memm———  Princeton Plasma Physics Laboratory =

PPPL- 4458 PPPL- 4458

Nonlocal Transport in the Reversed Field Pinch

G. Spizzo, R. B. White, S. Cappello, and L. Marrelli

September, 2009

PPPL

PRINCETON PLASIMA
PHYSI(S LABORATORY

; _ | ]

P e — I

T T i . ’ ..‘: . I..

S e

My T ———————

i

Ll

- el

_q_,_ll—-'i-" i b T
B Lhe S st et R

Prepared for the U.S. Department of Energy under Contract DE-AC02-09CH11466.


Pamela Hampton
Text Box
PPPL-


Princeton Plasma Physics Laboratory
Report Disclaimers

Full Legal Disclaimer

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor any of
their employees, nor any of their contractors, subcontractors or their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or any third party’s use or the results of such use of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof or its
contractors or subcontractors. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof.

Trademark Disclaimer

Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof or its
contractors or subcontractors.

PPPL Report Availability

Princeton Plasma Physics Laboratory:

http://www.pppl.gov/techreports.cfm

Office of Scientific and Technical Information (OSTI):

http://www.osti.gov/bridge

Related Links:

U.S. Department of Energy

Office of Scientific and Technical Information

Fusion Links




Nonlocal transport in the Reversed Field Pinch

G. Spizzo,'** R. B. White,? S. Cappello,! and L. Marrelli!

IConsorzio RFX, Euratom-ENEA Association,
Corso Stati Uniti, 4 35127 Padova - Italy
?Plasma Physics Laboratory, Princeton University,
P.O.Box 451, Princeton, New Jersey 08543
(Dated: August 28, 2009)



Abstract

Several heuristic models for nonlocal transport in plasmas have been developed, but they have
had a limited possibility of detailed comparision with experimental data. Nonlocal aspects intro-
duced by the existence of a known spectrum of relatively stable saturated tearing modes in a low
current reversed field pinch offers a unique possibility for such a study. A numerical modelling of
the magnetic structure and associated particle transport is carried out for the reversed-field pinch
experiment at the Consorzio RFX, Padova, Italy. A reproduction of the tearing mode spectrum
with a guiding center code! reliably reproduces the observed soft X-ray tomography. Following
particle trajectories in the stochastic magnetic field shows the transport across the unperturbed
flux surfaces to be due to a spectrum of Lévy flights, with the details of the spectrum position de-
pendent. The resulting transport is subdiffusive, and cannot be described by Rechester-Rosenbluth
diffusion, which depends on a random phase approximation. If one attempts to fit the local trans-
port phenomenologically, the subdiffusion can be fit with a combination of diffusion and inward
pinch?. It is found that whereas passing particles explore the stochastic field and hence participate
in Lévy flights, the trapped particles experience normal neoclassical diffusion.

A two fluid nonlocal Montroll equation is used to model this transport, with a Lévy flight
defined as the motion of an ion during the period that the pitch has one sign. The necessary input
to the Montroll equation consists of a time distribution for the Lévy flights, given by the pitch
angle scattering operator, and a distribution of the flight distances, determined numerically using
a guiding center code. Results are compared to experiment. The relation of this formulation to
fractional kinetics is also described.
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I. INTRODUCTION

Several heuristic models for non-diffusive transport in plasmas have been developed in
order to understand anomalous transport in tokamaks[1-3]. There has been limited pos-
sibility of detailed comparision of these models with experimental data, because of scant
diagnostic information concerning the nature of the turbulence, and of its often rapid time
dependence. Any diffusion process is determined by a sequence of small random steps dzx,
having a distribution with a mean square step size. Typically the distribution of steps is
Gaussian. Nonlocal transport is instead characterized by having a distribution of steps with
a long tail, such that a mean square step size does not exist.

For purposes of thermonuclear fusion, the reversed field pinch (RFP)[4, 5] is of inter-
est particularly because of the existence of single helicity states [6, 7], which offer good
confinement (for a recent review of the results on single helicity see [8]). However at low
current the normal state of the RFP is the multi-helicity state, dominated by a known but
large spectrum of relatively stable saturated tearing modes. In this state the reversed field
pinch offers a unique possibility for a study of nonlocal transport. The magnetic field in the
multihelicity state in a reversed field pinch is typically chaotic but not far above stochastic
threshold, so we will see that Rechester-Rosenbluth diffusion is not operative. Large scale
coherent structures and streamers exist in the field structure. The situation is analogous
to other systems that display nonlocal transport, where large scale streamers or avalanches
exist,.

Particle transport in toroidal configurations is usually described by splitting the particle

flux into a diffusive and a pinch term:

I'=—-DVn+uv-n, (1)

where D and v are fit to observed transport in tokamaks [9-12] and reversed-field pinches
(RFP) [13-15]. By making a detailed study of ion transport in the REX we have found a
link between pinch velocity and a magnetic chaotic topology[16]. In a chaotic magnetic field
near stochastic threshold particle transport is not diffusive.

The low current state in the RFX is characterized by a significant spectrum of magnetic

perturbations, which produce a chaotic core in the plasma domain [17]. For this reason,
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FIG. 1: RFX ¢ profile vs minor radius, showing also the ¢ = 1/7 and ¢ = 1/8 resonances

traditionally a paradigm for transport was based on the assumption of particle diffusion in a
stochastic magnetic field, derived by Rechester and Rosenbluth (RR)[18]. In that framework,
a field line diffusivity is defined in a random walk approach as Dy = ((Ar)?/(2L)), where
brackets (.. .) indicate a mean over a statistical ensemble, typically by averaging over an equi-
librium flux surface, and L denotes the distance followed along the field lines. This stochas-
tic field diffusivity is related to the total fluctuation amplitude through Dy = (l;/ B)2 Lo
where Lo, is the (parallel) correlation length of the magnetic field lines, b is the pertur-
bation and B is the equilibrium field. Dy can also be related to the collisional particle
diffusivity through Dgrr = Dy - L/7. Typically, the length L travelled in the parallel di-
rection is proportional to the average collision time through the thermal velocity wvy,, so
knowing the stochastic diffusion coefficient one obtains an estimate of the particle diffusiv-
ity Drr = <5/ B>2 Leorr v, This traditional picture is however not applicable to the field
existing in the RFX, which is chaotic, but not far enough above stochastic threshold to
warrant the use of the random phase approximation in calculating transport.

In the multihelicity RFX state the transport has two components, those particles with
velocity nearly parallel to the magnetic field (i.e. with pitch A = v /v close to £1) move
radially in a subdiffusive manner, (r? ~ ¢? with p < 1) while particles with small pitch diffuse
collisionally through the magnetic field. The transport is dominated by the subdiffusive
component, and attempting to fit the density profiles to Eq. (1) leads to a large pinch term.
The pinch term is thus not a result of particle motion opposite to the density gradient, but

a consequence of the non diffusive character of the transport.
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FIG. 2: RFX equilibrium field vs minor radius.

The rest of this paper is organized as follows. In section II we discuss the numerical codes
used to characterize the transport. The results of the simulations are discussed in section
ITI. Steady state density solutions are found using fixed sources and sinks, the resulting
particle flux can be phenomenologically fit with diffusion plus an inward pinch. Also, the
time dependence of an initial distribution of particles initiated on a single flux surface is
examined. This study reveals the existence of Lévy flights and subdiffusive transport, the
distribution of particle steps across the equilibrium flux surfaces has a long tail, and the mean
is given only by the system size. Probability distributions of flights across the equilibrium
flux surfaces are obtained numerically.

In section IV a nonlocal two fluid Montroll-Weiss model[19, 20] equation is constructed,
using the Lévy flight statistics obtained with the guiding center simulations, giving a rea-
sonable description of the essential physics. In section V we discuss the relation of this

formalism to fractional kinetics. In section VI are the conclusions.

II. SIMULATIONS

The 3D magnetohydrodynamic (MHD) nonlinear, visco-resistive cylindrical code SpeCyl
[17, 21] computes the magnetic field (equilibrium and perturbations) of a chaotic, conven-
tional multiple helicity RFP state with major/minor radii R/a = 2m/0.5m = 4, Lundquist
S =3 x 10*, Prandtl number P = 20 and pinch parameter © = By(a)/(B,) = 1.6. Numer-

ical simulations of magnetic field lines in the stochastic field as well as particle trajectories
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FIG. 3: Comparison of soft X-ray and Poincaré for single helicity states. Taken from [26] and [27].

corresponding to the SpeCyl output are carried out with the code ORBIT, which uses a
Runge-Kutta implementation of Hamiltonian guiding center equations in toroidal geometry.
This formalism is documented in several publications[22, 23]. In the version of the code for
the RFP used here, test particle collisions are implemented through a pitch angle scattering
operator and also a classical collision operator, since the banana orbits can be very narrow
compared to the gyroradius.

Pitch angle scattering is performed numerically with a Lorentz collision operator, with

the pitch defined as A = v /v, time step dt, and collision frequency v, through[24]

N =M1 — vdt) £ /(1 — \2)vdt. 2)

SpeCyl simulations mimic a typical low-current discharge of the RFX device [25], with aspect
ratio Ry/a = 4. The equilibrium ¢ ( field helicity) profile and magnetic field components for
a typical RFX discharge are shown in Fig2. 1,2. The equilibrium field helicity profile has
the range .15 > ¢ > —.03. In Fig. 3 are shown comparisons of soft X-ray tomography with
Poincaré plots [26, 27] obtained by using the mode spectrum for single helicity states and

solving the Newcomb’s equations in toroidal geometry [28], using the experimental Mirnov
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FIG. 4: Multi mode state spectrum

data 0B(¢p, 0,0) = >, Bun(¥p)sin(m — ng), m =1, 1 <n < 24. Fig. 4 shows the
typical magnetic spectrum [Fig. 4(a)] and radial profile of § B(r) [Fig. 4(b)] for the Multiple
Helicity State described by SpeCyl: in this case the spectrum is given in more detail, with
—10 < n < H4. This state exhibits large scale chaos with no large islands in the RFP
core, and the Chirikov stochasticity parameter, a measure of the overlap of nearby magnetic
islands, is C' ~ 5.

In Fig. 5 is shown the Poincaré plot for the field in the multi-helicity state, showing
large scale chaos over most of the plasma. Note that there is no chaos near the axis or near
the edge, good flux surfaces prevent field lines in the center of the plasma from reaching
either the edge or the magnetic axis. A chain of seven islands is seen near the magnetic
axis, corresponding to the smallest n value resonant with this g profile, see Fig. 1. However,
there still exist large scale structures and correlations, which can be seen in the plot of
Fig. 5 on the right, obtained by following field lines only until they reach r/a = 0.7. In
this manner the points do not fill the whole plasma volume, and they show the internal
structure remaining in the field. Clearly seen is a large n = 8 structure, with excursions
reaching almost across the whole plasma. This can also be understood from the g profile,
shown in Fig. 1. Starting from the magnetic axis, the n = 8, ¢ = 0.125 island chain is the
first unstable island chain. In Fig. 5 one notes that the chaotic domain for small r has eight
bumps extending toward the stable n = 7, ¢ = 0.1428 island chain.

The field characteristics are shown in Fig. 6. We show the determination of the parallel
correlation length, defined by following field lines and examining < r? >. The parallel
correlation length L is defined by the distance along the field at which (d/dr) < r? > first
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FIG. 5: Poincaré plots of the magnetic field
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FIG. 6: Magnetic field correlation length L, and its dependence on the perturbation amplitude.

reaches zero. We show a typical determination of L, and its dependence on the perturbation
magnitude, fit numerically with (§B,/B)~%". Here and in the following, dependence on
perturbation amplitude is normally performed by uniformly increasing all harmonics in the
perturbation spectrum, but we also examine the dependence of the transport on the mode
spectrum. The typical value of L for §B,/B ~ 4% (experimental level of fluctuations) is
about one toroidal turn.

For field line transport in frozen magnetic turbulence (which is the case of the RFP,
for the low-frequency MHD tearing modes usually possess a high degree of spatio-temporal
coherence) the Kubo Number is defined as K = b/By(a) x Aj/AL, and it is shown in Fig.
7. It is equal to 1.5 for the perturbation amplitudes existing in the RFX. Here A\ = L

and we approximate A; = a. This magnitude places the field in the percolation scaling
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FIG. 7: Kubo number versus perturbation amplitude.

regime: this means that field lines spiral around for some time in highly correlated areas,
such as the structures evident in Fig. 5, i.e. they are trapped [29]. As a result of the
combination of long parallel correlation length and relatively low fluctuation amplitude, one
can expect a strong departure from the quasilinear determination of field line diffusivity,
and this departure depends on the fluctuation spectrum that determines the structures in
Fig. 5 described above. Percolative regimes are found also in simulations of astrophysical
magnetic turbulence, as shown by Zimbardo, Veltri and Pommois [30], although they report

anomalous transport only when K < 1.

ITII. NUMERICAL RESULTS

To examine the transport, we simulate ions at RFX bulk energy (250 eV at plasma current
Ip = 600 kA and average toroidal field (B;) = 0.2 T) and density (n; = 4 x 10m™?);
modes with poloidal mode number m = 1 and toroidal number n up to 26 are considered.
Particles are followed using the guiding center code, and subjected to pitch angle as well
as classical scattering. As the pitch diffuses due to the collision operator, particles move
between poloidally trapped and passing states. Passing particles explore the stochastic field
to some distance and participate in long flights along the field line while the chaotic field
induces motion across the equilibrium flux surfaces, whereas trapped particles are insensitive
to field line chaos. In a fully stochastic field we would expect Rechester- Rosenbluth diffusion
across the equilibrium flux surfaces for the passing particles.

We perform two types of simulation. By depositing particles at a particular flux surface

1y and redepositing them when they leave a small annular domain centered about this



surface we obtain steady state local density distributions, with a measured rate of flow of
particles across flux surfaces through the system. This then results in a local transport rate.

The second method consists of depositing a number of particles at a particular flux surface
and collecting time history averages for the evolution of the distribution. Mean values of
the square distance from the initial surface versus time as well as statistics regarding motion

across equilibrium flux surfaces are recorded.

A. Steady state distributions

The steady state solution to Eq. 1 with source at z = 0 and sink at x = +A /2, and with

D, v constant, is symmetric in z and given for x > 0 by

_ I _p-A)2
n= - [1 eD ]

: (3)

and shown in Fig. 8. In the limit of v — 0 we have the triangular shape n = % (% — x)
For this distribution the density gradient is simply given by the inverse of the domain size,
it is not related to the actual equilibrium density gradient.

The evaluation of the local radial transport of particles at some point of the plasma is
performed by initially loading ORBIT with a Monte Carlo particle distribution uniform in
poloidal (/) and toroidal (¢) angles, and with a triangular density profile radially, centered
at 7o ( flux ¢) and bounded in minor radius by r; and ro (flux ©; and 1) so that its width
A = ry — 1y is large compared to banana width and gyro radius. A triangular profile is the
natural steady state distribution for diffusive motion given a source at 1y and sinks at 1,
and 1. In the simulation particles exiting the domain are reinserted at vy with random
A, 0,¢. The run time is chosen long enough to allow all particles to perform several cycles
through the domain, leading to a steady state distribution (which is normally reached in
our case in 20 + 40 toroidal transits).

The domain given by A is divided into smaller bins of size § in order to determine the
steady state density profile. Numerically the diffusion constant is given by the number of

particles Ns in the central bin 0 < x < ¢ and the number of particles that exit the domain

A during the run
_ #particles A 0

D ——
runtime 2 N

(4)

10
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FIG. 8: Theory, diffusion plus pinch steady state

This value is independent of the domain size provided the particle step distance is much
smaller than the domain.

An example of an ORBIT run performed in the absence of magnetic chaos is shown in Fig.
9 (solid black lines). The collision frequency is that typical of REX (v7y, = 0.4, where 7o, is
the collisionless on-axis toroidal transit time), A = 2.5 mm, and the ion energy is chosen low
(E =2.5¢eV), so that the domain can be made small. At higher energies the domain, which
must be large compared to the ion cyclotron radius, is large enough so that toroidal effects
produce significant asymmetry in the triangular density profile since D in Eq. 1 is no longer
constant, but a function of x, complicating the solution, Eq. 3. As expected, the density of
particles is within statistical error a triangle [solid line in Fig. 9(a)], the pitch distribution
in the domain is uniform [Fig. 9(b)], with (A\?) = X2 = 1/3. The pitch distribution of
particles that exit the domain is also uniform [Fig. 9(c)]. With no perturbations, the field
consists of nested magnetic flux surfaces and the neoclassical diffusion D is independent
of the size of the domain. Steady state simulations show uniform pitch distribution and
approximately triangular n(1), with toroidal effects producing some asymmetry. We obtain
D =T/n(0) A/2, which gives a value D = 4.2 - 107> m?/s close to the neoclassical estimate
D =1/2vp?>=3.8-10"° m?/s (for ion energy of 2.5 eV, p = 0.3 mm).

Now, let us analyze a case with magnetic fluctuations. Results are shown in Fig. 9 (red
dash-dot lines): particle density is shown in frame (a), the distribution of pitch as a function
of 1 is shown in (b), and the pitch distribution of lost particles is shown in (c). We observe a

significant deviation of the density profile from a triangle, similar to that obtained from the

11
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FIG. 9: (Color online). Equilibrium distributions in the unperturbed (——) and chaotic (-.-.-) case:
(a) particle density as a function of 1; (b) distribution in magnitude of pitch |A|; (¢) density of
particles that exit the domain, as a function of the pitch. As a reference, in (d) n(z), x = r — ro,
A/2 = 1, with pinch, for two different sets of values for particle flux I", diffusion coefficient D and
pinch velocity |v|, is shown. The slight asymmetry of the unperturbed N(¢,) distributions about
g is due to a small magnetic curvature drift effect.

naive pinch model: there is an excess of particles at 1) = 1)y, or rather a depletion of particles
at intermediate points between source and sink. Particles at ¢ ~ 1)y are characterized by
lower pitch (in Fig. 9(b) it is evident that without perturbations (A*(¢) = 1)) < A3 = 1/3).
This means that particles with pitch close to one are rapidly lost: in fact, Fig. 9(c) shows that
particles with A & 1 are more likely to exit the domain. Thus transport can be described in
terms of two plasma components, the diffusing trapped particles and the much more rapidly
moving passing particles.

The approximate symmetry of n(r) about rg, is due to the symmetry of the boundary
conditions, the slight asymmetry is due to toroidal effects: this means that the pinch velocity
is always directed against the density gradient [31]. The difference in transport for particles
of different pitch is too rapid for collisions to maintain a uniform pitch distribution. Particles
are deposited with uniform pitch, but in the presence of stochastic fields the transport is
very pitch dependent, those particles which have pitch nearly £1 are quickly lost and thus
as they move away from the source the pitch distribution changes, and the transport slows
down.

Even though we will find that transport globally is non-diffusive, we can use Eq. (1)

12
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FIG. 10: (a) diffusion coefficient D and (b) pinch velocity v as a function of the normalized mode
amplitude b/By(a). D and v are obtained through a least-squares fit of the density distributions
n(1) inside the triangle. The dashed line in (a) represents a fit of the RR formula.

to match the density profiles, thus obtaining phenomenological transport coefficients. The
resulting D for T; = 250ev is 3.8 - 107° m?/s for no magnetic field, while D = 52.6 m?/s in
the chaotic case. The reference neoclassical D for the chaotic case is D & 0.12 m?/s. There
is a large pinch of the order v ~ 6.5 x 10°m/s. Note that if we scale down the amplitudes
of the SpeCyl simulation to the experimental S = 10° [32], we obtain D ~ 7 m?/s and
v ~ 370m/s. It is straightforward to calculate from Eq.(1) the contribute to the total flux
due to diffusion, (I'p)/T" = 2B (1 — ¢74/2P) ~ 2.2, which depends on the product vA.
Therefore, inward pinch appears in this ad hoc scheme solely to reduce the too large D.
In experiments, diffusion is similar (D & 10m?/s) and pinch is smaller, v ~ 15m/s: notice
that in experiments the gradient scale length Ay, can be larger by one order of magnitude.
Experimentally the pinch is large close to the particle sources and directed against the density
gradient [13-15], showing a similarity with our simple case. The reduction of magnetic chaos
is crucial in reducing D and cancelling the pinch: this happens e.g. in the RFP approaching
the single-helicity condition [4, 5, 7].

It is of interest to study the dependence of the phenomenological (D, v) as a function of
particle and perturbation parameters. In Table I are shown the results of least-squares fit
to the tent distributions for different particle energies and different perturbation amplitude.
Results for perturbation amplitude dependence are shown in Fig. 10: D starts from the

neoclassical value (D ~ 0.1) and then increases as a function of the mode amplitude; v

13



TABLE I: Results of a least-squares fit of the tent distributions, as a function of the normalized
fluctuation amplitude, l~)/ By(a), and for different ion energies. The last fit is performed at standard
energy (E = 250 eV), but adding m = 1 modes with n up to 50 in the simulations. L is
the correlation length, the values of D and v given separately are calculated at the reference
b/Bg(a) = 10%; (I'p)/T is the ratio between the diffusive and total flux.

Energy (eV)|Lo (cm)|D(m?/s)|v (10* m/s)|D/v (mm)[(T'p)/T
20 2 20 8 2.8 19
100 1.5 o7 9 6.2 15
250 1 74 10 6.8 11
500 0.6 93 12 7.4 9
1000 0.4 96 11 8.7 6
250 0.9 77 11 6.7 12

“modes n =7 — 26
bmodes n = 7 — 50

follows more or less the same dependence as a function of b/By(a), with D /v almost constant
when b exceeds a critical value. The ratio D/v (which fixes the ratio (I'p)/T') is nearly
independent of ion energy, as shown in Table I for an ion energy range from 50 eV to 1 keV.
It is noteworthy that, in the RR framework, according to the derivation of the pinch velocity
from the kinetic equations made by Harvey [33], D and v are proportional. This has given
support to the application of this formalism to the empirical transport coefficients found in
experiments [13-15].

The ratio D /v is also independent of the topology of the magnetic field provided the field
is chaotic: this has been checked performing a scan at £ = 250 eV, but including modes with
m = 1 and n up to 50 in the ORBIT simulations. Since it depends weakly on particle energy
and on the details of the (chaotic) magnetic field (such as the correlation length which will
be discussed later), our conclusion is that it depends only on the pitch distribution.

We can also further verify a formal similarity of our simulations with the outcome of the
RR formula Dgp = (l~7/B)2LCOrr vy, We can in fact fit the dependence of Fig. 10(a) with a
functional form of the type (B/B)B - Lovy,. We obtain = 1.6 and Ly = 1 cm. The value
of the exponent [ is in agreement with that found elsewhere for RFX [34, 35], while Ly,
which should coincide with a typical correlation length of the (chaotic) magnetic field lines
is smaller by at least one order of magnitude.

We find the correlation length of the magnetic field lines for the case of interest by calcu-

lating the spreading ((r — ro)?) of field lines initiated at ry. Following the same procedure

14
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FIG. 11: Scaling of pinch with density scale, and scaling of diffusion and pinch with collision
frequency.

highlighted in [34], we find that L.y, = 10.5 m, much larger than the correlation length
Ly obtained from our least-squares fit of the D obtained from the triangle distributions
(Leorr/ Lo ~ 1000). We interpret this result as due to the fact that only particles with small
pitch contribute to diffusion in stochastic field lines: particles with A & =£1 contribute to
the pinch. This idea is equivalent to assuming that the perpendicular fraction of this ther-
mal velocity contributes to diffusion, D = Dy (v, ), while the parallel fraction contributes
to pinch, Lov = Dst<v||), where L is the aforementioned correlation length of the magnetic
field re-scaled to the fraction of particles contributing to pinch. The ratio D/Lgv is therefore
independent of the details of magnetic chaos given by Dy, and of the particle energy, being
roughly:

D _ v f(v)d*v _ [ V1= 2F(N)dA
Lov  [Tolf) v~ JAFNdA

This integral is 7/4 in the case of f(\) = A%, while it is unity when f(\) = |\|. The

()

steady state pitch distribution of lost particles gives numerically an intermediate result
(0.96), so that, using the value of Ly for the £ = 250 eV case of Table I, we obtain a value
D/v=9.6 x 1073, close to the figure 6 x 1073 obtained in simulations.

In Fig. 11 is shown the scaling of the pinch velocity with the density scale length and
the scaling of the diffusion and pinch velocity with the collision frequency. These scalings

are easily understood in terms of the Lévy flights, discussed in the next section.
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B. Flights

Models for Lévy flight transport in the literature are determined by giving particles a
waiting time distribution and a distribution in flight distance. To compare with such models,
we define a flight by the sign of the particle pitch. Aslong as the pitch has one sign, a particle
will continue to travel along a magnetic field line, reversing direction with the reversal of
the pitch. Thus the flight time is given by the distribution of the Poincaré return times
T,(t) with [ dtT,(t) =1 for the scattering operator, it is independent of the magnetic field
topology, given only by the collision frequency. It is interesting that this operator, although
it is diffusive, produces a long time tail in the Poincaré return times, of the form ¢!,
easily determined by recording flight times using only Eq. 2. Thus there is no mean time
for a flight. A numerically determined distribution is seen in Fig. 12. Times are given in
toroidal transit times 7., defined as the time for a particle to complete a toroidal transit
at the magnetic axis (74, = 2mRo/vy,). The truncation at ¢ ~ 20 is not a property of the
collision operator, it is due to the finite simulation time. Note that for small times, this
distribution is determined by the trapped particle bounce time, and has a minimum value
given by the deeply trapped bounce time. Although a mean time does not exist, we can

define a characteristic time given by

T = / a0, (6)

Since the collision operator from Eq. 2 is a function of vt except in the small dt trapped
particle domain, where it is dependent only on the equilibrium field, we expect that T, ~ 1/v.

The simulation is performed by launching a large number of passing particles on a par-
ticular flux surface ry, uniformly distributed poloidally and in pitch within the restriction
of being passing. They are then followed until the pitch changes sign, defining a flight orig-
inating at r. For each particle flight, we measure the distance travelled toroidally, the time
spent, and the distance moved across flux surfaces. This data allows a determination of the

nature of the transport through the exponent p in

< dri(t) >= A? (7)
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FIG. 13: Time dependence of < dr? >

as well as the Lévy flight distributions.

Sample results are shown in Fig. 13 and Fig. 14. It is noteworthy that, while in the
toroidal angle a ballistic regime is followed at later times by diffusion, in the radial co-
ordinate diffusion is never reached. Sub-diffusion with ((Ar)?) oc t°7 is followed by an even
stronger subdiffusive regime ((Ar)?) oc t°4, which is reached corresponding to the diffusive
regime in the angular coordinate at about ¢ = 10 (in the poloidal angle the behaviour is
almost identical). A deeper look at the magnetic topology [see Fig. 14(c)] reveals that

in the radial coordinate remnants of magnetic islands act as ”sticky” regions for particles,
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FIG. 14: (Color online). Mean square displacements as a function of time (expressed as toroidal
transits): (a) radial co-ordinate; (b) toroidal angle. Red line represents a least-squares fit of the
form (Ar?) = C'-t*. Values of « are also reported. (c) Poincaré plot (portion of equatorial cut) of
small islands (width ~ 3 + 5 mm) which act as "sticky” regions for particles; in blue a projection
on the (r, ¢) plane of a particle trajectory is overplotted, for t = 0+ 10 Tyor. Ttor = 27 Ro/vgn is the
(collisionless) transit time.

determining (on average) transport which is slower than the usual RR diffusion, but these
islands do not impede motion along the field. This gives an indication that transport is
generated by Lévy flights [36, 37] of particles along field lines in the toroidal angle: the
same trajectory, meandering in sticky regions radially, generates a more or less slow motion
in this coordinate. The presence of two slopes is due to the fact that, at longer timescales,
collisions become important in reversing direction along the field, making the toroidal motion
diffusive. The radial transport is always subdiffusive, similar to that found in [38]. This
analysis confirms early results obtained in RFX concerning field line dynamics [34], and the
pioneering theory by Balescu [39]. Similar behavior is seen in the Chirikov-Taylor model
[40]. Note that the radial diffusive behavior of the trapped particles (neoclassical banana
regime of particles with A = vj/v < 1 and ((Ar)?) « t*, @ ~ 1) is not visible because of its
very small magnitude. Untrapped particles cause the mean (Ar)? to reach the boundary of
the device long before this term can make an appearance.

In Fig. 15 is shown a sample distribution of flight distances for a monoenergetic particle

distribution with energy 250ev and collision time of v7,, = 0.4. At this flux surface the
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radial distribution also behaves as the -1.4 power for a significant range of distances, similar
to the distribution of flight times. This number is not the case in general, the power is found
to range from -.8 to -1.6 at different radial locations. But at each radius in the chaotic field,
a mean flight distance exists only because of the finite device size, there is no mean radial
stepping distance defined by the distribution except through the boundaries.

The scalings seen in Fig. 11 are easily understood in terms of the existence of passing
particle Lévy flights. If the density gradient is very steep, passing particle flights easily
take particles quickly out of the domain used for the transport determination. The flights
thus have a strong effect on the determination of the transport. To produce a small density
gradient a much larger domain must be used, and fewer flights are capable of landing outside
the domain. Thus the effect of the flights, and hence the pinch velocity, must decrease with
the gradient scale length.

The scaling of the diffusion and pinch velocity with collision frequency shown in Fig. 11
is also clear. For very small collisionality the characteristic flight time T, is very large, flights
have a significant range. But T, ~ 1/v and when it is smaller than the time for a particle to
go one field correlation length, the flights have no effect on the transport, and the transport

becomes diffusive.
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IV. MODELLING THE TRANSPORT WITH A MONTROLL EQUATION

We now attempt to construct a model for the observed nonlocal transport. Since the
trapped and passing particles experience very different behavior, we introduce a two fluid
model, with a trapped particle component n,(r,t) and a passing particle component n,(r,t).
We use averages over flux surfaces and velocity space to obtain this representation of the
distribution with only two scalar functions. The passing particles participate in flights, and
the trapped particles only diffuse. There is of course collisional transfer between trapped and
passing species, depending on the local mean trapped passing boundary. This we determine
numerically, and it is shown in Fig. 16.

We thus posit a two component Montroll master equation model given by

¢
Oy (r,t) = /dt’ /dr’np(r', tYP(r,r' t,t") — va(r)ng(r,t) + vb(r)n,(r, t) + Svp?(r)02n,(r, t),
o Jo

Opnp(r,t) = —vb(r)n,(r,t) + va(r)ng(r,t) —/0 dt’/o dr'np(r',t')/o drP(r,r' t,t). (8)

The trapped fraction determining the trapped-passing transfer rates, a and b, the collisional
transfer rate v, and the gyro radius p are all position dependent. The propagator P(r,r’ t,t")
describes the flight statistics. Since at the end of a flight, when the pitch changes sign, a
particle is trapped, the flights contribute positively to the trapped particle density at the
flight termination point. We also include the neoclassical diffusion term for the trapped
species. It is negligible for the passing particles. We have omitted sources or sinks from
these equations, which can easily be added. Without a source or sink the total particle
number [ drin, + n,] is conserved.

The flights originating at r’, ¢’ and ending at r, ¢ are given by the probability P(r,r’ t,t'),
which must be obtained numerically from guiding center flight statistics. Examples of the
propagator P(r,r’ t,t") for two values of 7" and ¢ = 0 and for 250ev and vy, = 0.4 are
given in Fig. 17. There are several important things to note about these propagators. First,
they are not only very position dependent, they are also very asymmetric in flight direction,
because of the variation radially of the degree of stochasticity of the field. Second, they in
no way can be factored into functions of space and time by P(r,r’',t,t") = f(r,7")g(t,t').
In particular, this factorization, commonly used in continuous time random walk (CTRW)

theories, violates causality. It has also been shown by Zaslavsky that many map models
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do not obey factorization [41], as for example the case of advected particles in the 3-vortex
flow [42]. Our propagators instead take into account the local properties of the magnetic field
as well as the plasma boundaries. They also depend on particle energy and collisionality,
and hence plasma density.

Some preliminary simulations have been performed using Eqs. 8. We have looked at sim-
ulations of both types of experiments described in section III. A numerical implementation
of these equations is fairly rapid, complicated only by the necessity of keeping a time history
of information at all relevant radii. Results are shown in Fig. 18, with a confirmation of the
+ behavior in the initial evolution of < 72 > out to a few toroidal transit times, and the
reproduction of the pinch effect in a steady state simulation. Frame (a) shows the steady
state trapped and passing populations, and (b) the local trapped fraction.

Once the initial distribution has spread enough so that enough particles are propagating

also back toward the initial radius (the toroidal diffusion domain) we expect this simulation
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to reproduce the < r? >~ t-4 behavior.
By including source and sink terms, these equations can be used to simulate the com-
plete global steady state density in RFX, and to compare with local determinations of the

phenomenological diffusion and pinch values.

V. FRACTIONAL KINETICS

Zaslavsky[43] and others[1] have championed the use of fractional derivatives for nonlocal
transport studies. These models use the Continuous Time Random Walk treatment, and
consist of a waiting time distribution, (¢ — t’), and a transition probability P(r — r’) for
jumping from r’ to r. The factorization of the propagator into spatial and time functions
permits the useful introduction of Fourier transform techniques. Fractional kinetics is fully
determined by the two parameters that describe the space and time asymptotic properties
of the stochastic processes. The fractional derivative in space and time results from Lévy
processes, The super- or sub-diffusive nature of the transport < 72 >= t? is related to the
asymptotic behavior of the space and time probability distributions.

The nonlocal transport is described by the generalized diffusion equation, also known as

Fractional Kinetic Equation (FKE): 0,f = x,D2%f, where the ath derivative of f(z) is a
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nonlocal integro-differential operator

wp_ Lot )
oDz f = L'(m — «) dz™ /a (x — y)oti-m dy )

which is an analytic extension of usual differentiation (« integral) to the real number line,
and this combination of differentiation and integration leads to its nonlocality.

But we find numerically that at least for this case the spatial transition probability is a
function of the flight time. There is no factorization of P(r,r’ t,t") into P(r,r")1(t,t") which
in any case is non causal. In addition the Green’s function P(r,7’,t,t') is not translation
invariant, the Lévy tail depends on location. Thus to represent our case the fractional
derivative o would need to be x dependent, and it is not clear that this formalism makes
sense in this case. In addition the bounded domain, easily handled by the Montroll equation,
makes treatment using fractional derivatives more complicated. The approach of fractional
kinetics appears to be more suitable for treating a homogeneous case, and can offer insight
in this limit.

Of course we do not know how to find P(r,7’,¢,t') or a analytically from the properties
of the magnetic field, such as the spectrum, the field correlation length, the Chirikov overlap
parameter and the Kubo number, which would be the ultimate goal for predicting transport.
A strong motivation for studying this case is that it offers a test bed for the determination of
particle transport in a nonlocal system from the properties of the magnetic field turbulence.
The greater complexity required by the formalism of the Green’s function P(r,r’,t,t") or
the FKE is balanced by the substantially lower degree of a priori assumptions concerning
system properties. In fact, when choosing a simple approach to transport (often through
the habit of describing experimental data in terms of usual diffusion/pinch), one should
bear in mind the many probabilistic assumptions involved, namely: a Markovian process for
waiting times, an isotropic Gaussian distribution of steps, and, last but not least, locality
(dr/a < 1). As reported extensively elsewhere [1, 41] these assumptions often conflict with

the real dynamics of the system, requiring more complex tools to describe transport.
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VI. CONCLUSION

Ion transport in the multihelicity RFX is subdiffusive, and the transport can be fit phe-
nomonologically with diffusion and an inward pinch. This behavior is similar to that found
for turbulent transport across stable sheared zonal flows[44], and may be a general property
of systems exhibiting chaos, but not sufficiently above stochastic threshold to permit the
use of random phase approximations.

We find that a pinch velocity v appears in the expression of the particle flux in a chaotic
field: plasma radial transport is the combination of two different components, neoclassical
diffusion due to the trapped particles and subdiffusive Lévy flight transport due to the
passing particles, the former arising through toroidal geometry, the latter being an outcome
of the chaotic topology of the magnetic field. Passing particles dominate on large scales (see
Fig. 14), but trapping is fundamental in determining local features (Fig. 9).

Full scale global simulations using a Montroll equation are possible, giving a realistic
steady state description of the density profile, including sources and sinks. The inclusion of
trapped and passing species, with collisional transfer between them is essential to reproduce
the pinch effect observed with the guiding center simulations. The fact that the propagator
in time and space is determined using guiding center simulations in the chaotic field found in
RFX means that the local properties of the field and the boundary conditions are properly
accounted for. The propagator cannot be factored into time and space functions, it is a
complicated causal function, and it reflects the very inhomogeneous field properties as well

as the finite plasma boundaries.
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