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Abstract

The radial distribution of tungsten impurity in ITER is calculated by using the 1.5D transport code TOTAL coupled
with NCLASS, which can solve the neo-classical impurity flux considering arbitrary aspect ratio and collisionality. An
impurity screening effect is observed when the density profile is flat and the line radiation power is smaller than in the
case without impurity transport by a factor of 2. It is shown that 90 MW of line radiation power is possible without
significant degradation of plasma performance (Hyog(y2) ~ 1) when the fusion power is 700 MW (fusion gain Q = 10).
The allowable tungsten density is about 7 x 10'5/m?, which is 0.01% of the electron density and the increase of the
effective ionic charge Z. is about 0.39. In this case, the total radiation power is more than half of the total heating
power 210 MW, and power to the divertor region is less than 100 MW. This operation regime gives an opportunity for
high fusion power operation in ITER with acceptable divertor conditions. Simulations for the case with an internal
transport barrier (ITB) are also performed and it is found that impurity shielding by an ITB is possible with density

profile control.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Most present fusion devices adopt low-Z (atomic
number) materials such as carbon or beryllium as plas-
ma-facing components. In a fusion reactor, however, the
use of high-Z material such as tungsten is considered
because of its low erosion rate. ITER also uses tungsten
for the divertor baffles suggesting the possibility of in-
troducing tungsten into the core plasma. Although the
line radiation from high-Z materials has unfavorable
influences in general, it has a beneficial effect of effec-
tively reducing the divertor heat load. High heat load on
the target plates in a fusion reactor is still a matter of
concern and a possible solution is impurity seeding into
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the scrape-off layer (SOL) region and/or core plasma.
Tungsten impurities which enter the core plasma can be
used for this purpose, at least in principle, if excess ac-
cumulation can be avoided.

According to neo-classical theory [1], a finite gradi-
ent of plasma temperature has the effect of impurity
shielding if the electron density gradient is small. While
the density gradient of ITER is very small in the refer-
ence operation point [2], operation with a peaked den-
sity profile is also planned for an advanced operation
mode with an internal transport barrier (ITB). In many
experiments [3,4], the inward pinch of impurity particles
is observed in the presence of an ITB. Therefore, the
behavior of tungsten impurity in the ITER plasma is an
important issue.

The present work investigates impurity behavior in
the core plasma under the assumption that impurity
fluxes are dominated by neo-classical transport [5].
Therefore, this work may serve as a reference of the
worst case with respect to impurity accumulation. The
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radial distribution of tungsten impurity in ITER is cal-
culated for various density profiles by using a 1.5D
transport code. The impurity transport in the SOL and
divertor region is not solved here and the transport in
the core plasma is calculated by assuming the tungsten
flux at the separatrix. In Section 2, simulation codes
used in this paper are described. In Section 3, a density
profile survey is made. In Section 4, the line radiation
power is estimated. In Section 5, simulation results for
plasmas with an ITB are presented. Section 6 is the
summary.

2. Code description

Simulations are carried out with the 1.5D transport
code TOTAL [6]. The transport equations solved in the
TOTAL code are similar to those in the PRETOR code
[7]. For the anomalous part of the transport coefficients,
a Bohm-type model [8] is used.

T *
Yo =i = ocBBiqﬁ,/Lpe, (1)
T

where T;, Bt and gy are the electron temperature, to-
roidal magnetic field and MHD safety factor, respec-
tively. Ly is the scale length of the pressure gradient
normalized by the minor radius and o«p is determined
to achieve the given fusion power at the reference op-
eration point. The particle diffusion coefficient D;. is
assumed to be y;./4. The calculation of impurity flux
is done by the NCLASS code [9], which can include
arbitrary aspect ratio and collisionality. Here, the neo-
classical impurity flux I';°° is expressed by
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where n; and D;**° are the density and the particle dif-
fusion coefficient of the kth ionic charge state of the
impurity. g,, gr, and g7, denote the screening/pinch ef-
fects of the density gradient, ion temperature gradient
and electron temperature gradient, respectively. Typi-
cally, the density gradient terms cause the impurity
pinch effect and the temperature gradient terms lead to a
screening effect. In this code, collisions between the
different impurity species are also included.

The density n; of impurity ions of a charge state k& is
obtained by solving the rate equation;
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where V' denotes the volume element given by a 2D
equilibrium calculation, p is the radial co-ordinate label
of the magnetic surface, V' = dV/dp, and, S; and oy
denote the ionization coefficient and recombination
coefficient, respectively. Here, cooling rates by electron-
impact excitation, ionization, bremsstrahlung, radiative
recombination and di-electronic recombination are in-
cluded, but ion-impact excitation is not included. Cool-
ing rates are calculated by the ADPAK code [10] and
rate coefficients are modified using the results of Four-
nier [11].

The boundary conditions are given by the charac-
teristic length of the impurity density at the plasma edge.
That is,

1

e (4)

1dn
n; dp

In the present paper, it is assumed that 4 = 2.5 cm. At
the plasma edge, the incoming neutral flux is balanced
by an outward impurity flux

d
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Here, D™ is the anomalous part of diffusion coefficient
and vy is the radial velocity coming from the terms for
Vn and VT. The neutral tungsten density profile is given
by
a}’lo

Vo =— = SoNehy. 6
" 3p 07eho (6)
Here, v, is the neutral tungsten velocity and S, is the
ionization coefficient (assuming 10 eV). The electron
density, electron temperature and ion temperature are
given at the plasma surface as boundary conditions.

3. Density profile survey

The simulations are carried out with the parameters
of ITER (major radius 6.2 m, minor radius 2 m, plasma
elongation 1.7, triangularity 0.35, center toroidal field
5.3 T and plasma current 15 MA).

Fig. 1 shows tungsten profiles for various electron
density profiles. Here, the density profile is changed by
controlling the gas-puff rate for a given separatrix den-
sity n.s when the fusion power is kept at 400 MW.
Plasma edge temperatures (7., 7;) are fixed to 1 keV. The
tungsten flux at the plasma surface is adjusted so that
the tungsten density at the separatrix has a given value
nws = 0.2 x 10'3/m®. When the electron density profile
is not flat (solid line), the impurity velocity (Vi) is
negative (inward) in the peripheral region and an in-
crease of the tungsten density (nw) is observed. When
the density profile is relatively flat, the impurity velocity
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Fig. 1. Tungsten density profiles (nw) for various electron
density profiles (n.) with separatrix density n.s = 0.2 ~ 0.9 x
10%°/m?. Here, the fusion power is fixed to 400 MW and the
tungsten flux at the plasma surface is adjusted so that nw (1) =
0.2 x 105/m3.

is positive (outward) over most of the plasma radius and
over this region the tungsten density increases mono-
tonically with minor radius (impurity shielding effect).

4. Achievable line radiation power in ITER

Operation with larger fusion power (~700 MW,
Q = 10) is also planned in ITER, when the total heating

power is about 210 MW (alpha heating power P, =
140 MW + additional heating power Papp = 70 MW).
In this case, the divertor heat load could be too high.
According to 2D divertor simulations with ITER geo-
metry, power to the divertor targets can be reduced to
the acceptable level when the power to the SOL is less
than 100 MW [12]. Therefore, a half of the heating
power should be radiated in the core plasma for the
acceptable divertor operation as a rough estimation.
Fig. 2 shows the achievable line radiation power PS¢
and the corresponding HH-factor for various tungsten
densities nw s at the plasma edge. In this case, the elec-
tron density is increased with the tungsten density to
maintain the fusion power at 700 MW. The increment in
the electron density is, however, small (2-3%) even for
the maximum tungsten density. The required HH-factor
to achieve the fusion gain Q = 10 is calculated from the
ITER98(y,2) scaling formula [13]. Here, open square
symbols denote the case with a flat density profile and
closed circles denote the case with a peaked density
profile. It is seen that 90 MW of line radiation power is
achieved in both cases. When the density profile is flat, a
small improvement (~5%) of the HH-factor allows the
addition of 7 x 10"/m?® of tungsten impurity, which is
0.01% of the electron density and the increase of the
effective ionic charge Zr is about 0.39. In this case, the
radiation power including bremsstrahlung and syn-
chrotron radiation is more than half of the total heating
power 210 MW and power to the divertor region is less
than 100 MW. This value is small enough to satisfy the
divertor condition [12]. Therefore, this operation regime
gives an opportunity for high fusion power operation in
ITER with acceptable divertor conditions. Open circles
in Fig. 2 denote the case with the fixed impurity profile
(same profile as electron density) calculated by the
PRETOR code [7]. In this case, the acceptable tungsten
density is 2-3 times smaller than that for the case with
impurity transport (open squares), but the achievable
line radiation is the same level as the previous case.

5. Simulation for plasma with ITB

If an ITB is formed, there exists a large density gra-
dient in the plasma together with a temperature gradi-
ent. Therefore, the impurity shielding effect could be
modified. Since the mechanism of ITB formation has
not been clarified, the following simple transport model
is assumed;

Ye = 2% = %o(1 + p*)E(s),
E(s) = {1 +exple(s + )]} + {1 + exp[—c(s — 1)]}.
(7

Here, s is a shear parameter and c is adjusted so that the
transport coefficient is reduced to 1/10 at s = 0 (E(s) ~ 1
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Fig. 2. (a) Relation between tungsten density nyw s at the plasma edge and the total line radiation power PL3T. (b) Required HH-factor
to achieve O = 10 and 700 MW calculated from ITER98(y,2) scaling.

almost everywhere and takes a minimum value at s = 0).
In this paper, s is replaced by 20(r — rirg)/a to create an
ITB artificially. y, is determined to achieve a given HH-
factor (~1.0). This model is used to obtain typical den-
sity and temperature profiles in the ITB plasma. In this
section, the standard operation case (fusion power = 400
MW, O =10) is considered.

Fig. 3 shows the time development of plasma pa-
rameters when the ITB is formed. Here, P,, PApp, PrAD,
Psyn and Py are alpha heating power, additional
heating power, total radiation power including brem-
sstrahlung radiation, synchrotron radiation power
and line radiation power, respectively. In the simula-
tion, a step-like increase of neutral tungsten flux
(I'ws = 5 x 10'%/s) at the plasma surface is given at
t =200 s and an ITB is formed at r = 250 s. It is seen
that the line radiation power decreases when the ITB is
formed.

Fig. 4 shows plasma parameter profiles at # = 300 s in
Fig. 3. The ITB is formed around r/a ~ 0.75, where the
transport coefficient is decreased artificially. The impu-
rity velocity profile (Vi) and tungsten fraction profile
(fw = nw/ne) are also shown in Fig. 4. It is seen that the
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Fig. 3. Time development of plasma parameters when an ITB
exists. Here, fusion power is 400 MW, tungsten impurity is
injected at t = 200 s (I'ys = 5 x 10'8/s) and an ITB is formed at
t=250s.
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Fig. 4. Plasma parameter profiles after the ITB is formed
(t =300 s) in Fig. 3. Here, fw = nw/n, and Vi, is the radial
velocity of tungsten ions.

impurity velocity is positive around the ITB, which im-
plies the impurity shielding effect. In this case, the out-
ward impurity velocity is increased when the ITB is
formed. In the present model, the shielding effect on
impurities as a result of the temperature gradient dom-
inates the density gradient effect. When the radial posi-
tion of the foot point of the density gradient is different
from that of the temperature gradient as in the Ref. [3],
the shielding is not effective and impurity accumulation
is observed (see Fig. 5). These results imply that impu-
rity shielding is possible even in an ITB plasma by
controlling the density profile.

6. Summary

The impurity behavior in the core plasma of ITER is
investigated by a multi-species fluid model. The 1.5D
transport code TOTAL coupled with the NCLASS code
is used. An impurity screening effect due to temperature
gradients is observed when the density profile is flat. It is
shown that 90 MW of line radiation power is possible
without significant degradation of plasma performance
(Huos(y2) ~ 1) when the fusion power is 700 MW
(Q = 10). When the density profile is flat, a small im-
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Fig. 5. Plasma parameter profiles for various I'TB shapes. Here,
ny and Wy, is the density and the radial velocity of tungsten
ions. Solid line, dotted line and short-long dashed line corre-
spond to the different density profiles. Temperature profile is
the same as that of Fig. 4.

provement (~5%) of the HH-factor allows the addition
of 7 x 10"%/m?* of tungsten impurity, which is 0.01% of
electron density and the increase of effective ionic charge
Zer 1s about 0.39. In this case, the radiation power in-
cluding bremsstrahlung and synchrotron radiation is
more than half of the total heating power 210 MW, and
power to the divertor region is less than 100 MW. This
operation regime makes possible high fusion power
operation in ITER with consistent divertor conditions.
Refinement of atomic data including the fast ion effect
[14] is necessary to improve the precision of the per-
missible level of the impurity. Simulation of an ITB
plasma shows the possibility of impurity shielding by
density profile control. Since there is a wide variety of
plasma profiles for this type of operation mode, further
work is necessary. Comparison between simulation re-
sults and experimental observation is also an important
future work.
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