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Non-classical diffusion of energetic particles in two dimensional magnetic
field turbulence
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‘We study non-classical diffusion of energetic particles using a simple 2-d cross field diffusion model.
Important parameter is ratio of typical particle Larmor radius (p) to the field correlation length (L). In
our model, when p/L is infinitesimally small, the particles essentially gradient-B drift along equi-contour
lines of the magnetic field strength, and thus the diffusion in this parameter regime can essentially be
understood by analyzing statistics of magnetic field islands composed of these equi-contour lines. We
numerically evaluate the statistics of field islands such as probability density function of mean radius
and fractal dimension of field islands, depending on power-law index of the magnetic field turbulence.
In our model, both super-diffusion (for finite time scale) and sub-diffusion can take place. We find
numerically and analytically the scaling law of the diffusion coefficient using the parameters obtained

by field islands statistics.
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Fig. 1 Typical magnetic field turbulence used in the
present study superposed with several test particle
trajectories. Both the zeroth order and the vari-
ation magnetic field is given perpendicular to the
simulation plane, whose magnitude is shown as a
gray scale in the figure. When the particle Larmor
radius is much less than characteristic scale length
of the turbulence, particles essentially gradient-B
drift along equi-contour lines of the magnetic field
strength. For a closed particle trajectory, one can
define its ’center’ and ’radius’, as represented by a
dotted circle.
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Fig. 2 Probability that an arbitrarily chosen point in the
field turbulence belongs to an open trajectory (a)
plotted versus the field turbulence spectrum index
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Fig. 3 Typical magnetic field islands for (a) v = 0.0, (b)
v = 1.0 and (c)y = 2.0. In each panel, a circle
is superposed with its radius (R) evaluated by (5)
and its center given by the gravity center of the
trajectory.
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Fig. 4 Mean radius R vs. perimeter S. The mean radius
is averaged during (S,S + AS), where the value
of AS is chosen as 2"A (n = 1,2...). Each curve
represents different value of the power law index
of the magnetic field turbulence, (a)y =0, (b)y =
0.5, (c)y = 1.0, (d)y = 1.5, (e)y = 2.0, (f)y = 2.5
and (g)y = 3.0.
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Fig. 5 Probability density function of mean radius R. For
an intermediate range of R (3 < R < 300), one can
approximate p(R) ~ R™#. Labels (a) ~ (g) are the
same as Fig. 4.
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Fig. 6 Probability density function of perimeter S. For
an intermediate range of S, one can approximate
p(S) ~ S7¥. Labels (a) ~ (g) are the same as
Fig. 4.
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Fig. 7 Dependence of several important indices to «, the
power law index of the magnetic field turbulence.
(a) Fractal (capacity) dimension, d evaluated using
Fig. 4, (b)u(A) and v (@) evaluated using Fig. 5
and Fig. 6,respectively, and analytically estimated
v (O) by eq.(9), (c)diffusion scale index 3 evalu-
ated numerically (@) and analytically (O, A) by
eq.(20),(21).
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Fig. 8 Time scale (7) dependence of the diffusion coef-
ficient (D), which is evaluated by numerical in-
tegration of particle trajectories (solid lines) and
by discussion of magnetic islands statistics (bro-
ken lines).
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Fig. 9 Test particle position (y-direction) vs. iteration
step i (right panel) and p.d.f. of particle po-
sition at some time (left panel). Solid lines of
p.d.f. are at time 7 = 104,105,106 for (a) v = 0,
7 = 102,108,104 for (b)y = 1 and T = 10,102, 103
for (c)y=2
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