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The design process regarding ferritic insertion in the JT-60U is described from the viewpoint of the behavior
of energetic ions. The confinement of energetic ions and the absence of unfavorable heat flux on the first wall were
assessed using the Fully Three-Dimensional magnetic field OFMC code, which was developed for the toroidal
field ripple reduction experiment program utilizing ferritic inserts in the JFT-2M. In the final design, the absorbed
power in the neutral beam injection is improved by a factor of about 1.3 in a large volume plasma with B, = 1.9T.
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1. Introduction

On a tokamak, in order to leave space for ports for
neutral beams, diagnostics, the vacuum system and so on,
16 — 32 coils are distributed to produce toroidal magnetic
field (TF). Because of its discreteness, such coil system
produces TF ripple. The TF ripple induces loss of ener-
getic ions due to local mirror trapping (ripple trapped loss)
or due to the lack of the up-down symmetry of banana or-
bit (banana diffusion). These losses reduce the “effective”
efficiency of plasma heating through reducing the number
of confined energetic particles. This loss also can affect
the confinement of bulk plasma as was observed in the
JET [1]. Additionally, the ripple trapped loss of energetic
particles creates a large localized heat load on the first wall,
which could induce an unacceptable heat load for the ma-
terial of the first wall [2—4]. Thus, the TF ripple was one
of important issues in the ITER design and has been in-
vestigated by many authors [5-10]. In the ITER-FDR, it
is considered that the heat load on the first wall due to the
TF ripple is not significantly large for a typical operation
scenario having a normal shear configuration, but that the
heat load is still large for an advanced operation scenario
with a reversed shear operation. To avoid the large heat
load in the latter case, the installation of ferritic steel has
been explored [11].

Though the usefulness of ferromagnetic materials for
reducing the loss of energetic ions in a TF ripple was pro-
posed by Turner in 1978 [12], ferromagnetic material was
not installed on any tokamak for the purpose of the rip-
ple reduction or for the reduction of energetic ion losses
until its installation on the JFT-2M tokamak [13, 14]. (It
should be noted that ferritic steel itself was installed on
the HT-2 tokamak which was operated in ohmic heating
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alone [15], not with energetic ions such as neutral beam
ions.) In the JFT-2M, two kinds of ripple reductions were
carried out. In the first case, ferritic steel was installed be-
tween a TF coil and a vacuum vessel outside the vacuum
vessel [13]. In the second one, ferritic steel was installed
inside the vacuum vessel covering almost the entire inside
wall [16]. Low activation ferritic steel is also an attractive
material for use as the blanket of a demo-reactor. Thus,
another motivation of the second case is to investigate the
compatibility of the ferritic steel inside a vacuum vessel
and in H-mode plasmas [17]. The ripple was successfully
reduced in both cases. As a result of the ripple reduc-
tion, a temperature increment on the first wall, which indi-
cates the ripple-induced loss of energetic ions as measured
by an infrared TV camera, was also reduced. However,
this result was not self-evident because the magnetic struc-
ture produced by the ferritic steel was complex due to the
limitation of its installation. At that time, the experimen-
tal results could not be compared with the simulation, in
which the N-folded toroidal symmetry was assumed [18].
Thus, a new version of the OFMC code, the Fully Three-
Dimensional magnetic field (F3D) OFMC code, was also
developed, in which the three-dimensional complex struc-
ture of the toroidal field ripple and the wall shape were
included [16].

Through these valuable experiences and results on the
JFT-2M, the installation of ferritic steel was proposed on
the JT-60U. The main target of this installation on the JT-
60U is to utilize large volume plasmas, in which the effect
of the TF ripple is large, in order to reach more steady-
state, high-beta plasmas, because large volume plasmas
benefit from wall-stabilization and from a good coupling
with the RF heating/current-drive system. The design work
was carried out aiming at an effective, machine-safe, short-
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term installation. In the design work, the enhanced con-
finement of energetic ions and the absence of unfavorable
heat flux on the first wall were assessed by using the F3D
OFMC code mentioned above.

Here, we describe how we reached the final design.
The procedure of the calculation for positive-ion based
neutral beams (PNBs) will be shown in Sec.2. The cal-
culations were carried out in a large volume configuration
because one of the major purposes of ferritic insertion is
to operate large volume plasmas with smaller energetic ion
loss. The reference case, namely that without ferritic inser-
tion, is shown with the introductive description of the pro-
cedure of the calculation in the first subsection in Sec. 2,
with three trial cases and a final design also shown in other
subsections of Sec. 2. The effectiveness of the final design
is also investigated for negative-ion based neutral beams
(NNBs) in Sec. 3, and in another plasma configuration with
a middle-size volume in Sec. 4. The final section provides
a summary.

2. Assessment of Ferritic Inserts in a
Large Volume Configuration

2.1 Reference case (TF coils alone)

For the further investigation of the physics in a higher
B steady-state plasma, we need to utilize the plasma with
i) wall stabilization, ii) better RF availability to control a
current profile, iii) a source of rotation control to stabi-
lize MHDs such as a resistive wall mode (RWM), and iv)
more absorbed heating power. For the first two, we need
to use a large volume plasma, which suffers from the large
ripple-induced loss in the JT-60U. The ripple-induced loss
reduces the confinement of energetic particles, which re-
duces the heating, current drive, and rotation source. This
loss also causes a large heat load on RF antennas. This
heat load induces arcing on the antennas and results in the
limitation of the pulse length and the coupling between an-
tennas and a plasma. Thus, the available heating or cur-
rent drive source produced by RF systems is limited. Ad-
ditionally, due to the ripple-induced loss, a counter rota-
tion is produced even during a perpendicular NBI alone.
This counter rotation prevents the peripheral region from
the co-rotation, which is expected to be key for obtaining
MHD stability and transport in the pedestal region in H-
mode plasmas. (It should be noted that in typical plasmas
with small ripple loss, perpendicular NBI is utilized for the
heating method without inducing rotation.) Thus, it is rel-
atively difficult to control the rotation profile of a plasma
with a large ripple-induced loss. Because of these limita-
tions, the usage of large volume plasmas was not a standard
operating scenario of the JT-60U.

To overcome these limitations, ferritic insertion for the
reduction of the TF ripple was proposed. Through the re-
duction of the energetic ion loss, the following benefits are
expected in the large volume plasma.

1) Improved heating “‘effective” efficiency. Ripple reduc-
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tion improves the confinement of NB ions. The ratio of
the absorbed power to the deposited power is expected
to increase.

2) Extended pulse length and improved efficiency of the RF
injection. The large heat load on the RF antennas comes
mainly from escaping energetic ions [6,7]. The reduc-
tion of the heat load due to the enhanced confinement
of energetic ions will allow improved coupling between
antennas and plasma.

3) The availability of the wall stabilization without losing
the net heating power due to the enhanced confinement
of energetic ions in large volume plasmas.

4) The possibility of enhanced availability of the rotation
control to improve MHD stability and transport.

For the above reasons, our basic assessment has been
carried out in a large volume plasma configuration, which
was that at r = 3.8 s of the discharge number E34797 in the
JT-60. This plasma configuration is shown in Fig. 1. The
strength of the toroidal field was 1.9 T at the machine cen-
ter of R = 3.32 m. Here, the toroidal field was chosen from
the following reasons: 1) The thickness of ferritic plates
is limited in order to avoid the plasmas coming into direct
contact with the ferritic plates. To obtain sufficient ripple
reduction from the ferritic plates with a saturation magne-
tization of about 1.7 T (at 573 K), it is preferable to operate
the plasma in a lower toroidal magnetic field. 2) On the
other hand, the operation regime of many existing diagnos-
tics and heating systems are optimized in a magnetic field
larger than about 2 T. Thus, we decided to assess its instal-
lation at 1.9 T, which is one of normal operation points of
the toroidal magnetic field in JT-60U.

The calculation was performed by using F3D OFMC

z (M)

Fig. 1 Plasma configuration with ripple rate contour and ripple
well region for TF coils alone, B, = 1.9T, I, = 1.1 MA,
qos = 3.4, plasma volume = 79 m?, line averaged electron
density~ 1.5 x 10" m™3, central electron temperature ~
6keV, Bn ~ 3. Schematic view of banana drift loss and
ripple-trapped loss is also shown.
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Fig.2 NB systems on the JT-60U. #2,3,4,6,12,13,14 are perpen-
dicular PNBs. #7,8,9,10 are tangential PNBs. #15,16 are

tangential NNBs.

Absorbed| Loss Absorbed Loss [Absorbed|Absorbed
power | power p?wer power power power
for full | for ful or for for for
PNBI | PNBI | PER. |perp.PNBI| co. PNBI | otr. PNBI

[%] [%] o [%] [%] [%]

[%]

w/o FP
(subsec 2.1) 50 50 40 60 73 59
“Starting case”
(subsec 2.2) 69 31 63 37 87 67
FP on Ceiling
(subsec 2.3) 69 31 63 37 87 69
w/o FP on
Baffle Board 68 32 61 39 87 68
(subsec 2.4)
Final Design
(subsec 2.5) 65 35 58 42 84 67

Table 1 Comparison of simulation results for absorbed power and
loss power. Power fraction is the ratio to the deposited
power in plasma, not to the injection power. (FP: Ferritic
Plate)

in order to maintain a consistency in input files for scans,
even in the case when the TF pattern maintains an 18-
fold toroidal symmetry, such as this reference case. The
toroidal-symmetric wall shape is used in the calculation.

The injected neutral beams were 7 perpendicular
PNBs, 2 co-tangential PNBs, and 2 counter-tangential
PNBs as shown in Fig. 2. The injection energy was 85 keV
for this analysis. The total injected power was about
24.75 MW and the deposited power was about 21.5 MW in
this case, where the deposited power is the power initially
transferred to a plasma by the ionization of neutral beams.
The loss power fraction to the deposited power is as shown
in Table 1. And the loss power of perpendicularly injected
beams is large, i.e., 60% of the deposited power. The distri-
bution of heat flux is presented as an image plot in Fig. 3.
The poloidal angle starts from the mid-plane in the low
field side. The toroidal angle starts from the “TFC-1" of
the JT-60U and increases in the direction of a clockwise
direction from the above.

The major loss appears around the mid-plane of the
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Fig. 3 Distribution of heat flux on the first wall in the reference
case. The poloidal angle starts from the mid-plane in the
low field side. The toroidal angle starts from the “TFC-1”
of the JT-60U and increases in the direction of the clock-
wise direction from the above.

Fig. 4 (a) A poloidal cross section of ferritic inserts under one

of TFCs. Note: line thickness is not proportional to the
thickness of ferritic steel. The line thickness is exagger-
ated for illustration. (b) A bird’s eye view of the ferritic
inserts.

plasma in the lower field side, namely comes from the orbit
loss.

In design work, we analyzed several configurations of
ferritic insertion. Here, results from three key configura-
tions are described below.

2.2 “Starting case”
In the beginning, we considered only a few important
limitations: 1) an installation inside the vacuum vessel be-
cause a realistic installation space is not available outside
the vacuum vessel. 2) a plate thickness of 25 mm. The
thickness should be thinner than carbon tiles of 27 mm in
order to avoid the plasma coming into direct contact with
the ferritic plates because the ferritic plates partially re-
place carbon tiles. 3) a typical port shape. The details of
the port shape and its interference with diagnostics such as
magnetic sensors were not taken into account. These limi-
tations were applied while maintaining the 18-fold toroidal
symmetry of the toroidal magnetic field. We then placed
ferritic steel as possible on the area where the ripple reduc-
tion could effectively be performed based on the map of
toroidal field strength.

A poloidal cross section of a ferritic steel installation
under one TFC is shown in Fig. 4 (a) and a bird’s eye view
in Fig.4 (b). The ferritic material adapted is an 8Cr-2W-
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Fig. 5 A poloidal cross section of ferritic inserts under one of
TFCs for the case described in Sec. 2.3.

0.2V ferritic steel whose saturation magnetization is about
1.7T at a temperature of 573 K, which is a typical wall
temperature in JT-60U operation.

The power loss is reduced from 50% to 31% (Table
1). The reduction of the loss comes mainly from that of
the orbit loss.

2.3 Effectiveness of ferritic steel installation
on the ‘“ceiling” of the vacuum vessel

A thin region with relatively large ripple amplitude ex-
ists on the top of the plasma (Fig. 1), which might induce
banana diffusion by enhancing the excursion of the banana
tips. In the assessment here, ferritic steel plates were added
to the ceiling of the vacuum vessel in order to reduce the
ripple in this region, as shown in Fig. 5.

The calculation result is shown in Table 1. Comparing
this result with that for the case described in Sec. 2.2, the
improvement was small. Additionally, the installation of
ferritic plates on the ceiling of the vacuum vessel above
plasmas is cost-expensive because the installation could
require additional man power and tools such as new cat
walks because of the plates heaviness. Thus, we decided
not to install ferritic steel on the ceiling.

2.4 Effectiveness of ferritic steel installation
on baffle board of divertor

The baffle plate was installed to reduce the backflow
of neutral gas in the divertor area [19]. The support struc-
ture of the baffle plate has a very small margin of several %
to the force on the occurrence of a disruption at By, /I, of
4T/3MA. It is difficult, namely cost-expensive, to place
a ferritic plate on the divertor baffle plate because of the
additional unfavorable force on a disruption and the heav-
iness of the ferritic plates. On the other hand, the direction
of ion grad B drift is downward when the toroidal mag-
netic field direction is in the clockwise direction, namely
in the case of the normal operation condition of the JT-
60U. When the direction of ion grad B drift is downward,
the ripple trapped loss is downward. It seems important
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Fig. 6 A poloidal cross section of ferritic inserts under one of
TFC for the case described in Sec. 2.4.

to reduce ripple amplitude at the downward position in the
poloidal cross section. To investigate its effectiveness, we
removed the ferritic plates on a part of the divertor baffle,
which was installed in the case described in Sec.2.2. A
poloidal cross section for this case is shown in Fig. 6.

The calculation result is shown in Table 1. Compar-
ing this result with that for the case described in Sec. 2.2,
the contribution of the ferritic steel on the baffle plate is
only 1% for full injection. The reason for this result is
considered that in the JT-60U the contribution of the ripple
trapped loss is smaller than that of the orbit loss in the large
volume plasma because of the positional relation between
the plasmas and the first wall.

2.5 Case in consideration of actual technical
restrictions with losing 18 fold toroidal
symmetry (Final design)

Base on the investigation above, we decided to choose
the minimum installation of the case described in Sec. 2.4
as the basis of the final design. In the final design, more re-
alistic technical restrictions were added. These restrictions
are: detailed port shapes, e.g., for tangential ports, the in-
terference with diagnostics such as magnetic sensors, and
the opposed wall of the NNB injection to avoid accidental
heat load. As a result, the 18-fold toroidal symmetry was
lost in the magnetic field.

A bird’s eye view of the ferritic installation for the
final design is shown in Fig.7(a). The strength of the
toroidal magnetic field at R = 4.4m and Z = 0.2 m, where
Z = 0.2m is a position of the mid-plane of the typical plas-
mas in the JT-60U, is also depicted in Fig.7 (b). The am-
plitude of the TF ripple is reduced, though the field pattern
is complex. For quantitative comparison, the ripple ampli-
tude defined as (Byjax — Bmin)/(Bmax + Bmin) 18 not good indi-
cator in this situation. Here, we use the standard deviation
normalized by the average, dyq V(B - BAVE)Z) /BavE,
as an indicator. This value is 0.012 without the ferritic in-
sertion, and 0.006 for the final design case at this position
for 1.9T. The value was reduced by 50% in the final de-
sign.
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Fig. 7 (a) A bird’s eye view of the ferritic inserts in the final
g Y

design. (b) A toroidal variation of the calculated toroidal
magnetic field strength at R = 4.4m and Z = 0.2m. The
dotted curve shows the case for TF coils alone, the solid
curve shows the case for the final design.

The calculation result is shown in Fig. 8 and Table 1.
Compared with the reference case without the ferritic in-
serts, the absorbed power is increased by about 1.3 times
for the full injection of PNB, and the absorbed power of
perpendicularly injected beams is increased by about 1.5
times. This result is strongly encouraging for the possibil-
ity of increasing the availability of the rotation control by
using tangential NBs, keeping the absorbed heating power
similar to the previous high performance discharges by us-
ing perpendicular NBs alone.

As is written above, one of the important objectives of
this installation is the reduction of the heat load onto the
LH antennas. We also estimated the heat load on the LH
antenna region. The heat load onto the antennas was re-
duced from 0.55 MW/m? to 0.2 MW/m? in this calculation
of full PNB injection. It is expected that the duration of
an LH injection can be expanded more than twice. Addi-
tionally, we have confirmed the absence of the unfavorable
heat flux on the first wall. Namely, the observed heat load
was less than the acceptable level of about 2 MW/m?.

The magnetic field produced by ferritic plates is sat-
urated above the external vacuum magnetic field of about
0.6 T. The magnetic field produced by ferritic plates is al-
most constant in the typical operational toroidal magnetic
field, namely > 1 T, on the JT-60U. This means that the fer-
ritic plates might “over-cancel” the TF ripple in the lower
magnetic field and work less effectively in the higher mag-
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Fig. 8 Distribution of heat flux on the first wall in the final de-
sign. The range of index color mapping is same with
Fig.3.

netic field. It is interesting to check the effectiveness of
the ferritic insert in the different strengths of the magnetic
field produced by TFCs. We have assessed the effective-
ness in the different strengths of the magnetic field of 1.2'T,
1.6 T, 2.6 T and 3.3 T. Most of the plasma parameters are
the same as those indicated in Fig. 1. The plasma current
and poloidal coil current varied depending on the value of
the toroidal field. Namely, the profile of the safety factor,
g, is identical to the case shown in Fig. 1. The strengths of
the toroidal magnetic field at R = 4.4m and Z = 0.2 m are
depicted for these 4 cases in Fig.9. The ripple amplitude
for 2.6 T and 3.3 T is reduced less compared with the case
of 1.9T; however, we can see the reduction of the ripple
amplitude. Figure 10 shows the variation of the absorbed
power fraction for cases with and without the ferritic inser-
tion and the ratio of the absorbed power with the ferritic
insertion to that without the ferritic insertion. The ferritic
insertion is less effective for the cases of 2.6 T and 3.3 T,
compared with 1.2, 1.6, and 1.9 T. Even so, the absorbed
power was enhanced by about 1.2 for both the cases of
2.6 T and 3.3 T. Interestingly, the enhancement of the ab-
sorbed power was still observed for 1.2 T in this configura-
tion, though the over-cancel can be observed at the position
of the TF coils, as seen in the peaks of the dotted curve in
Fig. 9.

3. Effectiveness of Ferritic Inserts on

Negative-Ion Based Neutral Beams

In the JT-60U, the NNB system (Fig. 2) is operated as
a high energy beam source of 300 — 420keV. Because of
its high energy, some aspects are utilized to simulate alpha
particles. One example is experiments regarding Alfven
eigenmodes [20,21]. The tangency radius, Ry, of the
NNB beam line is 2.6 m, while the major radius of the
vacuum vessel is 3.32m. The direction of the injection
is in the same direction as the plasma current and toroidal
field. Therefore, most of the beam ions are co-passing ions.
Thus, though it was expected that the effect of the rippled
toroidal field was small, the effectiveness of the ferritic in-
sert was investigated for the final design case because the
beam energy was large. The results of the comparison at
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Fig. 9 Toroidal variation of the calculated toroidal magnetic field strength at R = 4.4m and Z = 0.2 m. The dotted curve shows the case
for TF coils alone, the solid curve shows the case for the final design. (a) for B, = 1.2T, (b) for B, = 1.6 T, (c) for B, = 2.6 T, (d)

for B, =3.3T.
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Fig. 10 Variation of the absorbed power fraction for cases with
and without ferritic inserts, and the ratio of the absorbed
power with ferritic inserts to that without ferritic inserts.

1.9T are shown in Table 2. The ferritic insert is still effec-
tive for this high energy beam source, the NNB.

In this co-tangeintial NNB injection, most birth ions,
> 99%, are transit ions. It is expected that this improve-
ment comes mainly from the banana ions produced by
pitch angle scatterings in the slowing down process. Thus,
the contribution of the ion heating might be increased in
the absorbed power. It is interesting to evaluate the en-
hanced contribution of ion heating in the NNB injection,
which heats mainly electrons. We have evaluated these

contributions. The contribution of ion heating power to

Absorbed power
for co NNB [%)]

Loss power
for co NNB [%]

w/o FP
(subsec 2.1) 75 25
Final Design 84 16

(subsec 2.5)

Table 2 Comparison of simulation results for NNB.

the absorbed power has changed from 23% to 25%. This
increase is small, which means banana ions still have high
energy and can collide mainly with electrons rather than
with ions.

4. Effectiveness of Ferritic Inserts in a

Middle-size Volume Configuration

In the large volume plasmas analyzed above, the ma-
jor loss is the orbit loss around the mid-plane of the plas-
mas. Thus, it is considered that the final design, in which
most of the ferritic plates are installed above the mid-plane,
is effective in the large volume plasma. However, it was
not obvious whether such an installation was effective in
a middle-size volume plasma, in which the ripple-trapped
loss appears clearly.

We have investigated the effectiveness of ferritic inser-
tion of the final design in a middle-size volume configura-
tion of By, /I, = 1.9T/1.1 MA. The plasma configuration
is shown in Fig. 11. All of the injected beams are PNBs.
The results of the comparison are shown in Table 3. The
ferritic inserts of the final design work even in the case of
the middle-size configuration. Without the ferritic inserts,
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heat loads exist on the first wall of the downward position
of the plasma. These heat loads come from the ripple-
trapped loss. The ferritic inserts greately reduced these
heat loads. It is considered that the ferritic plate around the
mid-plane of the vacuum vessel can effectively reduce the
TF ripple on some low-field-side position of the plasma,
distant from the ferritic plates. Figure 12 shows a “quasi”
ripple well map. Because of the complex ripple structure,
we cannot use the a-parameter, @ = r/NRgd, to determine
the ripple well structure. Here, we define a “quasi” ripple
well at a toroidal angle (y;) if there is a local minimum of
the magnetic field within ¢s —Ag < ¢ < ¢s+ Ay, where Ap
is half of the period of the TF coil installation. It is con-
firmed that the ripple well region, which plays an important
role on the ripple-trapped loss mechanism, is reduced after
the ferritic insertion. This result is similar to the experi-
mental results of the external ferritic plate installation on
the JFT-2M [16].

5. Summary
In further pursuit of the steady-state advanced toka-
mak research, a ferritic insertion was proposed to reduce

Fig. 11 Plasma configuration assessed for a middle-size volume.
B, = 19T, I, = 1.1 MA, go5 = 2.93, plasma volume =
67.5m’, line averaged electron density ~2.2 x 10" m3,
central electron temperature ~ 4 keV, Sy ~ 1.9.

the TF ripple. The ripple reduction in large volume plas-
mas is expected to bring 1) improved heating “effective”
efficiency, 2) extended pulse length and improved effi-
ciency of the RF injection, 3) the availability of wall stabi-
lization without losing heating power, and 4) the possibil-
ity of enhanced availability of rotation control to improve
MHD stability and transport. This proposal regarding fer-
ritic insertion is based on its success in the ferritic insert
program of the JFT-2M. In the design process concerning
ferritic insertion, the confinement of energetic ions and the
absence of the unfavorable heat flux on the first wall was
assessed by using the F3D OFMC code, which was devel-
oped for the ferrite insert project in the JFT-2M.

A large volume plasma of B, /I, = 1.9T/1.1 MA was
investigated in order to determine the final configuration of
the installation. In the final design, the absorbed power in
the neutral beam injection is improved by a factor of about
1.3 for PNBI and about 1.1 for NNBI. We also assessed
the effectiveness of the ferritic insertion on toroidal fields
of the several different strengths. Some benefits of ferritic
insertion can be available at higher values of the toroidal
magnetic field. A medium-sized plasma was also analyzed.
The ripple-trapped loss was reduced and the confinement
of energetic ions was improved by about 1.1 for PNBI.
These results are encouraging for our coming experiments.

Absorbed | Loss Abz(\;/:i«:d Loss Absorbed | Absorbed
power | power P for power power power
for full for full er, for for for
PNBI | PNBI ENS'I perp. PNBI| co. PNBI | ctr. PNBI

[%] [%] %] [%] [%] [%]
w/o FP 69 31 60 40 92 76
E‘g:ign 79 | 21| 73 | 27 | 95 | 78

Table 3 Comparison of simulation results for a middle-size vol-
ume configuration.
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