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Introduction

Radial transport in fusion grade plasmas is still not fully understood. It has been suggested
that the transport of particles and/or heat could be non-diffusive. The probabilistic Continu-
ous Time Random Walk (CTRW), provides a framework for the understanding of anomalous
transport, and is especially useful when long-range and/or long-time correlations are involved.

CUTIE is a three dimensional full-tokamak fluid turbulence code that incorporates most of
the relevant physics. In particular, it models the non-linear back reaction of the turbulence on
the macro-scale profiles and vice-versa [1]. Therefore, it is a good test bed for studying anoma-
lous transport using tracer particles. We have studied the motion of such tracers using various
techniques, with the main goal of determiniagand3, i.e. the decay indexes of the tracer par-
ticle distribution functions (pdfs), and the Hurst exponldnt 3/a, in order to clarify whether
the effective transport, measured over large distances and long time scales, is either diffusive
H= %), subdiffusive (H< %) or superdiffusive (H> %) [2]. Standard values am@ = 2 (gaus-

sian), = 1 (markovian) andd = % (diffusive motion).

Tracer particles

CUTIE provides the fluctuating fluid velocity at grid points. We have modified the code to
follow tracer patrticles in a simulation for COMPASS. We used Fourier oversampling to refine
the grid, and then performed 3D spline interpolation to obtain the velocity at any point in space.
We then launched 10000 passive and ideak(op = 0) tracer particles into a converged tur-
bulence simulation. The particles were launched simultaneously at mid radius and randomly
distributed along the poloidal and toroidal directions. The total simulation timeryyas- 20

ms, i.e., comparable to the particle confinement time.

Probability distribution functions

Assuming that the tracer motion can be well described by a sepacdlit®Vwith separate
pdfs for the step sizep(Ax)) and the waiting timey(At)) [3], we decompose the continuous
motion into steps and waiting time intervals on the basis of a velocity threshold. Based on the
generalized Central Limit Theorem, we expect the pdfs of these steps and waiting times to be

Lévy distributions. Fop(Ax), this would be a symmetric non gaussian stable Lévy distribution,
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Figure 2: Step size pdf (left) and Waiting time pdf (right) thfferentvry. In both cases there

exists a region where power-law decay is clearly detected, specialyfoe 3-10* cm/s.

while for ¢(At) this would be a fully antisymmetric Lévy distribution due to the asymmetry of
the time parameter. These Lévy distributions are characterised by their decay indexes: for large
Ax, p— (&x)~1+9) with 0 < a < 2, and for largeAt, ¢ — (At)~(B) with 0< B < 1.

Radial distribution of tracers 0
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flect this in the sense that its tail is expected
to decay ap(Ax), i.e. pdfx) — x1+9) We
have calculated this distribution pgif) at dif-
ferent times in the simulation times. The tem-

poral evolution of the distribution shows an
outward drift. Towards the inside, an alge- P
braic tail is detected. The outward tail is de- Figure 1: Radial distribution of tracers
formed by the accumulation of tracers at a transport barrier. Even if the pdf shows much scatter,
making it difficult to fit a power law function to its left tail, it is clearly non-Gaussian.
Step size& Waiting time pdf

We have analyzed tracer motion by decomposing it into steps and waiting times. High ve-
locity thresholds are needed filter out short-range motion and to obtain Lévy-like distributions.
The step size pdf (Fig. 2, left) is expected to decapas Ax~(1+9) for largeAx. For a proper
determination ofo one would like to have a long power-law decay range, but we are limited
by to the low spatial resolution of these simulations (100 radial grid points). So, while for low
vry the local eddy motion dominates, for highy this finite size effect becomes dominant.
However, in-between, witliry = 3- 10°m/s, a relatively clear power-law is observed. Similar
behaviour is observed for the waiting time pdf (Fig. 2, right), which decayg asAt—(1+A)
for largeAt. Here the power law range is longer than a decade, because the only lidsitigor
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the simulation length.
The best fits results arer = 1.06+ 0.05 andB = 0.537+ 0.007.

The measurement of H: Lagrangian Correlation and Structure Function
We have also determindd by means of the Lagrangian Correlation of velocities. The Res-
caled Range (R )Sechnique [4] provides a suitable algorithm for this purpose.
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Figure 3: R/S fit example (left) and cumulative velocity and;fer v = 5.0 ms (right).

We evaluatedR (n)/S(n) for a range of different time intervafs, for each single tracer trajec-
tory. In a range of;, values one expects to fin(R(n)/S(n)) — t}! (e.g. Fig. 3,left). To obtaikl,
we fitted theR /Sdata to three connected power law sections. For time lags shorter than the tur-
bulence decorrelation timgy(~ 100us), we findH ~ 1; for large lags{ ~ T1ot), H =~ 0, while in
the intermediate region t < T < Trop), (H) = 0.52 + 0.05.

Another approach to the analysis of veloc-
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size effect and the drift, again only the inward

distribution is expected to behave as usual for

tail of the pdf is useful, and we find = 1.089+ 0.011 (Fig. 3, right). Note the similarity be-
tween Fig. 3, right and Fig. 1, which indicates a close match between individual and collective
motion.

We have also computed theorder ¢/ = 1,3 5,2,...,5) generalised structure function (SF) [6]
for the radial velocity (Fig. 4), and found that it scales as a powerSaw) = C, """ in the
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time ranger; < T < 12. To calculateH, we fitS, (1) discarding large values af(logio(7) > 3.7)
by two connected power laws. Note that the slope changes approximately at the same lags as in
theR/Splot. H is fairly constant withv. Its mean value igH) = 0.452+0.019.
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haviour is observed fofAr?) at q = 2, g

hanced. The corresponding mixing lenght dif-
fusion coefficient shows a non-trivial structure with peaks and sharp slope variations close to the
sameq values (Fig. 5(a)), independently ofy, vaguely reminiscent of the phenomenological

g-comb model [7].

Conclusions

Different analysis techniques were used for the characterisation of the radial motion of trac-
ers in CUTIE, with consistent results. Interestingly, even if the motion is diffusive on average
(H =~ 3), it is clearly non-Gaussian and non-Markovian, simce: 1 andf = 3. The pres-
ence of internal transport barriers associated with some rational surfaces may be related to this

phenomenon.
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