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Transport analysis of high-Z impurity with MHD effects
in tokamak system
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In fusion reactors, extremely high heat load orediwr plates is one of the serious problems, arduse of
high-Z material is planned in terms of consistebetween “ignited fusion burning” and “plasma facsamponent
(PFC) materials”. However, high-Z impurity from #&PFC causes large radiation loss even if itsecbig quite
little amount. High-Z impurity transport analysisttvMHD effects is carried out using TOTAL code.€Tritical
level of impurity concentration in ITER is found%b for carbon, 0.1% for iron, and 0.008% for tuegstvith respect
to electron density. The ITB formation for electrdensity can prevent high-Z impurity accumulatitinis also
shown that sawtooth oscillation is beneficial foe reduction of radiation loss from plasma cored@}, although it
might leads to unfavorable fusion power fluctuatiéri0%.

Keywords: impurity transport, sawtooth oscillatiomternal transport barrier, Tokamak,

helical system is calculated by using a 1.5D trartspode
TOTAL (toroidal transport analysis linkage) [1]. 8ection

2, a simulation code used in this paper is destritre
Section 3, typical machine parameters and plasma
parameters are described. In Section 4, simulagsalts
are presented. First, we clarify the permissibleuirity
level for ITER plasma. Secondly we make a study of
impurity behavior in plasmas with internal trangdmarrier
(ITB). Thirdly, effects of sawtooth oscillation ampurity

are investigated. In Section 5, summary and coiwiuse
presented.

1. Introduction

In fusion reactors, the divertor plate and otheCPF
material get some interactions with hot plasma,iday
backscattering, chemical and physical sputteringgsses,
and then yield impurities into plasma. Especiatptioads
on divertor plates are predicted to be very laage, high-Z
materials such as tungsten will be used in sucts paee to
its high heat conductivity and low erosion rate wdwer,
resulting high-Z impurity tends to accumulate imgrha
core due to strong inwardly directed drift velagsticaused
by neo-classical convection and cause large radidtiss.
Besides they displace reacting ions by large nunaber
electrons released by them and cause fuel dilution.

The radial distribution of impurity in tokamak and

2. Numerical Model
2-1. Transport Modd
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Fig.1 Fractional impurity level which produces radiation
power equal to 10% of the total fusion power.
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To investigate transport of fuel and impurity idns
tokamak and helical system, we used 1.5-D (1-Dspart
/ 2-D equilibrium for tokamak), or 2.0-D (1-D traust /
3-D equilibrium for helical) time-dependent simidat
model with low-Z gas and high-Z metal impurity dymias.
The plasma density ;,n n and temperature (IT; are
described by
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Using the normalized radiug and the volume V
defines by the equilibrium magnetic surface. Thadiation
loss Ry is the summation of bremsstrahlung radiation,
impurity line radiation and synchrotron radiaticmwers.

For the anomalous part of the transport coeffisieat
Bohm-type model is used in this paper;

Te
/Ye :/Yi :aBeqZP/LPe ! (5)

where, T, Biand g, are the electron temperature, toroidal
magnetic field and MHD safety factor, respectivély, is
the scale length of the pressure gradient nornhligethe
minor radius.

We examined high-Z impurities with a model for
impurities in TOTAL: the multi-species dynamic iy
code IMPDYN was used to model the ionization states$
the NCLASS code was used for the full neoclassical
transport of each charge state considering arpitiapect
ratio and collisionality.

2-2. Impurity Modéel

For the impurity dynamics [2,3], the rate equatiowl
the diffusion equation are solved using IMPDYN code
coupled with ADPAK atomic physics package which can
calculate cooling rate:

0 10
% = _V%(V'rk)"' [V +
TN ~ Wi +andn +S. (6)
ro=re e -0 )2k v, (o,
0

with ionization ratey, , recombination ratea, and
particle source termSHere, diffusion constant Dand
simply modeled velocity MV(a) + (r/a) are used for
anomalous transport (¥0 corresponds to outward
velocity). The main fuel neutrals are calculated thg
AURORA Monte Carlo code.

The neoclassical impurity flux
expressed by

Mo = _Dll\‘cljnk + Dchn{z (gnlak Dnl/nl)

1#£k
+ 0y OT /T + 9, OT /T, ®

The neoclassical ripple transport coefficient itidad
system is given by the density gradient, tempeeatur
gradient and the radial electric field

oo, 0On/n+ Diiporr OT/T-ZE, /T 9)

Here, we adopted the neoclassical expression of fue
ions to include the impurity ions in addition toeth
tokamak-like axi-symmetric neoclassical flux.

The radial electric field in the helical system is
determined by the neoclassical transport flux idicig
impurity ions as follows,

in tokamak is

rip0n
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Here, the subscript k denotes fuel ions (D & T)iume and
impurity ions. The neutral impurity density is givby

V, o _ Sy, (11)

dp
Here,  is neutral impurity velocity, and,Sand nis
ionization coefficient and electron density at plas
boundary.

In the simulation, the impurity source was defitaead
the impurity neutral flux on the plasma boundaryhaf/
steady state conditions have been establishedinoont
neutral impurity influx was introduced, and afteransient
phase the system settles into a new radiation-esklan
steady state.

3. Mode of Tokamak and Helical Plasmas
We considered three reacting or burning plasmag; JE
ITER and helical reactor HR-1.

Table.1 Typical machine and plasma parameters.

ITER JET HR-1
Rlm] 6.2 2.9 13
alm] 2 0.95 2.54
K 1.7 1.6 -
) 0.3 0.2 -
B [T] 5.35 3.45 4.6
IP [ MA | 9.5 4 -

4. Simulation Results

4-1. Permissible Impurity L evel

We clarify the critical impurity content for tokaika
plasma. As a result, in ITER, critical concentrasioof
impurity is 4.0% for carbon, 0.1% for iron, and @ for
tungsten impurity with respect to electron density
maintain Q>10.
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Fig.2 Change of plasma parameters versus impurities
concentration.
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Regardless of same decrease of Q value for each
impurity, they have different radiation power indivally.
In the case of High-Z impurity (W), the main efféstarge
radiation loss. On the other hand, it is considetfeat
Low-Z impurity (C) dominates other influence ongitaa,
such as fuel dilution, rather than radiation itself

4-2. Effects of Internal Transport Barrier

To control impurity influx, the modification of edg
plasma density profile might be beneficial. Accaglito
the neoclassical theory, a finite gradient of terapee (i.e.
negative V T/T) might contribute to the impurity shielding
effect. But finite density gradient leads to impyri
pinching effect. Figure 3 shows the effects of eelgetron
density profile in the case of ITB foot-point g =0.8.
When the edge density profile becomes rather flat
strong gradient at temperature ITB, the impuritgeli
radiation can be reduced as shown in the figure.

This result indicates that ITB formation, such gs b
pellet injection, can prevent high-Z impurities rfro
accumulating inside the ITB.
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Fig.3 Effect of edge density profile on impurity transport

inITERITB plasma.

4-3. Effects of Sawtooth Oscillation

Sawtooth oscillations are periodic and MHD-initate
mixing events that occur in a tokamak plasma inrtbar
axis region where the safety factor q is less thraggual to
unity. It is known to affect the transport of matasma
and impurity by flattening radial profile of deriei and
temperatures periodically in the core plasma. This,
inward anomalous convection is present, small sativto

may be considered as beneficial
accumulation of impurities in the core

in preventing the
region. histpaper,

we simulate the argon seeding experiments in JE[lghd
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Fig.4 Results of sawtooth oscillation effect on impurity in
JET plasma. Figure (a) and (b) shows total impurity
density profile, and total radiation profile in the case of
argon respectively before (solid line) and after (dashed
line) sawtooth crash.
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Fig.5 Results of sawtooth oscillation effect on impurity
in ITER plasma. Figure (a) and (b) shows time
evolution of main plasma parameters and electron
temperature, respectively. Figure (c) and (d) shows total
impurity density profile and total radiation profilein the
case of argon, respectively, before (solid line) and after
(dashed line) sawtooth crash. Figure (e) and (f) are the
same for tungsten.



P1-27

Proceedings of 1TC18,2008

also predict the impurity (Ar/W) behavior in ITER
discharge with sawtooth in the case of existingtietly 3]
large inward drift velocity for impurity.

Simplified sawtooth model is included in the TOTAL [4]
code which evolves the plasma profiles betweenhesas
In the model, the profile is made to be flat insithe [5]
inversion radius at the crash, based on the Kadnratull
magnetic reconnection model.

As a result, in JET experiments, sawtooth osdilfati
is found to be effective for controlling impurity,b].
Figure 4 shows that sawtooth oscillation in JET can
prevent impurity from accumulating into plasma carel
can reduce corresponding impurity line radiatiorolb
25% and total radiation loss about 26% from plasora.
The results roughly agree with experimental data.

On the other hand, in ITER, as shown in Fig.5,einc
argon impurity is almost fully ionized, correspamgliline
radiation is nearly zero along whole radius exgaasma
boundary. Similarly, the case of tungsten impurity,
existence of highly charged ion in core region nsake
profile of line radiation hollow. In both caseswsaoth
oscillations reduce bremsstrahlung radiation and
synchrotron radiation from plasma core, and ab@dt 2
reduction in radiation loss is realized, althoughsinot
affect line radiation profile. It is shown that dawath
activities can effectively reduce radiation lossnirplasma
core, which is caused by the temperate and dedsiy
due to internal disruption and might fluctuate atif6 of
fusion power. Moreover, the sawtooth event migiitaite
a seed island for neoclassical tearing mode (NTM).
Therefore, the sawtooth avoidance is importantl T&R
operations.

5. Summary and Conclusion

We investigated transport of high-Z impurity with
MHD effects and show the following results:
(1) In ITER, the critical level of impurity conceation is,
4.0% for carbon, 0.1% for iron, and 0.008% for teg
with respect to electron density.
(2) ITB formation for electron density, such as lgtel
injection, can prevent high-Z impurity from accuting
inside the ITB region.
(3) Sawtooth oscillation is beneficial for reducticof
radiation loss from plasma core (~20%), althoudleatls
to unfavorable fusion power fluctuation of 10%. Mdover,
to avoid its harmful effects on NTM excitation asal on,
the control of sawtooth oscillation is necessargpite of
impurity exhaust.
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