St
ISSN 0915-633X

NATIONAL INSTITUTE FOR FUSION SCIENCE

Integrated ELM Simulation with Edge MHD Stability and
Transport of SOL-divertor Plasmas

N. Hayashi, T. Takizuka, N. Aibe, T. Ozeki, N. Oyama
(Received - June 12,2007 )

NIFS-876

RESEARCH REPORT
NIFS Series

TOKI, JAPAN



This report was prepared as a preprint of work performed as a collaboration research of the
National Institute for Fusion Science (NIFS) of Japan. The views presented here are solely those
of the authors. This document is intended for information only and may be published in a
journal after some rearrangement of its contents in the future.

Inquiries about copyright should be addressed to the Research Information Office,

National Institute for Fusion Science, Oroshi-cho, Toki-shi, Gifu-ken 509-5292 Japan.

E-mail: bunken@nifs.ac.jp

<Notice about photocopying>

In order to photocopy any work from this publication, you or your organization must obtain
permission from the following organizaion which has been delegated for copyright for clearance by the
copyright owner of this publication.

Except in the USA
Japan Academic Association for Copyright Clearance (JAACC)
6-41 Akasaka 9-chome, Minato-ku, Tokyo 107-0052 Japan
Phone: 81-3-3475-5618 FAX: 81-3-3475-5619 E-mail: jaacc@mtd.biglobe.ne.jp

In the USA
Copyright Clearance Center, Inc.
222 Rosewood Drive, Danvers, MA 01923 USA
Phone: 1-978-750-8400  FAX: 1-978-646-8600




Integrated ELM simulation with edge MHD stability and

transport of SOL-divertor plasmas

N. Hayashi, T. Takizuka, N. Aiba, T. Ozeki, N. Oyama

Japan Atomic Energy Agency, Naka, Ibaraki-ken, 311-0193 Japan

Abstract The effect of the pressure profile on the energy loss caused by edge
localized modes (ELMs) has been investigated by using an integrated simulation code
TOPICS-IB based on a core transport code with a stability code for the peeling-
ballooning modes and a transport model for scrape-off-layer and divertor plasmas. The
steep pressure gradient inside the pedestal top is found to broaden the region of the
ELM enhanced transport through the broadening of eigenfunctions and enhance the
ELM energy loss. The ELM energy loss in the simulation becomes larger than 15 % of

the pedestal energy, as is shown in the database of multi-machine experiments.
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1 Introduction

Edge localized modes (ELMs) are indispensable to sustain a H-mode plasma. The
ELMs, however, induce sometimes very large heat load on divertor plates and cause the
reduction of the plate lifetime in tokamaks. The ELMs are considered to be induced by
the high-n ballooning mode due to the large pressure gradient or by the medium-n
peeling mode due to the large edge current and the pressure gradient. ELM
characteristics, such as the energy loss, the collapse structure and so on, have been
measured experimentally with a high resolution of time and space [1-4]. Analyses of the
ELMs from multi-machine experiments has shown that the ELM energy loss increases
with decreasing the collisionality and becomes larger than 15 % of the pedestal energy
[2]. Although effects of the bootstrap current and the scrape-off-layer (SOL) transport
on the ELM energy loss have been discussed [2,3], the physical understanding and the
quantitative evaluation are not fully accomplished so far. It is necessary to clarify the
physical mechanism of the ELM energy loss and its collisionality dependence for the
projection in the ITER and fusion reactors.

The modeling of various physics elements and the integration of those models
are a useful and effective method to simulate complex plasmas with various time and
spatial scales. This integrated code is one of the effective tools to study the self-
consistent ELM behavior [5-8], while the nonlinear simulation [9,10] is a fundamental
method requiring large computational resources. The integrated codes couple with ELM
models, which consists of the edge transport and the stability. Previous codes dealt with
the ELM behavior without the dynamic response of SOL-divertor plasmas. The SOL-
divertor plasmas, however, play important roles in the ELM behavior by changing
boundary conditions of the pedestal transport. Indeed, the edge boundary conditions at
the separatrix were found to affect the ELM behavior in the integrated simulation [6].
An appropriate SOL-divertor model is required for the integrated code.

A two-point model based on integral fluid equations can reproduce fairly well
static features of SOL-divertor plasmas in experiments with a very short computation-
time [11]. Such point models are suitable for coupling with core transport codes [12].
We have extended the point model and developed a dynamic five-point model to study
the response of the SOL-divertor plasmas to an ELM crash [13]. This five-point model



can reproduce well static and dynamic features obtained by particle and fluid codes.

From these points of view, we have developed an integrated code TOPICS-IB
[14] with the five-point model [13] and a stability code for peeling-ballooning modes,
MARG2D [15]. The TOPICS-IB is based on a 1.5-dimensional (1.5D) core transport
code TOPICS [16] extended to the integrated simulation for burning plasmas. TOPICS-
IB successfully simulates a series of transient behaviors of an H-mode plasma; the
pedestal growth, an ELM crash and the recovery of the pedestal. The collisionality
dependence of the ELM energy loss was found to be caused by both the edge bootstrap
current and the SOL transport parallel to the magnetic field. The collisionality
dependence caused by the parallel transport was also pointed out by the analytical
model [17]. In the previous simulation, however, the ELM energy loss was less than
10 % of the pedestal energy because the mode structure was localized in a pedestal
region with a steep pressure gradient [14].

In this paper, we study effects of pressure profile on the ELM energy loss by
using the TOPICS-IB. In experiments [1-4,18], the pressure gradient inside the pedestal
top varies. The different pressure gradient inside the pedestal top may broaden the mode
structure and enhance the ELM energy loss. The resultant ELM energy loss is compared
with that in experiments. For the ELM energy loss enhanced by the different pressure
gradient inside the pedestal top, we again investigate the collisionality dependence of
the ELM energy loss by artificially enhancing the collisionality in the bootstrap current
and SOL-divertor models. In the next section, we explain details of the TOPICS-IB.
Simulation results are shown in Section 3. Summary and discussion are given in Section
4,

2 Integrated code TOPICS-IB for the ELM dynamics

The ELM energy loss is investigated by the TOPICS-IB, in which the TOPICS is
coupled with the ELM model [5] and the SOL-divertor model [13]. Details of the
TOPICS-IB are shown in [14] and some essential features are explained as follows.

The TOPICS self-consistently solves the 1D transport and current diffusion
equations and the Grad-Shafranov equation of the MHD equilibrium on the 2D plane.

The transport equations are the continuity equation for the deuterium ion density, n;, the



power balance equations for the electron temperature, Te, and the ion temperature, T;, on
the coordinate of the normalized minor radius, p, defined by the square root of the
toroidal flux. In this paper, thermal diffusivities are assumed as Yei= Xneoi + Yanoe,is
where yneo,i denotes the neoclassical ion diffusivity calculated by the matrix inversion
method [19], which also calculates the bootstrap current. The anomalous diffusivities
Yanoei are simply given as an empirical formula, yanoe= 0.18 (1+2p°) (1+Pna”?) m?/s and
Yano.i= 2 Yanoe, Where Pyg IS the neutral beam power in the unit of MW. In order to
produce the H-mode pedestal structure, the transport near the edge is reduced to the
neoclassical level (yanoe,i=0) as shown in a case with a solid line in Fig.1(a). The region
of the reduced transport is prescribed for simplicity so that the pedestal width, Apeq, is
fixed constant. Additionally, in order to steepen the pressure gradient inside the pedestal
top, the transport is reduced step by step in a given region inside the pedestal top as
shown in cases with lines except for the solid one in Fig.1(a).

The ELM model [5] has been developed by coupling the TOPICS with a linear
MHD stability code MARG2D [15]. In the present simulation, stabilities of n=1-30
modes are examined by the MARG2D at given time-intervals along the pedestal growth,
where n is the toroidal mode number. When some modes become unstable, an ELM is
assumed to occur. The diffusivity is assumed to be enhanced according to radial profiles
of eigenfunctions of unstable modes as follows: Xei= Xneo,i + Xanoeit YeLm. The ELM

ax

enhanced diffusivity xeim is xem = Xetm™ X (En Ernd)/N, where ye ™ is the
maximum value, &, denote the radial displacement of the plasma by the unstable mode
with specific n, and N is the total number of the unstable modes with various n. The
profile of the radial displacement &, is assumed to be the sum of poloidal mode
components of the eigenfunction, &;nm, i.€., &rn o< Ty Ern,m, Where &, is normalized by
its maximum value. The ELM enhanced transport is maintained for a time interval tgim
given as a parameter.

We couple the five-point model [13] to the TOPICS for a self-consistent transport
covering core-pedestal-SOL-divertor plasmas. The five-point model is based on the
integral of time dependent fluid equations, i.e., particle, momentum, electron and ion
temperatures, generalized Ohm's law and current equations. The model geometry is an



open magnetic flux-tube nearest to the separatrix. The flux tube is divided into four
regions: the SOL region divided into two regions at the stagnation point where the
parallel particle flux is zero and two divertor regions on either side of the SOL region.
The integral fluid equations in each region are reduced to a set of nonlinear equations
with physical variables at five positions (stagnation point, upstream throats of divertor
regions and sheath entrances). Exponential radial profiles are assumed and those
characteristic scale length are solved. A kinetic-effect model (heat flux limit) based on
results from the particle code is introduced. The five-point model can deal with the in-
out/up-down asymmetry of divertor plasmas, but the symmetry is assumed in this paper
for simplicity. Heat and particle diffusivities in the five-point model are set equal to
those values at the separatrix in the TOPICS. The localization of ELMs at the low-field
side midplane and the filamentary structure [9,20] are not taken into account in the
present model, as the same in other integrated codes [6-8]. The collisionality dependence
in the five-point model appears through the parallel heat conduction and the

equipartition energy flow between electrons and ions.

3 Simulation results

The ELM activity is simulated for JT-60U like parameters: R=3.4 m, a=0.9 m, x=1.5,
6=0.21, 1,=1.8 MA, B=3.5 T, 95=3.8 and Bn~0.8-1.7. The ELM parameters are chosen
as TeLm=400 ps, xeLm™ =200 m?/s and Apes=0.05. Experimental analyses suggested that
the collisionality dependence of the ELM energy loss is mainly caused by the collapse
of the temperature profile during an ELM crash and the collapse of the density profile
has a little influence on the collisionality dependence [2-4]. Therefore, in this paper, we
solve the temperature profile and fix the density one as n;= 3.6 x 10'° (0.8 (1-p?)*°+
0.2) m™® (nisoL = 7.2 x 10 m™), for simplicity. The divertor plasma is assumed to be
under the high recycling condition and the divertor plasma density, nigy, iS chosen as
Nigiv=1x10% m™®,

Figure 1(a) shows x. profiles where the transport is reduced to the neoclassical
level in a given region with 0.87<p<1 for the pedestal in a case A and the transport is

additionally reduced step by step in a given region with 0.75<p<0.94 in other cases



from B to D. Figure 1(b) shows the time evolution of T, profile in the case A. Along the
time evolution, the pedestal grows and temperature increase in core and pedestal regions.
In the progress of the pedestal growth, high-n modes (n>10) become unstable and an
ELM occurs. Figure 2(a) shows profiles of the total pressure, P, at the ELM onset in the
same cases from A to D as in Fig.1(a). In Fig.2(a), the pedestal top is located at p=0.925
in all cases and the pressure gradient inside the pedestal top becomes steep in order of A,
B, C, D. Even the pressure gradient inside the pedestal top in the case A is a little larger
than those observed in JT-60U [1,18]. While the pressure gradients inside the pedestal
top are different, pedestal gradients p=0.95 are almost the same at the ELM onset. In all
cases in Fig.2, plasma parameters at the pedestal top are Teped~2.1 KeV, Tipea~2.4 keV
and the normalized electron collisionality, V*ped0=tR0g5/Aee=0.06, Where A is the

electron mean free path.
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Fig. 1 (@) e profiles in each case from A to D and (b) time evolution of T, profile in case A (20 ms

interval) before ELM. In (b), separatrix is located at p=1 and SOL is a region with p> 1.
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Fig.2  Profiles of (a) P at ELM onset and (b) xeLm in each case from A to D. In (a), pressure gradients,

Plinped and P'peq, are defined and used in Fig.4.



Figure 2(b) shows yeLm profiles in the cases from A to D. In the case A, the

unstable mode structure is localized in the pedestal region with a steep pressure gradient.
The steep pressure gradient broaden the eigenfunctions and the region of the ELM
enhanced transport in the cases B-D. Figure 3 shows the time evolution of T, profile
during the ELM in (a) case A and (b) C. The collapse of the temperature profile occurs
in the pedestal region and deeply inside the pedestal region. When an ELM crash occurs,

the SOL plasma temperature at p=1 rapidly increases due to the energy flow from the

pedestal to the SOL in Fig.3. The increase of the SOL temperature mitigates the radial
edge gradient and lowers the ELM energy loss. As the region of the ELM enhanced
transport is broadened in Fig.2(b), the collapse becomes large (Compare Fig.3(a) with
Fig.3(b)) and the ELM energy loss becomes large as discussed below.
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Fig.3  Time evolution of T, profile in (a) case A and (b) case C (100 us interval) during ELM.
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Fig. 4 (8) AWgLm/Wopeq VErsus P'inged/P'ped TOr v*4e4=0.06 (A-D) and (b) AWe m/Wopeq VEISUS v*peq for
P'inped/P'pea=0.66 (C). Results in previous study [14] are shown by open symbols A'. In (b), shaded region

denotes experimental data [1,2].



Figure 4(a) shows the magnitude of the ELM energy loss, AWg_ v, normalized the
pedestal energy, Wyea~1.5 MJ, as a function of P'inped/P'ped Where P'inped and P'peq denote
P'=dP/dp at p=0.875 and 0.95, respectively, as defined in Fig.2(a). In the case A with
P'inped/P'pea=0.21, the ELM energy loss is less than 10 % of the pedestal energy and is
comparable with those in JT-60U [1]. As a reference, we add a result in the previous

study [14], which indicated by A" in Fig.4. In the case A", values of g v and e m™ are
reduced half to Te =200 us and yxe.m™=100 m?/s, and the plasma current is reduced to

1,=1.5 MA (ge5=4.6). As mentioned in Ref.[14], the ELM energy loss is enhanced by
increasing the values of g v and xeLm™ . The lowering of ggs also enhances the ELM
energy loss. These variations of Te v, XeLm™ - and s are not enough for AWe m/Wpeq >
0.1 with P'inped/P'pea~0.2. As shown in Fig.4(a), the steep pressure gradient inside the
pedestal top enhances the ELM energy loss. The density collapse, which is not
considered in this paper, enhances the values of AWg m/Wpeq by about 50 % under the
assumption of the similar collapse to the temperature one. For example, the density
collapse enhances the value of AWg m/Wpeq from 0.12 to 0.18 in the case C. The ELM
energy loss in the simulation becomes larger than 15 % of the pedestal energy, as is
shown in the database of multi-machine experiments with the low collisionality
(V*pea<0.1) [2].

For the case C in Figs 1-3, we investigate the collisionality dependence by
artificially enhancing the collisionality in both bootstrap current and SOL-divertor
models. As found in Ref.[14], for the high collisionality, the bootstrap current reduces
the region of the ELM enhanced transport through the profile modification of the
magnetic shear and eigenfunctions of unstable modes. On the other hand, the parallel
heat conduction in the SOL transport decreases with increasing the collisionality, which
results in the further increase of the SOL temperature. These two effects reduce the
ELM energy loss for the high-collisional plasma. Figure 4(b) shows the dependence of
AWEeLm/Wpeq 0N an artificially enhanced collisionality, v*pea=CeV*pedo, for Ce=1, 10, 100
where C. is an enhancing factor in the models. When the collisionality is enhanced by
Ce=100 (v*,e4=6), the total energy loss is reduced about half. This half reduction is
almost the same as in the previous study [14] shown by A' in Fig.4(b). Although the

magnitude of the ELM energy loss is changed by the pressure gradient inside the



pedestal top in Fig.4(a), the collisionality dependence of the ELM energy loss through
the bootstrap current and the SOL transport in Fig.4(b) is unchanged. In Fig.4(b), the
half reduction in the simulation is a little small compared with experiments [2], in which
the ELM energy loss is reduced by about 1/3. The collisionality dependence of the
pressure gradient inside the pedestal top possibly enhances the reduction.

4 Summary and discussion

We have investigated the effect of the pressure profile on the ELM energy loss by using
an integrated simulation code TOPICS-IB. The steep pressure gradient inside the
pedestal top is found to broaden the region of the ELM enhanced transport through the
broadening of eigenfunctions and enhance the ELM energy loss. The ELM energy loss
in the simulation becomes larger than 15 % of the pedestal energy, as is shown in the
database of multi-machine experiments [2]. Although the magnitude of the ELM energy
loss is changed by the pressure profile, the collisionality dependence of the ELM energy
loss through the bootstrap current and the SOL transport found in the previous study
[14] is unchanged. The collisionality dependence of the pressure gradient inside the
pedestal top possibly enhances that of the ELM energy loss.

In order to validate our models, simulations for various tokamaks and
comparisons with experiments and nonlinear simulations are our future works. The
model improvement, such as the density dynamics, the transport model which
determines the pressure gradient inside the pedestal top as well as the pedestal width,
and so on, is necessary. The dynamics of the pedestal density strongly connects with the
neutral recycling. The integration of neutral models in both the TOPICS and the SOL-

divertor model is in progress.
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