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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 (HH98ðy;2Þ � 1) when the fusion power is 700 MW (fusion gain Q ¼ 10).

The allowable tungsten density is about 7� 1015/m3, which is 0.01% of the electron density and the increase of the

effective ionic charge Zeff 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.
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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

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.
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where Te, BT and qW are the electron temperature, to-

roidal magnetic field and MHD safety factor, respec-

tively. L�
pe is the scale length of the pressure gradient

normalized by the minor radius and aB is determined

to achieve the given fusion power at the reference op-

eration point. The particle diffusion coefficient Di;e is

assumed to be vi;e=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 Cneoc
k is expressed by
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where nk and Dneoc
k are the density and the particle dif-

fusion coefficient of the kth ionic charge state of the

impurity. gni , gTi and gTe 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 nk of impurity ions of a charge state k is

obtained by solving the rate equation;

onk
ot

¼ � o

V 0oq
V 0Ck

� �
� ðSkþ1 þ ak�1Þnk þ Sknk�1

þ aknkþ1; ð3Þ

where V denotes the volume element given by a 2D

equilibrium calculation, q is the radial co-ordinate label

of the magnetic surface, V 0 ¼ dV =dq, and, Sk and ak

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

nk

dnk
dq

����
q¼1

¼ 1

D
: ð4Þ

In the present paper, it is assumed that D ¼ 2:5 cm. At

the plasma edge, the incoming neutral flux is balanced

by an outward impurity flux

C0 ¼
X
k

	
� Dano

k



þ Dnoec

k

� onk
oq

þ nkvk

�
: ð5Þ

Here, Dano
k is the anomalous part of diffusion coefficient

and vk is the radial velocity coming from the terms for

rn and rT . The neutral tungsten density profile is given

by

v0
on0

oq
¼ S0nen0: ð6Þ

Here, v0 is the neutral tungsten velocity and S0 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 ne;S when the fusion power is kept at 400 MW.

Plasma edge temperatures (Te, Ti) 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

nW;S ¼ 0:2� 1015/m3. When the electron density profile

is not flat (solid line), the impurity velocity (Vimp) 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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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 ¼ 10) is also planned in ITER, when the total heating

power is about 210 MW (alpha heating power Pa ¼
140 MWþ additional heating power PADD ¼ 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 PTOT
LIN

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 ¼ 10 is calculated from the

ITER98ðy; 2Þ 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� 1015/m3 of tungsten impurity, which is

0.01% of the electron density and the increase of the

effective ionic charge Zeff 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;

ve ¼ vi ¼ v0ð1þ q2ÞEðsÞ;
EðsÞ ¼ f1þ exp½cðsþ 1Þ�g�1 þ f1þ exp½�cðs� 1Þ�g:

ð7Þ

Here, s is a shear parameter and c is adjusted so that the

transport coefficient is reduced to 1/10 at s ¼ 0 (EðsÞ � 1
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Fig. 1. Tungsten density profiles (nW) for various electron

density profiles (ne) with separatrix density ne;S ¼ 0:2 � 0:9�
1020/m3. Here, the fusion power is fixed to 400 MW and the

tungsten flux at the plasma surface is adjusted so that nWð1Þ ¼
0:2� 1015/m3.
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almost everywhere and takes a minimum value at s ¼ 0).

In this paper, s is replaced by 20ðr � rITBÞ=a to create an

ITB artificially. v0 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 power¼ 400

MW, Q¼ 10) is considered.

Fig. 3 shows the time development of plasma pa-

rameters when the ITB is formed. Here, Pa, PADD, PRAD,

PSYN and PLIN 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

(CW;S ¼ 5� 1018/s) at the plasma surface is given at

t ¼ 200 s and an ITB is formed at t ¼ 250 s. It is seen

that the line radiation power decreases when the ITB is

formed.

Fig. 4 shows plasma parameter profiles at t ¼ 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 (Vimp) and tungsten fraction profile

(fW ¼ nW=ne) are also shown in Fig. 4. It is seen that the
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Fig. 2. (a) Relation between tungsten density nW;S at the plasma edge and the total line radiation power PTOT
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to achieve Q ¼ 10 and 700 MW calculated from ITER98ðy; 2Þ scaling.
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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

(HH98ðy;2Þ � 1) when the fusion power is 700 MW

(Q ¼ 10). When the density profile is flat, a small im-

provement (�5%) of the HH-factor allows the addition

of 7� 1015/m3 of tungsten impurity, which is 0.01% of

electron density and the increase of effective ionic charge

Zeff is 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.

0.0

0.5

1.0

1.5

n e
,n

D
T
,n

H
e⋅

10
(1

02
0
/m

3 )

ne

nDT

nHe

0

5

10

15

20

T
e,

T i
(k

eV
) Te

Ti

0.0

2.0

4.0

6.0

8.0

10.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

0.0 0.2 0.4 0.6 0.8 1.0

fW
× 1

00
0 

(%
)

V
im

p  (m
/s)

Normalized minor radius (r/a)

fW

Vimp

Fig. 4. Plasma parameter profiles after the ITB is formed

(t ¼ 300 s) in Fig. 3. Here, fW ¼ nW=ne, and Vimp is the radial

velocity of tungsten ions.

0.0

0.5

1.0

1.5

n e
 (

10
20

/m
3 )

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

V
im

p 
(m

/s
)

0.0

2.0

4.0

6.0

8.0

10.0

0.0 0.2 0.4 0.6 0.8 1.0

n W
 (

10
15

/m
3 )

Normalized minor radius (r/a)

Fig. 5. Plasma parameter profiles for various ITB shapes. Here,

nW and Vimp 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.

Y. Murakami et al. / Journal of Nuclear Materials 313–316 (2003) 1161–1166 1165



Acknowledgements

The authors wish to thank Drs Y. Shimomura, M.

Sugihara and other members of ITER International

Team for useful discussions. The authors also would like

to thank Drs T. Shoji, T. Tsunematsu and K. Ushigusa,

and Professor Y. Ogawa for their continued encour-

agement. One of the authors (Y.M) expresses his grati-

tude to Drs Y. Uenohara, M. Kawashima and M.

Kondo of Toshiba Corp., for providing the opportunity

to work in the ITER-JCT.

References

[1] S.P. Hirshman, Phys. Fluids 20 (1977) 589.

[2] Y. Murakami et al., J. Plasma Fusion Res. 77 (2001) 712.

[3] R. Dux et al., 28th EPS Conference, Funchal, 2001, p. 505.

[4] H. Takenaga et al., J. Plasma Fusion Res. 75 (1999)

952.

[5] R. Dux, A.G. Peeters, Nucl. Fusion 40 (2000) 1721.

[6] T. Amano et al., IPPJ-616, 1982.

[7] D. Boucher et al., in: Proc. 16th IAEA Fusion Energy

Conference, Montr�eeal, 1996, IAEA, Vienna, 1997, p. 945.

[8] A. Taroni et al., Plasma Phys. Control. Fusion 36 (1994)

1629.

[9] W.A. Houlberg et al., Phys. Plasmas 4 (1997) 3230.

[10] D.E. Post et al., At. Data Nucl. Data Tables 20 (1977) 397.

[11] K.B. Fournier, At. Data Nucl. Data Tables 68 (1998) 1.

[12] A. Kukushkin et al., 18th Fusion Energy Conference,

Sorrento, 2000, IAEA-CN-77/ITER/2.

[13] ITER Physics Basis, Nucl. Fusion 39 (1999) 2137.

[14] V.A. Abramov, A.R. Polevoi, in: Proc. 16th IAEA Fusion

Energy Conference, Montr�eeal, 1996, IAEA, Vienna, 1997,

p. 619.

1166 Y. Murakami et al. / Journal of Nuclear Materials 313–316 (2003) 1161–1166


	Transport analysis of tungsten impurity in ITER
	Introduction
	Code description
	Density profile survey
	Achievable line radiation power in ITER
	Simulation for plasma with ITB
	Summary
	Acknowledgements
	References


