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Perturbative transport experiments aim at followtimg transient response of the plasma
to externally applied small perturbations, e.g.spla edge cooling and heating power
modulation. They provide valuable time dependeahdport information in a relatively
controlled setting that can be used for validatemgd testing transport models [1].
Perturbative experiments have been carried othenJET tokamak to study electron heat
transport [2]. One puzzling piece of evidence &t thvhilst heat waves from ICRH power
modulation can be adequately explained by localspart models based on the critical
gradient concept, cold pulses from the edge redehplasma core much faster than
expected from the modulation observations, hinttngon-local transport processes.

Previous attempts to describe these experimentsgulkical models have found
problematic to reconcile the fast propagation of tbé&l pulses with the comparatively
slower propagation of the heat modulation waves \|8Jilst models featuring turbulence
spreading got somehow more promising results [Ag goal of this paper is to show that
these experimental observations can be quantibatdescribed using a recently proposed
non-local transport model based on the use of itnaagk diffusion operators [5]. The
starting point is the heat transport equation

g, [3/20T.]=3, [a, +d,] +S (1)
where n, and T, are the electron density and temperatwas a normalized radial
coordinate,S is the source, and the flug, +q,, consists of a local diffusive channel,
qs =N X, 0, T,, and a nonlocal transport chaniggl

Non-locality is believed to play an important ratenon-diffusive plasma transport
in general and in the fast propagation of pulsegarticular [6]. Within the standard
diffusive transport model some level of non-logatiin be incorporated through non-trivial
nonlinear dependences of the effective diffusivity on the transported fields and their

gradients. However, here we explore a more dirpptaach based on the use of transport

# See the Appendix of M.L.Watkins et al., Fusion Eye2006 (Proc. 21st Int. Conf. Chengdu, 2006) IAEA,
(2006)
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operators that replace the local flux-gradienttretaby a non-local integro-differential
relation of the form q,(X)=-xn,d, J K(x-y)T.(y) dy where the functionK(x-y)
accounts for the non-local contribution of the temgure at poiny to the flux at poink.
The decay of the functiod measures the degree of non-locality. As expeatethe case
of a Dirac delta functionK = d(x —y), the local diffusive model is recoveredhe tpe of
non-local model is determined by the specific fopithe functionK. Here, following
Ref.[5] we consider algebraic decaying functiorhaf form K ~1/(x — y)*“™®, and write the

non-local flux as

qnl (X’ t) = _an ne ﬂx

T.(y,1) T.(y,t)
|| =2l dy+r | =2 ¢ 2
I(X‘y)a Y rj:(Y‘X) yJ @

wherel<a <2, | andr are constants, ang, is the non-local diffusivity. The first term on
the right hand side of Eq.(2) represents the neatloontribution of the flux at from the
plasma between the core locatedand pointx, whereas the second term on the right
hand side of Eq.(2) represents the contributiomftbe plasma betweenand the edge
located atx=1. The relative weight of these two terms is deteedibyl andr. Here we
assumd=r. In principle one could use a different functiki{x-y) to define the nonlocal
operator. However, there are strong physical, aicaly and computational reasons to
choose algebraic decaying functions. In Fourieacsp EQ.(2) takes the form
Gy = —Xa N[ (—ik)”‘l—r(ik)”‘l]'f(k). As expected, in the limiz =2, 1=r, g, reduces to
the local flux in EQ.(2). The limir — 1 is less trivial but it can be shown [5] that insth
case (3) reduces to the non-local flux for Landaidfclosures. Thus, depending on the
value of a, the proposed non-local flux interpolates betwienlocal diffusive flux and a
free streaming flux. For general, the scalingg, ~k“™* motivates the interpretation of the
operator on the right hand side of Eq.(2) as atiraal derivative of ordera -1, i.e.

q, ~d°T . There is also a very appealing interpretatioE@f(2) in the context of self-
similar, non-Brownian stochastic process withoutharacteristic transport scale. This
motivates the use of the non-local model in Eqi2)describe scale-free, self-similar
turbulent transport in plasmas as discussed in.[Rgflor the case of resistive pressure-
gradient driven turbulence.

In the results presented here, we assumel.25, yx,=(0.75+6x)m’/sec and

X, =2 m"/sec for x>0.1 and zero elsewhere. Details on the numerical ndettam be
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found in Ref.[5]. The sourc&€=PR,(x)+ P, (x,t) on the right hand side of Eq.(1) is taken
from the experiment and it consists of a steadye stacluding Ohmic heating, NBI heating
and off-axis RF heating , and a time modulated &k with frequency =14.5Hz. The
density, n, =2.6x10”part/m’ is assumed constant in time and uniform in spaseshown

in Fig.1 for these parameter values, the fractidgraisport model is able to reproduce the
profiles of the amplitude and the phase of the dami Fourier harmonics of the electron
temperature corresponding to the propagation of hbat wave excited by the ICRH
modulation. Similar agreement has also been édaivith other models including critical

gradient models and turbulence spreading models.

60

Fig,1 Experimental (dots) and fractional model (lines) profilesof A and @ corresponding to the 1% (black)
and the 3" (red) Fourier harmonics of the electron temperature.

However, the critical issue is to be able to repazdfor thesesame parameter values and

conditions the fast propagation of the pulse, sbingtthat previous models has not been
able to accomplish [3,4]. Figure 2 shows that thectfonal model can successfully

accommodate the propagation of pulses with speeagparable to those observed in the
experiment while still retaining the slower propaga of the modulation heat pulses.

Summarizing. Recent JET experiments show an asymrbetween the propagation of
pertubations due to heat modulation and cold pusa$>0.3 waves and pulses propagate
fast. Forp[10.3 the heat wave slows down and is damped, bdtmalkes still travel fast.
Local transport models are not able to reproduesdhresults. We have shown that a
recently proposed non-local transport model basedthe use of fractional diffusion
operators is able to reproduce these results. tticpkar the fractional diffusion model
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reproduces the radial dependence of the amplitudg phase of the modulation
experiments. Most importantly, for the same modelameters, it describes the observed

fast propagation of the pulses.
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Fig.2 Comparison between the temperature traces in the experiment (left panel) and the model (right panel).

Consistent with the experiment, the model exhibits a drop of 30 eV (corresponding to the dashed red line) in
about ~4ms.
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