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This report presents the brief summary of major part of Japanese
contributions to the poloidal field coil systems design during CDA.
Study of layout of poloidal field coil system is done to determine the
coil location, which is consistent with various engineering constraints,
such as extraction of in-vessel component, maintenance of PF coil
itself, stored energy of PF coil system. Effects of plasma triangu-
larity and current profile are examined. Alternative configurations
such as semi~double null and single null divertor plasmas apart from
the reference double mull plasma are studied. Magnetic line tracing
study is done for the detailed examinationm of the divertor plasmas.
Repulsive force on the center solemnold for the volt-second saving
operation scenario is evaluated. Study on typical operation scenarios
is presented. General criteria of vertical stability by passive struc-
ture are determined. TFollowing these criteria, stability performance

of two types of passive structure, saddle loop type and twin loop type,

" ig studied. In-vessel coil current and voltage are evaluated required
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for active control of plasma vertical position. TOLFEX method for the
identification of plasma shape and posiﬁion for the control of ITER
plasma and its application to ITER are briefly summarized. Control of
horizontal plasma position during breakdown is examined. Attempts are
made on the development of slow control algorithm for the plasma shape.
Two typlical means to reduce the effective divertor peak heat load are
studied. Separatrix sweeping both by 8C coils and in-vessel coils is
examined. Feasibility to generate the ergodic magnetic layer by in-
vessel coils for the vertical position control is alsc clarified.
Simulation of plasma dynamic behavior after the thermal quench by TSC
code is presented. Many of the results are not fully complete, while
should be sufficient to demonstrate the feasibility of the CDA design.

The studies are to be continued and deepened in future.

Keywords: ITER, Poloidal Field Coil System, Vertical Stability, Plasma
Control, Breakdown, Reconstruction of Plasma Shape, Plasma

Dynamic Behavior, TSC Code
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1. Introduction

ITER Conceptual Design Activity (CDA) has been carried out for
three years and completed in 1990, during which technical feasibility
of the ITER has been extensively examined and consistent conceptual
design has been performed. This report presents the brief summary
of major parts of Japanese contributions to the poloidal field coil
systems design during CDA. More detailed descriptions of each of the
contribution have already been reported separately elsewhere.
Some part of the PF related issues are not covered in this report.
They should be covered in the reports of other groups, which is more
directly related and appropriate.  Many of the study done have
contributed largely to the ITER CDA, and, in fact, have been
incorporated into the CDA final report [1].

In the following, brief descriptions of each chapter are
presented. In Chap. 2, study of layout of poloidal field coil system is
done to determine the coil location, which is consistent with various
engineering constraints, such as extraction of in-vessel component,
maintenance of PF coil itself, stored energy of PF coil system. Effects
of plasma triangularity and current profile are examined.
Alternative configurations such as semi-double null and single null
divertor plasmas apart from the reference double null plasma are
studied. Magnetic line tracing study is done for the detailed
examination of the divertor plasmas. Repulsive force acting on the
center solenoid for the volt-second saving operation scenario by
lower hybrid waves is evaluated.  Brief summary of the typical
operation scenario is presented.

In Chap. 3, study of vertical position control is presented. First,
general criteria of vertical stability by passive structure for the
growth rate and the stability margin are determined.  Following
these criteria, stability performance of two types of passive
structure, saddle loop type and twin loop type, is studied. Study of
“active control of plasma vertical position with use of twin loop shell
is presented to identify the required capacity of the power supply
systems.

In Chap. 4, plasma control issue 1is presented.  First, as an
example, the TOLFEX method for the identification of plasma shape
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and position for the control of ITER plasma and its application to
ITER are briefly summarized. Then, the control of horizontal plasma
position during breakdown is examined. Attempts are made on the
development of slow control algorithm for the plasma shape, which is
based on the non-interfering control algorithm.

In Chap. 5, two typical means to reduce the effective divertor
peak heat load are studied. Separatrix sweeping both by SC coils and
in-vessel coils is examined to identify the effectiveness and
engineering limitation of the method. Feasibility to generate the
ergodic magnetic layer by in-vessel coils for the vertical position
control is also examined. :

In Chap. 6, simulation study of the plasma dynamic behavior
after the thermal quench by TSC code, which includes the consistent
plasma behavior with the simplified shell models, is presented. Brief
summary is presented in Chap. 7.
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2. Plasma Configuration and Operation
2.1 Outline

Hybrid poloidal field coil system was employed for the ITER as
is usual in the recent tokamak reactor design. Study on the minimum
number of PF coils and their optimum locations were carried out to
control plasma shape and position for various combinations of
plasma parameters, such as poloidal beta, internal inductance,
elongation, triangularity and available volt-second. Partition of the
center solenoid is another important point of shaping control and is
connected closely to the minimization of useless magnetic field
leakage into the plasma region at plasma current initiation and early
startup phases.

Effect of the triangularity of the plasma cross section was
emphasized from the view point of maximizing available volt-second
and minimizing stored energy of PF coils. Engineering constraint,
such as allowable coil current density and maximum magnetic field
experience, was also included in the study. Final decision of the
triangularity was made so that the resultant location of the null point
was compatible with the reactor structure.

Further study of maximizing available volt-second was carried
out for the definite plasma shape but different poloidal beta and
internal inductance within the limit of the engineering constraint.
The study showed that the optimum design was attained for the
most probable plasma current distribution from the view point of
volt-second maximization,

Although a double null (DN) divertor plasma is a reference for
ITER, both semi-double null (SDN) divertor plasma and single null
(SN) divertor plasma were also investigated for alternatives. Heat
load onto divertor plate is a main discussion point for these different
plasma configurations.

Precise tracing of magnetic line of force was made on the
separatrix and several neighboring magnetic surfaces outside the
plasma. The study provides information about many equilibrium
quantities, such as ratio between poloidal and torcidal magnetic
fields and expansion of the magnetic surface near the divertor plate.

78_
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Problem of repulsive forces acting on the center solenoid coils
was investigated. The force becomes remarkable when the volt-
second saving by non-inductive current drive is employed.

Finally, plasma operation scenario was developed based on the
idea, in which plasma gradually increases its major and minor radii,
elongation and triangularity, starting from circular plasma limited by
inside first wall through elongated non-circular plasma and reaching
at the final divertor plasma configuration. Relatively smooth time
evolution of the PF coil currents was attained.

It should be noted that coils are treated as a single-turn coil in
the following description, so that a mnotation of coil current also means
ampere-turns of the coil. Another noticeable point is that some part
of design studies in this chapter are carried out for the final design
parameters and structure, which are slightly different from those of
ITER.

More detailed discussions and descriptions for several parts of
the results in this chapter are presented in Ref. [2].

2.2 Layout of poloidal field coil (PFC) system

Intensive and systematic study was carried out to investigate
optimum PFC layout that consists of minimum number of coils with
small amount of electric power requirement regarding both toial
power of the system and powers for individual coils. Studies were
made in such a manner that any coils are eliminated from an initial
coil layout in which coils are distributed almost continuously around
the plasma.

The work was carried out as a preparatory study, so the plasma
parameters and reactor structure are different from the final ITER
design.  Although the center solenoid 1is designed as a straight
cylinder in ITER because of the easy maintenance of the solenoid,
oval shape solenoid, which can fit an oval shape TFC with benefit of
mechanical support, was also investigated for comparison.

Final PFC layout obtained in the above manner consists of
seven coils in both the upper and lower halves of the reactor
structure whose current can be controlled independently. Four of
them constitute a straight center solenoid and are equally separated

_ 4 .
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for the reason described in the next paragraph. Three other coils act
mainly as equilibrium coils, and three is a minimum number that can
control plasma shape for wide range of poloidal beta and internal
inductance. Two of three coils should exist at major radii larger than
the major radius of the plasma. This point is inevitable for shaping
plasma cross section adequately.

Partitioning of the center solenoid should also match the other
two aspects, i.e., reactor structure and minimization of useless stray
magnetic field into plasma region in early stage of plasma startup.
From the view point of plasma shaping two coils are required to
locate in the extent of the plasma height, but minimization of the
stray field claims larger solenoid length than plasma height.
Matching with the TFC height imposes four-coil partitioning of the
center solenoid in the present ITER design. Two coils located at the
end of the solenoid are not indispensable to plasma shaping.

Final locations of the poloidal field coils are shown in Fig. 2.2-1
and Table 2.2-1. Two outermost coils (PF6 and PF7) are located at the
same major radius but different height because of the easy removal
for the maintenance of these coils. This layout has increased ampere-
turns and stored energy of PF6.

2.3 Effect of triangularity

There are two typical shaping parameters in tokamak plasma
configuration study. Most decisive parameter is elongation of plasma
cross section, and is determined by confinement and MHD stability
studies. The other is triangularity, which has rather secondary effect
on the above aspects but has definite effect on the coil ampere-turns
and electric power requirement.

Available volt-second was investigated for the same plasma
parameters and PFC configuration that were employed in the
preparatory study described in the preceding section.  Engineering
constraint on the allowable current density and magnetic field
experience of the super-conducting magnet was imposed in the
investigation.  Total stored energy and total ampere-turns were also
evaluated for that volt-second. _

Figure 2.3-1 depicts three types of the solenoid whose

— 5 —
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performances were tested, and Fig. 2.3-2 show the triangularity
dependencies of the total stored energy and available flux swing
(volt-second). Dependence of the total ampere-turns on the
triangularity is shown in Fig. 2.3-3. From the view point of
minimizing both total stored energy and total ampere-turns,
triangularity of 0.4 or more is preferable, but available flux swing is
rather limited in this high triangularity region. Considering
suitability for the rector structure such as divertor plate setting,
selecting triangularity of the range from 0.3 to 0.4 has a benefit.
Final design employs 0.4 as a triangularity.

2.4 Effect of plasma current profile on available volt-second

Effect of plasma current profile on the available volt-second
was investigated for the plasma shape with elongation of 2.0 and
triangularity of 0.4. The elongation and triangularity are measured
at the 95% flux surface. In this study major radius of the plasma is
5.8m and minor radius is 2.2m, so the aspect ratio is somewhat
smaller than that of the final plasma parameter.

Poloidal field coil current can be represented by a linear
combination of the linkage flux supplied by PF coils (¥p), poloidal
beta (Bp) and internal inductance (/i) as the following. Coefficients
are constant for fixed plasma shape but are different for different
coils.

I=q¥, +(af, +al+c)l, (2.4-1)

Table 2.4-1 summarizes the coefficients for PF1, PF2 and PF3.
Reactor structure imposes a rigid constraint on the maximum
currents of the super-conducting solenoid coils. Among the solenoid
coils PF1 and PF2 have decisive effect on the plasma shaping and are
most sensitive to the change in poloidal beta and internal inductance.
Linear programing was applied for evaluating maximum volt-second
within a limit of the coil currents. Maximum current in the negative
direction for 12T magnetic field experience is -20.5MAT if the
solenoid coils are not graded.

Figure 2.4-1 shows operation regions for two different poloidal
beta values. For both cases maximum volt-seconds are limited by

i6,
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PFl and PF2, though PF1 and PF3 seem to limit the volt-second at
further high Bp. In the range of Bp investigated here, the maximum
value is attained at internal inductance of about 0.6, which is
somewhat smaller than the ITER reference value and corresponds to
a plasma current profile with safety factor of about unity on the
magnetic axis.

Figure 2.4-2 depicts variations of the maximum volt-second

and internal inductance, at which volt-second attains maximum, as a
function on Bp. Available volt-second increases as Bp becomes large

because of an increase of the equilibrium magnetic field at higher By,
which is associated with an increase of external flux linkage without
increasing solenoid coil currents.

Initial magnetization of the solenoid coils is 93vs for maximum
field experience of 12T. Total flux swing amounts to about 275vs
when poloidal beta is 1 at the end of burn. Preliminary study of
grading of the solenoid coils showed that grading increases the
maximum coil current up to about 22MAT, which adds available
volt-second by amount of Alfci=-7.3vs.

2.5 SDN/SN alternatives

Although the ITER reference is a double null divertor plasma,
alternative configurations, e.g., semi-double null (SDN) or single null
(SN) divertor plasma were also examined. Generally, total stored
energy or total ampere-turns of the poloidal field coils becomes
minimum for single null divertor plasma with appropriate up-down
asymmetry. No qualitative difference between SDN and SN is not
observed, because SN is a smooth deviation from DN that passes
through SDN.

Level of the up-down asymmetry can be measured by the ratio
of flux differences between magnetic axis and passive separatrix to
that between magnetic axis and active separatrix. Figure  2.5-1
shows dependencies of the total stored energy and total ampere-
turns on the level of up-down asymmetry. Choosing a value around
1.1 for the ratio is optimum on the view point of minimizing electric
power rating of the poloidal field coils,

Typical plasma configurations are depicted in Fig. 2.5-2. In the

-7
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single null divertor plasma passive separatrix is completely isolated
from the active separatrix, which defines plasma surface, so heat
flow is directed only to the divertor plate that intersects the active
separatrix. The coil current profile is largely up-down asymmetric.
On the other hand, coil current profile for the semi-double null
divertor plasma is almost up-down symmetric, while heat flow is
marginally directed to the divertor plate.

Another discussion point of SDN/SN alternatives is how to
expand divertor space to attain cold and dense divertor plasma and
to increase pumping speed at divertor throat. Single null divertor
plasma seems to be preferable for this viewpoint, while the trade-off
that total heat to the divertor region doubles still remains.

Several SN plasma options were investigated to select best
match to the final ITER reactor structure. The options are
summarized in Table 2.5-1. Except the SN3 and SN3b, geometrical
safety factor is kept constant, while MHD safety factor measured at
the 95% flux surface is slightly different. Level of the up-down
asymmetry is selected to be almost 1.1. Location of the plasma is
shifted upward to provide large divertor region, while PFC locations
remain unchanged. Plasma configurations of DN and SN1b are shown
in Fig. 2.5-3. |

Figure 2.5-4 compares ampere-turns profile between double
null plasma and typical single null plasmas (SN1, SNI1b, SN3 and
SN3b) at the same flux linkage of -195vs, which corresponds to the
end of burn for the DN plasma. Apparent difference between DN and
SN plasmas is large amount of decrease of the PF5U current for the
SN plasmas, while others are relatively unchanged. Increase of PF1U
current, though the amount is still small, will reduce available volt-
second.

Total energy and ampere-turns are compared between DN and
SN plasma options in Fig. 2.5-5. Reduction of these values from the
values of DN can clearly be seen. Same tendency for the AT-m,
which is a measure of the amount of super conductor, is featured in
Fig. 2.5-6.

One of the important parameters to evaluate SN plasma is
separatrix separation, which is defined by the distance between
active and passive separatrices measured on the median plane. If
the separation is adequately large, both heat and particle flow will be
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confined in the region between active and passive separatrices. The
divertor plate will, therefore, collect all the heat and particles which
flow into the scrape-off layer. If, on the other hand, the separation is
not adequately large, some part of the heat and/or particles flows to
the opposite side of the divertor plate and will damage the first wall,
where the passive separatrix strikes.

Figure 2.5-7 illustrates a map of the options in the plane of
separatrix separation and MHD safety factor at 95% magnetic flux
surface. If we assume that the width of the particle flow is about 10
cm, SN1 and SN1b options seem to be adequate from the view point
of separatrix separation. |

Another important parameter is skew of the equilibrium
magnetic field, <K>, which induces coupling between horizontal and
vertical motions of the plasma in positional instability. Map is shown
in Fig. 2.5-8 in the <K> and <n> space for both cases with and without
aspect ratio correction. SN1b seems to be least unstable. The sign of a
skew determines direction of the plasma motion in positional
instability. If the sign is positive, inward displacement of a plasma
due to e.g., thermal quench, leads to a vertical motion toward the
divertor plate.

Finally, in conjunction with the SDN configuration, natural
separation of the active and passive separatices due to the vertical
drift is important, since the power scrape-off width at the midplane
is fairly narrow, e.g., 3-5 mm for ignition operation and 1-2 mm for
the steady state operation. Thus, even a small separation could lead
to virtual SN configuration with respect to the heat load on the
divertor. Fig. 2.5-9 shows the scparalrix separation vs vertical
displacement obtained by the equilibrium code. In this calculation,
the boundary flux value is kept constant as the plasma is shifted
vertically, which will correspond to the natural vertical displacement
in a flux conserving manner. From this figure, it is seen that vertical
displacement must be kept below 1 cm to keep the separation below
'S mm. It is expected that the control accuracy of the plasma vertical
displacement within 1 cm will be marginally possible, while, actually,
other direct monitor system of the divertor heat load should also be
necessary in addition to the magnetic control scheme to batance the
heat load on the upper and lower divertor plate, since some intrinsic
physics processes producing the up/down asymmetry, such as grad B

ﬁg_
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drift effect, surely exist.

2.6 Magnetic line tracing for divertor plasma

Precise topology of the magnetic flux surface near the
separatrix was investigated for the mechanical design of the divertor
structure and for the divertor plasma analysis. Location of the
magnetic line of force, strength of both poloidal and toroidal
magnetic fields, lengths of the line from the starting point on the
horizontal plane that has same height as the magnetic axis, etc., were
calculated for the DN plasma by tracing the typical magnetic line of
force. For SN plasma these quantities were calculated from one
divertor plate to another plate around the plasma.

Figure 2.6-1 shows magnetic line tracing for the ITER physics
baseline double null divertor plasma. The result of a typical SN
option (SNlc) is depicted in Fig. 2.6-2. The ratio of the toroidal
magnetic field to the poloidal magnetic field is about 20 at the
location where the poloidal projection length is Im from the null
point to separatrix hitting point on the divertor plate, though the
value changes significantly for the different length from the null
point and different flux surfaces. This means that hitting angle of
the magnetic line of force to the tangential of the plate decreases to 1
degree for the poloidal inclination of 20 degree.

2.7 Repulsive force on center solenoid

Although the current profile on the center solenoid can be flat
at initial magnetization, it becomes distributed as plasma evolves
because of the requirement of different equilibrium magnetic field
component for each coil. For the ITER physics baseline plasma with
final plasma shape, current profile on the center solenoid has its
minimum (negative value) at a coil located near the median plane
(PF1) and in many cases increases monotonically toward the edge
coil (PF4).

If the two coils (PF1 and PF2) are connected in series or
controlled in the same manner, PF2 current decreases (absolute
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value increases because of its negative sign) and PF3 current, on the
contrary, increases from the original value resulting in a large gap
between PF2 and PF3 coil currents. At some linkage flux there
occurs a situation that the absolute values of PF2 and PF3 coil
current are equal but signs are different. At this moment repulsive
force between PF2 and- PF3 might become intolerably large.

For the same plasma shape this tendency is remarkable at low
poloidal beta and high plasma current. Quantitative study of the
repulsive force was made based on the formulation of the coil
current derived from the equilibrium analysis. The formulation is
represented in the following equation.

I=a¥,+ (@B, +ak+c), (2.7-1)
Variation of the linkage flux, ¥p can be represented by subtracting
inductive and resistive flux consumption from initial magnetization
flux Wini such as

W, =¥ini— L + 0.4 R, — Gsav ), | (2.7-2)
where ¢savIp denotes volt-second saving by non-inductive current
drive and Ejima's type of formulation of the resistive flux
consumption (proporticnal to product of the major radius and the
plasma current) is assumed. From equations (2.7-1) and (2.7-2) coil
current can be represented as

I=ci {¥ini— Ly — = $oan )l } (2.7-3)
Finally, using the normalization summarized in Table 2.7-1 coil
current can be written in the following equation for each coil.

1= ¢ini= Ly — 0= e )l | (2.7-4)
Repulsive force between two coils is estimated by the product of
their coil currents. For the ITER case it is a product of PF2 and PF3
coil currents as follows:

?‘—"ing = (Lp — _¢5av)(z‘}7 — 0 _¢sav )(}p _"Fpax)z"'ﬁﬂ (2,7-5)
where
- o, + &

- Lp - ¢sav -2 5 2
Ipax = - ‘pim'

(Lp—aZ—qbsav)(Lp_aZi _¢sav) .
"0 _ __l 2 (o—03 )

4 (Lp_a2"¢sav)(Lp'—a3"¢sav) . (27-6)

Since the force is represented as a parabolic equation and the
axis is a function of volt-second saving, maximum force should be
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verified in two categories. When the axis exists below Iy=1
maximum value of the repulsive force occurs simply at the axis. On
the contrary in the case that the axis locates beyond Ip=1,

maximum repulsive force will potentially appears at I,=1 je., at
the SOFT (start of flattop). Table 2.7-II shows results of maximum
values of the repulsive force for different volt-second savings. Series
connection of PF1 and PF2 implies at least 5 times larger value of
repulsive force will be imposed on the solenoid coils.

More detailed evaluation of the total repulsive force on the
solenoid coil at SOFT including the contribution from all of the coils is
shown in Fig. 2.7-1.

2.8 Operation scenario

Operation scenario for the ITER physics baseline plasma was
studied to establish a relevant scenario within the engineering
constraints, such as both maximum current density and field
experience of the super-conducting magnet, voltage of the electric
power supply, etc.

Plasma with a circular cross section of minor radius of Im is
initiated near the inner first wall and is limited by a material limiter.
Plasma current is assumed to be ramped up to S00kA in 0.5 s with
careful horizontal position control. After this level of the plasma
current ramp-up is controlled at a rate of 0.5MA/s up to 10MA in 20
seconds. Minor radius gradually increases and the cross section is
elongated up to 1.6 at the end of the limiter (EOL) discharge.

Limiter to divertor transition is done in the following 20

seconds, during which plasma current is also increased by SMA.
Once the divertor plasma is established, plasma keeps its cross
section in spite of slight changes in poloidal beta and plasma current
profile.  Finally plasma reaches the reference shape and current 70
seconds after the plasma initiation, i.e., at the start of flattop (SOFT).
' Table 2.8-1 summarizes the operation scenario. Coil currents
change gradually, except a few intervals for some coils, resulting in
attainment of reasonable electric power supply voltage. Figure 2.8-1
shows the time evolution of the plasma configuration.
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Table 2.2-1 Dimensions and turns of poloidal field coils.

Coil No. Rc (m) Z¢ {m) SR(m) 87 (m) Turns
PF1 1.725 0.95 0.65 1.84 550
PF2 1.725 2.85 0.65 1.84 550
PF3 1.725 4.75 0.65 1.84 550
PF4 1.725 6.65 0.65 1.84 550
PF5 3.9 8.9 0.9 0.9 400
PF6 11.5 6.0 0.5 1.5 320
PF7 11.5 3.0 0.5 0.9 200

Table 2.4-1 Coefficients ¢f coil current formulation.

Coil No. C1 C2 C3 C4
PF1 0.19906 0.35818 | -0.38875 0.58596
PF2 0.17424 0.26859 0.90119 | -0.3227
PF3 0.25385 0.19998 1.1489 0.26122
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Operation reqgion for maximum field experience of 12T
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Fig. 2.4-1 Operation region spanned by internal inductance and flux

linkage.

Maximum field experience of the solenoid coils
are 12T and only three coils near the mid-plane are
evaluated as limiting ceils.
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Maximum fiux (Vs)
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. 7.4-7 Maximum attainable flux linkage as a function of poloidal

beta. Optimum intermal inductances at which flux linkage
attains maximum are also shown. High Bp plasma can
utilize larger flux swing.
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Ampere-turns Profile Comparison between
DN, SN1 and SNi1b for Betap=0.6
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Comparisen of the ampere—turns profile between (a) DN, SNI
and SN1b and (b) DN, SN3 and SK3b.
ampere~turns are clearly shown for the single unll plasmas.

Reduction of the PF5U
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Comparison of Energy and Ampere-turns
between DN and SN Plasmas
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Fig. 2.5-5 Compariscn of Total stored energy and ampere-turns
between DN and SN plasmas.

Comparison of Total Ampere-turn meter
between DN and SN Plasmas
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Fig. 2.5-6 Comparison of total ampere-turns meter between DN and
SN plasmas.
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Safety Factor vs Separatrix Separation
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Fig. 2.5-7 Mapping of DN and SN plasmas in the space spanned by
separatrix separation and safety factor at 95% flux
surface.
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Decay Index vs Skew
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Fig. 2.5-8 Mapping of DN and SN plasmas in the space spanned by

decay index, <n>, and skew index, <K>. Beth indices
are averaged by plasma current profile.
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3. Vertical position control

3.1 General criteria of plasma vertical stability

The active vertical position control of the highly elongated
plasma was simulated to identify the general criteria of the plasma
vertical stability considering the stabilizing and shielding effects of
the passiVe shell structures based on the eddy current analysis.
Calculating conditions are as follows.

(1) Initial perturbation
Plasma moves in the form of exp(yt) based on the spontaneous
growth model.

(2) Control

Control starts just after the detected value of the displacement

exceeds 1 cm and tries to make the maximum displacement

within 2.5 cm.
(3) Time lag of response

Two msec first order time-lag for detecting system and 2 msec

dead time for power supply system.

From this simulation study, the relation between y and the
required installed capacity of the power supply was obtained as
shown in Fig. 3.1-1. When the growth rate becomes 100/s, the
required capacity of the power supply approaches to several tens
MVA, and it increases drastically as the growth rate exceeds 100fs.
Hence, the passive control system should fulfil the following

requirements,

v €100 secl. (3.1.1)

The dashed curves in Fig. 3.1-1 represent the required capacity of
the power supply in the case that the time lag of the detection was
varied by =1 ms from the reference value of 2 msec. The effect of
the time lag of the detection is small in the low vy region, though it
becomes large in high yregion. However, the criterion for y derived
above will not be modified so much by the uncertainty of the
expected time lag of the detecting and control system.

Another criterion derived at the specialist meeting in ITER (PF
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System and. Operation Scenario, May, 1588) [3], is the requirements
for the stability margin mg of the passive structures. The stability
margin mg is defined as

mg = 1::gtab.'f"destab.

Fgestab. (3 | 2)
where
Fdestab. is the destabilizing vertical force acting on the plasma
due to the curvature of the external equilibrium magnetic
field.
Fstab. is the stabilizing vertical force acting on the plasma due

to the flux-conserving eddy currents flowing in the
passive structure (i.e., as if it were ideally conducting).

The stability margin can be rewritten as

_n+N(oo)
Ms=—"7 (3.1.3)

where n is the decay index of the equilibrium field and N(s) is N-
function of passive structures (s;Laplace's s). Physical interpretation
of the stability margin is the remoteness from the MHD unstable
region (Alfven time scale instability), which represent the toughness
of growth rate for the unknown perturbation or modification of
plasma profile, position and so on. Fig. 3.1-2 shows the simplified
example. For small stability margin, the increase of growth rate
becomes fairly large with small variation of the N-function N(s). In
this calculation, the initial growth rate y, is same both for mg = 0.5
and 1.0,

The criterion for mg was determined as, mg 2 0.5. These
requirements should be satisfied throughout the whole plasma
operational and also in case of accidental inward radial movement of

the plasma.
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3.2 Study of the passive stabilizing effect of the saddle loop type
stabilizing shell [4]

A parametric study of the passive stabilizing effect of the
saddle loop type stabilizing shell and vacuum vessel is performed to
determine the structural requirements for the passive stabilization.
In this study, the dependences of growth time and stability margin
on the detailed structure of the stabilizing shells (all of them are
saddle loop type), gap width between the shells are presented and
some structural requirements for the passive stabilization are

examined.
Plasma parameters analyzed here are the plasma current Ip =

20MA, major radius Rp = 5.8m, minor radius ap = 2.0m and
elongation x = 2.0. The equilibrium configuration is shown in Fig.3.2-
1. The cases of high-B (Bp:l.O) and low-B (8p=0.1) are studied. The
decay index n and average vertical field By are -0.71 and 0.83T in
the high-B case and -0.90 and 0.61T in the low-B case, respectively.
To simulate horizontally displaced plasma due to sudden change of
beta or current profile, the couplings between the plasma and
passive structures are calculated by shifting horizontally the plasma
current distribution.

The stabilizing shell and vacuum vessel are modeled by thin
conductors with effective conductivity. The vacuum vessel 1is
modeled by stainless steel ( p=75uQcm ) of uniform thickness of 0.1
m. High resistant parts are inserted at 16 locations in the toroidal
direction, and total one-turn resistance in the toroidal direction is 40
nQ including the resistance 7.8 pQ of thick sectors.

The location and shape of the stabilizing shell are shown in Fig.
3.2-1 (poloidal cross section) and Fig. 3.2-2 (toroidal cross section).
The front face of the shell is along the flux line, which is 14.5 cm
apart from plasma separatrix surface at the mid-plane. The width of
front plate is 1.86m. The thickness of the side plate is 2 cm. The gap
between shell sectors is defined by the distance between center lines
of the plates. So, for the plate of 2 cm thickness, the gap of 2 cm
means no space between surfaces of the plates.

The number of toroidal sectors of the stabilizing shell is 48,
The following four types of structure for the stabilizing shell are

studied.
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(1) Type-A (Fig. 3.2-3(a))

The width of side plates is 0.5m. The shell sectors are isolated

mutually and from the vacuum vessel.
(2) Type-B (Fig. 3.2-3(b))

The width of side plates is about 1.5m and the rear side of the
shell is 10 ¢m apart from the vacuum vessel. The inductance
and resistance of the current flowing vertically at the side plate
are reduced and the stabilizing effect is expected to become
higher than in Type-A.

(3) Type-C (Fig. 3.2-3(c))

Three shell sectors of the Type-B are electrically connected at
the rear side. The eddy current can circulate in the three sectors
and the flow pattern resembles the one in case of 16 sectors.

(4) Type-D (Fig. 3.2-3(d))

The rear side of the Type-C shell are connected to the vacuum
vessel. The shell structures are conductible in the full toroidal
direction through the high resistant part of the vacuum vessel.
In this type, the one-turn resistance of the high resistant parts is
set to be 40uQ only by themselves, because the one-turn current
flows into the shell sectors and the resistance of the thick sectors
of the vacuum vessel is expected to be neglected.

Figure 3.2-4 shows a typical mesh division of a structural model
(Type-D) for the eddy current calculation. '

The stabilizing effect of the passive structures are well
characterized by N-functions.  Figure 3.2-5 shows N-functions of
vacuum vessel only, Types A, B and C. The material of the stabilizing
shell is aluminium ( p=6uQcm ), gap width is 4 cm and the thickness
of the front plates are 2 cm in Type-A and 1 cm in Type-B and C.
The effect of the thickness of the front plate is small because the
path length of the plates is relatively shorter than that of the side
plates. It is seen that the vacuum vessel has considerable
stabilization effect, though it is not enough to stabilize the position
only by the vacuum vessel. The stabilization effect becomes higher
for Types A, B and C in order as expected.

Figure 3.2-6 shows N-functions of Type-C and D made of
aluminium with 1 cm thickness of front plates and Type-D made of
stainless steel with 2 cm thickness of front plates. The gap width is 8
cm. The effect of the electric connection between the shell structures
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and vacuum vessel is small, especially at low s. The N-function of
Type-D is a little lower than that of Type-C at low s resulted by
higher resistance of the resistant parts.  N(e) and also stability
margin of Type-D is a little higher than those of Type C. When
aluminium is replaced by stainless steel, the N-function shifts to
higher s and growth rate becomes higher. However, because the
stabilization by the vacuum vessel is fairly high, the growth rate is
not proportional to the resistivity of the shell. It is seen that N(ee)
and stability margin does not depend on the conductivity of the shell.

Figure 3.2-7 and 3.2-8 show growth rates and stability margin,
respectively, of the 4 types of structures in case of (a) high-8, ARp =
0, (b) high-8, ARp = 20 cm, (c) low-B8, ARp =0 and (d) low-B, ARp = -
20 cm, where ARp is the horizontal displacement of plasma. As it is
expected, the high-B8 plasma at the reference position is most stable
and the low-B at the displaced position (ARp = -20 cm) is least stable.
The growth rate is smaller than 100/sec except the case of the
stainless steel shell. In the least stable case, the stability margin of
Type-A is less than 0.5 and the gap width is necessary to be less
than about 3 cm in Type-B and about 6 c¢cm in Type-C for the stability
margin to be higher than 0.5.

From this study, followings are concluded for the design of the
saddle-loop type stabilizing shell in ITER.

(1) The growth time of the blanket made of stainless steel
without aluminium or copper shells is lower than 10 msec .
Aluminium shell of 2 c¢m thickness is enough to increase the
growth time higher than 10 msec.

(2) The width of side plates of shell is important, and width of
0.5m is not enough.

(3) The gap width must be as small as possible. The gap width
must be less than about 3 cm ( the space between plate
surfaces about 1 cm ) when 48 sectors are separated, and
about 6 cm ( about 4 cm ) when 3 sectors are electrically
connected at the rear side, to attain the requirement of
stability margin higher than 0.5.

(4) The merit of the connection between the shell sectors and
vacuum vessel is small.
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3.3  Study of passive stabilizing effect of the twin loop type stabﬂizing
shell

Effects of a variety of plasma conditions as well as the twin
loop geometries on the stabilizing characteristics (growth rate and
stability margin) of twin loop stabilizer in ITER are examined . Major
effects examined are 1) effect of gaps between blankets, 2) effect of
gaps between blanket end wall and vacuum vessel, 3) effect of
vertical height of horizontal port, 4) effect of plasma beta and current
profile. Figure 3.3-1 shows the location and dimension of the twin
loops and the vacuum vessel in the poloidal cross section of the torus.
Two values of vertical half height D of the horizontal port are
examined, since they may be decreased down to 1700 mm from the
reference value of 2700 mm due to the installation of ICRF antenna.
Figure 3.3-2 shows the details of the material and thickness of the
center and side blanket modules. Figure 3.3-3 shows the details of
the material and thickness of the various region of the vacuum
vessel.  Electrical resistivity for stainless steel and copper are
assumed 8.2x10°7 Om and 1.72x10'89m, respectively. Yacuum
vessel consists of thick part with thickness of 200 mm and the
bellows region with thickness of 50 mm and width of 10 c¢m,
resistivity of which is assumed 1.8x10°% Qm. Figure 3.3-4 shows the
details of mesh for the eddy current calculation by finite element
method. In the present study, the following cases and parameter

ranges are examined;

-effect of gap between blanket modules d;; 10 and 30 mm
-effect of gap between vacuum vessel
and blanket end wall do; 10 - 50 mm
-effect of vertical half height of horizontal
port D, 1.7 and 2.7 m
-effect of space between plasma surface
and passive shell (twin loops) dy; 15 and 25 cm
-effect of plasma condition
beta poloidal Bps 0.01 - 0.6
internal inductivity li; 0.65 - 0.9

Several of the possible combinations of the above parameters are
examined, and these cases are summarized in Table 3.3-1. In the

. 38_
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table, stability margin and growth rate are summarized in upper and
lower column, respectively for the examined cases. In the following
figures, the frequency response of the shell effect for the shell
condition of STl (Fig. 3.3-5), ST4 (Fig. 3.3-6) with various plasma
conditions. In Figs 3.3-7 - 3.3-10 are summarized the change of
stability margin as the gap width is changed for various plasma and
other shell geometries conditions. '

3.4 Study of active control of vertical plasma position

In this section, at first, the positioning of the active control coil
system is investigated to examine the field penetration. There are two
factors, which determine the field penetration; one is the efficiency to
produce the required field with given coil current and the other is the
shielding effect of the shell, blanket and vacuum vessel. Comparison of
three different coil positioning cases; just behind the first wall, between
blanket and vacuum vessel, and outside vacuum vessel is carried out
cdncerning both the horizontal (for vertical position control) and
vertical (for horizontal position control) fields penctration. The results

are shown in Fig. 3.4-1, where horizontal and vertical magnetic field at
plasma center- are plotted as a function of time when 100 kA is

imposed stepwise for three different positioning cases. The shell type
used in the calculation is twin loop type. Although the positioning of
just behind the first wall has best penetration characteristics as shown
in the figure, it will not be acceptable from view point of
maintenability.

The characteristics of the active feedback control are investigated
with consideration of the induced eddy current effect on the shell,
vacuum vessel and the blanket structure as well as the field
penetration properties of the active control coil. The equation of the
plasma motion is given as follow.

, 0%Z
Me atzp = 2Rl

nF?sOZp +ch+zv;Ii +Bq) (3.4-1)

Here, M, and R, are the plasma mass and the major radius of the
plasma column, respectively. I, Ij and Bg are the active control coil

— 39 .
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current, the eddy current of the i-th eigen mode and the disturbance
radial field (here 10 Gauss is assumed), respectively. v and v; are the
radial fields produced by the unit current of the active control coil and
by the i-th eddy current mode, respectively. The required voltage for
the control coil was calculated in accordance with PID control system.
The dependences of the required voltages on the gain G are shown in
Fig. 3.4-2. Control coil position is behind the blanket and the detected
plasma displacement is 1 cm. As the gain increases, the voltage
increases while the coil current is almost unchanged. Figure 3.4-3
shows the dependences on the control coil position for the gain value of
3x104 V/m and the detected plasma displacement of 1 cm. As
expected, the required coil current is smallest in the coil position of the
first wall due to the best efficiency of producing horizontal field and
the least shielding effect of vacuum vessel and shell. Figure 3.4-4
shows the dependences on the detected point of the plasma
displacement for the gain value of 3x10% V/m and the coil position of
behind the blanket. Figure 3.4-5 shows the dependence on the plasma
conditions, i.e., the reference plasma with Rp=6m, Bp=0.6 and 1;=0.65
and the degraded plasma with Rp:S.9m, szo.m and 1;=0.9, for the gain
value of 3x10%* V/m, the coil position of behind the blanket and the
detected point of the plasma displacement of 1 cm. Note that, though
the growth rate is much larger in the degraded case than that in the
reference case, while the absolute value of the destabilizing force is
rather smaller due to the reduction of vertical field. Consequently, the
required current to control the plasma position is rather smaller in the
degraded case. However, when the time delay of the detecting and
control systems are actually considered, required voltage and current
should be larger in the degraded case.
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Table 3.3-1 Cases of shell type and plasma conditions for the

evaluation of stability margin and growth rate. [Upper
and lower figures represent the stability margin and

growth rate, respectively.

dl : Gap between 10 mnm 30 om
blanket modules
d2 : Gap between
vacuum vessel and 10 mm 30 oo 30 mm 50 mm
blanket end wall
I : Vertacal width 1.7 m 2.7 m 1.7m 1.7 m 2.7 1.7 o
of horizontal port | (ST1) (ST2) (573) (574> (ST5) (ST5) 1
!
d3=15cm Ae.=0.8 1.31 1.01 1.21 1.18 .88 1.15
li 3055
{PL1) 15.2 20 16 16.8 26.5 17.3
Rp=6.0m 8e=0.1 D.85 0.77
1: =0.75 b S b b
(PL2) 24 26.8
£ e=0.01 0.66 0.54 0.58 0.57 0,44 0.55
li :Dg
(PL3) 32.8 44 .3 35 38.8 62 40.8
d3=25co 3r=0.6 1.23 1.13
1, =0.865 b b b b
{(PLY) 16 17.5
Rp:5.gm
£Be=0.01 0.59 0.53
li :Ug -b -b 'b ,b
(PL5) 36.2 43

1.23 — Stability margin

78.8 — Growth rate ( 1l/sec )

_._41_
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Vacuum Vessel

7 /

Stabilizing Shell

Fig. 3.2-1 Poloidal cross section of plasma, stabilizing shell and
vacuum vessel.

7.8m Plasma
\C::b\\\\::i \\:i:\
imi . 1 00mm
145mm Blanket Structure Limiter 57
TR
Y7777 v S
- Front Plate
gap

Side Plate

Stabilizing Shell
\ 20mm

Fig. 3.2-2 Toroidal cross section at the mid-plane.
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High Resistant Part

(b) Type-B

Connected

to Vacuum vessel

Electrical

Connection

{c} Type-C {d) Type-D

Fig. 3.2-3 Types of stabilizing shells.



JAERI-M 92041

Fig. 3.2-4 Mesh division of model (Type D).
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Fig. 3.2-5

10°

N-functions of vacuum vessel, Type A, B and C in case of

high-8 (ARp=0.0).
and 1 cm in Type A, B and C, respectively.
4 cm.

Thickness of front plate is Z cm, 1
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Fig. 3.2-6 N-functions of Types C and D in the case of high-R

(ARp=0.0).
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Fig. 3.3-4 Details of mesh for the eddy current calculation by
finite element method.
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Fig. 3.3-5 N-function of the type 1 shell (8T1) for wvarious
plasma conditions (PL1-PL5).
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Fig. 3.3-6 N-function of the type 1 shell (8T4) for various
plasma conditions (PL1-PL5).
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Fig. 3.3-7 Stability margin vs gap width (dl and d2) of the
shell with d3=15 cm and D=1.7 m for various plasma

conditions (PL1-PL3)}.
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Fig. 3.3-8 Stability margin vs gap width (dl and d2) of the

shell with d3=25 cm and D=1.7 m for various plasma
conditions (PL4 and PL5).



JAERI-M 92-041

1.1

d3=75¢m
D=2.7m

1.01

0.97

0.87

—{ > Pl
w—f— PL3

0.77

Stability Margin

0.67

0.57

0'40 1IO 20 30 40
Gap(d1=d2) , (mm)

Fig. 3.3-9 Stability margin vs gap width (dl and d2) of the
shell with d3=15 cm and D=2.7 m for various plasma

conditions (PL1 and PL3).
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Fig. 3.3-10 Stability margin vs gap width (dl) of the shell
with d2=5 c¢m, d3=15 cm and D=1.7 m for various
plasma conditions (PLl and PL3).



JAERI-M  92—-041

Z2F=27 ' w
ZF=7 ' W
‘ZF¥ =7 '

Tos

S 9 A

3axuwlg p

=Y o
6=U 0
L=d O

*2dA3 dooT urml sT 2d43 TT9ys ay] *sosed Juruorzrsod
TTOD BATIO® 1U2I3TITP 22143 1ol estmdeds pesodwl ST yy O USGM BWI1 JO
uoTjuny e se po3izo[d xojued euseld e PTaT] ST312ufew TedT318i PUB TRIUCZTION T-b°g *ST14

swWNnow A7

prarTus

a80qT N0

o

Q

, . 1 235 1 AUty
' 50 G0 LG mhc who -Mc £'n a0 -0 00

[ t X n

t 1 2 07304 2)43NDHU

(338 ) 3Ll
*1 50 g-a t-o who 80 Y0 €0 PR\ 1'o 00
1

L) 03374 J1)13N98H

PT2THd TeauozIaogy

PTSTJ TBATIISA

_ 5 6 _



M 92041

Y

JRI -

JAE

‘WO ] ST 3u2W
~poeTdsTp epmseTd pe3o23189p 2Yl PUE I9UBTY 9Yl PUTyaq ST uotirsod JFod ToIIUC)
*I9TT0X3U0D (I4 FO 9 ured oyl uo a3e3Toa pue Juaiand pairnbox syl jo seouspusdeq ¢-%°¢ ‘814

r0+00° k-~ Z0+DO" 6~
- [ i w
N L il b
i ]
[ B HS.S._.
" " esr ]
wo 1 jo juoweseldsi BWSE[{ P09l ol wepmE I b
1I9jUR[ PUIYSQ © UONISOJ (100 [CIIUOD) ! L ]
BUWISE]{ 90USI9)aY I i ]
” ” m:..ao.._
i [ W/A$0IX0'6=D u .
ooty = 2000008 M Lo
tu 1Al thi 7
2000 € Z0~00° €~ H $0-00°€- - 000" t- Hy
r r J - r LJIHS-Z : > 4
” H mna‘ao._- r F 3341704 ___ | HS,E‘T
] i \ :
- 1 , INTYYND == \ ]
- - - F A 7
- - -1 | ! -
r [ “ r . H
ook o-gf 02002 — . . T T oo 000 - 00 oo
H i MS.S._ H L mg.oc._
0 - W/A p01X0°€=D 2 i T WA B0TX0 1=D ]
-.Oc.unn t ~_=>.~cO.n ) l_:d -—”_.HBD.H ) n_c_..ucn._ ) .




92—041

JAERI—M

raegD-E-

oo

Y000 E
(1-3)

‘wo T JoO

JusuedrTdsTp BuUseTd Paloslsp 8yl puem E\P.:oﬂxm Jo enTea ured 2yl 103 uorarscd

TTI0D T013u0d 94yl uc 98eITea puB Jusiind TTod pairnbel eyjy Jo ssouspuadaq ¢-% ¢ "ST14

wo 7 30 juswaveidsyy BWSE]J polosie(

2000 E-

00

Z0+00°§
(FY)

W/A BOTX0E JO onjep umn

TWSE[ ] 20USIS)IY

| S T U S T T S R |

JUEIY puryoq

[ S T AW A A A

Z3-06-1-

to-20-1

twl

oo

rOro s
(33

FO 0O 2=

r0-00-2
1%)

g-00°4 =
LAl

T0+00- €~

sy

o-op 100G L

- [98S9A WNNOEA 2PISIN0
e
wn.na.n»—. Al

L R

- ! 141Hs-7

- !

- ATY 104

- M 1N3YYAD -

lIeA 18I0 puryaq

I0-00" 1~

TN S0 S S D S T T S

oo

2D-0D° [

[T TS T T S N N I

o-00- -

IO D N A S N N . S N S N A

(1]

i0-0n- i

S S I I T B



JAERI-M 92041

50007 %"~

sorpoc i -
e

*19jUBTq 9yl pulysqg jo uorlrsod
TIO® 8yl pue w/p OTxf FO dnTBA uted ay3 103 JuowaderdsTp ewsefd a9yl Jo

Jutod pe3o93ap 2yl uo a3¥3ToA pue Juaiand TTod paiftnbei ayl Jo ssouspuadag H-H ¢ 814

ro-nocE
[’y

JjUR[g PUIYeq 1 UONISOJ [10D) [01U0D

‘8

18

W/A $01XQ°C JO 9njEA UumeH
BWSE]{ ©Q0UdIa}ay

BN N 2 S IS S D N SN U W A

[ I T Y T Y T B B

g-00-§-

[rhe

to-00-¢

50+00" I~

[ R o

50+00°8 &
g1

LM O Sl ol

ryroDtE &
L}

0405 2-

€0 oot -
iAl

T0-00 -

20-00° 5~

T T T U N UV S L G T D W

wo G

[

to-g0-%

[ T T T T O S Y

ro-00°1-

[ IS S T T T S N W |

LA1HS-2
301704

INIWYND oo

L

26-00- 1

G S T T O S O S |

(B



JAERI-M 92-041

(M) iV LR}
- 3.00+02 - 3.00-04
I CURRENT | -
1.00-02 - VOLTRGE A A
i Z-SHIFT 1
E - 4
0.0 b —1 0.0 - 0.0
| { Loagg ]
E 1. o
'1 _ J
=. !
'Ll ' 7 7
": { Reference Plasma 1 |
-1.00-02 ; '," RP =60 m
/ . - 4
f BP =0.6 B 7
t 4 1" 11 = 065 y 7
V7 J-2.00-02 J-3.00+04
~
(1 . iv) [R)
_ - 3.0D+02 ~ 7.00+04
1.60-02 7 7
C - -y
0-9 s e KIS EE
ﬁ (5 i
E More Instable Plasma 5 .
Rp =59 m i i
£ By =001 i |
-1.00-02 , =09 i _
% J.3.00.82  J-2.00404

Gain Value of 3.0x10%V/m
Control Coil Positien : behind Blanket
Detected Plasma Displacement of 1 ¢m

Fig. 3.4-5 Dependences of the required coil current and voltage on the
plasma conditions, i.e., the reference plasma with RP=6 T,
Bp=0.6 and 1;=0.65 and the degraded plasma with Rp=5.9 m,
fn,=0.01 and 15=0.9, for the gain value of 3x10% V/m, the
coil position of behind the blanket and the detected point
of the plasma displacement of 1 cm.
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4. Plasma control and breakdown/start-up
4.1 Identification of plasma shape and position for the control of ITER

In this section, the identification of plasma shape and position
for the control of ITER plasma by using the TOLFEX method is
presented as an example of ITER shape and position identification
method. the TOLFEX method has been developed for JT-60U to
identify the outer-most flux surface and plasma center by using the
Legendre-Fourier expansion of the vacuum poloidal flux function in
the toroidal coordinates. The features of the TOLFEX method in the
application to JT-60U have been concluded as follows;

(1) The TOLFEX method can identify the shape of not only a small
circle plasma during the current build-up phase, but also of a up-
down asymmetric divertor plasma. A Legendre function of the first
kind P has a singular point of (Rg, Zg), while this point is also
identified. _

(2) The TOLFEX method can be used by using flux loop only without
any magnetic probes. Though a discrete-point boundary condition
and a finite series of flux eigenfunctions are adopted, the plasma
shape can be well reproduced.

(3) The TOLFEX method can take eddy current into consideration.
The uniform field produced by eddy currents is contained in the
eigenfunctions of the Legendre function of the second kind Q. If the
flux pattern produced by axisymmetric eddy currents is recognized
in a certain way, such flux can be added as the additional members
of the eigenfunctions.

(4) The TOLFEX method can be performed in real-time, where the
table-look-up procedure is applied for the calculation. This makes it
possible to apply the TOLFEX method to the feedback control and
real-time visualization.

(5) Since (Rg, Zg) is identified just near the magnetic axis, Zg can be
used as the vertical plasma position. Feedback control for the
vertical plasma position can be started at the step that (Ry, Zp) has
been determined. This leads to the feature that a control cycle can
be shortened for suppressing the vertical instability.

Details of the TOLFEX method are presented in Ref.[5,6]. In the

__61i
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following, the method is applied to ITER plasma. Details of the
examined cases are summarized as follows.
(1) Two sets of the flux loops are prepared to examine the sensitivity
of the distance between the plasma and the flux loops.
(2) Following several types of ITER plasmas are examined,

(a) low B divertor plasma with I, = 22 MA,

(b) high B divertor plasma with Ip = 22 MA,

(¢) circular limiter plasma with Ip = 4 MA,

(d) elongated limiter plasma with Ip = 10 MA.

(3) Employed eigenfunctions are as follows;

(1) Pcos: m=0 : flux produced by a ring-filament current
' flowing through (Rg, Zp)

(2) Pcos: m=2 : flux produced by quadru-pole currents

(3) Qcos: m=2 : magnetic field for changing ellipticity

(4) Qcos: m=3 : magnetic field for changing triangularity

(5) Qsin: m=1 : horizontal magnetic field

Among the indispensable eigenfunctions, [Qcos:m=0 (0-order of
vertical magnetic field)] and [Qcos:m=1 (the first order of vertical
magnetic field)] are excluded, because they seem to compete with the

fluxes produced by ITER PF coils.
(4) Two n (n is an adjusting parameter for over-estimation of the
coefficient of Pcos) values are adopted. One is for the calculation of
the major radius, vertical position and X-point. The other is for the
calculation of the outer-most surface to control the clearance
between the plasma and the RF launcher. These cases are
summarized in Table 4.1-1.

Results identified by the TOLFEX method and their comparisons
with the results obtained by the equilibrium calculations are shown
in Fig. 4.1-1 and summarized in Table 4.1-IL

4.2 Control of the Horizontal Plasma Position during Breakdown

In ITER, plasma current is planned to be raised with
de/dt:lMA/s just after the break down as presented in Fig.4.2-1.
During this phase, plasma touches the inboard side of the first wall in
the reference scenario. For getting the stable current ramp-up,
plasma horizontal position should be kept to be almost the same
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value to maintain the power demsity of the joule heating. Then the
reasonable control of the plasma horizontal position is required.

Voltage of PF coils during the early ramp-up phase, just after
the plasma initiation, should be controlled as,

E = MAp(d®/dt) + MA(dB/dt) + Mp(dIp/dt) 4.2.1)

First term of Eq.(4.2.1) is the supply of the magnetic flux to raise the
plasma current. Ap is a coil current vector to produce 1 voltsecond at
R=4.5m. d®/dt=-15.6V is required in ITER. The second term is the
build-up of the vertical magnetic field. Ay is a coil current vector to
produce 1 Gauss at R=4.5m and Z=0.0m. Shafranov magnetic field of

-300Gauss is required at t=0.5s to obtain a horizontal equilibrium for
the plasma current of 0.5MA with Rp=4.5m, ap=0.8m, szOm,

Bp=0.01, 1;=0.79. Then dB,/dt=-600Gauss/s is required.  Current
vector Ap and Ay are evaluated by the equilibrium calculations as

follows.
SIpF1 288.5 3Ipr1 0.65
SIpF2 288.5 dIpF2 -0.73
dIpF3 288.5 dIpE3 5.447

Ap = 3IpF4 = 288.5 A, = dIpF4 = 5.758
SIpFs - 282.5 SIpPFs 0.279
SIpPF6 57 SIpPF6 0.456
8IpF7 9.75 8IpF7 2.443

The third term comes from the coupling with a plasma current. The
resistivity drop of the PF coil is small and is neglected in Eq.(4.2.1).
Table 4.2-1 presents the comparison of the coil voltages obtained
from the above estimation with the reference ones. Good agreement
is obtained between them. However, the effects of eddy current are
not included in this estimation, that are a)the production of the
vertical magnetic field with the raise of the one-turn voltage and
b)the shielding effect to the penetration of the vertical magnetic
field.
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a) Production of the vertical magnetic field
When the one-turn voltage is raised, the error field of By is

produced by the eddy current that flows in the vacuum vessel and
the cryostat. 235Gauss (at 4.5m ) is produced at t=0.5 s with the one-
turn voltage of 15.6V. Then the required dBz/dt becomes (-300

(Shafranov) - 235 (Component) } / 0.5s = -1070 Gauss/s.

b) Shielding effect

The shielding effect of eddy current to the penetration of the
vertical magnetic field generated by PF coils and in-vessel coils are
investigated by a simulation code with the linear ramp-up of PF coil
current and in-vessel coils as presented in Fig.4.2-2(a)(b). Time
evolution of the penetration rate of B, inside the vacuum vessel is
presented in Fig.4.2-2(¢). Only about 30% penetration is obtained at
t=0.1s. On the other hand, the maximum ramp-up rate of By is
limited to be 2000 Gauss/s due to the available coil voltage of 20kV
from the design constraints of PF coils ( especially PF6 ) as presented
in Table 4.2-II. Then dB,/dt in the vacuum vessel (R=4.5m) is

reduced by the shielding effect of eddy current as follows,

% of penetration dB,/dt
t=0.1s 31% -620Gauss/s
t=0.2s 41% -820Gauss/s
t=0.3s 47% -940Gauss/s
t=0.4s 51% -1040Gauss/s
t=0.5s 55% -1100Gauss/s

Thus the required B, of -1070Gauss/s is only obtained at t=0.5s.

With this penetration rate, a plasma shifts to the outside by ~1.0m

just after the plasma initiation at t=0.1~0.2s, owing to the insufficient
B, as presented in Fig.4.2-3. Then it should be necessary to increase

the ramp-up rate of B;. Several possible solutions are presented as

follows;

1De-block of PF6 coil into two coils

1.3x-2000Gauss/s can be generated by this de-blocking of PF6.
Limit of the improvement factor 1.3 is attributed to the fact that the
coil voltages of PF4 and PF7 are already 15kV and can only be
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increased from 15kV to 20kV (20kv/15kV=~1.3). Then -800Gauss/s
can be added at R=4.5m, t=0.1s, and the outward plasma shift can be
decreased to 0.3~0.6m.

2)Installation of the in-vessel coils

In-vessel coils installed at R=9.1m and Z=+2.6m can produce
the vertical field of 45Gauss at R=4.5m with 30kAT, njpdex of which’
is nearly zero as presented in Fig.4.2-4. With 1kV power supply,
control speed of -3600Gauss/s can be obtained at t=0.1s. Thus coil
current of 100kAT increases the controllability of Bz with the

maximum available field of 150Gauss.

3)Decrease in the ramp-up rate of plasma current

If the ramp-up rate of plasma current could be lowered as
<1.0MA/s, the one-turn voltage and the associated ramp-up rate of
B, could also be decreased proportionally. In this case, the
requirement on the maximum coil voltage of PF coils can naturally be
relaxed. However, there are some concerns, in which the radiation
barrier could really be overcome by such small ramp-up rate even
with additional heating of ECH. Further information from physics
data base is necessary for this ramp-up scheme to be employed for
the reference operation scenario.

43 Slow control algorithm of the plasma shape

4.3.1 Control Variables

In ITER, two control loops are designed for the plasma shape
control. Slow control loop will be performed by superconductor PF
(Poloidal magnetic Field) coils with the characteristic frequency of <
~0.3Hz to control the plasma current and the plasma shape. Fast
control loop will be performed by normal conductor in-vessel coils
with the characteristic frequency of 5~10Hz to control the vertical
plasma position to stabilize the positional instability due to the

highly elongated plasma of k~2.0.
In the slow control foop, Ip, Royt, Rin, Zp, Rp and Z, are

selected as the control variables. Definitions of them are presented in



JAERI-M $2—-041

Fig.4.3-1. Plasma current Ip must be controlled to be the required
value according to the operational scenario. Rgy¢ and Rjp are the

horizontal locations of the outside and inside outermost plasma
(separatrix) surface at the same vertical height with the plasma
current axis. Each of Rgyt and Rjp determines the clearance between
the plasma outermost surface and the first wall, which should be
kept at reasonable value to guide most of the power and particles to

the divertor and to decrease the erosion of the first wall caused by
the charge exchange. Furthermore, Ryt should be controlled to get

the good coupling between a plasma and a launcher of LHW. Rjp

should be controlled to get a clearance of > ~10cm in order to avoid
the touch of a plasma to the first wall under the inward horizontal
shift caused by a minor disruption. Control of Zp is necessary to
equalize the heat load onto two divertor plates, that are installed at

the top and bottom of the first wall. Low frequency component of
the in-vessel coil current lj,, which is to be used for the fast control

of Zp, should be decreased to maintain the control margin of Zp. Thus
the minimization of D.C. current component in Ijy is also the
important control objective of the slow control loop of Zp. Ry and Zp
are the horizontal and vertical location of a null point, that should be
controlled to guide the separatrix lines onto the divertor plate. ITER
has a double null divertor configuration. Thus locations of two null
points should be controlled. Swing of the separatrix lines on the
divertor plate is also required to decrease the heat flux effectively.
These requirements on the slow control loop are summarized in

Table 4.3-L

4.3.2 Non-interacting Control Method

6(+2) control variables should be controlled by ITER hybrid
poloidal coil system, which consists of 14 coils. Then the control
system inevitably becomes a multi-variable one. In JT-60, the
application of the non-interacting control method was investigated to
swing the separatrix line on the divertor plate with keeping the
configuration of a bulk plasma [7], and was found out to be the
powerful control method. Thus this control algorithm is re-examined
for the control of the plasma current and the plasma shape in ITER.

ﬁ66._
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When the proportional control with the compensation of the
resistivity drop is adopted, the voltage vector E becomes,

E = RI + RGxI,(x"*f-x) + RGp(FF'1,) (4.3.1)

Usually, the resistivity drop of RI is negligibly small. Here x is the
vector of control variables ( Rout, Rin, Zp, Rp and Zp), and xTef is the
reference values of them. Ipref is the reference value of the plasma
current. Gy is a matrix gain of the plasma shape, and Gp is a
diagonal matrix gain of the plasma current. These gains multiplied

by a diagonal matrix of resistivity R can be estimated from the
circuit equations of a plasma current Ip and PF coil currents I, and

the relation between the displacements of control variables dx from
the equilibrium state and that of PF coil currents 31 (81=Alpdx) as

follows [8].
RG y=(MA x+9M pc/dx)2nfy (4.3.2)

Here the control frequencies of a plasma current and plasma shape
are denoted by fp and fy. The diagonal matrix fx is selected in the

non-interacting control algorithm. M 1is a mutual inductance matrix
of PF coils. Mpc is a vector of the mutual inductance between a

plasma current and PF coil currents. Ap is investigated from the
difference in the influx of voltsecond d® supplied by twe sets of PF
coil currents, that makes the same plasma shape with the difference
in the plasma current 8Ip.

dI= (Lp/d®)(11-12)dlp:Ap51p (4.3.4)

A x can be obtained by the usage of the code to analyze the

equilibrium plasma configuration. Each control variable is displaced
with keeping the other ones fixed, the plasma current and the influx
of voltsecond. To get the unique solution of Ay, some restrictions on
the coil currents is required, because the number of control variables
is smaller than that of coils. When Ax is displacement of one control
variable, and Aly is the displacement of coil currents associated with
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this displacement Ax, the required 8Iy for Ipdx is,
81 = (Alx /(IpAx) ) Ipdx (4.3.5)

This relation can be obtained for each control variables. Then Ay can

be estimated as,
Ax=AIx /(Ipr) (4.3.6)

Matrix A= (Ax, Ap) used in the SOFT phase is presented in
Table 4.3-1I. Each magnetic field pattern produced by PF coil
currents for each control variable, that is same with each vector of
matrix A of Table 4.3-1I, are presented in Fig.4.3-2. Characteristic
feature of the field pattern can be seen for each case, e.g., strong
vertical field is generated near the outer most plasma surface on the
midplane, while fairly small near the inner-most surface to produce
the displacement of only Rgyg, Rip, Matrix A is to be changed with
the plasma configuration. Thus, Matrix A must be determined for
each configuration in the operation scenario, which is presented in
Table 4.3-III. A set of Matrix A is presented in Table 4.3-IV for
each of the phase of operation scenario. RG is easily calculated from
matrix A = (Ax, Ap) using Egs.(4.3.1)~(4.3.3).  Following these
procedure, quantitative estimation on the required voltage of the
coil power supply can be done by specifying the control frequencies
and the results are presented in Table 4.3-V for the EOB phase
plasma. ,
The effect of eddy current, which flows in the machine
components (e.g. vacuum vessel, cryostat), is not included explicitly
in the investigation of a matrix gain presented above, because, in this
slow control, the feedback control frequency is usually selected to be
lower than the characteristic frequency of eddy current. If it is
selected to be too high, the system will become unstable owing to the
time delay caused by the shielding effect of eddy current. Thus the
" optimum control frequency should be investigated by a simulation
code, which includes the effect of eddy current.

e 68i
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Table 4.1-I Examined cases by TOLFEX method for TTER plasmas.
LTENS ﬁplj;"frtor(fﬁzgi 0 4V e L1 Sote
Circle Elongated
Type | n=1.C 7=1.0 short
plasma- S =01 S =01
A | Fig. 4.1.1(a) | Fig. 4.1.1(b)
sensor Type | n=1.0 7=1.0 7 =1.0 n=1.0 long
distance A n=0.1 S =0T
B |Fig 4.1.1¢c) | Fig 4.1.1d) | Fig. 4.1.1c) | Fig. 4.1.1(5)

Table 4.l1-1I Identified ITER plasma parameters by TOLFEX method
and comparisons of them with the results of equilibrium
code.

Divertor (2ZMA) Limiter
ITENS Bp=0.1 | Bp=1.0 |44 11¥A Rote
Circle Elongated
Equilibrium | 5.999 m|6.000 m| 3. 700 m| 5. 854 n
Rp A TOLFEX | 5.984 m |5 972 n n=1.0, short
B TOLFEX | 5. 967 m| 5. 950 m| 5. 640 m| 5. 843 m| n=1.0, long
Equilibrium |[1.95E~5 m | 1. C6E-4 mi0 mid m
Zp A TOLFEX | 1.45E-3 m|1.33E-3 m 7 =1.0,short
B TOLFEX | 6.55E-4 m|1.01E-3 m|1.65E-4d m|-1.48E-3 m| #»=1.0, long
Equilibrium 4.709 m| 4.709 m
Ex A TOLFEX | 4. 730 mi4d. 720 m 7 =1.0, shert
B TOLFEX | 4. 680 mid.680 m n=1.0,long
Equilibrium | ~4. 780 m | —4.780 m
Zx A TOLFEX | -4.606 m ~-4.747 =m n =1.0, short
B TOLFEX | -4.852 m|-4.808 m n=1.0, long
Equilibrium | 8.148 m| 8. 151 m
Rout | A TOLFEX {8,123 m|8. 148 m 7 =0.7, short
B TOLFEX | 8.13% m| 8. 108 m 7 =0.7, long
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Table 4.2-I Voltages of PF coils (kV). Comparison of the PF coil
voltages estimated from Eq.(4.2.1) and the reference
ones in the early rampup phase.

MAp MAy Mp Refecrence
(d & /dt) (dBz=4/dt) (dIp/dty TOTAL Yoltages at 1=0.1-0.6s[kV]
PF1 -5.691 -0.033 0.705 -5.019 -5.015
PF2 -5.,5682 -0.917 - 0.437 -6,162 -6.132
PF3 -5.613 -3,851 0.232 -9.233 -9.481
PF4 -4.593 -4,063 0.126 -8.930 -9.114
PF5 -7.673 -1.803 0.203 -9.273 -8.964
PF6& -3.905 -5.803 0.772 -3.941 -9.849
PF7 -2.373 -4.856 0.655 -6.674 -6.250

Table 4.2-II Voltages of PF coils (kV) for de/dt=—2000Gauss/s.
Voltage of PF6 is close to the limit of -20kV.

{dd/dy) (dBz/dt) (8lp/dt) TOTAL
PF1 -1.262 -0.109 0.437 -0.666
PF2 -1.2580 -3.057 0.232 -3.880
PF3 -1.244 -12.84 0.232 -13.85
PF4  .1.107 -13.54 0.126 -14.52
PF5 -1.701 -6.009 0.203 -7.507
PF6  -0.865 -19.36 0.772 -19.45 <-  near -20kVY
PF7 -0.526 -16.52 0.655 -16.39

Table 4.3-1 Requirements con contrel variables in the slow control loop.

Control Required Control Issue Ref. Time

Variables Range Issue

Rout *+2cem CX erosion 1) ~1s
RF coupling 2)

Rin +2cm CX erosion 1) ~1s
distuption survivability 3)

Zy +(0.5-1)cm divertor heat load(~20%) 4) ~1s

(Ry, ZOY +2cm divertor heat load location 3) ~1s

(va ZX)L

Ip *0.IMA plasma performance 6) ~1s

1)Large clearance of ~15¢cm between the separatrix and the first wall is required to decrease
the CX erosion. '

2) ng of 0.5~4.5x1018/m3 is necessary for the coupling of LHW(5~6GHz)

3)y>~10cm is necessary to avoid the contact of plasma to the inner side of vacuum wall ata
disruption.

4)In the double null condition, the allowable Zp displacement depends on the profile of the
radial power flow outside the separatrix line, Short decay length of 0.5cm is expected.
Thus power fluctuation of 20~30% on the divertor plate may be produced by ~3mm
separation of separatrix at the midplane. This requires the very precise control of Zg with
~3mm.

5)To keep the separatrix line on the diverior plate (#2cm displacement of null point moves
the striking point at most £8cm on the divertor plate)..

6)Soft-landing at the emergency shut-down is ~-400kA/s



Table 4.

3-I0I Matrix A (kAT).
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[I,=22MA, Ry/ap=6.0/2.15m, B,/11=0.6/0.65].

Unit of

Controlled plasma is in the SOFT phase

Routs Zp» Rp» Zp 1s lem], and that of I, and T, is kal.
Rout Rin Rn Zn ZpteIin Ip
~7.1S9E+@1 2. 475E+@1 2.B0QE+@1 -4.599E+AQ -2.3CBE+B1 1. 453E+C0O
—7.1S9E+@1 2.475E+@1 2. BOQE+B1 -4.590E+E@ —2.3Q0E+@]1 1.433E+e@
3. 477€+02 -4.6@4E+@1 -2.Q1QE+02 —-1.530E+8@ -5. 530E+@1 1. S33E+EQ
5.193E+@1 2. 178E+@1 -9.20QE+@3 ~7.776E+B1 —6.220E+@1 1. SS9E+6E
-1.2876+02 S5.673E+@1 1.412E+@2 -1.48SE+@2 -1 LSOE+@1 7. 86QE-BI
1.664E+82 —i.266E+@2 4.40QE+Q@ 1.451E+@2 ~3.36@E+@1 6.488E-02
~1.@39E+@2 9. 119E+01 —-1.@40E+3[ -7.929E+@1 J.JGRE+E1 5.702E-0J
5 eoeal
. +
i §.53eg+gy SAMmE
same with above 6.220£+@1  with
v 0
. 36BE+
-3.3écewe; 2D0O0VE

Table 4.3-1II1

Operational scenario during the

divertor configuration.

DN DN SCFT SOB EOB E0C DN DN
case Ho. Eoo2 F002 SOFT003 | SOBOO3 E0B003 EOC003 Hoo2 1002
Time(sec) 28. 00 44,00 70,00 8¢. 090 290.00 | 3!(_1__99____913_9_99 _____ 350.00
o hecoo | 1s.e0|  z2.00| 22,00 | 22.00| 2000  15.00) 10.00
PF1(MA) 4.12 -4, 11 -17.43 -17.74 -22. 85 -23.16 ___’_%?_?9_____’_1_3__9_0”
Teram | w T T e S| ares | -ests | 2390 | <1899
Cersoin) | 10| 10.18] L97| z.22| -10.15| -10.32| <885 | .24
Corion | | Thes| e | oon| 0.00 | 0,00 -16.58 | =152
Cerscn) | o | wos| dner| | era| s 515 | 187
Cersoin) | ST BT e R - L0 IS BN
Crrram | o U e | a0 | -sony —ts| o -l <0083
Rp{m) 6. 00 §.00 6. 00 §.C0 B 6.00, E-i.-EJE) ______ 5.00 | B _.-0_0“
S T TN T T R U S U 215 | 215
R 200l zeo| 20| 200 | - zoo| 200|200 200
AR oao| oo | 00| os0| o] oo40| 040 040
I oo | ool o] st | o] ol 010 008
u iU o hes | Toes | oss|  osd) 0.6 | 0.54 ]
R TRy SN U IS S B e
PSI 16.81 -44.80 | -138.00 | -160.00 -192”0_()”__—_1_?"4:!-“—_l_tig_zf_J'__:liil_-Q_z__
Coesiten ]
IS VT At A I RS AR U SRUUUU DU
orsiton | 1ls. 89| 175,30 | 27150 | 28350 | 32550 306.97| 294.20 | 26447
Lp ------------ 879 ______ 881 ------ 334 ------ 925 e 8. 81! 8.8l 8.80
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Table 4.3-IV Matrix A = (AX,AP) [ kAT/cm or kKAT/kA].

EQOZ

PF1U
PF2U
PF3U
PF4U
PF5U
PF6U
PF7U
PF1L
PF2L
PF3L
P¥4L
PFSL
PF6L

Rout

-2.754E+01
-2.754E+01
1.151E+02
1.151E+02
-8.958E+C1
8.42%9E+01
-5.229E+01
-2.754E+01
-2.754E+01
1.151E+02
1.1518+402
-8.958E+01
8.429E£+01

Rin
H5.910E+00
&.910E+00

-1.093E+01
-1.093E+01
2.922E+01
~5.397E+01
3.857E+401
6.910E+00
6.910E+00
-1.093:5+01
-1.093£+01
2.922£+01
-5.3975+01
3.857£+01

Rn

1.077E+01
1.077E+01
-6.570E+01
-6.570E+01
8.050E+01
4 .800E-01
-4 .,280E+00
1.0778+01
1.077E+01
-6.570E+01
-6.570E+01
8.050E+01
4.800E-01
-4L.280E+00Q

PF7L -5.229E+01

FOo02

PF1U
PF2U
PF3U
PF4y
?F5U
PF6U
PF7U
FI1L
2F2L
2F3L
PF4L
2F5L
2F6L
2F7L

Rout

-5.367£+01

~-5.367E+01
3.724E+02
-2.811E+02
3I.90F%E+01
S.466E+01
-4 .025E+01
-5.347E£+01
=53.367E+01
3.724E+02
-2.811E+02
3.909E+01
S.LELE+O1
-4.025E+01

Rin
1.692E+01
1.692E+01

~-1.134E+02
1.89%E+02
-3.228E+01
-5.274E+01
L.336E+01
1.692E+01
1.692E+01
-1.134E+02
1.899E+072
-3.228E+01
-5.274E+01
4 336E+01

Rn

2.391E+01
2.391E+01
~2.144E+02
-1.492E4+02
3.220E+01
3.306E+01
~2.319E+01
2.391E+01
2.391E+01
-2.144E+02
-1.492E+02
3,.220E+01
3.306E+01
-2.319E+01

Zn

~-1.250E+00
-1.250E+00
-7.300E+00
-7.300E+0C
-8.350£+01
6.898E+01
-3.743E+01
-1.250E+00
-1.25CE+0Q0
-7 .3CCE+0QQ
-7.300E+00
-8.350E+01
6.898E+01
-3.743E+01

Zn
-2.810E+00

-2.810E+00

0.0
-3.785E+01
-1.132E+C2

9.5456E+01
-5.142E+01
-2.810E+0Q0
-2.810E+00

0.0
~%3.785E£+01
-1.132E+02

F.546E+01
-5.142E+01

Zp

-4 .066E+01
2.743E+01
-6.442E+01
2.4613E+01
-2.716E+01
3.910E+4Q0
7.350E+00
2.858E+00
1.879E+Q0
1.680E+01
-2.778£+01
1.252E+01
-3.222E+00
1.107E+00C

Zp

-6.257E+01
6.645E+01
-2.158E+02
2.540E+02
-1.148E+Q2
2.068BE+01
-2.410E+00
4.534E+00
7.97CE-01
1.316E+01
~1.75BE+01
1.007E+01
-1.687E+00
1.300E-02

Ip

1.453E+00
1.453E+00
1.533E+00C
1.55G9E+00Q
7.860E-01
6.480E-02
5.700E-03
1.453E+00
1.453E+00C
1.533E+0Q0
1.55%E+C0O
7.860E~C1
6.480E-C2
5.700E-03

Ip
1.453E+00
1.453E+00
1.533E+00
1.559E+C0O
7.860E-01
&.4B0E-02
5.700E-03
1.453E400
1.453E+00
1.533E+400
1.559E+00
7.8640E-01
&.4L80E-02
5.700E-03



SOB0O3

Rout
PFi1U -7.1t072+01
PF2U -7.107:2+01
PF3U 3.51%9E£+02
Pr4U 0.0
PF5U -1.132E+02
PFU 1.537E+02
PF7U -9.580E+01
PFIL -7-107E+01
PF2I, —-7.107E+01
PF3L 3.519E+02
PF4L 0.0
PFSL -1.132E+02
PF6L 1.537E+02
PF7L -9.580E+01
EQBOO3

Rout
PFIU -7.077E+01
PF2U -7.077E+01
PF3U 3.527€+02
PF4U 0.0
PFSU -1.130E+02
PF6U 1.536E+02
PF7U -9.582E£+01
PF1lL -7.077E+01
PF21, -7.077E+01
PF3L 3.527E+02
PF4IL. 0.0
PFSL -1.130E+02
PF6L 1.538E+02
PF7L -9.S82E+01
EOC003

Rout
PF1U -3.S544E-04
PF2U 3.058:2-06
PF3U 3I.3540E-Q5
PF4U 1.011E-05
PF5U -2.288E-05
PF6U 1.172E-04
PF7U -2.7C035E-05
PF1IL -8.544E-C6
PF2L 3,058E-04
PF3L 3.340£-05
PF4L 1.011E=-05
PF5L -2.288E-05
PF6L 1.172E-04
PF7L -2.7058-05
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Table 4.3-IV {(Continued)
Rin Rn Zn
2.822E+01 2.930E+01 -L.150E+0G0
2.832E+01 2.930E+01 -4.1S50E+00
~4.016E+01 -2.068E+02 -3.422E+01
c.0 0.0 0.0
7.089E+01 1.349E+02 ~1.792E+02
~1.335E402 7.89CE+00 1.482E+02
7.469E+401 -1.248E+01 -7.956E+01
2.832E+01 2.930E+01 -4.150E+00
2.832E+01 2.930E+01 -4.150E+00
-4.016E401 -2.068E+02 -3.422E+01
0.0 0.0 0.0 -
7.089E+01 1.369E+02 -1.792E+02
-1.335E+02 7.890E+00 1.482E+02
7.469E+01 -1.248E+01 -7.956E+01
Rin Rn Zn
2.554E+01 2.935E+01 -1.770E+00
2.554E+01 2.935E+01 -1.770E+00
-4 . 074E+01 -2.088E+02 ~4.899E+01
0.0 0.0 0.0
7.126E+01 1.508E+02 ~1.741E+02
~1.345E+402 -2.380E+400 1.506E+02
9.549E+01 ~4.780E+00 -8.133E+01
2.554E+01 2.935E+01 -1.770E+00
2.554E+01 2.935E+01 -1.770E+00
-4 .074E+01 -2.088E+02 -4.B899E+01
0.0 6.0 0.0
7.126E+01 1.506E+02 -1.741E+02
-1.345E+02 -2.380E+00 1.506E+02
©_SLOE+01 -6.780E+00 -8.133E+01
Rin Rn Zn
2.914E-06 3.888E-0& -2.624E-07
1.384E-06 -2.38B4LE-C6 -2.278E-06
~2.8245-0& -1.988E-05 -8.057E-06
0.0 -1.972E-06 -7.017E-06
1.481E-05 4.959E-05 -5,213E-05
-9.097E-05 0.0 1.347E~04
3.233E-05 -3.036E-06 -2.270E-05
2.914E-06 3.88BE-06 -2.624E-07
1.384E-06 ~2.384E-06 -2.278E-06
0.0 ~1.986E-05 -8.057E-06
0.0 -1.972E-06 -7.017E-06
1.481E-05 4.959E-05 -5.213E-05
-9.097E-C5 0.0 1.347E-04
% ,233E-05 -3.038E-06 -2.270E-05

Zp

~7.216E+01
1.741E+02

-2.280E+02
0.0
7.290E+00

-5.3548E+01
4.293E+01

~1.092E+01
2.893E+01

-1.310E+01
c.0

1.332E+01.

~4,193E+00
8.670E-01

Zp

-1.397E+02
3I.393E+02
-3.870E+02
0.0
S.757E+01
-B8.695E+01
5.797E+01
-1.793E+01
4L.470E+01
-2.518E+01
c.0
1.829E+01
-8.740E+00
3.740E+00

Zp

-7.1%7E-03
~-1.189E-03
-4 .055E-04
-2.062E-0C4
-4 .452E-04
-4 .,017E-03
-2.511E-C3
-1.0358E-02
7.030E-02
0.0

0.0
1.150E-01

-1.78%E-01
1.6%98E-02

Ip
1.453E+00
1.453E+00
1.533E400
1.559E+00
7.860E-01
46.480E~02
5.700E-03
1.453E+00
1.453E+00
1.533E+00
1.559E+00
7.8480E-01
6.4L80E-02
5.700E-03

Ip
1.453E+00
1.453E+00
1.533E+00
1.559E+00
7.860E-01
&.4L80E-02
5.700E-03
1.453E+00
1.453E+00
1.533E+00
1.559E+00
7.860E-01
&.LEOE-02
5.700E-03

.0C8E-03
LOE-03

BE-03
0E-03

=~ O

lsNeNeoRaNeNeRoReRololoRe Rl



HOO2

PF1U
PF2U
PF3U
PF4U
PFsU
PF6U
PF7U
PF1L
PFIL
PF3L
PF4L
PFSL
PF6L
PF7L

(2
-
)

PF1U
PF2U
PF3U
PFaU
PFsU
PF6U
PF7U
PF1L
PF2L
PF3L
PE4L
PF5SL
PF6L
PF7L

Rout

-5.35%9E+01
-5,35%98+01
3.719E+02
-2.807E+02
Z.900E4+01
1,172E+02
-4 022E+01
-5 _359E+01
-5.35%9E+0C1
I.7T19E+402
-2 .B07E+02
3.900E+01
1.172E+02
-4.022E+01

Rout

-3.561E+01
-3.561E+01
2.476E402
~1.866E+02
2.606E+01
3.640E+01
-2.671E+01
~3.561E+01

-3.561E+01

2.L76E+02

-1.866E+02

2.506E+01
Z.640E+01

-2.671E+01
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Table 4.3-IV  {(Continued)

Rin Rn Zn Zp
1.720E401 2.485E+01 -2.570E+00 -7.659E+01
1.720E+01 2.485E+01 -2.570E+00 1.014E+02

~1_.179E+02 -2.282E+02 -1.630E+00 -2.679E+02
1.993F+02 1.796E+402 -5.149E+01 2.992E+02
3.571E+01 2.557E+01 -1.039£+02 -1.196E+02
-1.136E+02 -2.812E+01 3.144E+01 1.963E+01
4.308E+01 -2.335E+01 -5.000E+01 ~1.1&60E+00
1.7208+01 2.485E+01 -2.570E+00 3.879E+00
1.720E+01 2.485E+01 -2.S70E+00 1.791E+00
'_1.179E+02 -2.282E+02 -1,630E+00 7.917E+00
1.993E+02 1.796E+02 -5.149E+01 -9.306E+00
3. 571E+01 2.557E+01 -1.039E+02 7.436E+00
-1.1%6E+02 -2.812E+01 3.144E+01 -9.930E-01
L.308E+01 ~2.335E+01 —5.000E+01 3.650E-01

Rin Rn Zn Zp
1.1405+401 1.665E+01 -1.680E+00 -5.396E+01
1.,140E+01 1.665E+01 -1.680E+00 7.478E+01

~7.900E+01 -1.538E+02 1.580E+00 -1.895E+02
1.341E+02 1.240E+02 -3.748E+01 2.093E+02
-2.450E+01 1.617E+01 -6.760E+01 -8.101E+01
-3.417E+01 2.254E+01 6.131E+01 1.301E+01
2.B46E+01 -1.567E+01 -3.319E+01 -5.800E-C1
1.140E+01 1.665E+01 ~1.680E+00 2.428E+00
1.140E+01 1.665E+01 -1.680E+00 1.754E+00
-7.900E+01 -1.53BE+#02 1.580E+00 4.143E+00
1.341E+02 1.240E+02 =3.748E+01 -4.455E+00
-2.450E+01 1.617E+01 =6.760E+01 4.410E+00
~3.417E+01 2.254E+01 6.131E401 -5.330E-01
2.8LLE+01 -1.567E+01 -3.319E+01 3.110E-01

Ip

1.453E+00
1.453E+00Q
1.533E+C0
1.559E+00
7.840E-01
6.480E-02
5.700E-03
1.453E+00
1.453E400
1.533E+00
1.559E+00
7.860E-01
&.480E-Q2
5.700E-03

Ip
1.453E+00
1.453E+00
1.533E+00
1.559E+00
7.860E-01
6. 4LBOE-02
5.700€-03
1.453E+00
1.453E+00
1.533E+00
1,559E+00
7 .860E-01
&.L8QE-02
5,700E-03
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Table 4.3-V Requirements on coil voltage at EOB 22kA [kV]. Control

speed are assumed is follows:
2em/0.25Hz for Routs Rins Zno ZP
4em/0.25Hz for Ry
~-400kA/0.25Hz for Iy

PF1U
FF2U
PF30
Pr4U
PF50
PFGU
PEF7U
PF1L
PF2L
PF3L
PF4L
PF5L
PEGL
PET7L

Rout

~0.4
0.10
1.54
0.42
-1.2
5.77
-1.2

{same with

-0.05/0.25Hz for

-0.01/0.25Hz for 13

Rin

0.21
0.12
-0.1
0.02
0.85
-4.6
1.59

Rn Zn
0.35 -0.04
-0.2 -0.12
-1.7 -0.32
-0.2 -0.30
4.14 -2.29
0.04 5.65
-0.3 -0.91
above}

Zp Ip poloidal 1j
beta

-0.3 2.80 0.0 0.004

0.82 2.82 0.12 -0.18

-1.3 2.84 0.45 -0.68

-0.4 2.51 0.38 -0.06

0.57 3.11 0.60 1.29%

-3.2 2.26 -0.85 -4.7

0.79 1.17 1.58 1.22

-0.17

0.12

0.06 {(same with above}

-0.004

0.24

-0.33

0.048

REQUIRED
(Min.kV)

LR



B=0.1,Type Am=1.0

8=0.1,Type Bn=1.0 p=0.1,Type Bn=0.7

L, Lm
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R EL

(a)

L e Al s
¥ v

b

Fig. 4.1-1

(c)

¥ . [

f=0.1,Type An=0.7

...........

(e)Type Bn=1.0

{:The flux locp locations,
—— ;The equilib.

— ;1.0m

-
]

(b)

. I
L -

+ :The identified h-point
code, ---- :The identified surface

B=1.0,Type An=1.0 B=1.0,Type An=0.7

+
* 1

B=1.0,Type Bn=1.0 B=1.0,Type Bm=0.7

Identified ITER plasma shape by TOLFEX method and

comparisons of them with the results of equilibrium code.
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Plasma initiation & Ip ramp-up with 1MA/s

A
0.51
Ip (MA) IMA/s -4_3. 0.3MA/s
0.0 ; . >
20 (b)
;= s
Volt 4 0.3V/m \
0¥ : >

with IMA/s.

0 t t } + —>
PF6 (d)
kV - Ref
(kV) 10 L . Reference
including eddy current effect
-20} £ |
00.0 0.1 0.2 03 0.4 0.5 (sec)
| R R R >
Bz
(Gauss) T Bz produced by SC coils
Shortage (uniform central solenoid)
-3004+ of Bz
(e)
-6004
. Y
Fig. 4.2-1 General view of the plasma initiation and current ramp-up

(a) plasma current, (b) loop voltage, (c) B,

generated by eddy current and PF coils, (d) voltage of PF6
coil (-10kV is the reference design value without including
the eddy current effect), (e) comparison of the required By
and produced B,.
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Bz (Gauss)

&

1200 - ge@
« \ m
fae! =
o} 3
N ©
m } %
S 60_»((:); Ll J{ ~8—~ SC colls
= — : — in-vesse! coils
= 40 e
; =
2. 20051
~N
m
©
e %'O TIME (sec) 0.5

Fig. 4.2-2 Shielding effect of eddy currents against the penetration
of B,. Penetration of the vertical field with the linear
rampup generated by (a) PF coils and (b) im-vessel coils
installed at R=9.lm, Z=*2.6m (c) percentage of the pene-
trated B, ccompared with the generated B,.



-1000 —

-500

Bz (Gauss)
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Required Bz

~7- Bz produced .
by SC coils

-
s
-
-

-
!

-
-

~.»~ {uniform central so

lenoid)

1=0.1s5¢cc
1=0,2s2c
t=0.3s¢cc
t=0.4scc
t=0.5s¢cc

A

0.5

TIME (sec)
dBz/dt (dBz/dt)/(dBzF<q/dt)
-620Gauss/s 57% +1.4m
-820Gauss/s T7% +0.6m
-940Gauss/s g8% +0.3m
~1040Gauss/s 97% +0.1m
-1100Gauss/s 103% -0.1m

Fig. 4.2-3 Required B, and produced Bj.
the outside at t=n0.1 s owing to the shortage of 3.

PF1
PF2
PF3
PF4
PF5

PF7

AR from 4.5m

-0,664kV
-3.880kV
-13.85kV
-14.52kV
-7.507kVY
-19.45kV

~16.39kV

Plasma shifts largely to
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Field Pattern of In-vesse! Coils
(150Gauss/100kAT)

1¢

oL

oL

7._

8.—-

s /

3 i

ar f‘ @'
1.-._

(M)

LI O D B

A

-7~
-8
-q E
SRR SNV TN O T S S G Y
iy 2 3 4 5 6 7 8 § 10 11 12
R (M)
Fig. 4.2-4 Field Pattern produced by in-vessel coils at R=0.lm and
Z=%2,.6m.
,p e(_Rn)Zn')
Zp
N
7 vy R
Rin Rout

Fig. 4.3-1 Control variables in the ITER plasma shape control.
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5. Separatrix sweep and ergodization
5.1 Separatrix sweep

Heat load on the divertor plate is mitigated by the expansion of
the flux tube near the null point, and the effect will be assisted
further by inclining the divertor plate to the magnetic line of force.
Separatrix sweep can be considered as an equivalent broadening of
the flux tube or further inclination of the divertor plate, and is one of
the credible candidates to mitigate the heat load on the divertor
plate.

Although there exist two essential factors in separatrix sweep,
i.e., frequency and amplitude of the sweep, product of the above two
factors seems to be a decisive parameter, if the amplitude is larger
than a certain minimum value decided by the width of the heat flow.
The critical values of the above parameters shouid be decided by
completing the time-dependent heat transport analysis of the
divertor plate.

Detailed calculation shows that 2-3 Hz-cm with minimum
amplitude of 10 cm is considered as a critical value for the heat load
of about 15 MW/m2 in ITER, below which the surface temperature
exceeds 1000°C specified as a critical temperature for the occurrence
of carbon bloom.

The other important points to be evaluated in the engineering
aspect are electric power requirement and AC loss in the super-
conducting magnet. Both restrict the upper bound of the frequency
and amplitude of the sweep. Benefit of the in-vessel coils, though
the coils must be made of normal conductor, must be assessed from
this view point.

As the stored energy in the PF6 dominates the major part of
the total stored energy, sweep direction, for which ampere-turns of
the PF6 are not altered so much, was investigated. Figure 5.1-1
shows the result for the PFC without in-vessel coils together with the
cases of various sweep directions. The figure indicates that almost
horizontal sweep but somewhat downward (for the upper half
plasma) in the radially outside direction is preferable (denoted by
open circle). _

Table 5.1-1 summarizes the change of ampere-turns of the
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poloidal field coils for the horizontal null point sweep of 7.5cm by
using only poloidal field coils, which correspond to 20cm sweep
amplitude on the inclined divertor plate. Large amount of the
changes in ampere-turns will cause excessive AC loss in the super
conductor of the toroidal and poloidal field coils, even if the electric
power requirement is not so large.

In-vessel coils help separatrix sweep much with keeping the
electric power requirement and AC loss in the super-conducting
magnet relatively low. Co-use of the super-conducting PFC and in-
vessel coils with normal conductor is another possibility for the
separatrix sweep. Sweeping by in-vessel coils were studied for the
ampere-turns combination of Inner/Outer=-2. Table 5.1-I1 shows a
result for the OQuter coil amplitude of 150kAT, i.e., Inner of 300kAT.
Sweeping amplitude is about 8cm (again, the sweep amplitude on the
divertor plate is about 20cm) though the inward sweep is a little
larger than the outward sweep. The amplitude has a good linearity
for the change in the in-vessel coil ampere-turns. Equilibrium
calculation was carried out using fixed boundary flux method which
allows changes in the ampere-turns of the poloidal field coils. Since
the changes are small, in-vessel coils and the poloidal field coils can
be controlled separately.

An example of the sweeping method, which utilizes the
maximum allowable current for in-vessel coils, e.g., 150kAT and
75kAT in the inner and outer coils, respectively, and additive super-
conducting poloidal field coil currents for the rest of the required
currents, was examined. In this method, the in-vessel coil can sweep
separatrix by 6.5cm (13cm peak-to-peak) on the divertor plate with
frequency up to 1Hz.  Super-conducting poloidal field coils give
additive sweep with 2.5Hz-cm for slower frequencies. The total
sweep amplitude on the divertor plate is as follows;

dTotal=2.5/f+6.5 (cm) ,
where f is the sweeping frequency by SC coils.

In either of the sweeping scheme, AC loss will be most
restricting constraints, and detailed calculation must be performed
on AC loss before specifying definite design guideline for sweeping.

_,83)
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5.2 Ergodization [9]

Ergodic magnetic layer (EML) near the separatrix produced by
some inherent or intentionally produced error field will broaden the
power scrape-off width and then mitigate the maximum power foad
per area on the divertor plate. Intentional production of such error
field can easily be done in ITER. In fact, the easiest way to produce
EML is to use the existing in-vessel coils for vertical position control.
Position and size of these in-vessel coils are shown in Fig. 5.2-1.
Amplitude and poloidal distribution of the perpendicular component
of the error field produced by these coils with 10 kA is shown in Fig.
5.2-2(a). Penetration of this error field into the core plasma is shown
in Fig. 5.2-2(b). Ergodized nature of the field line near the separatrix
is shown in Fig. 5.2-3. For simplicity, harmonic component of n=1 is
taken into account in this evaluation. Figure 5.2-4 shows the
ergodized nature of the field line at the divertor plate hitting point.
As is obviously seen from Fig. 5.2-4, the ergodic layer clearly has a
n=1 structure, since only n=1 component is considered. Actually,
there should exist many higher harmonic components, and thus, this
structure will become blurred to some extent. In addition, the
diffusion process should accelerate this bluring process. However,
more fine structure will remain in any case, and the non-uniformity
of the power load on the divertor plate could not be avoided.
Possible method to avoid this non-uniform power load is to divide
the in-vessel coil toroidally in several parts, and to rotate the EML by
changing the phase of current in each coil segments. Required
rotation speed will be around 1 Hz on the basis of the time constant
of temperature rise of the divertor plate, so that this reqhirement
should not be technically a demanding one.

Equivalent diffusion coefficient evaluated by the random kick
on electrons due to the error field produced by 10 kA of coil current
is about 1 m2/s. The diffusion coefficient near the edge region of
ITER under the H-mode confinement with frequent small amplitude
ELM (Edge Localized Mode) is assumed about 2 mZ2/s. Thus, the
equivalent diffusion coefficient produced by 20 kA of coil current
will become comparable to that of background plasmas. Higher coil
current than 20 kA will impair the background confinement.
Consequently, the maximum allowable coil current will be around 20
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kA, which produces about 6 cm of ergodized width on the divertor
plate.

Substantial reduction effect of the peak power load on the
divertor plate is expected by this EML. Maximum allowable ergodic
width on the divertor plate of about 6 cm corresponds to 2.5 mm at
the upstream SOL on midplane of the torus. Significant enhancement
of the diffusion coefficient within this ergodic width widens the
power scrape-off width, which produces the subsequent reduction of
the peak power load on the plate. This reduction is more effective,
when the original power load profile is more narrow. For instance,
power scrape-off width at the midplane becomes only 1.25 mm
when physics uncertainties are taken into account in ITER steady
state operation mode. EML can assure the minimum power scrape-
off width larger than about 2.5 mm, if it is to be implemented in the
ITER design. Accordingly, the operation regime of ITER could be
widened substantially.
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super—-conducting poloidal field coils.

Coil No. | Rc (m) Zc (m) |ARp=-7.53 cm |ARp=+7.5 cm
PF1 1.58 0.95 -0.55 0.58
PF2 1.58 2.85 0.23 -0.35
PF3 1.58 4.75 1.48 -1.53
PF4 1.58 6.65 1.03 -0.98
PF5 3.9 8.20 -0.86 0.81
PE6 11.50 6.0 -0.56 0.53
PE7 11.50 3.0 0.40 -0.38

Table 5.1-TI Changes in ampere-—turns for separatrix sweep by

in-vessel coils.

Coil No. { Rc (m) Zc (m) |ARp=-8.5 cm |ARp=+7.9 c¢cm
Inner 3.5 4.0 0.30 -0.30
Outer 6.5 4.6 -0.15 0.15
PF1 1.58 0.95 -0.06 0.06
PF2 1.58 2.85 -0.03 0.03
PE3 1.58 4.75 0. -0.01
PF4 1.58 6.65 -0.03 0.02
PF5 3.9 g8.20 0.02 -0.02
PF6 11.50 6.0 -0.02 0.02
PF7 11.50 3.0 0.01 -0.09
I 1.0 0.7
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6. Simulation of plasma dynamic behavior by TSC code

In ITER physics design, the positional instability in vertical
direction is considered to be one of the most dangerous MHD
instabilities as well as the plasma disruption. It is therefore
particularly important to develop a model, which simulates the
dynamic behavior of positional instability including the passive
stabilizing shell effect as accurately as possible.

In this chapter, we describe the use of Tokamak Simulation
Code (TSC)[10] to simulate ITER positional instability in order to
predict the instability evolution in a self-consistent manner with
stabilizing effect of a vacuum vessel and passive shell.

TSC is a numerical model of a free-boundary axisymmetric
tokamak plasma interacting with a set of axisymmetric conductors,
that obey circuit equations with active feedback amplifiers included.
Modified magnetohydrodynamic equations are solved inside a
domain that includes a plasma region, a vacuum region, and a
specified number of solid conductors or coils. The interaction of the
plasma (motion and current change) with passive conducting
structures is treated in a self-consistent manner. TSC code has
already been applied to many problems in designing work and
experiments [11-14]. One can use the TSC results for the detailed
control analysis of plasma position and its shape, and the separatrix
separation due to double/single null transition, and so on.

TSC uses an inertial enhancement technique to make the
solution of the plasma force balance equation

om/ot + Fy(m)=JxB -Vp , (6.1)

computationally feasible. Here, m is the plasma momentum density.
The mass and viscosity terms on the left side of Eq. (6.1) are
multiplied by enhancement factors chosen to make time integration
feasible while keeping the left side of Eq. (6.1) small compared with
the terms on the right side. Selected cases must be repeated with
smaller enhancement factors to ensure convergence in these
quantities.

In the calculations of ITER positional instability, a thermal
quench is introduced at ¢= 0 in order to lose the stability of initial
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equilibrium. In our TSC simulation, the plasma current is forced to
hold almost constant throughout the period of instability process by
feedback control of plasma current.

Figure 6-1 illustrates TSC computational domain and
configurations of ITER poloidal field coil systems. The coil series
external to the TSC computational grid are ITER poloidal field coil
system. These coil currents were considered to be unchanged
throughout the period of time-evolution in our TSC simulation.
Conducting structures internal to the grid were represented by a
series of passive filamentary wires with specified resistivity and
inductance, which are listed in Table 6-1. Each filamentary wire is
disconnected from other wires. The inner C-shaped group of wires
indicates a part of vacuum vessel. The rest part of vacuum vessel is
neglected here, since this part is located far from the plasma. The
axisymmetric TSC code can evaluate the induced poloidal current on
a vacuum vessel together with the toroidal current due to poloidal
flux changes. One source of the poloidal current can be estimated
from change of the plasma paramagnetic flux during a thermal
quench. However, in the present TSC model the poloidal current
flowing on the vacuum vessel is not allowed, because the vacuum
vessel is disconnected along the poloidal direction. The outer group
of wires indicates a passive shell to stabilize vertical displacement of
positional instability. The circuit constants of the coil series internal
to the computational grid in Table 6-I are adjusted so that they
become equal to those of actual shell. Typical L/R times of wires are
estimated to be 10-25 msec. The sizes of Cartesian grid are 13 cm
and 25 cm in the radial and vertical directions, respectively.

Figure 6-2 shows the obtained poloidal flux contour for an
initial equilibrium ({/;=22MA, j,=0.68, p=2.09 X106N/m?2, np=3.3
x1020/m3, Top=18.9keV). The density profile and the pressure profile
are assumed as n=ng¥1/2 and p=po¥3/2, respectively. Here, ¥(=(¥-
YV (Waxis- Ps)) is the normalized poloidal flux. Also shown is the V-
value on a midplane.

For the simulation of vertically unstable plasma, an initial
vertical displacement was introduced by amount of 1 cm below
midplane. After the convergence to this initial equilibrium, that was
used as a starting point for the development of vertical instability,
we introduced the thermal quench as shown in Fig. 6-3, which was

_91_
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initiated by enhancement of the plasma thermal conductivity by
magnitude of 3 x105. The thermal quench phase typically lasts for
500 us-1.0 msec ; during this time, beta decreases by magnitude of 5
X102, and the magnetic axis of plasma moves inward by 50 cm. The
thermal quench with 50 cm radial shift also causes a vertical
displacement of magnetic axis by amount of 3 cm below midplane
mainly due to the magnetic interaction between outer passive shell
and plasma being asymmetric about midplane. These transient
behaviors are illustrated in Fig. 6-4, where time evolution of the
position of magnetic axis is shown (ZMAG and XMAG denote the
vertical and radial position of magnetic axis, respectively).

From Fig. 6-4, it is observed that the time evolution of vertically
moving plasma due to positional instability after thermal quench.
The time evolution until = 60 msec is followed and the magnetic axis
at that time is 30 cm below midplane, while the radial position
remains almost unchanged as 5.5-5.6 m. The converged growth rate
of vertical instability is estimated to be 30/sec, which is considered to
be reasonable compared with the adopted L/R time constant of wires.
Plasma current is also kept constant (22MA) as shown in Fig. 6-5.
Each of the trajectories of plasma current in Fig. 6-5 are evaluated by
different ways, that is, Ampere's law on grid boundary and the full
volume integral of plasma region. It is to be desired that they should
be coincident to each other throughout the entire period of TSC
simulation. Time-history of toroidal current profile are also shown in
Fig. 6-6.

Figure 6-7 shows the time evolution of positions of the upper
and lower X-points (NULLRU and NULLZL denote radial and vertical
position of the X-point, respectively. The symbols U and L in both
figures indicate upper and lower X-points, respectively). It is seen
that the radial positions of upper and lower X-points are almost same
during the simulation after thermal quench. On the other hand, the
asymmetry of vertical positions with respect to midplane becomes
larger as the time elapses. This indicates that the positional
instability causes the double/single null transition of separatrix.
Figure 6-8 shows snapshots of the computed poloidal flux contour and
velocity field on a poloidal plane at different times ¢ = 2.6, 7.7, 15.2,
58.4 msec during the evolution of positional instability.

In order to study precisely the undesirable plasma boundary
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contact with a wall and the double/single null transition of separatrix,
we need the detail of plasma boundary shape throughout the
developfnent of positional instability rather than the location of
magnetic axis. Interpolation is difficult to find precise locations of
wall contacting surface and X-point, because the grid size in the
present calculation is 18-25 c¢m at the moment.

Future works are summarized as follows;

L]

Initial vertical offset vs rapid vertical displacement due to the
thermal quench from a viewpoint of plasma control accuracy

More precise simulation of plasma boundary contact with a wall
from a viewpoint of plasma control accuracy

Quantitative study on vertical location of magnetic axis vs double
/single null transition characteristics
TSC model improvement of ITER conducting structures

» Simulation of major disruption process
The efforts to perform the future works mentioned are now under
way.
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7. Summary

Major Japanese contributions of the poloidal field systems
design to the ITER CDA during past three years are presented. Many
of the results have made large contribution to the CDA and, in fact,
have been incorporated into the CDA final report. Many of the results
are not fully complete yet, while should be sufficient to demonstrate
the feasibility of the CDA design. The studies are to be continued and
deepened in future.
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