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Abstract

A dynamic five-point model is developed to study responses of scrape-off-layer (SOL) and divertor plasmas to a crash
due to edge-localized modes (ELMs). The five-point model is beneficial to wide-ranging studies of SOL-divertor physics
and to coupling with the core transport code in the integrated modeling. The five-point model can reproduce static and
dynamic features obtained by usual fluid codes. The dynamic behavior obtained by the five-point model agrees fairly well
with that by the particle code PARASOL. The influence of the ELM crash on the thermoelectric instability and the resul-
tant asymmetry is investigated. The ELM crash transiently induces the thermoelectric instability and large SOL currents
for asymmetric divertor plasmas before the ELM. The resultant currents drive convective heat flows and enhance the
asymmetry on the fast time scale of electrons. The ELM crash is found to reverse the asymmetry before and after the
ELM. Even for symmetric plasmas before the ELM, the asymmetry is induced on the slow time scale of ions by an
ELM crash, because the transient formation of dense and cold divertor plasmas causes the thermoelectric instability.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Transient heat and particle fluxes to the divertor
plates caused by edge-localized modes (ELMs) are
crucial in terms of damage and lifetime of the
divertor plates in tokamak reactor operations.
Understanding the dynamic behavior of the
scrape-off-layer (SOL) and divertor plasmas after
an ELM crash is then important for fusion research.
0022-3115/$ - see front matter � 2007 Elsevier B.V. All rights reserved
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Enhanced heat and particle fluxes due to ELMs
have been experimentally investigated in divertor
tokamaks [1,2]. Additionally, in/out or up/down
asymmetry of the enhanced heat flux by ELMs
between the two plates at both ends of an open mag-
netic field line has been observed in experiments [2]
and 2-dimensional fluid simulations [3]. While 2D
fluid simulations consume much calculation-time,
a two-point model based on integral fluid equations
easily reproduces many static features found in
experiments [4]. Such point models are suitable
not only for studying physics in a wide range of
.
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Fig. 1. Geometry of five-point model where z denotes length
along magnetic field line.
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parameter space but also for coupling with core
transport codes [5]. The edge boundary conditions
at the separatrix were also found to affect the
ELM behavior in the simulation with a transport
code including an ELM model [6]. A dynamic
version of the point model is necessary for the study
of the dynamic nature of SOL-divertor plasmas
after ELMs and is beneficial to the integrated
ELM modeling.

In addition, the two-point model cannot deal
with the asymmetry. A five-point model was suc-
cessful in clarifying static features of the asymmetry
caused by the thermoelectric instability [7,8]. The
SOL current driven by the thermoelectric sheath
potential causes this instability and increases the
temperature asymmetry by driving a convective
electron heat toward the hotter divertor plasma.
For the high-temperature SOL plasma just after
an ELM, the instability may arise and a large heat
flux may concentrate on a single-side plate.

In this paper, we develop a dynamic five-point
model and investigate the dynamic responses of
the SOL-divertor plasmas to an ELM crash. The
dynamic five-point model introduces kinetic-effect
on the basis of results from the particle simulation
code PARASOL [9]. The results of the five-point
model are then compared with results of usual fluid
codes and PARASOL. The influence of ELM on the
thermoelectric instability and the asymmetry is also
examined.

2. Dynamic five-point model

The model is based on time dependent fluid
equations, i.e., particle, momentum, electron and
ion energies, generalized Ohm’s law and current
equations. Currents perpendicular to the magnetic
field and the momentum loss are not taken into
account at present for simplicity. The previous
model in Refs. [7,8] treated the stationary phase o/
ot = 0 with Te = Ti assuming that the ion heat con-
duction can be neglected.

Fig. 1 shows a geometry of the model. We con-
sider an open magnetic flux tube nearest to the
separatrix in single-null or double-null plasmas.
The flux tube is divided into four regions. The
SOL region, with a length along the magnetic field
LSOL, is divided into two regions with lengths la
and lb (LSOL = la + lb) on either side of the stagna-
tion point where the parallel particle flux is zero.
The two divertor regions are assumed to have the
same length, Ldiv, in this paper.
The equations are integrated along the magnetic
field in each region. The momentum equation is
integrated from the stagnation point to the divertor
plate. The resultant equations of density, n, ion
particle flux, C, electron and ion temperatures, Te,
Ti, are given as

LSOLdn0=dt ¼ �CuB � CuA þ S0LSOL; ð1Þ
LdivdnsA;B=dt ¼ CuA;B � CsA;B þ SA;BLdiv; ð2Þ
0:5miðla;b þ ðRA;B þ 1ÞLdivÞdCuA;B=dt

¼ n0ðT e0 þ T i0Þ � nsA;B 2T esA;B þ ð1þ gÞT isA;Bð Þ; ð3Þ
1:5LSOLdðn0T j0Þ=dt ¼ �QjuB � QjuA � djJð/uB � /uAÞ

þ ðW j0 þ W jeq0ÞLSOL; ð4Þ
1:5LdivdðnsA;BT jsA;BÞ=dt ¼ QjuA;B � QjsA;B

þ djrA;BJð/uA;B � /sA;BÞ þ ðW jA;B þ W jeqA;BÞLdiv;

ð5Þ

where subscripts, 0, u, and s, denote the stagnation
point, the upstream throat of the divertor region,
and the sheath entrance, respectively. The
subscripts, A and B, indicate the two divertor re-
gions on either side of the SOL. In Eqs. (4) and
(5), a subscript, j, denotes particle species, electrons
or ions, and de = 1, di = 0, and rA = �1, rB = 1.
The particle and energy sources in the SOL region,
S0, Wj0, are due to the radial diffusion from the core
into the SOL and are functions of radial particle
and heat fluxes, Cr and Qjr, and diffusivities, D?
and vj? (see Ref. [7] with the separation of Te and
Ti). The values of Cr and Qjr are assumed to be uni-
form on the last closed flux surface and net radial
fluxes, Usep and Qjsep, as well as D? and vj? are in-
puts of the model. In the divertor region, recycling
and impurity radiation are assumed to be given by
SA,B = grCsA,B/Ldiv, WeA,B = �k Æ DE Æ SA,B and
WiA,B = 0, where gr denotes the recycling coefficient,
k denotes the effective radiation factor, and
DE = 13.6 eV. In Eq. (3), the particle flux amplifica-
tion factor is defined by RA,B = CsA,B/CuA,B. The
upstream heat flux including both conductive and
convective fluxes is given by,
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QjuA;B ¼ Qjeff � djrA;B
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2
T juA;BCuA;B; ð6Þ

where the first term on RHS is the effective conduc-
tive flux with the flux limit, Qjeff ¼ ðQ�h

jcl þ
Q�h

jlimÞ
�1=h

; Qjcl¼ð2=7Þjj� ðT 3:5
juA;B�T 3:5

jsA;BÞ=Ldiv, Qjlim¼
ajn0T 1:5

juA;B=mj, and jj� ¼jjk=T 2:5
j . For the values of

h and aj, a heat-flux-limit model obtained from
PARASOL [9] is used, yielding h = 4/3 and
ae = 3/4 for electrons. The same model is assumed
for ions; ai = 3/4. Another model with h = 1 and
aj = 1.5 [10] does not change the results much. The
value of a = 0.71 mean the thermal force coefficient.
The upstream temperature, TjuA,B, is defined in the
same way as in Ref. [8] except for the separation
of Te and Ti. The SOL current density, J, is derived
from the sum of integrated equations of Ohm’s law
and sheath potentials,

��gLSOLJ ¼
X

d¼A;B

rd

�
bd � aþ n0T e0= nsdT esdð Þ

�1� ln 1� rd
bJ d

� ��
T esd=e; ð7Þ

where bA,B = 0.5ln(mi/(2pme))(TesA,B/(TesA,B +
gTisA,B)), bJ A;B ¼ J=CsA;B, and �g denotes the elec-
tric resistivity evaluated by �g ¼ g�ðT�1:5

e0 þ
Ldiv=LSOLðT�1:5

esA þ T�1:5
esB ÞÞ and g� ¼ gk=T�1:5

e . The
equipartition energy is given by Weeq0,A,B =
�Wieq0,A,B = 1.5n0,sA,B(Ti0,sA,B � Te0,sA,B)/seq0,A,B

(seq0,A,B: temperature equilibration time evaluated
by Te0,sA,B and n0,sA,B). The stagnation point posi-
tion is determined by la/LSOL = (1 + CuB/CuA)�1,
which derived from continuous equations integrated
in two SOL regions. Boundary conditions at the
sheath entrances A and B are given as follows.
The particle flux is given by CsA,B =
nsA,BCsA,B with CsA;B ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðT esA;B þ 3T isA;BÞ=mi

p
based on the results from PARASOL [9]. The
sheath potential is given by /sA;B ¼ ðbA;B�
lnð1� rA;B

bJ A;BÞÞT sA;B=e. The heat flux is given by
QjsA,B = cjTjsA,B(CsA,B � djrA,BJ/e) with heat trans-
mission coefficients ce = 2 + e/sA,B/TesA,B and
ci = 2–3 [4]. The time evolution of 11 equations
(Eqs. (1)–(5)) with variables, n0, nsA, nsB, CuA, CuB,
Te0, TesA, TesB, Ti0, TisA, TisB, is calculated by using
the Runge–Kutta–Gill method.

3. Results

We study SOL-divertor plasmas by using the
five-point model with the following parameters.
The recycling coefficient gr is an input parameter,
which relates with the particle flux amplification
factor R as gr = (R � 1)/R at the steady state. Other
parameters are chosen to be typical parameters in
JT-60U: total particle and electron/ion heat flows
from the core to the SOL are Usep = 3 · 1022 s�1

and Qjsep = 2 MW, respectively. Radial diffusivities
are chosen as D? = 1 m2/s and vj? = 2 m2/s, respec-
tively. Geometrical parameters are LSOL = 100 m,
Ldiv = 4 m, and the pitch of the magnetic field
h = 0.06. The effective radiation factor k is chosen
to be 5.
3.1. Comparison of static and dynamic features

with fluid codes

Fig. 2 shows Tj0,sA,B of stable equilibria as a func-
tion of R = 1/(1 � gr) with fixed ci = 2 [4]. The SOL
ion temperature Ti0 is higher than Te0 for equal
input powers, Qesep = Qisep. The ion temperature
of divertor plasmas Tis becomes equal to Tes for
high recycling plasmas (R > 10) due to the strong
equipartition with high ns and low Tes. When R

increases up to 18 and Tes decreases below a critical
value of T crit

es � 21 eV for Te0 � 80 eV, a symmetric
equilibrium becomes unstable due to the thermo-
electric instability and stable asymmetric equilibria
appear. The SOL temperatures Tj0 slightly increases
with R for the asymmetric equilibria. Under the
assumption of Te = Ti, the symmetric equilibrium
becomes unstable for a high critical value of
T crit

s � 29 eV (T0 � 80 eV) at R = 10 compared with
Fig. 2. The equipartition energy transfer has the
stabilizing effect on the thermoelectric instability.

For the model validation, we compare the results
with those obtained by usual fluid codes. Fig. 3
shows the dependence of the ratio of Ti0/Te0 on a
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SOL collisionality defined by m�SOL ¼ 10�16n0

ðLSOL=2þ LdivÞ=T 2
0, where T 0 ¼ ðT e0 þ T i0Þ=2 [eV].

The ratio of Ti0/Te0 decreases with increasing m�SOL.
The five-point model can reproduce the feature
found by 2D fluid code EDGE2D and OSM [4].
When a temperature perturbation is added to an
unstable symmetric equilibrium with R = 20 in
Fig. 2, the instability leads the unstable equilibrium
to a stable asymmetric one about 10 ms after the
perturbation. The growth time of the thermoelectric
instability is about 10 ms. These transient behavior
and time scale agree well with those found in 1–1/
2D fluid simulations [11].
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3.2. Comparison of transient behavior with

PARASOL simulation

The transient behavior of a symmetric plasma is
compared with result from PARASOL [12]. Fig. 4
shows the transient behavior after an ELM crash.
Calculation conditions are almost the same as in
PARASOL; Ldiv = 50 m, gr = 0.5, Usep =5 · 1022

s�1, Qesep = 2Qisep = 0.4 MW, and ELM sources,
UELM � 2.5 · 1024 s�1, QeELM � 2QiELM �160 MW
are added during 10 ls. The value of ci is chosen
to be 3. In Fig. 4, there are two time scales, a fast
time scale of the electron transit time, se = (LSOL/
2 + Ldiv)/ve � 15 ls, and a slow time scale of the
sound-speed transit time, ss = (LSOL/2 + Ldiv)/
Cs � 550 ls, where ve ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T e0=me

p
and Cs are evalu-

ated by the maximum values of Tj0. As was pointed
by Ref. [12], behaviors of Tes, /s and Qes are on the
fast time scale, those of ns, Cs, Tis and Qis are on the
slow time scale. Both fast and slow behaviors
obtained by the five-point model agree fairly well
with those found in PARASOL. There are two dis-
crepancies between the five-point model and the
PARASOL. A shock front propagation is not taken
into account (see Tis and Qis in Fig. 4(e) and (f)). In
the PARASOL results, the existence of super-ther-
mal electrons makes Qes jump on the fast time scale
and the ion heat flux Qis becomes a little higher than
0
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the electron heat flux Qes on the slow time scale [12].
On the other hand, in Fig. 4(f), there is no Qes jump
and Qis < Qes. This is due to the fixed energy trans-
mission coefficients in the five-point model. These
effects remain as future work.

3.3. ELM influence on thermoelectric instability

and asymmetry

We next investigate the dynamic response of
asymmetric plasmas to an ELM crash. The ELM
crash is added to an asymmetric equilibrium caused
by the thermoelectric instability at R = 20 in Fig. 2.
Fig. 5 shows the time evolution after an ELM
crash with UELM = 6.0 · 1023 s�1, QeELM = 55 MW,
QiELM = 75 MW during 50 ls. As shown in
Fig. 5(a) and (e), the asymmetric temperature differ-
ence (TesB � TesA) grows rapidly with the increase of
the SOL current about 10 ls after the ELM start.
The thermoelectric instability strongly arises on
the fast time scale at the value of Tes, which is much
higher than the critical value predicted by static
analyses [7]. As a result, the asymmetry of the elec-
tron heat flux is enhanced through the convective
heat transport in the opposite direction of the
SOL current in Fig. 5(f). After the instability
enhances the electron asymmetry, the conductive
heat transport mitigates the asymmetry in the last
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asymmetric equilibrium with R = 20 shown in Fig. 2. In (a)–(d) and (f),
In (d), thick and thin lines denote ‘s’ and ‘u’, respectively. In (f), thick
phase on the fast time scale (t � tELM � 50 ls). In
this phase, because the density does not vary on
the fast time scale, the pressure at the high-ns side
‘A’ becomes higher than that at the low-ns side
‘B’. The upstream particle flux CuB becomes larger
than CuA due to the pressure imbalance in
Fig. 5(d). In Fig. 5(b), the Tis asymmetry (TisA <
TisB) is enhanced due the asymmetry of ns and Cu

(nsA > nsB and CuA < CuB). In Fig. 5(c), the density
nsB becomes higher than nsA on the slow time scale.
The particle flux at the sheath of the high-ns side,
CsA, increases on the fast time scale and enhances
the decrease of nsA. As a result, the state of the
asymmetry is reversed before (TjsA < TjsB) and after
the ELM crash (TjsA > TjsB).

For the case of the ELM in the stable symmetric
equilibrium at R = 17 in Fig. 2, the thermoelectric
instability arises on the slow time scale about 1 ms
after the ELM as shown in Fig. 6. This is because
ns increases and Tes decreases below its value before
the ELM and the static unstable condition is
satisfied.

4. Summary and discussion

A dynamic five-point model is developed to study
the response of the SOL-divertor plasmas to an
ELM crash. The five-point model is beneficial to
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wide-ranging studies of SOL-divertor physics and to
coupling with the core transport code in the inte-
grated modeling. The five-point model can repro-
duce static and dynamic features obtained by
usual fluid codes. The dynamic behavior obtained
by the five-point model agrees fairly well with that
by PARASOL. The influence of the ELM crash
on the thermoelectric instability and the resultant
asymmetry is investigated. For asymmetric divertor
plasmas before the ELM, the ELM crash transiently
induces the thermoelectric instability and large SOL
currents with much higher temperature than the
predicted value by the static analysis. The resultant
currents drive convective heat flows and enhance the
asymmetry on the fast time scale of electrons. The
ELM crash is found to reverse the asymmetry
before and after the ELM. Even for symmetric plas-
mas before the ELM, the asymmetry is induced on
the slow time scale of ions after an ELM crash,
because the transient formation of dense and cold
divertor plasmas satisfies the unstable condition
obtained by the static analysis.

The reversal of the asymmetry before and after
the ELM does not occur for a different set of param-
eters in the five-point model. The reversal is not yet
seen in experiments. Thus, the parameter space in
which the reversal occurs should be investigated
and compared with experiments in future.

The application of the five-point model to the
integrated ELM modeling is discussed. By coupling
the five-point model with the core transport code,
we can investigate the self-consistent transport cov-
ering core-pedestal-SOL-divertor plasmas. Study of
the influence of the dynamic response of SOL-diver-
tor plasmas on the ELM energy loss is in progress
[13].

The improvement of the five-point model
remains as future work. The shock front propaga-
tion and the time variation of energy transmission
coefficients will be taken into account. The present
five-point model cannot always reproduce all of
experimental observations of the asymmetry. Effects
of recycling (time variation of gr in the model and its
asymmetry (grA 5 grB)) and drift flows on the
dynamic response of the SOL-divertor plasmas will
be introduced. These model improvements allow the
further validation of the model by comparing with
results from experiments and other simulations.
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