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Using an impurity Monte-Carlo code, IMPMC, the kinetic effect of thermal force on the He transport is
investigated for JT-60SA detached plasmas. Without the recycling process, the kinetic effect of the ther-
mal force is found to increase the He density in the divertor region by a factor of �2, compared with the
conventional (fluid) evaluation. However, the kinetic effect is masked by the recycling at the target plates.
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1. Introduction

To investigate the plasma and impurity transport in peripheral
plasmas, 2D multi-fluid divertor codes have been developed, e.g.
B2 [1], EDGE2D [2], UEDGE [3], where impurities are treated as
fluid species. The fluid modelling for the impurity transport con-
tains somewhat improper descriptions: (1) assumption of the
instantaneous thermalization of impurity ions, (2) neglecting the
kinetic effect on the thermal force and (3) simplification for the
complicated dissociation processes of hydrocarbons. The Monte-
Carlo (MC) approach is suitable for such effects to be taken into
account [4]. However, it has the disadvantage for (1) long compu-
tational time, (2) large MC noise, and (3) assumption of steady
state. Thus, time-evolutional simulations with an MC impurity
code coupled self-consistently to a plasma fluid code have not been
tried, except for the DORIS impurity code [5]. However, the code
coupling between B2-EIRENE and DORIS was limited to the con-
cept and the simulations were carried out for a fixed background
plasma [5]. We solved the first and the second problems of the
MC modelling by developing a new diffusion model for scattering
process and optimizing on the massively parallel computer [6].
Thereby we have developed a coupling of IMPMC [7] code into a
2D divertor code (SOLDOR/NEUT2D) [8]. This integrated code is
called SONIC [6]. Recently, we solved the last problem by extend-
ing the IMPMC to a time-dependent simulation code, where
increasing number of test particles with time is suppressed by a
particle reduction scheme [9]. At last, we have obtained a prospect
of the coupling of non-steady IMPMC code into the SONIC code.

To demonstrate validity and availability of the SONIC, simula-
tions of dynamic evolution of the X-point MARFE observed in a
ll rights reserved.
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JT-60U discharge with low NB heating power of PNB = 5 MW were
carried out [6]. The simulation was also performed for a JT-60U dis-
charge with high NB heating power of PNB = 14 MW and a very
strong gas puff of Cpuff ¼ 150 Pa m3=s. Fig. 1 shows the radiation
profiles in the detached plasma phase measured in the experiment
[10] and that obtained in the simulation with SONIC. The radiation
peaks are located at upstream from the strike point and the region
with high radiation power extends from the strike point up to near
the X-point along the separatrix. These characteristics correspond
to experimental data.

The radiation profile in such detached plasma strongly depends
on the impurity dynamics, i.e. the balance between the thermal
force and the friction force. Taking advantage of the MC modeling
of IMPMC code, the kinetic thermal force is investigated in this pa-
per. The simulations are carried out for JT-60SA [11].
2. Kinetic thermal force

The impurity retention in the divertor region is basically deter-
mined by the balance between the thermal force (toward hotter re-
gion in fluid approximation) and the friction force (toward divertor
plates). Using a drift kinetic model, the kinetic thermal force was
derived by Reiser et al. [12]. In contrast with the fluid thermal force
which is averaged over a Maxwellian velocity distribution of impu-
rity ions, the kinetic thermal force was found to have the opposite
direction (towards colder region) for impurity ions with high
speeds. We independently derived an expression of the kinetic
thermal force. The ion thermal force is defined by

~RrT i
¼
Z

mIvCðfI; dfiÞdv ð1Þ

where C is the Fokker–Planck collision operator, fI is the distribution
function of impurity ions, dfi is the ion distribution function
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Fig. 1. 2D radiation profile in JT-60U discharge ðIp ¼ 1:4 MA; BT ¼ 3:6 T;
PNB ¼ 14 MW, Cpuff ¼ 150 Pa m3=sÞ: (a) experimental data, (b) simulation result
with SOLDOR/NEUT2D/IMPMC.

Fig. 2. Kinetic thermal force. It strongly depends on impurity ion speed.

308 K. Shimizu et al. / Journal of Nuclear Materials 390–391 (2009) 307–310
distorted by the ion temperature gradient rTi. Substituting
fIðvÞ ¼ dðv � V0Þ into Eq. (1), we obtain the force along the magnetic
field line acting on an impurity ion with a velocity V0,

FrT i
ðV0Þ �

Z
dv0dfiðv0ÞmIfDvkgi

¼
Z

dv0dfiðv0Þ �
4pke4Z2

i Z2
I

mIi

u � b
u3

( )
ð2Þ

where mIi is the reduced mass, u ¼ V0 � v0, b the unit vector along
the magnetic field line. Braginskii derived the distorted distribution
function by use of Laguerre polynomials [13].

dfiðvÞ ¼
ni

p3=2v3
th

exp � mi

2T i
v2

� �
� si

XN

n¼1

anLð3=2Þ
n

mi

2T i
v2

� �

� ðv � rk ln T iÞ ð3Þ

where coefficients an are a1 ¼ 26 895
17 056 ; a2 ¼ 1525

3198 ; a3 ¼ 35
533. For com-

parison with Reiser’s analytical expression, Eq. (2) is reduced to a
non-dimensional form.

FrT i
ðV0Þ ¼ 1þmi

mI

� �
Z2

I

Z2
i

@T i

@s
� bðV0;aÞ ð4Þ

bðV0;aÞ ¼
3ffiffiffi
2
p

p

Z 1

0
d~f ðxÞx2IhðxÞdx ð5Þ

IhðxÞ ¼
Z p

0
�ðv0 cos a� x cos hÞ cos h sin h

4Eðk2Þ
ða� bÞ

ffiffiffiffiffiffiffiffiffiffiffi
aþ b
p dh ð6Þ
d~f ðxÞ ¼
X3

n¼1

anLð3=2Þ
n ðx2Þ � x expð�x2Þ ð7Þ

where a is an angle between V0 and b, a ¼ v2
0 þ x2 � 2v0x cos a cos h,

b ¼ 2v0x sin a sin h, v0 ¼ V0=v th;v th ¼ 2Ti
mi

� �1=2
and E(k2) is the com-

plete elliptic integral of the second kind with k2 ¼ 2b
aþb. The integra-

tions of Eqs. (5) and (6) are carried out numerically by using the
Gauss–Legendre integral method. Fig. 2 shows the kinetic thermal
force acting on a particle with a ¼ 30 �. The kinetic thermal force
derived analytically by Reiser et al. is shown by a broken line. Our
result agrees well with their theoretical one.

The kinetic effect may influence impurity density profile a little,
because the impurity speed is usually much lower than the back-
ground thermal speed. The condition possibly changes for the He
ion transport in detached divertor region, where He2+ ions inflow
across the separatrix surface into the SOL region with high speeds
and subsequently flow into the cold divertor region. In this situa-
tion, the normalized He ion speed may become V0/vthi � 1. We car-
ry out the simulations of He transport in a detached divertor
plasma of JT-60SA [14].

3. Background plasma parameter of JT-60SA

JT-60SA (JT-60 Super Advanced) has been programmed to con-
tribute and supplement ITER toward to DEMO. In order to achieve
the high performance plasma, the device is equipped with high
power and long pulse heating (41MW, 100 s). Thus, the divertor
design should be optimized to handle such high heat and particle
fluxes. For the lower single null divertor configuration, three types
of divertor geometry have been investigated with SOLDOR/
NEUT2D code [14]. The ‘V-shaped corner’ divertor configuration
of case B in ref. [14] is similar to that proposed for ITER [15]. The
V-shaped corner enhances the recycling at the outer strike point
and the detachment is attained there.

The plasma parameter is calculated with SOLDOR/NEUT2D code
for the divertor configuration with ‘V-shaped corner’ shown in
Fig. 3(a). The heat flux and the particle flux from the core edge
ðq=a ¼ 0:95Þ are specified, Q total ¼ 37 MW; Ci ¼ 5� 1021 s�1. We
assume D? ¼ 0:25 m2=s for the anomalous particle diffusion coef-
ficient and vi

? ¼ ve
? ¼ 1 m2=s for the anomalous thermal diffusiv-

ity. The recycling coefficient at the divertor plates and walls is
set to 1.0 for both ions and neutral particles. The absorption coef-
ficient for neutral particles at the cryopanel is specified so that the



Fig. 3. (a) Divertor configuration of JT-60SA with ‘V-shaped Corner’ and mesh used in the simulations with the SOLDOR/NEUT2D code. Calculated profiles of electron density
and temperature in front of (b) the inner target plate and (c) the outer target plate. Both the outer and inner strike points are in the detached state. The points denoted by A, B,
C and D correspond to those in (a).
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pumping speed is Spump ¼ 50 m3=s. The radiation power of carbon
impurities is calculated by a simplified non-corona model, assum-
ing the uniform contamination of nC=ni ¼ 1% and the residence
parameter of nesres ¼ 4� 1015 s=m3. Without the gas puff, the out-
er strike point is in the attached state. The gas puff of
Cpuff ¼ 5� 1021 s�1 is required to obtain the outer detachment.
Fig. 3(b) and (c) show the simulation results; the electron density
and temperature at the inner and outer divertor targets.

4. Simulation of He transport with IMPMC

In the impurity Monte-Carlo code (IMPMC), the kinetic equa-
tions with the Coulomb collision operator for the distribution func-
Fig. 4. He density profiles along the flux tube close to the separatrix surface, which
are calculated neglecting recycling process at the target plates. The kinetic and fluid
thermal forces are used in case (a) and case (b), respectively. The kinetic effect
enhances the He density near the strike point.
tions fI(r,v, t) are solved using the orbit following Monte-Carlo
technique. The model includes (1) impurity generation, (2) ioniza-
tion of sputtered neutrals, (3) parallel motion of impurity ions
along field lines, (4) Coulomb scattering, (5) cross-field diffusion,
and (6) atomic processes [6,7].

The kinetic effect of thermal force acting on He ions is investi-
gated with IMPMC code under the detached plasmas of JT-60SA,
as shown in Fig. 3. The He2+ ions are assumed to inflow across the
core edge ðq=a ¼ 0:95Þ uniformly. The He2+ flux is assumed to be
small and not to influence the background plasma. Each test parti-
cle has a velocity chosen from the Maxwellian distribution with the
plasma ion temperature at the core edge. The He ions which pene-
trate the interior region ðq=a < 0:95Þ are simply reflected. In the
Fig. 5. He density profiles along the flux tube close to the separatrix surface, which
are calculated including recycling process at the target plates. The kinetic and fluid
thermal forces are used in case (a) and case (b), respectively. The kinetic effect on
the He density is diminished by the recycling process.
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present simulations, ionization and recombination processes are
included, but the elastic scattering and charge exchange processes
are not included for simplicity.

Firstly, we investigate the effect of the kinetic thermal force on
the He compression, excluding the recycling at the divertor plate
and the walls. Fig. 4 shows the He density profile in a flux tube
close to the separatrix surface. The kinetic effect of the thermal
force is found to increase the He density in the divertor region
by a factor of �2, compared with the conventional (fluid) evalua-
tion. The recombination processes become dominant at the front
of the divertor plate due to high density and low electron temper-
ature (ned > 2 � 1021 m�3, Ted < 1 eV) and the He2+ density de-
creases abruptly there.

Secondly, we investigate the total effect including the recycling
at the divertor plate and the walls. In the recycling model, a He
neutral is emitted with an energy determined from the particle
and energy reflection coefficients [16]. The thermalization process
of He ion which is ionized after recycling is simulated by Monte-
Carlo method, in contrast to the fluid modelling with the assump-
tion of instantaneous thermalization of impurity ions. The kinetic
effect is masked by the recycling at the target plates, as shown in
Fig. 5. Because the friction force is incomparably larger than the
thermal force in the detached region. A small difference, however,
exists near the X-point. This difference might change the recycling
radially at the divertor plate, depending on the temperature profile
along the magnetic field line. In such case, the kinetic thermal force
could have a perceptible effect on the He density. Furthermore, the
elastic scattering of He neutral with proton collision affects the He
transport [17]. The code improvement to incorporate the elastic
scattering model is in progress.

5. Summary

A self-consistent modelling of divertor plasma and impurity
transport has been developed. The feature of this integrated diver-
tor code, SONIC, is to incorporate the elaborate impurity Monte-
Carlo code, IMPMC. We overcome the disadvantage of MC model-
ling, i.e. limitation of time step for Coulomb scattering process,
large MC noise, and assumption of steady state. Currently, the ef-
forts to couple the non-steady IMPMC code to the SONIC code
are being made. Taking advantage of the MC modeling in impurity
transport, the kinetic thermal force is investigated. Simulations are
carried out for the V-shaped corner divertor configuration of JT-
60SA. Without the recycling process, the kinetic effect of the ther-
mal force is found to increase the He density in the divertor region
by a factor of �2, compared with the conventional (fluid) evalua-
tion. The kinetic effect is masked by the recycling at the target
plates. Model development to include the elastic collision and fur-
ther study are needed to evaluate the He exhaust, which is one of
serious issues for ITER.
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