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ABSTRACT.

Perturbative experimentsin magnetically confined fusion plasmas have shown that edge cold pulses
travel to the center of the device on atime scale much faster than expected on the basis of diffusive
transport. An open issueiswhether the observed fast pul se propagation isdue to non-local transport
mechanisms or if it could be explained on the basis of local transport models. To elucidate this
distinction, perturbative experimentsinvolving ICRH power modulation in addition to cold pulses
have been conducted in JET for the same plasma. Local transport models have found problematic
to reconcile the fast propagation of the cold pulses with the comparatively slower propagation of
the heat waves generated by power modul ation. In this paper, anon-local model based on the use of
fractional diffusion operators is used to describe these experiments. A numerical study of the
parameter dependence of the pulse speed and the amplitude and phase of the heat wave is aso
presented.

1. INTRODUCTION
Perturbative experiments provide valuable time dependent transport information in a relatively
controlled setting that can be used to validate and test transport models. In these experiments the
transient response of the plasmato externally applied small perturbations, e.g., plasmaedge cooling
and heating power modulation, isfollowed in time, seefor example Ref. [1] and referencestherein.
In the case of cold pulses, experiments in JET and other machines have shown that perturbations
applied at the edgetravel to the center on atime scale of afew ms, i.e. much faster than expected on
the basis of diffusive time scales compatible with plasma confinement [2—6]. An open issue in
describing these experiments is whether the observed fast pulse propagation is due to non-local
transport mechanisms or if it could be explained on the basis of local transport models.

By local models we mean models in which the heat flux, qd, is determined by the Fourier-
Fick’s prescription

qd = —Xd nBXT (1)

where we have restricted attention to transport in a one-dimensional domain, n denotesthe density,
and T the temperature. On the other hand, in the non-local models of interest here, the flux isgiven

by
n = =4 10, [ KOx-) Ty, @

where the function K(x-y) accounts for the non-local contribution of the temperature at point y to
the flux at point x, and the integral extends over the whole domain of the plasma. The decay of the
function K measures the degree of non-locality. As expected, in the case of a Dirac deltafunction,

K =6 (x-y), thelocal diffusive model is recovered. The local, X, and non-local, x,,, diffusivities



can in general depend on x and t, and, in the non-linear case, aso on T and the gradient of T. The
difficulty in determining the role of non-locality versus locality in transport using cold pulse
experimentsisthat both local and non-local model s exhibit fast propagation phenomenafor properly
chosen model parameters and conditions. For example, fast propagation speeds can be obtained
with critical temperature gradient transport models in which «d incorporates a non-linear critical
threshold condition [7]. Also, non-local models of the form in Eqg. (2), with algebraic decaying
functionsK exhibit fast pulse phenomena[8]. Thus, in order to discriminate between the two transport
mechanics conclusively further experimental information is needed.

Perturbative experiments involving power modulation can provided the needed additional
information. Thisis because cold pulses and heat waves generated from power modulation exhibit
markedly different propagation properties. A promising modeling approach is then to focus on
experimentsin which both type of perturbations, cold pul ses and power modulation, are present for
the same plasma. These kind of experiments have been carried out in JET [4, 6], and are the main
object of study inthe present paper. The presence of both typesof perturbations providesthe necessary
constrains to elucidate the role of non-locality. The general approach followed in the modeling of
these experiments is to use the modulation data to calibrate (fit) the parameters of the model, and
then use the model (with no free parameters|eft) to predict the propagation speed of the cold pulse.
The attempts to follow this prescription using local transport models have not been successful [5].
In particular, asdiscussed in Sec. 1V, local descriptionsincluding the critical gradient model [4], the
Weiland model [9], and turbulence spreading [13, 14] account reasonably well for the heat wave
propagation but significantly underestimate the pulse speed. The 3-D fluid turbulence code TRB
[10, 11] predictsfast propagation for both cold pulses and heat waves, and simulations using the 3-
D global electromagnetic fluid turbulence code CUTIE [12, 11] are not feasible due to the long
time scales involved in the power modulation experiments. The apparent lack of success of local
modelsin reconciling thefast propagation of cold pul seswith the comparatively slower propagation
of heat waves observed in JET is our main motivation toexplore the use of non-local models. In
particular, here we show that these experimental observations can be described using a recently
proposed non-local transport model based on the use of fractional diffusion operators [8]. A
preliminary version of the results presented here was discussed in Ref. [15].

The models used here are based on the use of atype of integro-differential operators known as
fractional derivatives [16,17] that allow the incorporation of non-local effects in the flux. These
fractional diffusion models have been successfully used to model non-diffusivetest particle transport
in pressure gradient driven plasmaturbulencein cylindrical [18-20] and toroidal [21] geometry. In
Ref. [22] afractional Fokker-Planck equation was proposed for the kinetic description of relaxation
and super-diffusive processes in turbulent electrostatic fields. In addition, it has been shown that
fractional modelsreproduce basic non-diffusive transport phenomenol ogy of magnetically confined
fusion plasmasincluding anomal ous scaling of confinement timein L-mode plasmas, profile peaking
in the presence of off-axis fueling, pinch effects, and fast pulse propagation [8]. Pulse propagation



phenomena has also been modeled using probabilistic transport models [23, 24]. For a discussion
on the connectionbetween probabilistic and fractional diffusion modelssee Ref. [8]. A recent review
on the use of fractional diffusion to model non-diffusive transport can be found in Ref. [25].

Therest of the paper is organized asfollows. The next section describes the non-local fractional
transport model. Section 111 containsanumerical study of pul se propagation and power modulation
in this model. For the cold pulses we present a numerical study on the dependence of the pulse
speed onthemodel parametersincluding the diffusivity and the degree of non-locality and asymmetry.
For the power modulation perturbations we present a study of the dependence of the heat wave
amplitude and phase on the frequency of the modulation and the model parameters. Section 1V
presents the application of the model to JET data. In particular, it is shown that the model can
account for both, the fast propagation of cold pulses and the relatively slow propagation of
temperature perturbations caused by | CRH power modulation in the experiment. SectionV contains
the conclusions.

2. TRANSPORT MODEL
In this section we present a brief review of the non-local fractional diffusion model. Further details
can be found in Refs. [8]. The starting point is the heat transport equation,

8¢ [3/2nT]= =84q + S, (3)

where T and n are the plasma temperature and density, q is the flux, Sis the source, and x is a
normalized radia coordinate. We limit attention to radial transport, and assume a onedimensional
Cartesian domain, i.e. a slab approximation. In the standard diffusion model, the local Fourier-
Fick’sprescriptionin Eq. (1) isassumed to close Eq.(3). Thislocal description assumesthe existence
of awell-defined transport scale and that widely separated regions of the plasma do not interact
significantly with each other. From the statistical mechanics point of view, the diffusion model
assumes that the underlying “microscopic” dynamics is driven by an uncorrelated, Markovian,
Gaussian stochastic process, i.e. a Brownian random walk.

However, experimental, numerical, and analytical evidence has raised doubts on the validity of
the restrictive assumptions upon which the standard diffusion model is based. Examples of direct
numerical simulations showing non-diffusive transport include Hasegawa- Mima turbulence [26],
3-dimensional, resistive, pressure gradient-driven plasmaturbulencein cylindrical [27, 19, 20] and
toroidal geometry [21], and gyrokinetic plasma turbulence [28]. Non-diffusive transport has aso
been reported in reduced Hamiltonian models of ExB chaotic transport in the presence of zonal
flows and drift waves [29, 30]. Experimental findings exhibiting deviations from the standard
diffusion model include the anomalous scaling of the confinement time in low confinement mode
plasmas [31], the non-Gaussianity of experimentally measured fluctuations [32, 33], and fast
propagation phenomenain perturbative transport experiments[2, 1]. Recently, particle transport in



atoroidal plasma confinement device was shown to be nondiffusive in the presence of magnetic
chaos [34]. From the analytical perspective, it has been shown that quasilinear renormalization
type cal culations of particle transport that avoid the restrictive localization hypothesis, lead to non-
diffusive, non-local transport models of theformin Eq. (2) [35]. Also, in the presence of longrange
L agrangian velocity correl ations, effective macroscopi ¢ transport model sintroduce non-Markovian
effects[36].

The main goal of this paper is to study the role of non-locality in perturbative transport. Non-
local processes are believed to play an important role in non-diffusive plasma transport in general
and in the fast propagation of pulsesin particular, see for example Refs. [37, 38] and references
therein. Our strategy here is to use transport operators in which the local flux-gradient relation in
Eq.(1) isreplaced by the non-local relation in Eq.(2) according to which the flux at a given point
can in principle depend on the global properties of the temperature profile. The type of non-local
model is determined by the specific form of the function K. Here, following Ref. [8], we consider
algebraic decaying functions of theform K = ]J(x—y)a‘1 and write the non-local flux as

__ T " T g 4
O = % MO, [lja . dy+r] AN y] , @

wherel< a< 2,1 andr are constant, and X, isthe non-local diffusivity. Thefirst term on the right
hand side of EQ. (4) representsthe non-local contribution of the flux at x from the plasmalocated to
the“left” of point x (a < y < X) whereas the second term on the right hand side of Eq. (4) represents
the contribution from the plasma to the “right” of x (b > y > x) where a and b are constant. The
relative weight of these two termsis determined by | and r defined as

(1-96) (= (L +60 (5)

1= = cosians?) " 2cos(an/2) |

where 6, -1 < < 1, isthe asymmetry parameter.

In principle, one could use a different function K(x-y) to define the nonlocal flux. However,
there are strong physical, analytical, and computational reasons to choose algebraic decaying
functions. In particular, in the context of statistical mechanics, it can be shown that the fractional
diffusion transport equation resulting from substituting Eg. (4) into Eq. (3) isthefluid or continuum
limit of amicroscopic, self-similar, non-Brownian stochastic process without acharacteristic transport
scale see for example [39, 19] and references therein. This has motivated the use of the non-local
model in Eq.(4) to describe scale-free, self-similar turbulent transport in plasmas [19, 23, 20, 8].
From the computational point of view, the definition of the flux in terms of fractional derivatives
allows the implementation of efficient, accurate, and stable finite difference numerical schemes
[40, 8], which can eventualy be incorporated in predictive transport codes to account for non-
locality.

In Fourier space, F [T] = T(K) = J €T(x)dx, Eq. (4) takes the form
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Asexpected, inthecase a = 2, and | =, g,, reducesto the local flux in Eq.(1). Thelimit o — 1is
less trivial but it can be shown [8] that in this case the operator on the right hand side of Eq. (4)
reduces to the non-local flux used in Landau-fluid closures [41, 42]. Thus, depending on the value
of «, the proposed non-local flux interpolates between the local diffusive flux and afree streaming
flux. For general «, the scaling d ~ k*1 T motivatesthei nterpretation of the operator on the right
hand side of Eqg. (4) as afractional derivative of order «. This idea can be expressed formally by
introducing the integro-differential operators

1 5 (X T
D_l = JRE— 7
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for 1< o< 2. The operators , D¢ and ,DY~* are known as the left and right Riemann- Liowville
fractional derivativesof order o — 1, andfor a=—ocand b = o, their Fourier transforms satisfy [ 16, 17]

F[_,D1f]=(-ik=Y, F[ D] = (i, (9)

Asexpected, for integer m, , DY =(-1)",D;'= ;. Using Egs. (9), thenon-local flux in Eq. (6) can
be expressed in the compact form

Oy = Xy N[1,D¢ - r, DI T. (10)

The parameters a and b in the integration limits define the lower and upper boundaries of the
domain x € (&, b). For finite size domains, which isthe case of interest here, the application of the
fractional diffusion model requiresthe regularization of the fractional derivatives. In this paper we
usetheregularization ,.D.* ' T—_D,* ' T=_D “*[T-T(a)-T'(a) (x-&)] and ,D,* " T— D, * ' T
= aDXO“1 [T-T (b)-T(b) (b—x)]. In the calculations presented here x = a = 0 corresponds to the
magnetic axis, and X = b = 1 corresponds to the plasma boundary. For the boundary conditions we
assume zero total heat flux at the magnetic axis, and fixed temperature at the edge,

qx=0,t)=[gq+qg,] x=0,)=0, T(x=1,t)=0. (12)

Details on the numerical method and on the regularization of the non-local fractional operators
can befound in Ref. [8].



In magnetically confined plasmas, there isa qualitative difference between core transport and edge
transport. Core transport is believed to be dominated by standard, local diffusive processes, while
edge transport is believed to be mostly driven by intermittent, non-diffusive processes. Motivated
by this, in this paper we assume anon-local diffusivity, X, with a step profile of the form

n

+ tanh (XC)] . (12)

2 L
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According to this expression, in the core region, x~ 0, X, >> X, i.e. transport is dominated by
standard diffusion. Thetransition to non-diffusivetransport occurs at x~ x, where thereis aboundary
layer of width~ L inwhich X, changes from zero to the edge value x,,,. The relative value of the

fractional and the standard diffusivities at the edge is quantified with the parameter X = X,/ Xqo-

3. PERTURBATIVE TRANSPORT IN THE FRACTIONAL DIFFUSION MODEL

In this section we present a numerical study of pulse propagation and power modulation in the
presence of non-local transport. The results are based on the numerical integration of Eq. (3) with
an n= 1 constant density, and aflux, q = g4+ g, including the local diffusive component in Eq. (1),
and the non-local component component in Eq. (10) with regularized fractional derivative operators
as discussed in the previous section. The main parameters of the model are the non-locality index a,
the asymmetry parameter 6, and theratio of the magnitude of the fractional and theregular diffusivity
X= X/X4 The goal isto explore the dependence on these parameters of the speed of cold pulses and
of the propagation properties of “heat waves’ generated by a modulating power source.

3.1. COLD PULSES
Thefirst stepinthe cold pulse simulationsisthe computation of the steady equilibrium temperature
profile, T,(x). For thiswe use alocalized, on-axis source of the form

S= S exp (— 2)(02%) (13)

with o,= 0.075. We consider two values of the non-locality parameter, a = 1.75and oo = 1.25. In
addition, for comparison purposes, we consider the pure standard diffusive case for which x,, = 0.
For each value of +, we consider symmetric, & =0, maximal asymmetric, & = -1, and asymmetric,
6 =-0.5, non-local operators. To explore the dependence on theratio of the standard and fractional
diffusivitieswe consider X = 1 and X ;=5withx.=0.1and L =0.025in Eq. (12). Asshown in Table
1, the amplitude of the heat source, S, was adjusted so that TO(0) = 1in al cases.

Once the equilibrium profile is established, alocalized cold pulse perturbation of the form

_ 2
5T (x, 0) = — A exp !- (ng“zp)] | (14)
p



with A= -0.3, u,= 0.75 and o, = 0.03 is introduced as shown in Fig.1. The evolution of the
temperature perturbation, 8T (x, t) = T(x, t)-T,(X), isobtained from the numerical integration of the
fractional model withinitial condition T(x, 0) = Ty(X) +=T (x, 0). The main quantities of interest are
the time delay, dt, and the average pulse propagation speed V = 1/t. The time delay is defined as
the time required for the core temperature to exhibit atemperature drop of size 6T, i.e. 5T (0, ot) =
oT.. The vale of the threshold 6T, is a matter of convention. Here we use 6T, = —0.0375 which
corresponds to the typical value used in the analysis of the experimental datain JET that will be
discussed in the next section. The normalized pulse velocity is defined as V= VIV s Where Vs
the pulse velocity in the diffusive case.

Figure 2 shows the spatio-temporal evolution of the perturbed temperature, dT (X, t), and the
perturbed total flux, dq(x, t) = q(x, t)—0,(X) (Where q,(x) isthe equilibrium steady state flux) for o
= 1.75 and 1.25, in the symmetric, 6 = 0 case with X = 1. For reference, the diffusive case is also
included. Thesethree numerical simulationscorrespondto cases1, 2and 3in Table 1. Inthediffusive
case the pulse spreads on a diffusive time scale and the effect of the perturbation at the core is
negligible. However, asthe second and third columns of Fig.2 show, when thevalue of a isreduced,
non-local transport yieldsafast drop of the temperature at the core. Of particular interest isthe case
a = 1.25for which the non-local response givesriseto atemperature drop at the corelarger than the
drop experienced at intermediate places as evidenced by the detached “blob” observed near the
corefor t ~ 0.05. For small a the perturbed flux exhibits extended el ongate areas of large positive
values in the region connecting the core. These large positive flux regions are responsible for the
outward temperature transport towards the edge (x > 0) leading to the cooling of the core. Figure 3
shows the corresponding traces of the normalized temperature perturbation 6:I' = 8T/|min[dT (X,
tp)] , Where t,=0.01 isthe time when the pulseisintroduced. At the location of the pulse, x=0.75,
the temperature relaxation is dominated by diffusive local transport and very similar behavior is
observed independent of the value of a. However, at the core, x = 0, asignificant delay of the signal
isobserved in the diffusive case. As shown in Table 1, for X = 1 adecreasein the value of « gives
riseto an increase in the pulse speed. However, it isinteresting to observe that for X = 5 the pulse
speed for a = 1.75 islarger than the speed for a = 1.25, although the difference is not big.

As discussed in the previous section, the non-local contribution to the flux at a point x, due to
the region connecting the core (0< x< x,) canin principle be different to the contribution dueto the
plasmain the region connecting the edge (x, < x < 1). Thisasymmetry depends on the parameter [ |
that determinesthe weighting factors| andr in Eq. (5). For 6 =0, | =r and the non-local operator is
symmetric. Asdiscussed in Ref. [8], 6 = 0 introduces a drift in the peak of a decaying pulse. When
6> 0,r > | and the drift velocity isoutward (positive). On the other hand, when 6< O, | > r and the
drift velocity isinward (negative). However, inthefractional model aninward, i.e. negative (outward,
i.e. positive) drift is always accompanied by a strongly non-local, algebraic decaying positive
(negative) response[8]. Figures4 and 5 show the dependence of the pul se dynamics on the asymmetry
of the nonlocal operator. The complementary roles played by the drift and thelong-rangeinteraction




areillustrated in the temperature traces shown in Fig.5. Asin Fig.3, at the location of the pulse the
process is dominated by local diffusion and the three cases 6=0, 6 = -0.5and 6 = -1 are
indistinguishable from the diffusive case. However, because of the negative fractional drift, at short
distances from the introduction of the pulse the fastest perturbation correspondsto 6= -1 and the
slowest to =0. Near the core the situation is exactly the opposite. Because of the non-locality, the
signal corresponding to 6 =0 is the fastest. As shown in Table 1, this behavior is generic, for
different values of o and «s, thetime delay at the core increases as 0 approaches —1. Figures 6 and
7 show the dependence of the pulse dynamics on the ratio of the fractional and the standard
diffusivities, X =X,/ X0, for fixed = 1.25 and 6=0. These plots, together with the resultsreported
reported in Table 1, indicate that X has astrong effect on non-local transport. In particular, for X =
5 the perturbed flux exhibits an extended positive‘tongue” that yieldsto the large outward transport
responsible for the strong temperature drop at the core. Comparing the temperature tracesin Fig.7
with the previousresults, it is observed that the drop for X, = 5 is about twice the size of the typical
drop observed when X = 1, while the speed is about four times larger.

3.2 POWER MODULATION

Asshown in Fig.8, in the power modulation studies we consider a source consisting of an on-axis
component and an off-axis component. The on-axis term is the same as the one used in the pulse
propagation studies in Eq. (13). The off-axis component includes a time-periodic amplitude
modulation of the form

(15)

_ S 4 _ (x-1122
Sa= 3 [3—cos (2nvt)] exp ! 20l ] .
The amplitude of S, at x = 1/2 oscill ates between the maximum value §/2 and the minimum value
S/4, with afrequency v. To study the response of the system to the power modulation we consider
the perturbed temperature, 6T = T(x, t)-T(x), where ( T)= 1/t fot Tdtisthetimeaveraged equilibrium

profile, and write

dT(xt) = i A (X) cos [2rnvt + ®p(X)]. (16)
n=1

The propagation properties of the temperature perturbation are determined by the amplitude profiles,

A (X), and the phase profiles, @ (x), for the different harmonicsn=1, 2. . .. Here we focus on the

n= 1 dominant harmonic. For the problems discussed in the section, higher order harmonicsdisplay

qualitatively similar behavior.

Asinthe case of the pulse propagation studies, our main objective isto study the dependence of
the propagation properties of 6T on the parameters of the fractional diffusion model. Figure 9
shows the dependence on the non-locality parameter a. The solid lines correspond to = 1.25 and
the dashed lines correspond to the standard diffusion case. Contrary to the dynamics of the pulse,



non-locality, asmeasured by thevalue of o, doesnot seem to play aprominent rolein the propagation
properties of the heat wave. Thisis particularly evident in the case of high frequency perturbations
(right column of Fig.9). At low frequencies, the difference between fractional and regular diffusion
is more noticeable. As expected, the propagation speed of the perturbation, as measured by the
inverse of theslope of the ®, profile, islarger inthefractional case. On the other hand, the damping
of the perturbation at the core, as measured by the ratio A(0)/A, ... is larger in the diffusive case.
The flattening of A near the core at low frequency results from X, >> X, near x~ 0 and the zero
flux boundary condition. Cylindrical geometric effects, not included here, also contribute to this
effect [43]. Figure 10 shows the dependence on the asymmetry parameter 6. In the high frequency
case, v = 57.14, thereislittle difference among the three cases considered. At low frequencies, v =
7.14, the case v = 1 exhibits the least damping and dlightly faster propagation speed towards the
edge. Figure 11 showsthe dependence of the amplitude and the phase of the temperature perturbation
on theratio of the fractional and the standard diffusivity, X = X,,/X,. Asin the previous cases, the
differences are more evident in the low frequency regime. In general, increasing the magnitude of
the non-local diffusivity, X,,,, reduces the damping and increases the propagation speed.

4. APPLICATION TO JET DATA

In this section we explorethe application of thefractional diffusion model to perturbative experiments
performed at JET. Several previous experimentsin JET have shown that cold pulse perturbations
applied at the edge, either via laser ablation of metallic impurities or shallow deuterium pellet
injections, travel to the center on atime scale of afew ms, i.e. much faster than expected on the
basisof diffusivetime scales compatiblewith plasmaconfinement [ 3]. However, in those experiments
it was never clarified whether such high propagation speed needed a truly non-local transport
component, or if it could be explained on the basis of non-linear transport which would yield an
incremental heat diffusivity, much higher than the power balance one, to account for the fast
propagation of perturbations. Theincremental heat diffusivity would be consistent with aturbulence
driven transport mechanism in which the onset of stiff transport is regulated by a temperature
critical gradient. Inthisdescription, for high levelsof stiffness, very fast propagation of perturbations
can be obtained, similar to the one measured for cold pulses. However, a potential problem with
this approach is that such high propagation speed would characterize'all types of perturbations,
whilst in JET and other machines heat wavesfrom power modul ation are seen to behave consi stently
with acritical gradient model with a moderate level of stiffness[7].

A convincing test to discriminate between the non-local and the non-linear, critical gradient
length driven, transport can bemade only if thetwo different typesof perturbations, power modulation
and cold pulses, are applied to the same plasma. In this case one could derive from the power
modulation heat wave analysis an estimate of the level of stiffness, and predict the speed of cold
pul se propagation consistent with such level, to be compared with the experimental one, in order to
decide about the need for anon-local component. These experiments have been carried out on JET



and reported in Refs. [4, 6]. Clear results have been obtained by using a very quiet plasma scenario
with B, = 3.25T, |_= 1.6MA qgs = 6.5, low density (n, = 2.7x10"°m™), L-mode (no ELMs), and
central g above 1 in order to avoid sawteeth, so that the propagation can be followed up the plasma
center. In additionto 9 MW of NBI heating, 3.7 MW of ICRH power in mode conversion scheme has
been applied to heat electrons off-axis (r = 0.32) in order to expand the radius where the critical
gradient is located, in order to have a significant region of plasma below threshold, implying low
perturbative diffusivity and slow propagation of perturbations according to the local paradigm. In
fact, in astiff plasmaal perturbations would travel very fast above threshold, according to the local
vaueof theincremental diffusivity, and would be s owed down significantly inregionsbelow threshold,
wherethe turbulent diffusivity component is stabilized. In this context, there would be no asymmetry
between the propagation properties of cold pulses and heat waves generated by power modulation.

Figure 12a shows the time behavior of the modulated ICRH power and of electron temperature
at one spatial position, measured by amulti-channel fast ECE radiometer. The T timetraces are then
analyzed using standard Fast Fourier Transforms (FFT) according to EQ. (16), to provide spatia
profiles of amplitude, A, and phase, ®. Figure 13 shows the amplitude and phase profiles for the 1st
and 3rd harmonics of the modulation frequency. The 2nd harmonic is absent because the duty-cycle
of the modulation was 50%. At the end of the power modulation phase, acold pulseis applied to cool
the plasma edge. Fig.14ashowsthetime evolution of T at different radii following the edge cooling.
It is observed that the signal at the core exhibits atemperature drop of 30eV in about 4 ms.

Both perturbative experiments, the cold pulse and the heat wave, have been simulated using the
transport code ASTRA and the semi-empirical Critical Gradient transport Model (CGM) in Ref. [7].
Resultsare described in detail in [4]. The modul ation shows an asymmetry inthe slopesof Aand ® on
the two sides of the power deposition, originated by the transition from below threshold in the coreto
abovethreshold outside the ICH deposition radius. A best fit with the CGM mode yields estimates for
threshold and stiffness level. A simulation of the cold pulse using the same CGM model with the
threshold and stiffness deduced from the modulation would predict a delay of the cold pulse in the
core of about 22ms. Clearly, in the experiment the cold pulseis much faster, reaching the plasmacore
in less than 4ms. This result shows that anon local transport features needs to be invoked to explain
theresultsof JET cold pulses. The asymmetry of behavior between power modulation and cold pul ses
cannot be accounted for by alocal model, even when stiff transport
above threshold is taken into account.

Apart from the semi-empirical CGM model, other attempts to describe these experiments using
first principle based transport model s or turbulence codes have found problematic to reconcilethefast
propagation of the cold pulses with the comparatively slower propagation of the heat modulation
waves, asdiscussed in Ref. [5]. In particular, the Weiland model [9] while accounting reasonably well
for the heat wave propagation, predictsadelay of the order of 50 msfor the cold pulses. The 3-D fluid
turbulence code TRB [10] instead predicts a very fast cold pulse but at the same time very fast
propagation of heat waves. Inthe 3-D global electromagnetic fluid turbulence code CUTIE [12], cold

10



pulses have been found to damp soon in the outer region without reaching the center, whilst power
modulation simulations are not feasible dueto long time scalesinvolved in JET. Turbulence spreading
models tend do a better job accounting for faster responses of the order of 18 ms, as reported in [14]
whilst still maintaining good reproduction of the modulation data. However such delay is still far too
long compared to experiment. Thislack of successhasmotivated the attempt to usethe above described
fractional diffusion model to address the interpretation of these JET experimental resullts.

Asit iscustomarily done in modeling these type of experiments, wefirst calibrated the fractional
diffusion model by fitting the power modulation data. The source, Sx, t) = Py(X)+P (X 1), is taken
directly from the experiment. The first term Py(X) = Py +Pgygt 0.5[Preme + Presad CONtains the
steady state contributionsfrom Ohmic heating, neutral beam injection, and mode conversion and fast-
wave RF heating. The time modulation is of the form P_(x, t) = 0.5A(1)[Prere + Prerd Where, as
shown in Fig.12(b), A(t) isasquare-wave periodic function with frequency v = 14.5Hz. We assumed
aconstant, uniform electron density, n = 2.6x10"part/m®, & = 1.25, and astandard diffusivity profile
of theform ;= (0.75 + 6x) m?/sec. For the fractional diffusivity we considered aprofile of theformin
Eq. (12) with «nl0 = 2m“/sec.

Figure 12 comparesthetime evol ution of the temperature perturbation in the experiment and inthe
fractional model at afixed point in space. Figure 13 shows the amplitudes An and phases @, of the
first two dominant harmonics (n = 1 and n = 3) of the electron temperature perturbation as defined in
Eq. (16). A very good agreement i s observed between the fractional model and the experimental data.
Asmentioned before, smilar level sof agreement have a so been achieved using local models. However,
the key issue is to be able to reproduce with the same parameter values and conditions the fast
propagation of the pulse, something that previous model s have not been able to accomplish. Figure 14
showsthat the fractional model can successfully accommodate the propagation of pulseswith speeds
comparable to those observed in the experiment while still retaining the slower propagation of the
modul ation heat pulses. In particular, asFig. 14(b) shows, thefractional model exhibitsa~ 30eV drop
in the core temperature is about 4ms. However, it should be noted that for large times, T, in the model
exhibitsamonotonic decay whereasin the experiment the evolution of T, tendsto approach aconstant
value. Also, the equilibrium T(x) profile in the model tends to be flatter than in the experiment.

SUMMARY AND CONCLUSIONS

Inthispaper we have studied therole of non-locality on perturbative transport using arecently proposed
fractional diffusion transport model. Fractional transport modelsare natural generalization of diffusive
models that provide a unifying framework to describe non-diffusive transport including anomalous
scaling and non-local/non-Markovian (memory) effects. These model s have been successfully applied
inthe past to describe basi ¢ nondiffusive transport phenomenol ogy in fusion plasmas, and quantitative
aspectsof test particle transport in plasmaturbulence. Here we have shown that fractional diffusionis
able to reproduce cold pulse and power modulation perturbative experiments conducted in JET that
have not been satisfactorily described using local transport models.
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The JET experiments discussed here show an asymmetry between the propagation of perturbations
due to heat modulation and cold pulses. For x> x, where x, denotes the location of the ICRH power
deposition, waves and pulses propagate fast. However, for x < X, the heat wave slows down and is
damped, but the cold pulses still travel fast. Local transport models have found problematic to
simultaneously describe both types of perturbations. In particul ar, when these modelsare calibrated to
reproduce the sow modulation data, they significantly underestimate the propagation speed of the
pulses. Here we have shown that a transport model that incorporates afractional diffusion non-local
transport channel as well as a local diffusive channel is able to reproduce satisfactorily both the
modul ation data and the fast propagation of the pulses.

To complement the results of the comparison withthe JET data, we have also presented anumerical
study of the parameter dependence of the transport properties of the fractional model. In particular,
we studied the dependence of the cold pulse speed on the degree of non-locality, a, the asymmetry of
the transport process, 6, and theratio of the fractional and the standard diffusivity X It was observed
that either decreasing o or increasing X, leads to an increase of the propagation speed of pulses. The
dependence on the asymmetry of the non-local flux ismore subtle. In particular, 6 =0 givesrisetoa
drift (whosedirection dependson thesign of 6) accompanied by along-range responsein the opposite
direction. The parameter dependence of the transport properties in the case of power modulation is
weaker. In particular, for high frequency perturbations, the amplitude and the phase of thefirst harmonic
of the temperature perturbation are not very sensitive to changesin a, 6, or X,. For low frequencies,
consistent with the cold pulse results, the speed of the heat wave increases with decreasing o and
increasing . In experiments and numerical simulations, the phase profile @ exhibits an asymmetry
with respect to x = x, which givesriseto different inward and outward heat wave propagation speeds.
In the critical gradient model this type of asymmetry results from the threshold condition. In the
model discussed here (which does not includes a critical gradient threshold) the asymmetry results
fromtheinterplay of non-local effects, boundary conditions, and the built-in asymmetry incorporated
by the prescribed diffusivity profiles, X, and X

Non-locality and critical gradient non-linearities play acomplimentary role, and acomplete model
of perturbative transport most likely should include both. The incorporation of a critical threshold
gradient conditionin thediffusivity X, of thefractional model isformally straightforward, althoughiit
is numerically nontrivial. The main motivation to limit attention in this paper to linear non-local
models without critical gradients is conceptua and mathematical smplicity. The relatively smple
linear model discussed here, has allowed us to make evident the crucial, and previously overlooked
role played by non-locality, independent of further potential complicationsdueto nonlinearity. However,
to make further progress it would be of interest to solve the fractiona diffusion model incorporating
acritical gradient condition.
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1 11.48 diffusive | diffusive 1 0.0916 10.9 1.0
7 22.04 1.75 -1 1 0.0474 21.1 1.9
5 33.14 1.25 -1 1 0.0457 21.9 2.0
8 19.55 1.75 -0.5 1 0.0293 34.1 3.1
4 27.92 1.25 -0.5 1 0.0183 54.6 5.0
9 133.56 1.25 -1 5 0.0171 58.5 5.4
10 62.76 1.75 -1 5 0.0161 62.1 5.7
2 16.98 1.75 0 1 0.0145 69.0 6.3
11 50.67 diffusive |diffusive 5 0.0144 69.4 6.4
3 22.48 1.25 0 1 0.0095 105.3 9.6
12 103.78 1.25 -0.5 5 0.0066 151.5 13.9
13 51.31 1.75 -0.5 5 0.0061 163.9 15.0
6 74.96 1.25 0 5 0.0042 238.1 21.8
14 39.18 1.75 0 5 0.0038 263.2 24.1

Table 1: Summarizing the dependence of the cold pulse speed V, normalized speed \7 and time delay of the pulse dt,
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on the fractional model parameters o, 6 and X, and the magnitude of the external source S,.
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Figure 1: In the cold pulse perturbation numerical studies, a monotonically decreasing temperature profile resulting
froman on-axis source is perturbed at the edge as shown in the diagram. The magnitude of the source is adjusted as
shown in Table 1 so that for all the values considered of the model parameters «, 6 and X, the central temperature
remained fixed at T(0) = 1.
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Figure 2: Dependence of the evolution of the cold pulse on the non-locality parameter o for 6 = 0 and X, = 1. The
three columns correspond to cases 1, 2, and 3 in Table 1. The top three contour plots show the spatio-temporal
evolution of the perturbed temperature 6T = T(X, t)—Ty(x) with dark blue corresponding to the minimum of 4T, and
dark red corresponding to 6T = 0. The bottom three panels show the corresponding perturbed flux 6q = q(x, t)—g0(x)
with dark blue denoting large negative values and dark red denoting large positive val ues. Thefirst column corresponds
to the standard diffusive model. Figure 3 shows the corresponding temperature traces.
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Figure 3: Traces of normalized temperature perturbation 6T = 6T/|min[ST (x, 0.01)]| at various spatial locations
corresponding to the simulations shown in Fig.2 with 6 = 0 and X,= 1 and a = 1.75 (blue curve) and a = 1.25 (red
curve). The black curve corresponds to the standard diffusive result. These three cases correspond to cases 1, 2, and
3in Table 1 respectively.
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Figure 4: Dependence of the evolution of the cold pulse on the asymmetry parameter 6 for o = 1.25 and X, = 1. The
three columns correspond to cases 3, 4, and 5 in Table 1. The top three contour plots show the spatio-temporal
evolution of the perturbed temperature 6T = T(X, t)—Ty(X) with dark blue corresponding to the minimum of “T and
dark red corresponding to 6T = 0. The bottom three panels show the perturbed flux dq = q(x, t)-q0(x) with dark blue
denoting large negative values and dark red denoting large positive values. The case 0 = 0 correspondsto the symmetric
case, 6= -1totheextremal asymmetric case, and 0 = —0.5 to an intermediate asymmetric case. Figure 5 shows the
corresponding temperature traces including the standard diffusive case for reference.
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Figure 5: Traces of normalized temperature perturbation dT at various spatial locations corresponding to the cases
shown in Fig. 4 with o= 1.25, X;= 1 and 6 = O (red curve), 6 = —0.5 (green curve), and 6 = -1 (blue curve). These
three cases correspond to cases 3, 4, and 5 in Table 1 respectively. For reference, the standard diffusive caseis shown
in black.
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Figure 6: Dependence of the evolution of the cold pulse on the parameter X for 6= 0and a = 1.25. The two columns
correspond to cases 3, and 6 in Table 1.The top two contour plots show the spatio-temporal evolution of the perturbed
temperature 6T = T(X, t)—Ty(X) with dark blue corresponding to the minimum of 6T and dark red corresponding to
6T = 0. The bottom two panels show the perturbed flux 6 = q(x, t)—q,(X) with dark blue denoting large negative
values and dark red denoting large positive values. Figure 7 shows the corresponding temperature traces.
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Figure 7: Traces of normalized temperature perturbation
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and X, = 5 (blue curve). These two cases correspond to
cases 3, and 6 in Table 1 respectively.

Figure 8: In the power modulation numerical studies, a
monotonically decreasing temperature profile resulting
from an on-axis source was perturbed by a modulated
off-axis source. The magnitude of the sourceswas adjusted
so that, in the absence of modulation, the central
temperature remained fixed at T(0) = 1 for all the values
considered of the model parameters o, 6 and X;.
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Figure 9: Dependence of the temperature perturbation, 8T, in Eq. (16), on the non-locality parameter, «, and the
frequency, v, of the power modulation in Eq.(15). The figure shows the first harmonic of the normalized amplitude,
A (X)/Aray @nd phase, @;(x), where A, = A;(X = 1/2). The column on the | eft corresponds to the low frequency, v =
7.14, perturbation, and the column on the right corresponds to the high frequency, v = 57.14, perturbation. The solid
line gives the result for a = 1.25, and the dashed line corresponds to the standard, local diffusive response.
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Figure 10: Dependence of the temperature perturbation, 6T, in Eqg.(16), on the asymmetry parameter, 6, and the
frequency, v, of the power modulation in Eq.(15). The figure shows the first harmonic of the normalized amplitude, A,(X)/
A and phase, @,(x), where A, = A,(x = 1/2). The column on the left corresponds to the low frequency, v = 7.14,
perturbation, and the column on the right corresponds to the high frequency, v = 57.14, perturbation. The solid line
givestheresult for 6 = -1, the dashed line correspondsto 6 = 0, and the dotted line correspondsto 6 = 1.
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Figure 11: Dependence of the temperature perturbation, 8T, in Eq.(16), on X, and the frequency, v, of the power
modulation in Eq. (15). The figure shows the first harmonic of the normalized amplitude, A;(X)/A, . and phase,
D,(X), where A= A, (X = 1/2). The column on the left corresponds to the low frequency, v = 7.14, perturbation, and
the column on the right corresponds to the high frequency, v = 57.14, perturbation. The solid line gives the result for

X,= 5, the dashed line corresponds to X;= 1.
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Figure 12. Traces of electron temperature perturbation and power modulation in JET (a) and in the fractional model
(b). The square-wave periodic signal corresponds to the onoff power amplitude modulation, and the other signal

corresponds to the electron temperature perturbation.
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Figure 13. Experimental (dots) and fractional model (lines) profiles of the amplitude A and phase delay @ corresponding

to the 1st (black) and the 3rd (red) Fourier harmonics of the electron temperature
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Figure 14. 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 30eV (corresponding to the dashed red line) in about
4ms.
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