1

EX/P6-5
Analysis of Pedestal Characteristics in JT-60U H-mode Plasmas Based on
Monte-Carlo Neutral Transport Simulation
Y. Nakashima1), Y. Higashizono1), H. Kawano1), H. Takenaga2), N. Asakura2), N.
Oyama2), A. Kojima2), and Y. Kamada2)
1) Plasma Research Center, University of Tsukuba, 1-1-1 Tennoudai, Tsukuba, Ibaraki
305-8577, Japan
2) Japan Atomic Energy Agency, Naka Fusion Institute, 801-1 M ukouyama, Naka 311-0193,
Japan
e-mail contact of main author: nakashma@prc.tsukuba.ac.jp
Abstract. This paper describes the results of pedestal characteristics in H-mode plasmas of JT-60U based on
neutral transport simulation using the DEGAS Monte-Carlo code. A three-dimensional (3-D) mesh structure
including isolated dome, baffle and divertor plates is precisely built-up and the simulation space is extended
from SOL to core plasma region. In this simulation background plasma parameters and the intensity of particle
flux on the divertor plates are determined from the UEDGE plasma code. The dependence of plasma density on
the neutral penetration and ionization area were investigated in two cases of ELMy H-mode discharge with gas
puffing and without gas puffing. The simulation results showed noticeable differences in 1/e scale length in the
neutral penetration and in ionization width near edge transport barrier region. Dependence of the plasma density
from the pedestal edge to SOL region on the ionization region and the 3-D effect of local gas puffing are
discussed in terms of neutral transport.

1. Introduction
Analysis of neutral transport is an important issue to investigate hydrogen/deuterium
recycling and transport phenomena in not only the plasma edge regions but also the core
plasma region of magnetically confined plasmas. Especially in improved confinement mode
plasmas, neutral particles in periphery region also play a crucial role on pedestal formation
near the edge transport barrier (ETB) region. Neutral particle transport simulations based on
M onte-Carlo methods have been widely used as a powerful method for investigating neutral
behavior in high temperature plasmas. Neutral transport codes also have been extensively
utilized for the plasma transport simulation in divertor regions [1-3].
It is also an important issue to investigate the role of neutrals on the edge pedestal scaling in
H-mode plasmas. So far a number of simulation studies based on the experimental database
has been extensively performed in many kinds of fusion devices and characterization of edge
transport barrier in H-mode phase was investigated [4-8]. In the University of Tsukuba, the
DEGAS ver.63 M onte-Carlo code has been modified for fully three-dimensional (3-D)
simulation and has been applied to a tandem mirror device including non-axisymmetric cell and
helical devices with non-axisymmetric magnetic configuration [9-12]. Recently 3-D neutral
transport simulation using DEGAS code has been started for the study of physical mechanism
of pedestal formation in the JT-60U tokamak.
In this paper, the results of neutral behavior and pedestal characteristics in H-mode plasmas
are described based on the M onte-Carlo simulation using DEGAS code applied to JT-60U. In
Sec. 2, a mesh structure used in the 3-D simulation is explained. M easured results in edgepedestal region of typical ELM y H-mode discharges are described and the simulation results
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of neutral penetration and ionization width are described in Sec. 3. In Sec. 4, density
dependence on the ionization zone in ETB region is evaluated under the simulation results. In
Sec. 5, Distinctive behavior of 3-D neutral transport in large-scale torus devices is discussed
based on the simulation of local gas puffing by using 3-D DEGAS code. Finally conclusions
are given in Sec. 6.
2. Mesh Model of JT-60U for DEGAS Simulation
Figure 1 shows the poloidal cross-section view of the mesh model of JT-60U for DEGAS
simulation. The present mesh model is developed based on the previous one for the DEGAS2
code [3] and has a consistency with the mesh model of the UEDGE plasma code [13] has been
ensured. The simulation space is also extended
Cross-section view
Wall
to the plasma core, the vacuum chamber wall
Core Plasma
and the divertor regions. The mesh is divide
into 32 segments in the minor-radius direction
SOL
Mesh
and also divided into 28 in the azimuthal
direction on the poloidal cross-section. The
mesh model with 50 segments divided in the
Toroidal view
toroidal direction enables a detailed prediction
of neutral density and Dα line-emission
intensity and modeling of localized particle
source, such as gas puffing and neutral beam
Dome
injection. A benchmark test has been
performed with two-dimensional simulation
FIG. 1. Schematic drawing of the mesh
model of JT-60U for DEGAS code
using DEGAS2 code and the validity of the
simulation has been confirmed [14,15].
3. Comparison of Behavior between
Discharges with Gas Puff and without
Gas Puff
3.1. Plasma Parameters
In order to investigate the plasma
parameter dependence on the pedestal
structure, neutral transport simulation was
performed in two different ELM y H-mode
plasmas, and the results were compared
from the viewpoint of neutral penetration
and ionization region. The time behavior of
plasma parameters sampled two H-mode
plasma discharges is shown in Fig. 2.
Between two shots, the same power of
neutral beam heating is injected to the
plasmas and almost the equal stored energy
is obtained. In the case with gas puffing in

FIG. 2. Time behavior of plasma parameters
in the two different ELMy H-mode plasma
discharges. E37851 is the case without
gas puff in the H-mode phase and
E37854 represents the case with gas puff.
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3.2. Edge Plasma Profile

#37851

#37854

without GP

1013

with GP

1013

ne [cm-3]

H-mode phase (E37854), however,
relatively higher (~ 12 %) electron
density is achieved than the case
without gas puffing (E37851).

1012

1012

Figure 4 shows the result of the hyperbolic
tangent fitting analysis in density profiles
near ETB region determined from Thomson
scattering measurement. From the above
analysis, the determined pedestal width
(distance between LCFS and the knee
position) in the higher density case (E37854)
is estimated to be smaller than that in the
lower density case (E37851) by nearly 10 %.
Based on the above input data, the
neutral transport simulation with
DEGAS was carried out and the
penetration of neutrals is evaluated
in the two H-mode plasmas.

LCFS

ne [×1013 cm-3]

Figure 3 shows the radial profiles of
Thomson
Thomson
the electron density around ETB
Probe
Probe
LCFS
LCFS
UEDGE
UEDGE
region determined from the measured
1011
1011
-20.0 -15.0 -10.0 -5.0
0
5.0 -20.0 -15.0 -10.0 -5.0
0
5.0
data and from the UEDGE plasma
Δ r-mid [cm]
Δ r-mid [cm]
code based on the obtained
experimental data. These data are
FIG. 3. Edge plasma density profiles obtained from
measured with Thomson scattering
measurements and simulation. Circles:
(circles) and
Langmuir
probes
Thomson scattering, triangles: reciprocating
probe and lines: UEDGE code.
(triangles) [16,17]. In the probe data,
some data, which are apparently
2
recognized to be affected by ELM , are
dped = 3.72 cm
dped = 4.10 cm
eliminated from the figure. Based on above
1.5
these results, the spatial structure of the
pedestal region was precisely investigated.
1

0.5

ne̲E37854
TANH-fit̲E37854
ne̲E37851
TANH-fit̲E37851
Knee̲E37854
Knee̲E37851

0
-35.0 -30.0 -25.0 -20.0 -15.0 -10.0 -5.0

0

5.0

Δr-mid [cm]

FIG. 4. Result of hyperbolic tangent fitting
of density profiles in ETB region.

3.3. Simulation Results
Figure 5 shows the 2-D profile of
atomic density in the poloidal crosssection determined from the DEGAS
simulation for the shot E37851. In
this simulation data with toroidal
uniformity are used and the absolute
value of the simulation results are

FIG. 5. Simulation result of neutral density profile.
(a) deuterium molecule density, (b) deuterium
atom density.
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determined by normalizing the obtained results to the measured Dα line emission intensity.
Here, a particle source from the divertor plates is dominant (4.64×1021 s-1) compared with the
others (first wall: 5.42×1020 s-1, baffle plates: 6.22×1020 s-1). As shown in Fig. 5(a), deuterium
molecular density shows the maximum at the divertor region and decreases toward the top of
the vacuum chamber by two orders of magnitude. In the radial direction into the core plasma,
on the other hand, a strong reduction due to the molecular dissociation is recognized in the
edge region. As shown in Fig. 5(b), the attenuation of atomic density toward the plasma core
is not so strong compared with the molecules but the diffusion of atoms seems to be limited in
the azimuthal direction.
3.4. Evaluation of Neutral Penetration and Ionization Zone
In Fig. 6 atomic neutral density profiles on the midplane of the plasma cross-section are
compared between the two density cases. There is no remarkable difference in the neutral
density in the SOL region. However, a noticeable increase in the penetration length of atomic
density (1/e scale length from the neutral density at r/a = 1.05 which corresponds to the
boundary with far SOL region) is recognized in the low-density case (E37851).
12

4. Density S urvey on the Ionization
Zone in Edge-Pedestal Region
In order to investigate the dependence of
plasma density in ETB region on the
ionization zone near the pedestal, the
relationship between neutral penetration
and ionization width is quantitatively
evaluated. Figure 8 shows the density
profile near ETB region given in the

Ionization rate [particles/sec cm3]

nD [ cm-3 ]

ne [ ×1013 cm-3 ]

10
2
By using the data from UEDGE
nD E37851
ne E37851
and DEGAS, the ionization profile
nD E37854
ne E37854
1011
1.5
near the edge transport barrier
region is evaluated in Fig.7. In both
ΔL1/e = 0.094 (r/a) 1
1010
cases, as shown in the figure, the
ionization area is localized near the
ΔL1/e =
109
0.5
0.112 (r/a)
LCFS and it is found that the
determined width in the low108
0
density case (E37851) is wider than
0.8 0.85 0.9 0.95
1
1.05 1.1
r-mid / a
those in high-density case (E37854)
by 36 %. The above obtained
parameter
correlation
among FIG. 6. Penetration of neutrals near the edge region
calculated by DEGAS. Solid and dashed curves
pedestal width, penetration length
are electron density profiles. SOL density is
of neutral and ionization width in
assumed to be 1 ×101 1 c m-3.
edge region
is
qualitatively
consistent with the empirical pedestal
E37851
scaling [4].
E37854

1016
ΔW1/2ionization
= 0.045 (r/a)
ΔW1/2ionization = 0.061 (r/a)
1015
0.94

0.96

0.98

1

1.02

1.04

1.06

r/a

FIG. 7. Ionization profile near the edge region
determined from the results of the
simulation with DEGAS and UEDGE.
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simulation. In this simulation, based on the density profile of the shot E37851, the density
was artificially modified from the top of the pedestal (Δr-mid ~ -2 cm) through to LCFS and
finally changed by twice or half of the
original density at the SOL region.
1013
SOL
ne

1012

1011

1010
-10.0

-5.0

0

5.0

15.0

20.0

x 2.0

1014
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108
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1012
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108
107

Atomic Density Molecular Density
[cm-3]
[cm-3]

(c)
x 1.0

9figs.

Z [cm]

10.0

FIG. 8. The density profile near ETB region
artificially given in the simulation.

Z [cm]

x 0.5

LCFS

Δr-mid [cm]

(b)

(a)

neSOL = x 2.0

ne [cm-3]

The simulation results are shown in Fig. 9.
Deuterium molecular density shown in the
upper row of the figure has no remarkable
change observed in three cases. However, it
is recognized that there is a slight difference
in the degree of attenuation upward to the
midplane of the vacuum chamber. On the
other hand, atomic density profile shown in
the middle row has a noticeable increase of
the density near the divertor plates in the

= 1e11

neSOL = x 0.5

107

Dα Emissivity
[Arb. Unit]

Z [cm]

108

106
R [cm]

R [cm]

R [cm]

FIG. 9. 2-D cross-section view of neutral molecular and atomic densities of deuterium and
Dα emissivity predicted from the DEGAS simulation. (a) neSOL= × 0.5, (b) × 1.0 (same
as E37851), (c) × 2.0.

lower density case. This implies that the enhancement of neutral penetration occurs in this
region. 2-D profile of Dα emissivity on the poloidal cross-section is calculated from the above
atomic/molecular density and the electron density and its temperature. It is confirmed that the
clear expansion of emission area near x-point in the lower density case.
The radial profile of ionization rate determined from the simulation results is shown in Fig. 10.
The ionization rate represented in the vertical axis is averaged over the poloidal direction at the
same r/a position. In the SOL region, ionization rate is averaged along the open magnetic
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surface from the inner divertor target to
the outer one. As shown in the figure, in
the case of lower density, ionization zone
is shifted into the core region in
accordance with its peak position. In the
outer region of LCFS, on the other hand,
ionization region is extended outward
according to the increase of density.

Ionization Rate [Arb. Unit]

EX/P6-5
λ1/eionization = 0.0205

1016

λ1/eionization = 0.0172
λ1/eionization = 0.0133
neSOL = 1e11

1015

neSOL = x 0.5
neSOL = x 2.0
Fitting: 1e11
Fitting: x 0.5
Fitting: x 2.0

In Table I, typical parameters in the
1014
0.9
0.95
1
1.05
1.1
pedestal characteristics are listed in threer/a
different density cases. The neutral
penetration ΔL1/e Penetration (the same FIG. 10. Radial profile of ionization rate. Open
circle: SOL density neSOL is the same as
definition in Fig.6) decreases with the
E37851, triangle: neSOL= × 0.5, filled
density increase. The value of 1/e decay
circle: neSOL = × 2.0.
length of the ionization rate evaluated in
the vicinity of LCFS (0.98 ≤ r/a ≤ 1.0) is also found to be shorter in the high-density case.
However, the outward extension of the ionization region causes the widening of ionization
width (FWHM value) in the higher-density case as shown in Fig. 10. Above these results
show a subtle discrepancy with the difference between the two discharges (E37851 and
E37854), which indicates that the pedestal width may play an important role on the formation
of ionization zone.
TABLE I: TYPICAL PARAMETERS IN PEDESTAL CHARACTERISTICS
Density Case
neSOL
ΔL1/ePenetrationi λ1/eIonization Ionization
Center Position of
-3
(cm )
(r/a)
(r/a)
Width (r/a) Ionization Zone (r/a)
× 0.5
× 1.0 (E37851)
× 2.0

5×101 0

0.116

0.0205

0.0470

1.009

11

0.112

0.0172

0.0614

1.023

11

0.100

0.0133

0.0714

1.032

1×10
2×10

5. Three-Dimensional Neutral Transport in Large Tokamak Devices
Fully 3-D calculation in JT-60U tokamak was performed for the simulation of local gas
puffing. In Fig. 11, neutral particle density profiles on the several poloidal cross-sections are
shown in the case of D2 gas puffing from the top of the vacuum chamber of JT-60U vacuum
chamber. In this simulation, neither first-wall recycling source nor divertor source is given in
order to close-up the effect of particle diffusion from the gas puff. As shown in Fig. 11(a),
deuterium molecules do not penetrate into the plasma core and is observed to diffuse along the
SOL to the x-point at the bottom of the chamber attenuated by more than 4 orders of
magnitude.
In the toroidal direction, the diffusion is faster than that of poloidal one and the reduction by
only two orders of magnitude is estimated at the location about 170 cm (toroidal-5) apart from
the gas puffer. On the other hand, deeper penetration of atomic deuterium atoms is observed
than the case of molecules (at most several tens of magnitude) as shown in Fig. 11(b).
However, there is no significant difference recognized between atoms and molecules in the
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FIG. 11. Results of the 3D-DEGAS simulation in the case that the gas puffing from the top of
the vacuum chamber. (a) molecular deuterium density, (b) atomic deuterium density, (c)
emissivity of Dα line.

poloidal direction. Figure 11(c) shows the poloidal cross-section view of Dα emissivity near
the gas puffer. From this figure, it is recognized that the Dα emission area due to D2 gas puff
is limited within one fifth of full torus. Therefore the result of full 3-D neutral transport
simulation indicates the considerable localization of neutrals in the vicinity of the gas puff exit.
The above analysis provides useful information for quantitative understanding in the local
fuelling experiments such as gas or beam injection.
6. Conclusions
Fully 3-dimensional neutral transport simulation has been performed using DEGAS M onteCarlo code in order to investigate detailed behavior of high performance H-mode plasmas in
the JT-60U tokamak. A precise mesh structure including main components in the divertor
region such as isolated dome, baffle and divertor plates was built-up and the simulation space
was extended from the vacuum chamber wall to core plasma region. Neutral density profiles
were compared between the high and low-density H-mode plasmas and the noticeable
difference in neutral penetration and ionization width was recognized. The present results on
the density survey in pedestal and SOL regions showed that the density in the region from the
pedestal to the SOL has a strong influence of neutral penetration into the core plasma region
from LCFS as well as a significant effect on the ionization zone in this region. The result of 3D simulation carried out with gas puffing showed the considerable localization of neutrals
around the gas puffer and the detail of neutral diffusion in toroidal and poloidal directions
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were clarified. The above-obtained results provide the useful aspect for pedestal physics and
this analysis method also gives us important information for the 3-D plasma modeling in near
future.
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