficient in
the perpendicular direction is proportional to t~1/2 a
signature of a subdiffusive process. This is an example
of "strange” anomalous behaviour.

II. SOLUTION OF THE KINETIC EQUATION

We now consider the possibility of describing ”strange”
behaviours starting from a kinetic equation. We thus
consider the stochastic Liouville equation (a kinetic
equation) whose characteristics are defined from the
Langevin equations:

0 0 0
af + avf + %Ub( z)f
+ %[—uwra(t)]f —0. (24)

Here {x,y,z,v} are the phase space coordinates. A
much simpler equation is however obtained by consid-
ering the velocity as a given stochastic process:

o, 0 0
a] + 30O + - v(Bb(z)f = 0. (25)

We assume that the distribution function has an aver-
aged and a fluctuating component:

flz, z,v;t)

Then, the equilibrium is defined by a double averagings:
a first one over the velocity the second one over the fluc-
tuating magnetic field. We also assume that F(x, z;t)
gives the averaged density (also called profile):

= F(x,zt) +0f(x, 2:t) . (26)

F(z,z;t) =n(z,t), 0Own(x)=—-X1=cst. (27)

Applying the averaging procedure, we get:

0 0
&F(m z;t) + $<<v(t)5f>>

0
+£ <<v(t)b(z)df >>=0 (28)
9] 0
0
— 0 2
+ 5 << véf >> (29)
The equation of the averaged profile has the form of

a continuity equation. The components of the particle
flux are thus immediately identified as

I, =<<ot)df >>, Ty =<<v(t)b(z)df >> . (30)

The propagator associated to (29) being

G(z,t]2',t") =6(z — /t’ dfv(9) — 2, (31)

the solution of the initial value problem takes the form
5f(zt) = /dz'{(}'(z7 t|2',0)6f(2,0)
+ /dT G(z, t|2', 1) [v(T)b(z") X1
49 /
8 - << o(r)6f(2';7) >>] +(32)
The first term tends to zero for long times whereas the
last term gives a vanishing contribution to the particle

flux. Thus, instead of (32), we can use the approximate
expression:

5f(z;t):/0 dTv(T)b(z—/ dov(9)) X, . (33)

Substituting this expression in the particle flux (30), we

get:
/ dru(r

dky

r, = <<b(z z—/dﬁv X1>>

dT

dko < b kl (k‘g)

<€—1klz ika|z f dov(0)) v(t)o(r) > (34)

This equation has the form of a flux-force relation I',, =
D, (t)X; where D,(t) is the running diffusion coefficient

D,(t) = (2;)2/0 dT/dkB(k)Z(k,T). (35)

This result shows that the Langevin and the kinetic
approaches lead to the same running diffusion coeffi-
cient. Both methods can equivalently be used to study
the subdiffusion of the particles in a stochastic field.
They however show different mathematical complexi-
ties: in the former, the main difficulty lies in the re-
summation of the expansions whereas in the later the
difficulty comes from the resolution of the kinetic equa-
tion. There is a third approach to this problem: the
so-called continuous random walk approach [2] which
will now be described.

A. CTRW

The subdiffusion (exemplified by the particle diffusion
in stochastic magnetic field) or superdiffusion processes
are cases of non-Brownian motion. Other examples
of anomalous diffusion have been found in numerical
studies of one-dimensional maps, in the Chirikov-Taylor
standard map, in stochastic webs and in experiments on
tracer diffusion in flow systems. The theory which will
be described here is based on Levy distributions. It
permits to go beyond the Brownian description of the
random motion.



In this theory, the whole dynamics is expressed in
terms of stochastic events: a particle makes a jump r of
arbitrary length and arbitrary direction at time ¢, then
remains at its new position for a finite time 7, after
which it makes a new jump. We assume these jumps
are mutually independent. The probability density of a
jump of length r is denoted f(r). We assume that the
jumps are performed at random intervals, that must be
defined statistically.

We introduce three distribution functions in time:

1) 9(t) is the waiting time distribution, defined as
the probability density of a pause of duration ¢ between
two successive steps. The Laplace transform of this
function is

b(s) / ety (0)

0

o(t) = = [ dset(s) (36)
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Where I is the Bromwich contour in the complex plane.
2) 1;(t) represents the probability distribution that
starting at ¢ = 0 the j-th step occurs at time ¢
t
i) = [ drott-nuam, 51
0
Pi(t) = () (37)
or, in Laplace representation:
¥i(s) = ¥(s)j-1(s),
Then:

h1(s) = () (38)

hi(s) = [D(s))) =4 (s); (39)

3) ¢(t) is the probability that the particle remains
immobile during a time t after a jump. Since the prob-
ability that at least one step occurs in the interval [0—t]

is fg dr (1), we have:

¢@%:L—A<hwh%:lmdﬂﬂﬂ. (40)

The Laplace transform of ¢(t) is
1

(). (41)
We now consider the spatial evolution and define three
functions:

1) f(x) is the probability distribution of a jump of
length x;

2) n;(x) is the probability distribution to be in x
after j steps. It is given by

n;(x) = / dx' f(x — %)y (x'), no(x) = 6(x) (42)

whose fourier transform is given by
iij(k) = f()7ij-1(k),  7io(x) =1 (43)
which yields to
i (k) = [f)} = I (k); (44)
3) q(x,t) is the probability that the particle arrives

in x immediately after a jump. This position can be
reached after j-steps. Thus:

g(x,1) =Y () ny(x). (45)
j=0
The Laplace transform of ¢(x,t) is

(j(X, 5) =

I

<
Il
o

bi(s)ni(x) =Y PI(s)nj(x),  (46)
=0
and its fourier transform reads

é(kv 5) =

I~T

<
Il
=)

bj(s) (k) =D P (s) fI(k).  (47)
j=0

The summation is immediate:

iks) = —

1—1(s)f(k)
We now want to determine the probability distribution
that a particle starting in x = 0 at time ¢ = 0 be in x
at time ¢ (arrival in x at time 7 then stay a time ¢t — 7
for an arbitrary 7). This quantity will be called the
density profile. Thus:

(48)

t
n(x,t) = / dr ¢(t — 7)q(x,7) . (49)
0
With (41) and (48) its Laplace-Fourier transform

(k,s) = o(s) 4(k, s), (50)

becomes

A s = 1) 1 (51)

s 1—4(s)f(k)

Transforming back to space and time, we have

— L s 1 d —ik-x
n(x,t) = 5t 1“clse t(QW)d/d ke
S — (52)
1—9(s)f(k)

The Laplace-Fourier transform of the time derivative of
n(x,t) is sn(k,s) — 1 or

sn(k,s) —1=——7""__1 (53)



Then, defining the function ¢(s)

oy sh(s)
3) = 120 (54)

we get:
si(k,s) = 1= —g(s)[1 - f(k)n(k,s) (55)

which transformed back to space and time gives
t
on(x,t) = / dro(t — 1) x
0
x  [-n(x,7)+ /ddkf x — x")n(x', 16)

This generalized master equation was derived by Mon-
troll & Shlessinger in 1984. It is a non-Markovian
equation which has two input functions: the transi-
tion probability and the waiting time distribution. The
"strange” character of the dynamics will be associated,
in the next section, to the non analytic properties of
these two distributions.

B. Model distributions

Let us now assume that f(k) is analytic near k = 0. By
definition of the Fourier transform, we have

f(k) = / d¥x ™ f(x) (57)

Then, the expansion of the exponential, gives:

fk) = /ddx (14ik-x— %(k~x)2 +..) f(x) (58)

Clearly, the two first coefficients are proportional to the
two first moments of f(x):

~ 1
f(k):1+ik~<x>—§kk:< XX > ... (59)

In the case of an isotropic function, this expression sim-
plifies into

N 1
fk)=1+ik <x> —ﬁkZ <r?> 4. (60)

We now consider an analytic function of the form:

fk)=1+iu- k—— 2k + E—0  (61)
and a non-analytic waiting time distribution:
P(s)=1—78s+.., O0<a<l s—0 (62

This waiting time distribution has an infinite first mo-
ment: the average of <t > is given by d,1(s) ~ s~ 1.
Assuming « is comprised in the range 0 < o < 1 then,

in the limit s — 0, we have < t >— oo. The density
profile then result in

1
st=e[l = fl)] + mhsf(k)

Recalling again the definition of the Fourier transform,
we have

a(k,t) =15 Ly ] (63)

0 ~ _ d ik-x
En(k,t} = /d x e xn(x),
—/ddxeik'X r?n(z), (64)

The mean value of the displacement is obtained as

0 te
<x(t) >= ——nk,)|g=0 = (——=7—— —1 65
x(1) >= 5506 Dlio = (eppay — Do (65)
whereas the mean square displacement is
o 0
2 _
<r<(t)> = % K n(k, t)| k=0
t2a 2
= 27 —~ 1
Wl e A Y
t(X
2
— 1 66
* o larire Y (66)
Hence, for long times:
t2o¢
< r2(t) >=2u> (67)

T (1 + 2a)

We now see that all behaviours are possible: for 0 <
a < 1/2 the behaviour is subdiffusive, whereas for
1/2 < o < 1 it is superdiffusive. We note that when
@ = 0 the mean square displacement is

tOé

! o*(—), 0<a<1l (68)

<ri() >= 'l4«) ‘1

In this case the behaviour is always subdiffusive. A
direct comparison with the diffusion coefficient of the
radial diffusion in the stochastic magnetic field permits
to determine the parameters of the distributions. In

the case of subdiffusion we have o = 1/2. The other
2

A7
22
2D and o2 w3 )\H.

parameters [3] are d =1, Tp =

C. Applications of the CTRW to generalized
Chirikov-Taylor standard map: Tokamap, Guiding cen-
tre map

Let us now consider the application of the previous
method to maps in which strange diffusion is also ob-
served but where in general no analytical expression of
the diffusion coefficient is known. We shall first de-
fine a method for transforming systems of differential



equations into maps. As a first exemple, we shall con-
sider the Chirikov-Taylor standard map which will be
obtained by a discretization of the pendulum Hamilto-

nian:
2

A
H(9,p) = % + 5. €08 270, (69)

where the phase space coordinates 6 and p satisfy the
Poisson bracket relation [6,p] = 1. The equations of
motion are simply Hamilton’s equations of (69):

d oH do o0H
% =[p,0] 55 = Asin2n0, - =[0.p] 5 - =p
(70)
They are in canonical form i.e. obtained from canon-
ically conjugated coordinates. It is possible to extend
the dimensionality of the phase space without changing
the dynamics:

p* A
H(03p7<at):<'+5+% cos 26 (71)
where ¢ can be considered as a time coordinate. We now
have two non-vanishing Poisson bracket : [0, p] = 1 and
[t,¢{] = 1 and in addition to the equations of motion

(70) we have:

dc dt
%o, Yy 2
dr 0, dr (72)

The Hamiltonian (71) can obviously be written as a
sum of two contributions:

H(0,p,¢,t) = Ho(p,¢) + Hi(0) (73)

with
p? A
Hy(p,{)=C+ =, Hi(8) = —cos2nf (74)
2 21
This Hamiltonian is now easily randomized by inter-
rupting the perturbation regularly in time. We write

H(0,p,¢,t) = Ho(p,¢) + Hi(0) Y _TI(t = sT)  (75)

where TI(t — sT') is a ”step function”:

5
I(t—sT) = 0 t<sT—7T
oT oT
(t—sT) = T/ér for sT—7<t<sT+7
ot
H(t—ST) = 0 t>ST+7 (76)

Here s is an integer, T is the period of the interruption,
o7 is the time interval of non-interrupted perturbation.
The constraints on II(t — sT') are (i) equal to T/éT at
time ¢t = sT (ii) its derivative should be 0 at time t = s«

and, (iii) equal to 0 at times t = sT + r’d7 with " an
integer different from 0. The equations of motion read:

9 _ OHo(p,Q)  dt _
dr op dr ’
dp  OHi(0) o,
- o9 ;H(t sT)
¢

2= —Hi(0) i -y ()

We now apply a discretization procedure. To this
end, we use a peculiar type of canonical transformation
called symplectic integration which moves a phase space
point (g,—1,pr—1) at time ¢ to a point (g,,p,) at time
t + dr, following a trajectory of H(q,p,t). In the case
of a first-order symplectic integrator, the displacement
is given by a set of difference equations:

OH
ar = qr71+A77(q’p)
dqg |,
9H (q, p)
y = peog— Ar 0P
p Pr—1 T ap . (78)

where z = {q,p} with ¢ = ag. + (1 —a)gr,—1 and
p=(1—a)pr +ap-—1 (« is a real number). The pa-
rameter 07, usually a small quantity, is the time step
of integration. We assume d7 < A7 < T. For sim-
plicity we assume that §7 = A7 and furthermore that
rA7T =T with r an integer. At the (s x r)-th iteration
i.e. at time tg, :

ter =810 =8T
the function II(t — sT') differs from zero
Oty —sT)=I(n a—sT)=T/ot

and the system is perturbed. For all other dicrete time
values we have II(t — sT) = 0 and the system is unper-
turbed.

Applying these rules to the r first iterations, we get:

0r+1 — 91 + T M
8p 0=0;;p=pr+1
OH{(0
Dry1 = pi—T %
0=0;;p=pr41
Grt1 = Gy trpa =T

where the initial position in the phase space is
{0:,pi, ;,0}. The set of difference equations obtained
here are very similar to those obtained by a direct appli-
cation of the symplectic integrator on the continuously
perturbed Hamiltonian. The difference lies in the time



step A7 << 1 in the later case and T" ~ 1 in the for-
mer. Applying our procedure (with o = 1, other forms
of the map are obtained by varying o and T' = 1) on the
pendulum Hamiltonian, we obtain the Chirikov Taylor
standard map [5] :

h = 0+ m
pr = pi+ Acos2mb; (79)

The same procedure can be applied to the guiding
centre motion in a perturbed magnetic field [4]. Our
derivation of the Guiding centre map is based on the
equations:

. U 1

Y=—

Bitpb vxb BHV*mBl (0

where p| = U/, Q. = eB/mc is the Larmor fre-
quency and U is a function of the GC energy £ and
of the GC position Y. The main problem encountered
here follows from the fact that the guiding centre coor-
dinates are by construction non-canonical. The equa-
tions depends on the non-canonical guiding centre po-
sition Y, the two invariants £ and M. Recalling Y is
a three dimensional vector, we can form two couples of
non-canonical coordinates (one is an invariant) 1e. a
2 — D Hamiltonian system. We shall use a 2-D set of
canonical coordinates denoted by Py, 0, P, ( associated
by the two non-vanishing Poisson brackets

€ Pe] =1, [0, o] =1 (81)

As we are considering a toroidal magnetic confinement,
the non-canonical coordinates will be the usual toroidal
components of the GC position Y denoted by p, 8, (.
The fourth coordinate is £. We assume the confining
magnetic field can be given in Clebsh representation

B = Va x Vi (82)

where « is dimensionless quantity and ¢ a magnetic flux
function but for the application we choose the standard
model of magnetic field:

By p
B = e+ ——ep 83
DRI (5
where the function h is simply
h=1+ L cost (84)
Ry

and ¢(p) is the safety factor. This field is divergenceless
and is consistent with an expansion in ep. The norm of

the field is

B==0¢ (85)

with

P 211/2

TOIE (%6)
The toroidal scaling factors are [, = 1, I = p and
lc = 1+ (p/Ro)cos® where Ry is the distance from
the coordinate system p, 6 to the symmetry axis. The
standard magnetic field satisfies a Clebsh representa—
tion (82) with ¢ = By p?/2 and v = [ 3 df— Cq(p The
combination of the drift equations, and of the standard
model of magnetic field in toroidal coordinates permit
to derive exact canonical coordinates. We assume the
magnetic perturbation in toroidal invariant. Then ( is
a cyclic coordinate. The guiding centre Hamiltonian is
the usual one

G=1[1+(

H(Py,0) =€ = LU%(p.0.6) + MB(p.0)  (87)

The perturbed magnetic field has three components:
By Bo k per
R TP T Th 2149

with G = ¢ 1(p) — k(1 + )"t cos@ and ¢ = p?/2. The
canonical momentum are obtained in the form

By

sin 0

B
—2erg, B =

z€ gy P
Py = 25ép - dp*-
v er TP, “/ 71
z€e
b= —pH—Z/dpg (83)
€r
The guiding centre map is then
2.0 ,
Pgl = P90727TT 62D (DR*TS)SlHQﬂ'OO
QQ
0, = 0p+T—
1 o+ eDS (89)
The functions appearing in the map are
P oo OGp/h)
D = =(1+G —_
5 (L+G7) +ep) o9
U2+ MBp
= o fde—1T""F
R Pl e—a—
U U?+MB 1 0B
S = = G+e———=—
Q" T T B
2
p’ erp)
T = G +k; —_— 90

where I = fo dp T w) The map given here reproduces
all the features of the toroidal trajectories. In particular
it includes the two classes of trajectories: the banana
and the passing ones. The map has however unusual
features, it is implicit and requires a root finding pro-

cedure to solve at each step the equation for p given
by:

P er (P op P [°
Py = —Pr+ — dp= = d 1
(/] GTGh ¢+ 6(/0 Ph+Gh/0 pg) (9)



To describe field line motion, we remove all the drifts
and all variations of the parallel velocity. This is ac-
complished by taking M = 0 and by keeping only the
dominant terms in ey then Py = ertp/e. In order to go
from the time dependence of the trajectory to the (-
dependence of the field line it is necessary to divide all
the equations by the equation of motion for . Applying
the discretization procedure, we get (T'=1)

0 = 6o+ {q (1) - k‘m cos 27l }
Y1 = Y — 27k 1 flwl sin 2w6g (92)

which is nothing else than the Tokamap [9].

We now quote some recent results obtained with
two of the maps derived here: the standard map (79)
and the tokamap (92). We first consider the standard
map on which many detailed studies have been per-
formed [5]. The momentum diffusion as a function of
the perturbation amplitude A has been very well repro-
duced analytically by a Fourier path integral method
[6]. However, important discrepencies are observed for
"almost” integer values of A [7]. These discrepencies
are attributed to set of accelerator modes. For those
particular values of the amplitude, island of stability
emerge which attract an orbit and keep it for some
times in a laminar phase (an exemple of intermittency).
The CTRW method has been applied and compared
with the statistical properties of 107 —108 trajectories in
the accelerator mode domain. It has been observed that
a good fit of the density defined by n(r,t) ~ f(&)/t'/7
where ¢ is the scaling variable ¢ = |r|/t'/7 and where
f(&) follows a Levy distribution

F&) = exp(—c€?), €£<1
= ¢l 1<¢ andlr| <t
= 0, |r] >t (93)

is obtained when v = 5/3 in the domain of superdiffu-
sion.

More recently, the dynamic in the stochastic layer
of the standard map was described by symbolic dynam-
ics [8]. The value of A was in that case A = 0.7. For
this value, the phase portrait shows a main island sur-
rounded by a stochastic layer bounded above and below
by undestroyed KAM barriers. An orbit oscillates be-
tween three basins, one surrounding the whole island,
one above the island and the third one below the is-
land. The CTRW theory was applied to analyse the
properties of a single trajectory followed over a very
long time interval. In this subdiffusion regime a very
good agreement could also be obtained.

Although superdiffusion in the field line map (the
Tokamap 92) has not yet been observed, it is obvi-
ous that the CTRW theory also applies to this map

in the subdiffusion regime [9]. However, not all situa-
tions have been considered: new possibilities could arise
since the tokamap, depending on the shear profile, also
belong to the category of non twist map which have typ-
ical features like reconnections [10]. Such processes are
considered in [9] where it is shown that the tokamap in
the reverse shear configuration presents robust regular
core region while the edge is stochastic. Related recent
works, oriented toward the analysis of the dynamics of
the field line structure in the DED, are in progress [12].

REFERENCES

1. WaNG, H., ViapD M, VANDEN EUNDEN E.,
SpINEANU F., MiscuicH J.H. & BaLescu R.
1995 Phys. Rev. F 51, 4844.

2. MoNTROLL E.W. & SHLESINGER M.F. 1984
Studies in statistical Mechanics, Vol. 11, Lebowitz
J.L. & Montroll EXW. Eds. North Holland.

3. BALEscu R. 1995 Phys. Rev. E 51, 4807.

4. WEYssow B. & MiscuicH J.H. 1999 DRFC-
CFEA note de travail.

5. CHIRIKOV B.V. Phys. Rep. 52, 263.

6. ME1ss J.D., MAacKAy R.S. & PEercivaL I1.C.
1984 Physica 13D, 55.

7. IcaikawAa Y.H., KamimMmura T. & HaTorr T.
1984 Statistical physics and chaos in Fusion plas-
mas Horton and Reichl eds, John Wiley N.Y.

8. MisguicH J. H., REuss J.D., ELSKENS Y. &
R. BALEScU 1998 Chaos 8, 248

9. R. BALEsScU, M. VLAD AND F. SPINEANU 1998
Phys. Rev. E 58, 951.

10. HowaArD J.E. & HoHus S.M. 1984 Phys. Rev. A
29, 418.

11. ABDOULLAEV S.S., FINKEN K.H. & KALECK. A.
1998 Phys. Plasmas 5, 196.

12. FiscHER O., COOPER W.A. & VILLARD L. 1999
CRPP report LRP636/99.



