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The self-sputtering and reflection yields are important for a prediction of the tungsten impurity content
penetrating into the main plasma in future fusion reactors. The self-sputtering and reflection yields
greatly depend on the incident angle of impurities to plasma facing components. The IMPGYRO code is
applied to the analysis of angle distribution of incident impurities, effects of the sheath on the incident
angle and energy, and the resultant sputtering and reflection yield. The incident angle distribution is
divided into several peaks by the sheath effect. Each peak corresponds to the peak for each charge state.
In high temperature condition for the divertor plasma, the sputtering yield increases mainly due to the
change of incident angle by the sheath. In low temperature condition, the effects of the sheath on the
sputtering yield and the reflection yield are small because of low incident energy and large incident angle.

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

Recently, tungsten has been paid attention as a divertor plate
material due to a low sputtering yield, low tritium retention, etc.
Furthermore, in a detached divertor operation, the physical sput-
tering by fuel ions is expected to largely decrease. However, the
physical sputtering still remains due to the impurities (C, He, Ar,
etc.) or the high energy CX (charge-exchange) neutrals produced
inside the main plasma. In addition, the physical sputtering due
to the self-sputtering might be significantly large. The atomic num-
ber and charge number of tungsten are so high that radiation cool-
ing of the main plasma might occur even if a small amount of
tungsten enters to the main plasma.

The proper evaluation of the multiplication factor on the diver-
tor, i.e., the sum of the self-sputtering yield and the reflection yield
is important for prediction of the impurity content penetrating into
the main plasma. Fig. 1 shows an incident angle dependence of a
self-sputtering yield and a reflection yield calculated by the erosion
and deposition based on dynamic model (EDDY) code [1]. The self-
sputtering yield and reflection yield greatly depend on an incident
angle of impurities. Therefore proper calculation of an incident an-
gle is needed for evaluation of the multiplication factor on the
divertor.

In this study, the IMPGYRO code [2–5] is applied to the analysis
of the incident angle of tungsten impurities to the plasma facing
ll rights reserved.
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component such as the divertor plate. The effect of the sheath on
the incident angle and energy, and the resultant sputtering and
reflection yields are discussed.
2. Simulation model

The IMPGYRO code [2–5] is a Monte-Carlo transport code to
understand a transport process of heavy metal impurity in the
edge plasma and to predict the impurity content penetrating into
the main plasma in the future fusion reactors. The code includes
important processes of heavy metal impurities, such as Larmor
gyration, Coulomb collisions [6], the thermal force [7] and the mul-
ti-step ionization/recombination processes [8]. In order to take into
account Larmor gyration, the three dimensional equation of mo-
tion is directly solved in a realistic Tokamak geometry. The code
is being developed at Keio University as a host institute and has
been optimized on a parallel computer recently. In addition, some
numerical algorithm and physics model, especially surface interac-
tion model have been improved from previous version of the IMP-
GYRO code [4]. More specifically, coupling to the EDDY code [1,5]
and the implementation of the sheath model have been done.

The simple sheath model is implemented under following
assumptions: (1) the tungsten density is much smaller than back-
ground plasma. Therefore, the formation of the sheath does not de-
pend on the tungsten impurity. (2) A sheath width is much narrow
compared with a Larmor radius of tungsten. Therefore a gyro-mo-
tion in a sheath region can be neglected. The incident energy at the
wall is given by following energy conservation law:
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Fig. 1. The incident angle dependence of the self-sputtering yield and the reflection
yield calculated by the EDDY code [1]. Here, the incident angle is measured from the
wall normal. Both of the target atom and the incident atom are tungsten. Two cases
for typical incident energy are plotted.
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Ewall ¼ Ese þ Ze/; ð1Þ
Fig. 2. Background plasma profiles cal
where E is a kinetic energy of an incident particle, Z is a charge state.
Subscript ‘wall’ and ‘se’ mean ‘at the wall’ and ‘at the sheath en-
trance’, respectively. The sheath potential drop / is estimated by
a simple formula / = 3kTe/e, where Te is the electron temperature
at the incident point. The incident angle at the wall hwall is calcu-
lated by following expression:

hwall ¼ arccosðv?;wall=vÞ; ð2Þ

where v is absolute value of the incident velocity. The velocity nor-
mal to the wall v?;wall is evaluated from the energy conservation law
Eq. (1):

v?;wall ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
?;se þ

2
mw

Ze/

s
; ð3Þ

where mW is mass of tungsten ions.
The background plasma profile is calculated by the B2.5-EIRENE

code [9], and fixed during the calculation by the IMPGYRO code.
Two background plasma profiles are used in the analysis. In the
calculation of the background plasmas by the B2.5-EIRENE code,
the boundary condition for the bulk ion density at the core inter-
face boundary (r/a = 0.95) is fixed to nD = 1.5 � 1019 m�3 for the
case A and nD = 2.8 � 1019 m�3 for the case B. The total input power
is set to be 2.5 MW in the both cases. Other simulation conditions
are the same as the case without drift effects in Refs. [10,11]. Fig. 2
shows the spatial profiles of the electron density and temperature.
Case B is low temperature condition, i.e., the electron temperature
culated by the B2.5-EIRENE code.
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in front of the divertor is less than 5 eV, while case A is high tem-
perature condition.
(a) case A 

 (b) case B 
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Fig. 3. The angle distribution of the incident particles without and with the sheath
effect. Vertical axis P(h) is defined as P(h) = (number of incident particles with h)/
(total number of incident particles).
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Fig. 4. The incident angle distribution for charge state Z = 0+ � 4+ on the outer
divertor of case B.

Table 1
The sputtering yield, reflection yield and total yield (multiplication factor) on the outer div
the change only of the incident angle by the sheath, (2) the change only of the incident e

Case A

Sputtering Reflection To

W/O sheath 0.156 0.929 1.
With sheath
(1) Angle 1.565 0.324 1.
(2) Energy 0.683 0.859 1.
(3) Both 2.349 0.301 2.
In the present analysis, relatively simple setup has been
adopted, especially for the first generation of the tungsten impuri-
ties: 106 test particles are uniformly launched from the plasma
wetted area on the divertor plate as a neutral tungsten particle
with monotonic energy of 10 eV.
3. Results

Fig. 3 shows the distribution of the incident angle to the outer
divertor plate. The profile without the sheath effect is widely dis-
tributed around the incident angle of a magnetic line of force
(about 87�).

Due to the sheath acceleration, the profile of incident angle
shifts toward smaller angle. Especially in the case B, the profile is
divided into several peaks. This separation of the peak is caused
by the difference of the charge state of the incident ions. The inci-
dent angle distribution for each charge state on the outer divertor
of case B is shown in Fig. 4. The peaks of the incident angle distri-
bution for each charge state are clearly separated because the
acceleration of the incident impurity ions depends on each charge
state. Of course, because the sheath does not affect on the neutral
particles, the profile of the impurity neutrals (Z = 0) does not shift.

Table 1 shows the sputtering and reflection yields with and
without the sheath effects. As for the case with the sheath effect,
following three cases are shown: (1) angle – only a change of the
incident angle by the sheath is considered, i.e., the sputtering
and reflection yields are calculated from hwall and Ese, (2) energy
– the sputtering and reflection yields are calculated from hse and
Ewall, (3) both – the change both of the incident angle and energy
is considered.

In case A – ‘W/O sheath’, the reflection is dominant because of
the large incident angle as shown in Fig. 3(a). Due to a change of
the incident angle, the sputtering yield increases 10 times larger,
while the reflection yield decreases. On the other hand, the in-
crease of sputtering yield by the change of the incident energy is
about four times. The total yield, i.e., the multiplication factor on
the divertor becomes more than 2 mainly due to the effect of the
sheath on the incident angle, and the sputtering becomes domi-
nant. In the case B, the reflection is dominant in all cases because
of the low incident energy and relatively large incident angle. As
shown in Fig. 1, the reflection yield is not sensitive around horizon-
tal incidence. Therefore, the significant effect of the sheath on the
multiplication factor cannot be seen in case B.

4. Summary

The IMPGYRO code is improved to take into account a sheath
model. In this paper, the effect of the sheath on the incident angle,
and the resultant self-sputtering and reflection yields were
discussed.

Incident angle is widely distributed around the incident angle of
a magnetic line of force. Due to a sheath effect, the peak of incident
angle shifts toward smaller angle. Particularly, in the case B, the
ertor plate. The case with the sheath effect is separated into following three cases: (1)
nergy by the sheath, (3) the change both of the incident angle and energy.

Case B

tal Sputtering Reflection Total

085 0.000 0.975 0.975

889 0.005 0.983 0.987
542 0.000 0.978 0.977
651 0.008 0.982 0.990
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peak for the case with the sheath effect is divided into several
peaks. Each peak corresponds to the peak of incident angle distri-
bution for each charge state.

In case A, i.e., high temperature condition for the divertor plas-
ma, the self-sputtering yield increases mainly due to the change of
the incident angle by the sheath effect. In case B, i.e., the low tem-
perature condition, the significant effect of the sheath on the mul-
tiplication factor cannot be seen.

In order to predict the impurity content penetrating into the
main plasma, the following further improvements of the code will
be required: (1) detail modeling of the initial generation, (2)
expansion of the calculation domain to further deep into the core
region, the wall and the doom, (3) iterative coupling with a back-
ground plasma simulation code, and (4) quantitative comparisons
with the experiments and other impurity transport codes to vali-
date the physics models.
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