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1. Introduction. Transport in the scrape-off layer (SOL), especially dutiagsient events,
such as edge localized modes (ELMs), is not fully understood. Ngrmagitudinal trans-
port along the magnetic field lines dominates over perpendiculsspiva across the field
lines, leading to large ELM-driven heat and particle fluxdbeadivertor plates. The parallel
motion along the field lines is limited to the convective speed op#mcles. As a conse-
guence of this, each ELM gives rise to two distinct responsée aatgets, first an electron
heat pulse a few microseconds after the start of the ELM and then of the ordepeflatd
by an ion heat pulse. The ELMs are generally localized at tleg outiplane of the torus-
shaped plasma. Therefore, the propagation time to the inner igitgeger than that to the
outer target, typically 30Qs versus 10@s for the ion heat pulse at JET [1]. The goal of the
work presented in this paper is to eventually provide a predictivedothe ELM-related
heat transport in the SOL.

2. Method. In this study, the propagation towards the targets of a heat jmdlsced at the
outer midplane is studied with the integrated transport code COCONbIEh is a self-
consistent coupling between the 1.5D core transport code JETTO [Xjea@® tedge trans-
port code EDGE2D / NIMBUS [3]. In a typical COCONUT simulatidime boundary be-
tween the 1D and 2D grids is at the separatrix. JETTO ctdsulae heat fluxes and trans-
port coefficients in the core and passes their values at theasepas boundary conditions
for EDGE2D, whereas EDGE2D calculates the corresponding quartitibe SOL and
passes their separatrix values as boundary conditions for JETTO [4].dg8leth @re called at
each time step.

In the simulations described in this paper, the edge transportr{&TiB) is represented by
a suppression of all perpendicular transport coefficients to a uniformeo-classical level
in a narrow region just inside the separatrix on the one-dimensiodalrger-ELM perpen-
dicular transport in the SOL, where the grid is two-dimensiosdept constant at the same
level as in the ETB.

Longitudinal transport in the SOL is calculated according to then@ent approximation
[5]. The longitudinal transport coefficients can be scaled by awljute transmission fac-
torsa; andae in the so-called flux limiter, defined as

: (1)

which describes the transition from diffusive to convective transpleme, the subscrip
refers to either ions or electronge is the longitudinal thermal conductivity given by the 21-
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moment approximatiom is the densityT is the temperature ards the sound speed. In the
simulations in this paper, the transmission factors defaaltta. = 0.2.

An ELM-driven heat pulse is induced in a pure deuterium plasma ifollbaving way: In
the ETB just inside the separatrix at the edge of the JEJridDthe perpendicular transport
coefficients are enhanced radially uniformly by a factor of 100 in the case ahd electron
thermal conductivity and 30 in the case of particle diffusivity fittva inter-ELM ion neo-
classical level. The enhancement is applied foriiDand is preceded as well as followed by
short ramp-up and ramp-down times, respectively, jgf. IThis generates a powerful outflux
of heat from the core to the SOL. In the SOL, where the grid igltmensional, the perpen-
dicular transport coefficients are enhanced poloidally non-uniforminglihe ELM. More
specifically, the poloidal enhancement profile is a Gaussianhdigstm centred at the outer
midplane in order to take into account the fact that ELMs genevadlyr at the outer mid-
plane. The half width of the distribution®l6 in terms of poloidal angle and its amplitude
is chosen in such a way that the poloidal average matches the enaahaeplitude in the
ETB, where the grid is one-dimensional. Figure 1a, which shows iond@heomductivity as

a function of the poloidal distance just outside the separatrix dumirfig)®, illustrates the
poloidal transport enhancement profile used in the simulations.
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Figure 1. (a) Perpendicular ion thermal conductivity justside the separatrix during an ELM as a function of
the poloidal distance. (b) Perpendicular ion théromaductivity in the SOL as a function of the mdco-
ordinate during an ELM in two different scenariogge with radially uniform perpendicular transponteone
with radially step-shaped perpendicular transport.
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Radially, perpendicular transport in the SOL is enhanced in different Whigsis illustrated
in Fig. 1b, which shows the radial profiles of the perpendicularpgmansoefficients during
an ELM in two different scenarios. First, a radially constartaeacement profile has been
used and later a step-function shaped radial profile. In the ¢atter perpendicular transport
in the inner half of the SOL is again enhanced so that the poloidedges matches the en-
hancement in the ETB, but in outer half of the ETB the enhancemenlyisne thousandth
of that. A step-shaped radial enhancement profile like the one esedshof course artifi-
cial, but yields very similar results to those obtained with aemealistic exponential pro-
file.

3. Results. The propagation of the ion and electron heat pulses towards the outenand i
targets has been studied. Figure 2 shows the ion and electron heatdhkia function of
time measured at the wall, the outer target and the innet tartje scenario with a radially
constant enhancement of radial transport. Contrary to what is se@sirexperiments, both
the ion and electron heat fluxes to the wall are enormous, about 60&rd\&00 MW, re-
spectively, at peak. For comparison, the electron heat fluxes autbeand inner targets
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peak at 175 MW and 95 MW, respectively. The ion heat fluxes at rifpetsaare negligible,
of the order of 10 MW at peak, as most of the power in the ion chgoeslto the wall.
Clearly, the heat transport in the radial direction is too gWe@specially in the case of the
ions with the radially constant enhancement profile. The heat pmiggy reaches the wall
before getting even close to the divertor region.
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Figure 2. lon and electron heat fluxes going to (a) the w@l) the outer divertor and (c) the inner diveiitor
the simulation with radially uniform enhancemenpefpendicular transport in the SOL.

Figure 3 shows the ion and electron heat fluxes to the wall, @utgttand inner target as a

function of time in the case of the step-shaped radial transport enhantckmeg the ELM.

It is obvious that the heat flux to the wall is practicallyozéiranks to the very low level of

transport in the outer part of the SOL. Accordingly, the heat flaxeke targets increase,

but not as much as expected. In particular, the ion heat fluxlisegligible, at most 15

MW at both targets.
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Figure 3. lon and electron heat fluxes going to (a) the w@l the outer divertor and (c) the inner divelitor
the simulation with radially non-uniform enhancemehperpendicular transport in the SOL.

It turns out that the heat fluxes measured at the targetegresensitive to the assumptions
of longitudinal transport as well. By increasing the transmidsictors from the defautt; =
0e = 0.2 by a factor of about five or more, sizeable responses a@eaxbiat both targets.
This is illustrated in Fig. 4, which shows time traces of fketen and ion heat fluxes and
the electron and ion temperatures at the outer and inner targbésdaseq; = a. = 1.0 and
0; =0 = 3.0. In each case, the electron heat fluxes are reasonalelyTarggion heat fluxes,
however, are rather small, in particular with the lower levdéboditudinal transport. In fact,
the ion temperature at the outer target still does not respofichdéthan; = ae = 1.0. Witha;
=de = 3.0, the response is already significant. In any casa) ibe@oncluded that the elec-
trons carry heat more effectively than the ions. The differempggation times of the ion
and electron heat pulses to the outer and inner targets are alsosoiovihe plots. The arri-
val of the electron heat pulse at the outer target looks almaaniaseous with the time
resolution used in the figure. The arrival of the electron heat pulse at tiheéarget occurs a
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few microseconds later. The propagation of the ion heat pulse islematdy slower, as ex-
pected, because the propagation speed is limited by the convectiegyyelhich is about

60 times smaller for the ions than for the electrons due to tfezatit masses of these parti-
cle species. Withy; = a. = 1.0, the propagation times of the ion heat pulse to the outer and
inner targets are about 3 and 16Qus, respectively. These times are slightly shorter than
the propagation times reported in Ref. [1], which is not surprisingedongitudinal trans-

port has been increased with the flux limiter. With= o = 3.0, the propagation times are
even shorter, as expected.
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Figure 4. (a) lon and electron heat fluxes at the outeriandr targets withy; = a, = 1.0. (b) lon and electron
temperatures at the outer and inner targets ayitha, = 1.0. (c) lon and electron heat fluxes at theepand
inner targets with; = a. = 3.0. (d) lon and electron temperatures at titercand inner targets witly = a, =

3.0.

4. Conclusions. Overall, this study shows that the heat fluxes at the taeget at the wall
depend very sensitively on the assumptions of both perpendicular and longjittadisport

in the SOL during and after the ELM. In particular, too large radiakort in the outer part
of the SOL during the ELM leads to an enormous heat flux to the walsdtseems as if the
ions generally carry less heat to the targets than theaiscReasonable ion heat fluxes are
obtained at the targets only by drastically reducing perpendicalzgsport at the edge of the
SOL and increasing the longitudinal transmission factors suit@tdarly much more work
needs to be done to establish more precisely how the transport maodlel lse fine-tuned in
order to reproduce experimental observations.

[1] A. Loarteet al., Plasma Phys. Control. Fusié# 1815 (2002).

[2] G. Cennachi, A. Taroni, JET Report JET-IR(88)03 (1988).

[3] R. Simoniniet al., Contrib. Plasma Phy34 368 (1994).

[4] J.-S. Lonnrotlet al. Plasma Phys. Control. Fusidh 1689 (2003).

[5] G.J. Radford “Classical parallel transport in a multi-species plasmea 21 moment
approximation”, JET Report JET-R(93)05 (1993).



