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a b s t r a c t

Neutral behavior has an important role in the transport simulations of the edge plasma. Most of the edge
plasma transport codes treat neutral particles by a simple fluid model or a kinetic model. The fluid model
allows faster calculations. However, the applicability of the fluid model is limited. In this study, simula-
tion results of JT-60U from kinetic neutral model and fluid neutral model are compared under the
attached and detached state, using the 2D edge plasma code package, SOLPS5.0. In the SOL region, no sig-
nificant differences are observed in the upstream plasma profiles between kinetic and fluid neutral mod-
els. However, in the divertor region, large differences are observed in plasma and neutral profiles.
Therefore, further optimization of the fluid neutral model should be performed. Otherwise kinetic neutral
model should be used to analyze the divertor region.

� 2009 Published by Elsevier B.V.
1. Introduction

Neutral behavior has an important role in the transport simula-
tions of the edge plasma. Most of the edge plasma transport codes
treat neutral particles by a simple fluid model or a kinetic model.
The kinetic treatments by the Monte-Carlo method are more exact
compared to the fluid model. However, the kinetic neutral model
introduces the issue to the Monte-Carlo noise and raises the ques-
tion of proving convergence [1]. In addition, the simulation cost
will be massive. On the other hand, the fluid model is easier to
prove convergence, and faster than the kinetic model. However,
the fluid model has a limited applicability.

The 2D edge plasma code SOLPS5.0 [2], consists of a fluid code
B2.5 [3], coupled to a Monte-Carlo neutral code EIRENE [4]. There
are two options in this SOLPS5.0 code package for the neutrals.
One option treats the neutrals by a fluid model using B2.5 and
the other by the kinetic model using EIRENE. Also the EIRENE code
can be used standalone. Benchmarks of the kinetic neutral model
(B2.5-EIRENE), and the fluid model (B2.5) are done in Refs. [5,6].
However, the benchmark studies of neutral model were limited
to the detached case.

In this study, we compared the results from the kinetic neutral
model and fluid neutral model in the detachment and attachment
Elsevier B.V.
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condition, using the 2D edge plasma code package, SOLPS5.0. To
consider both detached and attached case, we changed the value
of the core boundary D+ density in a wide range.
2. Simulation model

Fig. 1 shows the overall view and a zoom-in view of the numer-
ical mesh generated from the JT-60U MHD equilibrium. The simu-
lation model used in this research is the same as Ref. [6].

2.1. Simulation model for plasma

In this study, fluid model is applied for plasma. The validity of
the fluid treatment can be expressed by the Knudsen number:

KN ¼ k=L� 1; ð1Þ

where k is the mean free path, and L is the characteristic length of
the system. To apply the fluid treatment, Knudsen number needs
to be at least less than 1.

The B2.5 multi fluid code simultaneously solves the particle bal-
ance, parallel momentum balance, ion and electron energy balance
and the current continuity equations. The deuterium ions, D+, and
all the carbon ions, C+–C6+, are described by the fluid approxima-
tion in B2.5. The detailed description of these basic equations
and the expression for the radial and poloidal velocity components
are given in Ref. [7]. The transport coefficients are chosen based on
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Fig. 1. The JT-60U geometrical configuration. (a) Numerical grid for the analysis and the vacuum vessel and (b) zoom-in view of the divertor region.
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the comparison between the simulation results and the experi-
mental data in the previous study [8].

The boundary conditions are as follows: at the core boundary
the D+ density is specified, and the total energy input is equally
split between ion and electron channels. The net particle fluxes
across the core boundary are assumed to be zero for all the ion spe-
cies. The Bohm-criterion is assumed at the divertor plate, to obtain
the monotonic potential drop across the sheath. For the boundary
condition at the wall-side, a radial decay length of 1 cm for the
temperature of ions and electrons is used. Also for the wall-side,
the leakage option is used for the density. Here, the particle fluxes
for each kind of particles are given by a leakage factor of a in the
following equation.

C ¼ aCsna; ð2Þ

where Cs is the ion sound velocity, and na is the density of each
particles.

2.2. Kinetic neutral model

In the kinetic neutral model, Monte-Carlo neutral code, EIRENE,
is coupled to B2.5. The B2.5 code treats ions and EIRENE treats the
neutrals. The EIRENE code directly solves the Boltzmann transport
equation by using the Monte-Carlo method to determine the distri-
bution function of neutrals. The neutral species D, D2, and C are
treated by EIRENE. The EIRENE code can take into account impor-
tant atomic and molecular processes [4,8], such as electron impact
ionization, elastic collisions, charge exchange, dissociation, disso-
ciative ionization, and recombination.

2.3. Fluid neutral model

In the fluid neutral model, the neutral species, D and C, are trea-
ted by B2.5, just like ion species using the same equations without
electromagnetic terms. Although the atomic and molecular pro-
cesses [9] are very important for the neutral dynamics in the diver-
tor region, the molecules are not considered in the present model.
Also neutrals are assumed to have the same common temperature
as all other ion species. The pressure-driven diffusion flux for the
neutral is given by the following equation.

C ¼ �Dp
nrpn Dp

n ¼
v2

th;n

ðKCXni þ KionneÞTn
; ð3Þ

where nsep is the density of plasma at the outer-midplane separa-
trix, vth,n is the neutral thermal velocity, Tn is the neutral tempera-
ture shared with ions, ni and ne are the density of ion and electron,
and KCX and Kion are the rate coefficients for the charge exchange
and ionization.

Some parameters used in the fluid model are changed from the
kinetic neutral model to fit the mid-plane profiles. Following rec-
ommendations from Ref. [5] are used to fit the mid-plane profiles:
(1) use the core neutral loss boundary condition rather than the
zero flux boundary condition, (2) use a neutral flux limiter. To ap-
ply the fluid model to the neutrals, the neutral mean free path
needs to be smaller than plasma and neutral gradient length, i.e.,
Eq. (1) should be satisfied also for the neutrals. However, this con-
dition is not satisfied for neutrals in the divertor region. Therefore,
some correction for the kinetic effects, i.e., a neutral flux limiter is
included in the model. In this calculation of the fluid neutral model,
the neutral particle flux C is limited to Cfree:

Cfree ¼
1
4

nn �v ; ð4Þ

by the following equation.

C0 ¼ Cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðC=CfreeÞ2

q ; ð5Þ

where nn is the density of the neutrals, �v is the average speed, and
C0 is the neutral particle flux corrected by the kinetic effect.

Also for the fluid neutral model, the feedback boundary condi-
tion [6] is used at the wall-side to fit the upstream profiles. This
boundary condition adjusts the incoming neutral flux from the
wall, to fix the value of the electron density at the separatrix in
the outer-midplane.

3. Results

In this calculation, we set the value of the total energy input to
2.5 MW, and leakage factor a = 10�3. The values of 1.0–
3.6 � 1019 m�3 are used for the D+ density at the core interface
boundary, to attain the attachment and detachment conditions.
We have done a simulation for the following three models: ‘Model
A’ fluid neutral model (B2.5), ‘Model B’ kinetic neutral model with
its own self consistent background plasma (B2.5-EIRENE), and
‘Model C’ kinetic neutral model using the background plasma pro-
files from model A (EIRENE). We focused on the profiles at the out-
er diverter plate and compared the results from these models.

3.1. Electron temperature

Fig. 2 shows the radial profiles of electron temperature at the
outer divertor plate from the model A and model B. When the D+
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Fig. 2. Electron temperature at divertor plate. With the core D+ density of (a) 1.0 � 1019 m�3, and (b) 3.6 � 1019 m�3.
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density at the core boundary is low, the results from model B mod-
el and model A are both in the attached condition. When the core
D+ density is high, model B is in the detached state with the elec-
tron temperature at the separatrix being lower than 5 eV. The re-
sult from model A has a peak near the strike point, while model
B has a peak at the outer-side of the strike point. In experiments
[10], a peak is recognized outside of the strike point, in the radial
profile of electron temperature at the divertor plate. In model B,
the power dissipation by the radiation mainly by carbon is ob-
served in the divertor region along the separatrix to the strike
point. Therefore, the radiation may be the possible cause of the
temperature decrease near the separatrix, making it easier to de-
tach. Therefore, detailed study of sputtering and impurity trans-
port may be necessary in the near future.
B2.5-EIRENEB2.5
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Fig. 4. Neutral density at divertor plate. With the core D+
The detachment can also be identified by the degree of detach-
ment (DOD) plot [11]. The DOD is determined by the following
equation,

DOD ¼ Cn2
sep=Cd; ð6Þ

where nsep is the density of plasma at the outer-midplane separa-
trix, Cd is the plasma particle flux toward the outer target, and C
is the normalization coefficient. Fig. 3 shows the DOD plot from
model A and B. Here we can also see that the case B is easier to
detach.

3.2. Neutral profiles

Next we focused on the density profile of neutrals (deuterium
atoms and molecules). Fig. 4 shows the radial profiles of neutral
density just in front of the outer divertor plate, i.e., neutral densi-
ties are plotted as a function of the distance d from the separatrix
along the target plate. The results from model A, B, and C are com-
pared. As seen from Fig. 4, the density profiles have a similar ten-
dency for the most part of the radial extent. The result from model
A, however, is considerably different from those by model B and C,
both in the private region (d < 0) and outer region of the target
plate near the wall-side boundary. In these regions, neutral density
from model A increases, while model B and C decreases.

To understand above characteristics of the neutral density, the
following fluxes are plotted in Fig. 5. Fig. 5 shows the radial particle
flux of neutrals at the divertor plate, calculated from Eq. (3): (pres-
sure-driven particle flux), Eq. (4): (free particle flux), and Eq. (5):
(particle flux limited by the flux limiter). In fact, the ratio of the dif-
fusion flux C to the free streaming flux Cfree, roughly becomes the
Knudsen number as follows:

KN � jC=Cfreej / k=L: ð7Þ
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From this relation, if C becomes larger than Cfree, Knudsen number
becomes very large. Then the fluid model can not be applicable in
such region without the kinetic correction. As seen from Fig. 5(a),
jC=Cfreej � 1 in most of the radial extent in the attached case. Even
in the detached case, C is larger than Cfree and the condition KN � 1
is violated in most of radial extent. In the present model, however,
the kinetic effect is taken into account by introducing the flux lim-
iter and the flux becomes Cfree from Eq. (5), if jC=Cfreej � 1. Indeed,
in Fig. 5, the flux from model A is almost equal to the free streaming
flux in most of radial extent.

The increase of the neutral density in the both end of the target,
from model A can also be explained by the particle flux. In this cal-
culation, the particle flux of neutrals leaking out of the boundary is
set to a small value by the leakage factor a = 10�3, at the wall-side
boundary. Therefore, from Eq. (3), the neutral pressure profile at
the divertor plate is forced to be a small value at the both edge
of the target. In model A, the neutral temperature (which is as-
sumed to be the same as the ion temperature) decreases towards
the both inner and outer end of the outer target. Therefore, the
neutral density needs to increase to keep the pressure profile con-
stant. In the fluid neutral model, the ion temperature is also used
for neutral temperature, assuming that the charge exchange occurs
frequently. However, in the divertor region, the neutral mean free
path of the charge exchange is still relatively large. Therefore, the
value of neutral and ion temperature does not always become
the same. Thus, we may need to reconsider the assumption that
the neutral temperature is the same as the ion temperature.

4. Summary and future study

Kinetic neutral model and fluid neutral model have been ap-
plied to the wide range of upstream density. To compare divertor
plasma and neutral characteristics, the upstream profiles are care-
fully fitted.

The profiles of electron temperature and DOD plot have been
compared between the kinetic and fluid neutral model. In addition,
neutral density profiles have been compared between the fluid
neutral model and kinetic neutral model. The applicable condition
(KN � 1) of fluid neutral model is easily violated in the divertor re-
gion. Therefore, the kinetic model or the fluid model with the ki-
netic correction is indispensable to mach the results. Moreover,
the neutral densities in the private region and outer boundary re-
gion near the wall-side the boundary are shown to be sensitive to
the boundary condition for the radial neutral flux at these bound-
ary, and also sensitive to the assumption of the neutral
temperatures.

From this benchmark study, further improvement or optimiza-
tion of fluid neutral model, ex. (1) the boundary condition, and (2)
the assumption of the neutral temperature, should be made to
reproduce the reasonable divertor characteristics. Otherwise the
kinetic model should be used for neutrals to analyze the divertor
region.
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