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Abstract

The compatibility of the low activation ferritic steel with a fusion plasma has been investigated in the JFT-2M
tokamak. The program consists of three stages. In the first stage, the reduction of fast ion losses was well demonstrated
by ferritic steel plates (FPs) outside the vacuum vessel (VV). In the second stage, 20% of the inner surface of the VV was
covered by the FPs. The plasma control, stability, and impurity release were preliminary investigated. No deteriorative
effect on the plasma was observed at least in the following conditions: partial covering of 20% and the normalized beta
value less than 2.8. First boronization was applied to JFT-2M leading to a remarkable decrease of the oxygen impurity.
After the boronization, plasmas with the highest normalized beta in JFT-2M were obtained. Thus encouraging results
were gained for this stage. In the third stage, the VV was fully covered by FPs, where the ripple reduction and the

plasma stability will be investigated as a full scale testing.

© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The low activation ferritic steel is one of the candi-
date materials for a demo-reactor [1]. It shows good
properties for thermal and neutron irradiation com-
pared to the conventional stainless steel [2]. However, it
is ferromagnetic material, and thus, one must fear that
the plasma confinement and stability might degrade due
to the field error. In addition, impurity release might be
problematic because the ferritic steel easily rusts in air
and retained oxygen is several times larger than that of
the stainless steel [3,4]. Thus, it is important to investi-
gate the compatibility with plasmas, before applying it
to a reactor. Another motivation for the use of ferritic
steel is a ripple reduction. The calculation in ITER
showed that the ripple losses of fast ions would be a
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severe problem in steady state operation [5]. It is pro-
posed that the proper arrangement of the ferritic steel
allows a reduction of the toroidal field ripple [6-9]. The
use of the ferromagnetic material is planed in ITER [10].
So, the ferritic steel is rather effective to improve plasma
if the compatibility with the plasma is demonstrated.
In the small tokamak, HT-2, the ferritic steel, F82H,
was installed inside the vacuum vessel (VV) [11,12]. The
plasma control and impurity desorption were primary
investigated. The compatibility of the ferritic steel was
well demonstrated for ohmic heating plasma. For the
next step, the effect on the plasma confinement and
stability should be investigated in a higher performance
plasma, i.e. H mode condition. In the medium size
tokamak JEFT-2M (R =131 m, a = 0.31 m, By <2.2 T),
testing of ferritic steel as wall material, advanced mate-
rial tokamak experiment (AMTEX), is in progress
[13-20]. The test consists of three stages, namely (1) in-
stallation of the ferritic steel plates (FPs) outside the VV,
(2) partial covering of the VV wall with the FPs, and (3)
full covering of the VV. Now, we finished the experiment
of the second stage and are preparing the third stage.
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2. Ripple reduction experiment

The FPs, F82H, were inserted between the VV and all
(16) toroidal field coils (TFCs), aiming at reducing to-
roidal field ripple [13-19]. The main purpose of this
stage is to demonstrate experimentally the reduction of
fast ion losses. The form of the field ripple differs
strongly from that produced by TFCs only because the
magnetic field from the ferritic steel is not sinusoidal but
includes higher harmonics [13,14]. The dependence on
ripple profile was investigated by changing the FP thick-
ness and the toroidal field strength [15,16]. The results
show that the key parameter for the reduction of the
ripple loss is a fundamental component around the
shoulder part [15,16].

The un-periodicity of the FP installation due to the
interference with existing ports makes the toroidal dis-
tribution more complex. The results show that the ripple
loss is not sensitive to the local ripple but to the averaged
ripple [17].

No deteriorative effect on plasma confinement and
stability was observed. The improved confinement mode
is obtained using the conventional procedure in single-
null divertor configuration [15,18,19]. Thus, the ripple
reduction using ferromagnetic material is well demon-
strated.

3. Installation of the ferritic steel inside the vacuum vessel

The FPs were installed inside the VV to simulate the
blanket wall of the reactor. The position of the ferritic
steel is much closer to the plasma, and thus, the effect on
the plasma stability and control is different from the first
stage. In order to investigate the effects preliminarily,
two sets of toroidally uniform FP’s belts (F82H) of
7 mm thickness were installed, by which 20% of the VV
surface was covered [16,20]. The position of the FPs and
their effect are schematically illustrated in Fig. 1. The
ferritic plates (FP) are magnetized in poloidal direction
and generate a magnetic field as shown in the figure. The
plasma control is affected because the field weakens the
poloidal field and affects locally the magnetic probes,
which is located on VV for plasma control. In addition,
an enhancement of the MHD instability might be in-
duced, since the behavior of the wall is different from a
normal resistive wall, which is installed to stabilize the
MHD instability [21]. However, if the frequency of the
fluctuation is sufficiently high, an eddy current is
strongly induced, reducing the effect of the ferromag-
netism. As a measure of this effect, we introduce the
effective permeability, p,, which is defined as the vol-
ume averaged magnetization divided by the averaged
external field. When the skin depth is smaller than the
FP thickness, the magnetization is localized in the sur-
face region, and thus, the p.; decreases. The calculated

Magnetic
probes

o flux loops

Fig. 1. Schematic cross-section of the VV. The magnetic field
from the FP weakens the poloidal field and affects the magnetic
sensors, which in turn affect the plasma control.

results are shown in Fig. 2 for the case Br = 1.0 T, 5 to
10 mm thickness. The thickness of the FP (7 mm) is
assigned to show diamagnetism (u < 1) for the typical
fluctuation frequency of the JFT-2M(~8 kHz).
Another concern with inside FPs is the impurity re-
lease. Though it was demonstrated in HT2 [11,12] that
the impurity release is not a severe problem, it may be
still problematic because of an existence of the auxiliary
heating and limited baking temperature of 120 °C. It
should be noted that the main limiter is made of
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Fig. 2. Effective permeability, which is defined as volume
averaged magnetization divided by the external field at Br =
1.0 T. In the case of thickness 7 mm, it shows diamagnetism
for frequencies higher than 4 kHz.
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graphite, and the position of the FPs is 20 mm behind
the limiter. A boronization system was installed to re-
duce impurity desorption, and to achieve higher per-
formance plasmas with reduced impurities. Checking the
effect of the boronization was also important in the
second stage.

Before the installation, the FPs were baked at 350 °C
for 20 h, according to Ref. [3]. The base pressure of
~107% Pa (same as previous condition) was obtained
after pumping, 120 °C baking and Taylor discharge
cleaning. The plasma was generated using the same
procedure as before. Small outward shift (~5% of the
minor radius) in the plasma position compared to the
equilibrium calculation was observed, which agrees with
the theoretical prediction. To check the effect of the
impurity release during the plasma discharge, the total
radiation losses are plotted against the line averaged
electron density in Fig. 3. The losses are almost identical
before and after the FPs installation, even when the
neutral beam (500 kW) is injected. Thus, it is confirmed
that the effect of the FPs on the plasma control and
impurity desorption is negligible for the present experi-
mental conditions.

For the study of the plasma stability, the behavior of
the tearing mode was investigated. One may fear that the
miss-alignment of the FPs induces low-n error fields,
which enhance mode locking [22,23]. However, in the
case of JFT-2M, the induced error field is much lower
than the critical value for ohmically heated plasmas. The
main aim of this experiment is an investigation of the
wall stabilizing effect. The experimental results show
that the operational range for the density became rather
large, after the installation of the ferritic steel [20]. The
typical frequency at the onset of the mode is 8§ kHz,
which is high enough to show the diamagnetisms (see
Fig. 2). In the case of disruption, the slowing down of
the mode frequency occurred up to 1 kHz, before dis-
rupting. We found that, if any, some effect of FPs when
the mode frequency was reduced below ~3 kHz. The
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Fig. 3. Total radiation loss power against line averaged density.
The power is almost identical with and without FP even when a
neutral beam is injected.
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Fig. 4. Toroidal beta against I,/aBy, where I, is the plasma
current, a is the minor radius and Br is the toroidal field. The
slope of the data point represents the normalized beta.

corresponding value of y is about 2. But again, this is
not a strong effect.

After the series of the experiments, the boronization
was carried out with DC glow discharge in mixture gas
of 1% B(CHj;); (tri-methyl-boron) + 99% He. It was
confirmed that the boron films of ~100 nm were de-
posited on almost the whole inner surface of the VV.
After the boronization, the total power loss by radiation
was reduced to 1/3, and the oxygen ion line intensities
measured by a visible spectroscopy also reduced to 1/20.
The carbon line intensity also decreased slightly though
the main components of the deposited film is C (the
composition ratio; B/C = 0.18). The experiments aiming
at obtaining high beta plasmas were performed after the
boronization. Fig. 4 shows the toroidal beta (fi;) as a
function of Ip/(aBt), where the inclination of the slope
corresponds to the normalized beta, . The open circles
represent the data before the AMTEX program and
close circles show the data after the FP installation and
boron coating. The normalized beta value range up to
~2.8, which is the highest level in JFT-2M was obtained.
It is of paramount importance as the demonstration of
compatibility of ferritic steel with high performance
plasma. Thus encouraging results were obtained for the
next stage of AMTEX.

4. Preparation of full covering

The VV will be fully covered by FPs in the third stage.
The aim is (1) full-scale testing as the blanket wall or the
VV of the demo reactor in view of the magnetic effects
and the impurity release [16], and (2) an ideal reduction
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of toroidal field ripple. Thickness and arrangement of
FPs are determined to meet both the wall stabilization
and the ripple reduction. To demonstrate the ripple re-
duction (from 2% to 0.3%) experimentally and to mea-
sure the error field concerning with MHD instability, a
system was installed to measure the magnetic field. It is
equipped with a rail, a vehicle, and magnetic sensors
(three hole elements for each position to measure the
XYZ direction). The vehicle moves in toroidal and radial
direction for a whole toroidal section. The experiment
before the FP installation is finished. The toroidal field
ripple before the FP installation (~2%) was clearly
measured. The shift of the VV with respect to TFCs are
estimated to be ~3 mm from the inhomogeneity of the
magnetic field. The field error related to this shift is
negligibly small. The profile of the ripple and the error
field will be measured after the FP installation. As for the
plasma control, it will become easier because magnetic
sensors are placed between the FPs and the plasma. The
part of the sensors are placed both at the plasma side and
the VV side to investigate the shielding effect of the FPs.
The effect on the stability and impurity release are
investigated more quantitatively with a larger amount
of FPs compared to the second stage.

5. Summary

The compatibility of the low activation ferritic steel
with the plasma has been investigated in the JFT-2M
tokamak, mainly in respect of its ferromagnetism. The
reduction of fast ion losses was firstly demonstrated with
the ferritic steel outside the VV. The results are impor-
tant for ITER and other devices in view of compact and
economical coil design. The FPs are installed inside the
VYV to simulate the blanket. The effect of FPs on plasma
stability and control was preliminary investigated by the
partial covering of 20%. The plasma was produced using
almost the same procedure as before. The operational
region became rather large by the inside FP. The boron
coating was applied to JFT-2M for the first time. The
oxygen line intensity was drastically decreased and the
total radiation loss was reduced to 1/3. After the bor-
onization, high normalized beta values up to 2.8 were
obtained, which is the highest level for JFT-2M. Thus,
encouraging results were obtained in the second stage of
AMTEX. We are now installing FPs for full covering of
VV. The effect on stability will be investigated more
quantitatively with a larger amount of FPs compared to
the second stage.
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