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Perturbative transport experimentsaim at following thetransient response of the plasmato externally
applied small perturbations, e.g. plasmaedge cooling and heating power modulation. They provide
valuabl e time dependent transport information in arelatively controlled setting that can be used for
validating and testing transport models [1]. Perturbative experiments have been carried out in the
JET tokamak to study el ectron heat transport [2]. One puzzling piece of evidenceisthat, whilst heat
waves from ICRH power modulation can be adequately explained by local transport models based
on the critical gradient concept, cold pulses from the edge reach the plasma core much faster than
expected from the modulation observations, hinting to non-local transport processes.

Previous attempts to describe these experiments using local models have found problematic to
reconcile the fast propagation of the cold pulses with the comparatively slower propagation of the
heat modulation waves [3], whilst models featuring turbulence spreading got somehow more
promising results [4]. The goal of this paper isto show that these experimental observations can be
guantitatively described using a recently proposed non-local transport model based on the use of
fractional diffusion operators [5]. The starting point is the heat transport equation

a.[3/12n,T,]=-4, [ay +0y ]+ S (1)

where n, and T, aretheelectron density and temperature, x isanormalized radial coordinate, Sis
the source, and the flux, q, +q,, consists of alocal diffusive channel, g, =-n_x,d,T,, ad a
nonlocal transport channel q,, .

Non-locality is believed to play an important role in non-diffusive plasma transport in general
and in thefast propagation of pulsesin particular [6]. Within the standard diffusive transport model
some level of non-locality can be incorporated through non-trivial nonlinear dependences of the
effective diffusivity », on the transported fields and their gradients. However, here we explore a
more direct approach based on the use of transport operators that replace the local flux-gradient
relation by anon-local integro-differentia relation of theform g, (X) =—xn, 9, f K(x-y)T.(y) dy
where the function K(x-y) accounts for the non-local contribution of the temperature at point y to
the flux at point x. The decay of the function K measuresthe degree of non-locality. As expected, in
the case of aDirac deltafunction, K = §(x - y), thelocal diffusive model isrecovered. Thetype of
non-local model is determined by the specific form of the function K. Here, following Ref.[5] we
consider algebraic decaying function of theform K ~1/(x - y)*™®, and write the non-local flux as

Gy (1) = =X Ne 'f (y’) pdy + rf (y' (2)

where 1 < o < 2, andr areconstants, and y, isthe non-local diffusivity. Thefirst termon theright
hand side of Eq.(2) represents the non-local contribution of the flux at x from the plasma between
the corelocated at 0 and point x, whereas the second term on the right hand side of Eq.(2) represents
the contribution from the plasma between x and the edge located at x=1. The relative weight of



thesetwo termsisdetermined by | and r. Herewe assumel=r. In principle one could use adifferent
function K(x-y) to define the nonlocal operator. However, there are strong physical, analytical, and
computational reasons to choose algebraic decaying functions. In Fourier space, Eq.(2) takes the
form q, =-x, ne[l (i)t -r (ik)“‘l]'f(k). As expected, inthelimit =2, | =r, g, reducesto
the local flux in Eq.(2). The limit o, —1 islesstrivia but it can be shown [5] that in this case (3)
reduces to the non-local flux for Landau-fluid closures. Thus, depending on the value of ¢, the
proposed non-local flux interpolates between the local diffusive flux and afree streaming flux. For
genera ¢, thescaling g, ~k** motivates the interpretation of the operator on the right hand side
of Eq.(2) asafractional derivative of order ¢, —1,1.e. q, ~9T . Thereisaso avery appealing
interpretation of Eq.(2) in the context of self-similar, non-Brownian stochastic process without a
characteristic transport scale. This motivates the use of the non-local model in Eq.(2) to describe
scale-free, self-similar turbulent transport in plasmas asdiscussed in Refs.[ 7] for the case of resistive
pressure-gradient driven turbulence.

In the results presented here, we assume o =1.25, x, = (0.75+ 6x)m*/sec and y,, =2 m*/sec
for x> 0.1 and zero elsewhere. Details on the numerical method can be found in Ref.[5]. The
source S=P,(x)+ P, (x,t) on the right hand side of Eq.(1) is taken from the experiment and it
consists of a steady state including Ohmic heating, NBI heating and off-axis RF heating , and a
time modul ated RF source with frequency v=14.5Hz . Thedensity, n, = 2.6 x 10" part/m*® isassumed
constant in time and uniform in space. As shown in Fig.1 for these parameter values, the fractional
transport model is able to reproduce the profiles of the amplitude and the phase of the dominant
Fourier harmonics of the electron temperature corresponding to the propagation of the heat wave
excited by the ICRH modulation. Similar agreement has also been obtained with other models
including critical gradient models and turbulence spreading models.

However, the critical issue is to be able to reproduce for these same parameter values and
conditions the fast propagation of the pulse, something that previous models has not been able to
accomplish [3, 4]. Figure 2 shows that the fractional model can successfully accommodate the
propagation of pulseswith speeds comparabl e to those observed in the experiment while still retaining
the slower propagation of the modulation heat pul ses.

SUMMARIZING

Recent JET experiments show an asymmetry between the propagation of pertubations due to heat
modulation and cold pulses. For p>0.3 waves and pulses propagate fast. For p<0.3 the heat wave
slows down and is damped, but cold pulses still travel fast. Local transport models are not able to
reproduce these results. We have shown that a recently proposed non-local transport model based
on the use of fractional diffusion operators is able to reproduce these results. In particular the
fractional diffusion model reproduces the radial dependence of the amplitude and phase of the
modul ation experiments. M ost importantly, for the samemodel parameters, it describesthe observed
fast propagation of the pulses.
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Fiégure 1: Experimental (dots) and fractional model (lines) profiles of A and F corresponding to the 1% (black) and the
3" (red) Fourier harmonics of the electron temperature.
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Figure 2: Comparison between the temperaturetracesin the experiment (left panel) and the model (right). Consistent
with the experiment, the model exhibits a drop of 30eV (corresponding to the dashed red line) in about ~4ms.



http://figures.jet.efda.org/JG07.216-2a.eps
http://figures.jet.efda.org/JG07.215-2b.eps

