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We are developing a Monte Carlo transport code, ‘IMPGYRO’ for high-Z impurities. The code includes
most of important process of high-Z impurities: (1) the finite Larmor radius effect in realistic tokamak
geometries, (2) Coulomb collision of impurity ions with background ions and (3) multi-step ionization/
recombination process. In this study, the IMPGYRO code is coupled to the EDDY code to improve the
impurity generation model. The coupled code has been applied to the analysis of tungsten in a typical
detachment state and has output the initial results. The code more precisely takes into account the effect
of re-emission (reflection and self-sputtering). The resultant density inside the core becomes about two
times larger than that with the previous simple impurity generation model. These initial results show
that the coupling the IMPGYRO-EDDY code makes it possible to analyze not only the large-scale transport
process of high-Z impurities in a realistic tokamak geometry, but also their re-emission process on the
material surface more correctly.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Recently, tungsten has been paid attention as a divertor mate-
rial that is not subjected to chemical sputtering. The radiation-
cooling problem of core plasma, however, might arise even if a
small amount of such a high-Z impurity enters the core plasma re-
gion. Therefore, it is very important to understand the transport
process of tungsten impurities in the plasma region and to evaluate
the amount of impurities that enter the core plasma.

For this purpose, we are developing the IMPGYRO code [1–3].
The code numerically follows trajectories of impurity test neu-
trals/ions in realistic tokamak geometries. Their Larmor gyro-mo-
tions are directly taken into account without the guiding-center
approximation. Important elastic/inelastic collisions with back-
ground plasma are included by the Monte Carlo method. The tung-
sten atomic data [4] are used for ionization/recombination. As for
the impurity generation process, however, a relatively simple mod-
el was employed. The simple analytic formulae [5–7] were used for
the sputtering yield, angular and energy distribution of sputtered
ions in the previous version of IMPGYRO code. In this study, the
IMPGYRO code is coupled to the EDDY (Erosion and Deposition
based on DYnamic model) code [8] in order to improve the impu-
rity generation model.
ll rights reserved.

a).
2. Code improvement and calculation conditions

As mentioned above, the IMPGYRO code is coupled to the EDDY
code in the present study. The EDDY code simulates the slowing
down of incident ions in the material and formation of recoil cas-
cades leading to processes such as ion reflection and physical sput-
tering [8]. In addition, the following improvements have been
done: (1) to speed up the calculation, the code is parallelized and
its optimization has been done, (2) the code is improved to calcu-
late the time-dependent/dynamic behavior of the impurity trans-
port, and (3) the effect of the sheath is taken into account [9].

The model geometry and numerical mesh used in the present
calculation are shown in Fig. 1, which are generated from a JT-
60U MHD equilibrium. The background plasma profiles are calcu-
lated by the SOL/divertor plasma-simulation code, the B2.5-EIRINE
code [10]. Fig. 2 shows the background plasma profiles of electron
density and temperature. The bulk ion density at the core interface
is fixed to nD = 2.8 � 1019 m�3 and the background divertor plasma
is in a typical power detachment state. In this initial calculation
after the coupling to the EDDY code, we focus the effect of re-emis-
sion (self-sputtering and reflection) process and a relatively simple
setup has been adopted for the primary impurity, i.e., the first gen-
eration of impurities: 40 test particles per every 100 time-steps are
uniformly launched from the divertor plate as a neutral tungsten
particle monoenergetic of 10 eV with a cosine angular distribution.
Also, the relatively simple assumption has been made for the
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Fig. 1. Model geometry and numerical mesh.

  0
  1
  2
  3
  4
  5
  6
  7
  8
  9
10

 0  0.5  1.0  1.5  2.0  2.5  3.0

N
um

be
r 

of
 P

ar
tic

le
s

 p
en

et
ra

tin
g 

to
 th

e 
co

re
 (

10
7 )

Duration Time (ms) 

S.A.

C.E.

Fig. 3. Time evolutions of the total number of test impurity particles in the core
region (between the core interface boundary and the separatrix) are compared: (a)
with the coupled IMPGYRO-EDDY (CE) model and (b) with the previous simple
analytic (SA) model.
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boundary condition. Re-emission process takes place only on the
divertor plates. If test particles reach other boundaries in Fig. 1, test
particles are assumed to be absorbed (no reflection/self-sputter-
ing). The two cases have been calculated: (a) with the coupled IMP-
GYRO-EDDY model and (b) with the previous Simple Analytic
formulae. Hereafter, the abbreviations CE and SA will be used for
the former and the latter model. Notice that the CE model takes
into account both self-sputtering and reflection as the re-emission
process, however, the SA model takes into account only the self-
sputtering. The details of the SA model are given in the previous
study in Ref. [3].

3. Results and discussion

Fig. 3 shows the time evolution of the total number of impurity
particles in the core. In Fig. 3, the time evolutions are compared for
the two different model, i.e., (1) the present CE model and the pre-
vious SA model. The 2D impurity density profiles near the X-point
are compared in Fig. 4. As seen from Fig. 4(a) and (b), qualitatively,
the spatial profiles with the CE and SA model are similar. The total
number inside the core region, however, is about two times larger
with the CE model than that with the SA model.

To understand the difference, Table 1 summarizes the number
of the surface re-emission process observed in the calculations
shown in Fig. 3. As shown in Table 1, the number of self-sputtered
particles is very small in both cases. On the other hand, the number
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Fig. 2. Background plasma profiles (a) electron density and (b) electr
of the reflected particles is about 96% of the total number of inci-
dent particles with the C.E. model. This large fraction of reflected
particles at the divertor plate leads to the increase in the impurity
density penetrating into the core region with the CE model in Fig. 3.

The reason why the reflection process dominates the surface
process can be explained by the angular and the energy distribu-
tion of the incident particles. Fig. 5 shows distribution of the inci-
dent angle of the particles that hit the divertor plate during the
time-evolution in Fig. 3. In this initial calculation, we have applied
the IMPGYRO code to the typical detached state. The incident ener-
gies of impurities are relatively low. Fig. 6 shows the dependence
of the surface re-emission yield on the incident angle calculated
from the EDDY code. As seen from Fig. 6, reflection coefficients ob-
tained from the EDDY become considerably large in the range of
the incident angle 60–90�. This angular dependence of re-emission
yield, together with the angular distribution obtained in the simu-
lation (Fig. 5), explains the results in Table 1.

As was shown in Table 1, the total re-emission yield at the diver-
tor plate calculated from the CE model is about 30 times larger than
that from the SA model. However, the number of the impurity par-
ticles in the core with the CE model in Fig. 3 is only about two times
larger than with the SA model. To understand this feature, the fol-
lowing simple global particle-balance model is useful.

The total number of the impurity particles NT in the system for
the steady state can be estimated by the equation, NT ¼ Ss�p, where
S is the primary impurity source. The effective confinement time s�p
of impurity particles including the effect of particle re-emission at
the divertor plate is given by s�p ¼ sp=ð1� Reff Þ, where s�p is the
intrinsic particle confinement time without the effect of re-emis-
sion and Reff is the effective recycling (re-emission) coefficient.
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on temperature. Zoom in view near the divertor region in Fig. 1.
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Fig. 4. Two-dimensional spatial profiles of impurity density (the sum of the each charge state): (a) with coupled IMPGYRO-EDDY model and (b) with the simple analytic
model. The profile are plotted using the time-averaged value at each cell during the quasi-steady state in Fig. 3.

Table 1
Sputter yield and reflection coefficient at the divetror plate. The sputter yield is
defined by YSP ¼ NSP=NTD , while the reflection coefficient is by YRF ¼ YRF=NTD NSP and
NRF are the total number of sputtered particle and reflected particles at the divertor
plate, respectively, while NTD is the total number of impurity reaching the divertor
plate during the quasi-steady state in Fig. 3. The re-emission yield is given by
c = YSP + YRF.

Sputter yield YSP

(%)
Reflection coefficient YRF

(%)
Re-emission yield
c = YSP + YRF (%)

CE 0.2 96.2 96.4
SA 3.1 – 3.1
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Fig. 5. Angular distribution of incident impurity particles to the divertor plate
during the quasi-steady state in Fig. 3.
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Fig. 6. Re-emission yield (self-sputter yield and reflection coefficient) calculated by
the EDDY code. The incident energy is fixed at 100 eV and 104 test incident particles
are used to obtain the yield for each incident angle in this EDDY stand-alone
calculation. The sputter yield from the analytic model is also plotted.

Table 2
The number of impurity particles reaching each calculation boundary. The number is
normalized by the total numbers of impurity particles reaching all the boundaries
(see Fig. 1) during the quasi-steady state in Fig. 3.

Inner divertor
(%)

Outer divertor
(%)

Dome
(%)

First wall
(%)

Core interface
(%)

CE 20.0 46.2 32.7 1.1 �0
SA 26.1 38.8 33.6 1.5 �0
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The source S for the CE and the SA are the same, because injection
rates of the primary impurity are the same as mentioned in Section
2. Therefore, the ratio of the total number of the impurity in the
system becomes as NCE

T =NSA
T ¼ s�p;CE=s�p;SA. To calculate this ratio, it

is necessary to estimate s�p, i.e., sp and Reff for both models. The
intrinsic confinement time sp can be obtained as follows. After
the system reaching the quasi-steady state, we stop injecting the
primary impurity and set all the calculation boundaries as absorb-
ing boundaries. Then, the number of the impurity in the system
starts decreasing. From this time-decay of NT, sp with the CE and
the SA are estimated to be sp;CE ¼ sp;SA ¼ 0:27 ms. They are almost
the same as expected, while the re-emission yield c at the divertor
plate largely depends on the model (Table 1: cCE ¼ 0:96 and
cSA ¼ 0:03. For the calculation of Reff, it should be noted that
Reff – c, because the divertor plate is assumed to be the only re-
emission boundary and the remaining boundaries are assumed to
be the absorbing boundaries. Therefore, Reff may be written as
Reff = Aeffc, where Aeff is the ‘effective’ ratio of the divertor sur-
face-area to the total surface-area. Table 2 shows the number of
impurity particles reaching each calculation boundary. From Table
2, the effective surface-ratio of the divertor plate becomes
ACE

eff ¼ 0:66 and ASA
eff ¼ 0:65, respectively. From these values, we

finally obtain the ratio as NCE
T =NSA

T ¼ 2:7, which reasonably agrees
with the simulation result shown in Fig. 3.

4. Conclusion and outlook

Above initial results show the importance of IMPGYRO-EDDY
coupling. The coupling makes it possible to analyze, not only the
large spatial-scale transport process of impurities in realistic
geometry of tokamaks, but also surface-interaction process near
the divertor plate more accurately. The code, however, is still under
the development and the following improvements will be needed
for the final goal of the IMPGYRO code development, i.e., to develop
the simulation code for the reliable and precise prediction of the
impurity behavior in the future fusion reactors: (1) implement
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the radiation model and evaluate not only the impurity density,
but also the radiation power and its effects on the background
plasma, (2) implement the atomic data for the carbon impurity
and simulate the co-existing system of W and C, (3) Coupling to
the SOL/Divertor code for the background plasma and more self-
consistent simulation, and (4) detailed code validation against
the experimental results.
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