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1. Introduction

The vertically elongated plasmas are adopted in the design of the
next generation machines such as Fusion Experimental Reactor at JAERI
and INTOR, because of their expected high beta limit and economical use
of the space inside the D-shaped toroidal field coils. Since the decay
index n-value of the extermal equilibrium field is negative, the vertical~-
ly elongated plasma is positionally unstable against the vertical move=~
ment, The growth rate of the wvertical instability has to be suppressed
with the conductive components surrounding the plasma so that the active
feedback control with poloidal coils can stabilize the vertical instabili-
ty. For this purpose, the highly conductive shells will be installed
in the blanket modules in the next gemeration machines. However, the
highly conductive shells-are feared to induced too large electromagnetic
forces at plasma disruption and to reduce the tritium breeding ratio in
the blanket.

The location of active control coils will provide significant impacts
on the design and assembling/disassembling of future tokamaks. The
active coils inside radiation shield/coil vacuum chamber would make over-
all tokamak machine and its maintenance procedure unreliable, though
they mitigate the requirement for conductive shell design. On the other
hand, when the active coils are located outside the shield/coil chamber
with low toroidal one turn resistance, the shielding effect of passive
elements against the control magnetic field would be problem from the
view point of feedback control property. Toroidal ene turn resistance
of radiation shield/coil vacuum chamber affects this shielding effect,
since it surrounds plasma perfectly.

The discussions on these problems are described in the following
sections.
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2. Plasma Stabilization
2.1 Summary of Plasma Stabilization Experimental Experience

A dee-shaped plasma may have attractive properties for future
tokamak reactors. Control of the plasma shape and position is one of
most important techniques in these devices, because vertical elongatiom
make the plasma subject to axisymmetric positional instability. The
positional instability of elongated plasmas has been studied by many
authors and has been observed in several laboratories,

This section reviews the recent progresses of the vertical stability
experiment on Doublet III. Plasmas with surface elongations of up to
1.8 have been stably produced in the upper lobe of Doublet III tokamak
with the use of both passive and active controls. The growth rates of
vertical instability have been measured for plasmas with various
elongation, triangularity, other plasma parameters. The measured
growth rates are compared qualitatively with the predictions of a
simplified model which is based on the relationship between the decay
index of the externally applied field and the passive stabilization
effect due to eddy currents, and also compared quantitatively with those
obtained from numerical calculations based on a more realistic model
which utilizes a linear perturbation treatment of the plasma equilibrium.

The following conclusions are cobtained (see Reference [1]).

a) Stable plasmas with elongations over the entire range from 1.0
to 1.8 (aspect ratio = 3.4) are produced in the upper half of
Doublet III with passive and active control. The maximum
value 1.8 lies well above elongations obtained in other
experiments. This is due to the fact that the field-shaping
coils, which are connected in parallel, are located close to
the plasma surface. They play a large part in stabilizing

positional instability.

b) Active feedback control fails to stabilize the positional
instability of plasmas with elongations of more than 1.8, The
upper limit of the elongation is determined by the strength of
the passive stabilization effect (ng) even with active feed-
back contrel. The unstable plasma oscillates in the vertical
direction, and simultaneous changes occur in the plasma shape
and elongation.

c) A dee-shaped plasma with a larger triangular deformation is
more positionally stable than a plasma with a smaller trian-
gular deformation because the triangular deformation of the
cross-section tends to reduce the value of the decay index
relative to that required for an ellipse of the same elongation.

d) The broad profile of the plasma current is beneficial in
reducing the vertical instability of an elongated plasma.
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e) The maximum elongation is decreased from V1.8 to V1.25 as the
plasma minor radius is reduced from 41 cm to 33 cm. A low
aspect ratio is beneficial for increasing the elongation and
reducing vertical instability.

2.2 Vertical Position Contrbl
2.2.1 Plasma model

The analyze transient electromagnetic effects, many different
models are being used, including various models for the plasma, models
for passive elements, and models for active components. This section
provides a brief description of the various plasma models.

The following plasma models are being considered.

1. Rigid circular filament of constant radius and current, with
zero mass and only vertical displacements allowed.

2. Same plasma model as 1, but for evaluating the mutual inductance
between the plasma and other conductive circuits during plasma
movement, the plasma is represented by a pair of filaments.

This is called a dipcle mode.

3. Plasma column with rigid vertical displacement either with or
without skin currents in accordance with ideal MHD theory.

4, Plasma column with non-rigid vertical displacement either with
or without current redistribution in accordance with ideal MHD

theory.

5. Two~dimensional MHD equilibrium plasma flux diffusion and
electromagnetics model,

The difference of analysis results on plasma stabilization effect
is not large between model 1 and 2, as shown in Fig. 2.2.1. However,
model 3 provides higher stabilizing effect comparing with model 2,
since plasma magnetic surfaces shift outward direction and plasma
current effectively approaches to outboard shell structures. So this
improvement depends on shell configuration and plasma Bp etc. In the
case of '83 JAERI FER, meodel 3 provides approximately 50% lower growth
rate of vertical position iInstability as shown in Fig. 2.2.2.

In order to examine the difference between third and fourth models,
the stability of the axisymmetric modes of a tokamak plasma is analyzed
for the Sclev'ev equilibrium [2] by using the linear ideal MHD code
ERATO-J {3,4]. The comparison with the results by using the rigid model
{n-index theory) [5]. and the rigid displacement model [6] is made. In
the rigid displacement model the constant vertical or horizontal dis-
placement is assumed in the equation of motion. Figures 2.2.3 shows the
stability boundary in the e-& plane for different values of the aspect
ratio, A, where e .and & denote the ellipticity and triangularity of the
plasma c¢ross-section, respectively., The position of the conducting shell
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is infinitely far from the plasma surface. The inner region of the
s0lid lines are the stable region obtained by using the full MHD
equation. The dashed line and the dashed solid line correspond to the
lines for ni=0 and nj=1.5, respectively. The n-index, nj, is obtained
at the magnetic axis of the Solov'ev equilibrium., The circle denotes
the stability boundary against the vertical shift of the plasma (nji=0)
by using the formula [5].

e <e, =1+ —%-. (-% . in84& - %%) (2.2.1)
A

The results by using the rigid model agree with the ones by using full
MHD equation for &%0. The stability boundaries by using the rigid
displacement model are shown by the dashed lines in Fig. 2.2.4. The
rigid displacement model gives the oposit dependency of the triangularity
on the stability boundary. The comparison of three models shows that

the analysis of the axisymmetric instability requires the full MHD
calculations for large 9.

Thé analysis by using the full MHD equation shows that the maximum
value of the ellipticity, e, is about 1.2 when the conducting shell is
placed at infinity. The stabilizing effect of the conducting shell
increases ec up to e,=1.8 for ay/ap™V2.0 [4], where ay and ap dencte the
minor radus of the conducting shelY and the plasma.

2.2.2 Parametric studies on vertical position controel

Fundamental conditions

To denote the positions and the directioms, we use the cylindrical
coordinate (R, ¢, Z). Configurations of the plasma, the control coils
and the conductive components are assumed to be symmetric to the Z=0
plane. In what follows, we shall study under the following conditioms.

(a) In the equilibrium state, the axisymmetric plasma is main-
tained by the external equilibrium field which is mainly characterized
by the vertical field at the plasma center, Bz and the decay index n-

. . o
value. The n=-value is define by [7]

1 BB;
S j_ Rds, (2.2.2)
I B p P
p zo aZ

where, I_ is the toroidal plasma current, Bg is the equilibrium radial
field anfl j_is the distributed toroidal plasma current deénsity. The
integral isPtaken over the plasma cross section. It is assumed that
the plasma moves rigidly in the vertical direction without the plasma
current redistribution and that the plasma current and the external
equilibrium field do not change during the plasma motion. In these
assumptions, the Z-directional force exerted on the plasma column by
the external equilibrium field is given by 2mnI B_Z _ where Z_ is the
plasma vertical position from the equilibrium pgsi ion. P

n=-
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(b) The active control radial field is generated by one pair of
the poloidal coils to simplify the analysis. The top and bottom coils
are connected in a series and current directions are inversed to each
other.

{c) The conductive structures surrounding the plasma are not
axisymmetric in general but are located cylically in the toreoidal
direction. These are approximated by the assemblies of thin conductors
and the eddy currents in the conductors are expanded to the eddy current
eigenmodes which are mutually decoupled and have the time constants,
T;"'s as shown in Ref. [8,9]. Each eddy current mode is normalized to be
a circuit with a self-inductance Ty and a resistance of one unit.

(d} In the equilibrium state, the mutual inductances between the
plasma and the control coils and between the plasma and the eddy current
modes are zero because of -the symmetricity for the Z=0 plane. - The Z-
derivatives of the mutual inductances between the plasma and the others
are claculated by the dipole plasma current approximation given in Ref.
[10]. The dipole currents are located at R=R, and Z=+wa_ /4 and the Z-
derivatives of the mutual inductances are given by dividing the mutual
inductances between the dipole currents and others by 7map/2, here a, is
the minor radius of the plasma.

(e) The plasma displacement from the equilibrium state is small
and the coupling between the plasma motions in the radial direction and
in the vertical directiom is neglected and the equations of the plasma
motion in the vertical direction is linearized around the equilibrium
state.

Basic equations

The interactions among the plasma vertical motion, the control coil
and the eddy current modes in the conductive components are shown by the
following evolution equations. The first one is the equation of the
plasma motion given by,

Z0

R
P

). (2.2.3)

MZ =-2mR I (- Z +vI1 + iv,I, +B
PP PP P cc 11 d

Here, M_ and R_ are the plasma mass and the major radius of the plasma
column, respec%ively. I, I, and B, are the control coil current, the
current of the i-th eddy current mo&e and the disturbance radial field,
respectively. V. and V; are the radial field of the unit current of

the control ¢oil and the average radial field of the unit current of the
i-th eddy current mode, respectively. These are given by,

1 M!

- - _PS - - _pi
v, ZWRP and vy Zpr (2.2.4)
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where M' and M' . are the Z-derivatives of mutual inductances between
the plasgg and thB'control coil and between the plasma and the i-th eddy
current mode, respectively. A dot (") indicates differentiation with
respect to time. The summation is taken over the eddy current modes
taken into consideration. The inertia term of Eq. {2.2.3) is neglected
in what follows under the condition that the poloidal Alfven time scale
motion is stabilized by the stabilizing effect of the conductive com-
ponents. :

The second equation is the circuit equation of the control coil.

. -

LI +IM.I.+IM Z +RI =V , (2.2.5)
cc j e1 1 P Ppc p cc c

where L. and Rc are the self-inductance and resistance of the control
coil, respectively and V. is the voltage applied to the control coil by
the power supply. M.; is the mutual inductance between the contrel ceil
and the i-th eddy current mode.

The others are the circuit equations of the eddy current modes.

Mol + T, I+ IpM'pi zp +I; =0, (i=l, .... , N

Y ). (2.2.6)

mode

Here, N is the number of the eddy current modes taken into consider-

. mode
ation.

By Laplace transformations of Egqs. (2.2.3), (2.2.5) and (2.2.6),
the biock diagram of the control object composed of the plasma, the
control coil and the eddy current modes is obtained as shown in Fig.
2.2.5, Here,

n. ST, M! iZI
N(s) =L . where n, = - —22 P . (2,2.7)
" i
1 l+sT. 218 T.
i zo 1
HisTy i pi
M(s) = L , where W, = ——=— . (2.2.8)
i l+s7, M' T.
i pc 1
and
KiSTi Mciz
K(s) =2 . where K, = R (2.2.9)
i 1+sT7, L T,
i e i

These transfer functions represent the properties of the eddy current in
the conductive components. The N-function, N(s), represents the stabi-
lizing effect of the plasma vertical motion by the eddy current. The
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shielding function, M(s), represents the shielding effect to the magnetic
field of the control coil. When the plasma is perfectly surrounded by
the conductive components and the control coil is located outside the
components, M{(®)=1, The coupling functiom, K(s), represents the magnetic
coupling effect between the control coil and the eddy current,.

The overall transfer function of the control object from the coil
voltage Vc to the plasma displacement ZP is given by,

cVe . 1-M(s)
zoLc 1+sT {1-X(s)}
F(s) = < , (2.2.10)

n+N(s)+Nc(s)

R T
p
B

where

n sT {i-M(S)}Z
N_(s) = c.c , (2.2.11)

l+sT_ {1-K(s)}

2

M T L

n, = - —BS P and L= . (2.2.12)
21B L R
Z0 C o

The growth time ¥ of the plasma vertical motion without the feedback
control is the rodt of the equation given by,

n + N(Yg) +‘Nc(yg) = 0. (2.2.13)

When the decay index n-value is negative, Eq. (2.2.13) has a real positive
root Yg and the plasma moves vertically in the time scale of llYg.

We consider a feedback control system as shown in Fig. 2.2.5. The
position detector detects the plasma vertical position with the first
order time delay, T lav® The PID controller generates the proportiomal,
integral and deriva%%vgysignal of the difference between the reference
plasma position, Zre and the detected plasma position, Z at” Here,

G, T, T. and T, is Ehe gain, the integral time, the derivative time
and Ehe Qirst order time delay of the derivative, respectively., The
voltage limiter limits the maximum and minimum voltages of the power
supply to %V, . The power supply is approximated by the thyristor with
the dead time, Tdead'

The transfer function of the open-loop of this feedback control
system is given by,

1 sT. 1 -5T
A(s) = G(— + 1 ) . L e dead g

ST, 1#4sT,  L+sTy ) o

(s) . (2.2.14)
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Since the transfer function F(s) has one real positive pole at s=Y
when the n-value is negative, the stability criterion of the feedbick
loop is represented by Nyquist criterion that the plot of the transfer
function of the open-loop, A(s) in the complex plane encircles counter-
clockwise the point (=1,j0) when the s vaies from =j® to +j®, here j

is an imaginery unit. Equivalently, the stability criterion is rep-
resented that the phase is greater than -180 degrees when the gain is
equal to 1 in the gain-phase diagram of A(s).

Based on these formulations, the stabilizing properties of passive
elements are studied for various types of shell models.

In order to see the machine dependence of control properties (such
as difference of the decay index n value, shell design, etc.), we will
show the parametric studies on two types of tokamak reactors, i.e. JAERI
FER and INTOR.

I. Design studies on passive shells of JAERI FER '84

Main plasma parameters of the JAERI FER '84 are summerized in
Table 2.2,1.

The following items should be taken into account in designing shell
structures for tokamak fusion reactors.

1) The conductive shells have high enough stabilizing effect on plasma
vertical position instability without making active ‘coil design and
its installation difficult.

2) They should not induce excessive electro-magnetic forces in the
blanket structures at plasma disruptionm.

3) Their structures should be consistent with remote maintenance
procedures.

4) They should not excessively reduce the tritium breeding ratio.

We first studied whether the usual reactor component, such as
first wall, blanket, shield and coil vacuum chamber, can stabilize the
vertical position instability of the JAERI FER plasma without installing
special conductive shell structures around the plasma, since this system
should be the most preferable based on the above mentioned items except
the item on active coil design and installatiom.

Figure 2.2.6 shows N(S)-function (defined by eq. (2.2.7)) of this
passive element system. Since the n~index of the FER plasma is -1,62,
the growth time of plasma vertical movement is approximately 4 msec.
Figure 2.2.7 shows the gain-phase diagrams of this feedback control sys-
tem as a parameter of active coil location. The location (a) is imside
the shield and coil vacuum chamber, the location (b) is between the coil
vacuum chamber and the toroidal field coils. Only the system with active
coils at location (a) can stabilize the plasma vertical position insta-
bility. The design and installation of active coils used at location (a)
(inside the shield/coil vacuum chamber) should not be practical consider-
ing associated engineering problems such as remote handling, insulation,
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support of feeder lines, space arrangement, etc. So we gave up this
kind of system and decided to install high conductive shells for stabi-
lization of plasma positional instability. '

It is well known that the toroidal ome-turn conductive ring inside
the bianket is the most preferable for a shell effect alone. However,
this kind of structure will uselessly complicate the remote handling pro-
cess and make it unreliable, since the segments of conductive ring must
be connected and/or discomnected with each other by remote handling
machine in the torus chamber. And the design of the remote machine itself
would be difficult, because the blanket structure would not be so rigid
to support the machine, and the port areas available for machine access
are considered fo be limited by the design requirements such as neutron/
v-ray shield around the ducts and the space for drawing coolant pipes
and supporting the units. Therefore, we iInstalled the conductive shell
inte each blanket module.

In this type of structure, large electro-magnetic stress and
deformation may be induced at plasma disruptions especially in the
inboard structure containing the conductive shell, since their support
could not be sufficient because of restricted accessibility behind the
inboard blanket modules. Further more, shell structures result in the
reduction of tritium breeding ratio due to the increase in neutron
absorbtion and the decrease in volume fraction of breeding material.

Considering these problems, we designed various types of the con-
ductive shells, and performed parametric studies on their stabilizing
characteristics and on the feedback control of plasma vertical position.

Parametric study on shell effects

Figures 2.2.8 (a) and (b) show our model of the conductive shell
installed in the blanket module for this parametric study. In designing
these configurations, the followings are comsidered.

(a) Each conductive shell should be separately installed in each
blanket module, since it is difficult to conmnect and/or dis-
connect the conductive shells with each other by remote
handling within the limited space and accessibility.

(b) The material of the conductive shell behind the first wall
(front shell) serves also as neutron multiplier, since this
region is the most effective zone for the tritium breeding.

(c) The copper is used as the shell material at the side wall of
the blanket module, since the conductivity of this part
affects the overall shell effects significantly.

Five design choices are selected for the parametric study:
(1) number of conductive shell segments along the torus, (2) with or
without conductive shell in the inboard blanket (inboard shell), (3)
thickness of outboard front shell, (4) thickness of outboard side shell,
and (5) with or without conductive shell at the rear of tritium breeding
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zone (end shell). The stabilizing effect of conductive shells represented
by N-function 1is numerically calculated for ten shell models shown in
Table 2.2.2. The parameters used to compare the stabilizing effect are
summarized in Table 2.2.3.

(1) Number of conductive shell segments along the torus

The number of blanket modules is one of the most important design
parameters with respect to assembling and disassembling the torus struc-
ture, Here, two series of survey are carried out: (a) with only outboard
shell (model 10-30-80) and (b) with both inboard and outboard shell (model
20-40-90). Figures 2.2.9 and 2.2.10 show the N-functions of these two
series with parameter of the number of the shell segments. As shown in
these figures, the curves of N~function increase with the number of shell
segments decreasing for both cases. In Figure 2.2.11, plasma instability
growth times are plotted for the number of shell segments. The growth
time is approximately in proportion to the reverse of the number of
segments. '

{2) With or without inboard conductive shell

The effect of inbeard conductive shell can be understood by com=-
paring two series of survey described above. Figure 2.2.11 shows that
the inboard shell increases the growth time of positional instability by
approximately 10 msec for every number of torus segmentation.

(3) Thickness of ocutboard front shell

Neutronics indicates that the tritium breeding ratio is sensitive
to material and thickness of the ocutboard front shell. Here, we surveyed
the effect of Pb shell thickness for the system of 28 shell segments.
Two series are studied: model 30 and 31 for outbeard side shell of 15 mm
in thickness, and model 32 and 33 for that of 22.5 mm. The N-functions
of these models are shown in Fig. 2.2.12. The sensitivities of the front
shell thickness, tegs oD the growth time, Tg’ are summarized as

Ty (0.07 mspe /om P, for 15 mm thick Cu side shell

Btfs 0.11 msec/mm Pb for 22.5 mm thick Cu side shell

(4) Thickness of outboard side shell

Copper is used as a material of side shell, because of its high
electrical conductivity. The tritium breeding ratio is also sensitive
to the side shell thickness, since copper abscrbs neutrons and reduce
the area of breeding zome. Summarizing the results in Fig. 2.2.12, the
results are represented as

oty 0.55 msec/mum for 60 mm thick Pp front shell
t
s b

3 s = {0.76 msec /mm for 100 mm thick P, front shell

where tsS is the thickness of the conductive side shell.
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(5) With or without outboard end shell

The effect of the existence of outboard end shell can be evaluated
by the comparison of the N~functions for model 30 and 50. As shown in
Fig. 2.2.13, the F-function is almost the same for these two models.
The difference of Tg between these models is a few milliseconds.

Evaluation of shell effect and design of the shell structure

Based on the results of parametric analyses and other design
requirements, we designed two candidate shell structures including shield
and vacuum chamber for superconducting coils (SC ceils): (a) reference
shell structure and (b) alternative shell structure. Both structures are
designed so that the conductive shells (excluding non conductive compo-
nents such as shield and vacuum chamber for SC coils) have the stabiliz-
ing effect of Approximately 30 msec in growth time of plasma positional
instability, according to the previous year's design study. Both shell
structures are shown in Figs. 2.2.14 and 2.2.15, respectively.

(1) Number of segments

Since the number of toroidal coils is fourteen, the minimum number
of the blanket modules should be twenty eight from the view point of
assembling and disassembling by remote handling. Consequently, the number
of the conductive shell segmentation can not be less than 28, unless
the conductive shells are connected with each other at some points in the
toroidal direction. However, the connections between the adjacent con-
ductive shells are prohibited by the specifications of FY '83 FER design,
since the remote handling inm the torus with narrow access ports would
not be reliable. Therefore, we chose the shell segmentation of 28 to
maximize the stabilizing effect within our design restrictions.

(2) Inboard shell

The inboard conductive shell is effective to stabilize the plasma
positional instability. However, the electro-magnetic forces at plasma
disruption would induce large stresses and deformations in the inboard
blanket structures, when the conductive shells are set up in the inboard
blankets, Figs. 2.2.16 and 2.2.17 show deformations of the blanket
structures designed in the previous year, i.e. FY '82 with and without the
conductive shells in the inboard blanket modules, respectively. The maxi-
oum deformations are 27.24 mm for the blanket module with inboard conduc-
tive shell (case 1), and 9.66 mm for that without inboard shell (case 2),
respectively. The maximum electro-magnetic force of 60 kgf/cm” in case 1
imboard module is six times as large as that of 10 kgf/cm in case 2, The
maximum stress intensities of case 1 inboard module are 62.6 kgfhmmz,
113.3 kgf/mm? and 115.1 kgf /mm2 in the membrane, bending and membrane plus
bending stresses, respectively. On the other hand, those of case 2 are
19.3 kgf/mmz, 16.2 kgf/m2 and 30.6 kgf/mmZ. From these results, we gave
up to install the inboard shell in spite of its desirable stabilizing
effect.
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(3) Front shell

The material of the front shell are designed to serve as both conduc-
tive shell and neutron multiplier. The typical neutron multipliers, i.e.
Pb and Be are chosen for this purpose. Since the electrical conductivity
of Be is higher than that of Pb, Be is primarily selected as the front
shell material., However, the parametric studies on neutronics indicate
that the tritium breeding ratio is higher with Pb front shell than with
Be one. So the Be front shell is locally replaced by Pb shell st the
portion being relatively less effective for plasma stabilization (i.e.
around the mid-plane) in the reference shell structure., In the alterna-
tive design, to reduce the electro-magnetic forces at plasma disruption,
this portion of Pb is designed to serve only as the neutron multiplier by
cutting the Pb shell into small blocks and coating their surface with
ceramics, for example. In this case, the Pb shell is electrically
replaced by the stainless steel blanket wall,

The thickness of Be/Pb shell is set to be 60 mm from the following
reasons: {(a) the Be/Pb shell of 60 mm thick is considered to be reasona-
ble, based on the parametric study in sectiom 2, (b) the sensicivity of
Be/Pb thickness on the tritium breeding ratio is relatively weak at the
thickness of about 60 ~ 100 mm, since the thick Pb/Be shell needs to be
cooled, which results in decrease in the tritium breeding ratio due to
the neutron absorption by the coolant pipe and (¢) difficulty of fabri-
cation increases with the Pb/Be shell thickness.

(4) Side shell

In both reference and alternative shell designs, the thickness of
Cu side shell is set to be 30 mm thicker than that used in parametric
study to compensate the deterioration of shell property caused by the
removal of inboard conductive shell,

(5) End shell

In the alternative model, the end shell of 30 mm thick is placed to
moderate the shell effect reduction due to the removal of Pb shell effect.

The N-functions of these two shell designs are shown in Figures 2.2.18
and 2.2.19. The growth times of plasma positional instability are 44 msec
and 32 msec for the reference and alternative models, respectively. The
increases in the growth time due to the shield and the vacuum chamber for
SC coils are approximately 10 msec for reference model and 5 msec for
alternative model, Figures 2.2.20 and 2.2.21 show the shielding and
coupling functions with the control coil=A and =B (see the following
paragraphs) for both shell models.

Active control

In this paragraph, we show the results of parametric studies and
simulations on the feedback control of plasma positional instability for
two shell structures selected in previous paragraph.
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(1) Position of feedback control coil

One pair of poloidal coils is considered to generate the radial
magnetic field for simplicity of the analysis. The top and bottom coils
are connected in series so that the current directions are inverse to
each other. These coils are located outside the toroidal field coils
to avoid the remote assembling and disassembling of control coils.

Two locations are considered as the candidate. One is at 3.5 m and

+6.15 m in the radial and vertical directions, respectively (control
coil-A). The other is at 5.7 m and 6.5 m (control coil-B)., Figures
2,2.22 (a) and (b) show the magnetic field configurations produced in
plasma region by control ceoil-A and -B, respectively. The control
coll-A produces fairly good radial field. However, the mutual inductance
of 6.2 x 10~/ H/m between the coil-A and plasma vertical movement is
lower than that of 1.8 x 107® H/m between the control coil-B and plasma
vertical movement. So we chose the control coil-B as a reference.

(2) Gain-phase diagram of feedback control system

Figures 2.2.23 (a) and (b) show the gain-phase diagrams of open loop
transfer functions for the P and PID feedback control system composed of
the reference shell structure and the control coil-B. In these diagrams,
both 'I‘d and T Tielay 2T assumed to be 1 msec. And TA is given by
T 8 in Fig. 572,23 (b). There are stable regions where the phase
isg larger than =180 degree in both diagrams. However, the PID controller
increases the phase margin as compared with the P controller. This is
essentially due to the derivative action.

(3) Parametric studies on the feedback control

Figures 2.2.24 (a) v (d) show the typical simulation results of the
plasma vertical position control. The disturbance field is assumed to

rise as

B, =8, (1-e%T8a), B

d do = 10 Gauss, T = 1 msec.

do Bd

The maximum voltage of the control coils is limited to be +500 V'in
these simulations. The PID feedback control {(essentially PD control)
reduces the maximum plasma displacement, 2 , and the power supply
capacity (Max. voltage x Max. current) of Eﬁ% control coils, P c? in
comparison with the P feedback control, From Figures 2.2. 24(a§ nd (b),
the 2 M and the P can be estimated to be approximately 1.7 ~ 1.9 mm
and 58 %770 MVA, respéctively for the control system with the reference
shell structure and the control coil-B. This power of 50 ™~ 70 MVA is
relatively small compared with that for equilibrium field and ohmic
heating field poloidal coils. However, if we would superpose the active
control field component on the equlllbrlum field component, the plasma
vertical position control will increase the requirement for the overall
poloidal power supply capacity to the intolerable level, sence the maximum
coil voltage comes from the requirement by the positional control, and the
maximum coil current comes from that by plasma equlllbrlum In ocur FER
design, the maximum coil voltage for positional control is approximately
10 times as high as that for plasma start up, and the maximum ¢o0il current
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for plasma equilibrium is approximately 10 to 100 times as large as that
for positional control. Consequently, we install the active control coils
separately from the equilibrium field coils. In case of the control
coil-A, the Ppgp is approximately 1.5 times as large as that in case of
the control coil-B for the reference shell structure, though the Z Max 18
almost the same. On the other hand, the 2 pMax in case of the alternative
shell structure is approximately 1. 5 tlmes as large as that in case of

the reference one, though the Ppgc is almost the same.

Table 2.2.4 swmnarizes the sensitivity studies of P feedback control
for the parameters of uncertainty of position detector, Zgnt s rise time
constant of disturbance field, Tgy, delay time of position detector,
Tdela , dead time of the thyrlster, Tdeads and coil voltage limiter, Vi,
In these studies, the quantitizer is put into the block diagram to esti-
‘mate the effect of accuracy of position detection. ,The quantitizer
generates a signal of k-Zgny for the value from (k-7)Zqpe. Here, k is
integer, and the infinite?y accurate detector is represented by Zgne=0.
The sen51t1v1ty of these parameters on the ZpM,y and the power supply
capacity is fairly weak except Tgq and V. The voltage limiter makes
the sensitivity of these parameters weak furthermore. From this table
and Fig. 2.2.24 (a), it can be noticed that the power supply capacity
is approximately proportional to the maximum voltage, though the excessive-
ly low voltage limitation makes the control quality poor as shown in Fig,
2.2.25.

Summary

We designed two candidate shell structures based on the sensitivity
analyses of the conductive shell effects on plasma vertical position
instability. And we performed the simulation studies on the feedback
control of plasma vertical movement for the disturbance radial field of
10 Gauss with a rise time of 1 msec. The main conclusions of this work

are as follows.

(1) The growth time of plasma vertical position instability, is
roughly proportional to the inverse of the number of the conductive
shell segments in the toroidal direction. From the comstraint on
remote maintenance, -the conductive shell is installed in each
blanket of twenty eight modules, minimizing the number of the shell
segments consistent with remote maintenance.

(2) Though the conductive shells in the inboard blanket modules are
effective to suppress the growth rate of plasma vertical position
instability, they would enlarge the electro-magnetic forces induced
at plasma disruption in the inboard blanket structures. Because of
the restriction on accessibility behind the inboard blanket modules,
the supports of the modules would not be so rigid that the inboard
blanket structures could withstand the induced forces. So it is
desirable to design the shell structure so that the plasma vertical
position instability can be suppressed only by the conductive shells
in the outboard blanket modules.
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(3) The thickness of Cu side shell and Be/Pb front shell are set to be
30 mm and 60 mm in our FER design, respectively, so that the
enough stabilizing effect can be obtained only by the conductive
shells in the outboard blanket modules. The Pb/Be front shells
serve also as the neutron multiplier. If the Pb/Be front shells
are not desired, we can replace them by Cu plane of approximately
4.5 mm thick, for example.

(4) The PID controller (essencially PD controller) increases the stable
region in gain-phase diagram and improves the quality of the
feedback control system, as compared with the P controller.

(5) The power supply capacity does not strongly depend on the shell
structure but on the control coil position. On the other hand,

the maximum plasma displacenment depends mainly on the shell structure.

(6) The maximum plasma displacement and the power supply capacity do
not largely depend on the parameters such as the thyristor dead
time, the position detector delay time and the accuracy of plasma
position detection. Since the voltage limitation of the control
coils does not affect so much the maximum coil current, the power
supply capacity is roughly proportional to the maximum coil voltage,
though the maximum plasma displacement does not largely depend om

it.
II. INTOR

In the INTOR, it is tried to obtain stable high-8 plasma with a
non-circular cross-section of comparatively large elongation and also
both of suppression and control of the vertical position instability
are necessary. We had already reported a shell structure producing the
shell effect through which short instability growth time could be
suppressed by much the same as a few tens of milliseconds, and there
was shown a brief description about the feedback control of its
instability [11].

Here, parametric calculations using the INTOR plasma parameters as
shown on Table 2.2.5 are carried out for both structures of Figures,
2.2.26 and 2.2.27.

Fig. 2.2.26 shows three kinds of the INTOR shell structures, which
have already set as one of obligations on the INTOR Workshop, January
1984, and also the numerical values with their parameters of structures
have been determined and shown in the Appendix 2 of January session
summary .

Fig. 2.2.27 shows the case that the shell structure shown in Fig.
2.2.26(c) is temporarily installed in the INTOR reactor shown in Fig.
2,2,28. This reactor is divided into 24 sectors along the toroidal
direction. In Fig. 2.2.27 is shown the thin plate structure of the
reactor (a half of the upper part of one sector). The overall structure
is shown in Fig. 2.2.27(c). Its structure of the shell-I (correspornding
to Fig. 2.2.26(c), which plays an important role in producing shell
effect, and the structure of the shell-(I+II) are especially magnified
as shown in Figs. 2.2.27, (a) and (b), respectively.
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Although the thickness of each part of the shell-I and shell-II
is shown in copper, this does not mean that copper is only a material
available for the purpose. It was selected merely as an example. Both
dimensions of the shell-~I and shell-II are shown in referemnce [11].

Each thickness of the shields and the blanket is shown as follows:

Shield-1 (Inboard Side) 40 em (SUS)
Shield-2 (Inboard Side) 40 em (SUS)
Shield~I (Outboard Side) 30 em (SUS)
Shield=~II {Qutboard Side) 40 em (SUS)
Shield-III (Outboard Side) 30 em (SUS)
Blanket 5 em (SUS)

The candidate positions of control coils and their cross—-section
of the simplified reactor structure are shown in Figure 2.2.28. The
positions and dimensions of the above mentioned radiation shields and
blanket are determined referring to this structure,

ng values obtained from three cases in Figs. 2.2.26 (a), (b) and
(¢) had been already given in Reference [l1] and found to be about 0,73,
0.64 and 1.52, restectively. In this case, the dipole model was used
for representation of the INTOR plasma column, and the radial position
of dipole was selected the INTOR plasma major radius, 5.3m. Field
index, n with the INTOR high-B plasma is about =-1.3 and therefore useful
shell effect can be not cbtained from both of (a) and (b) in Fig. 2.2.26,
if based on the dipole model. Only the shell structure, (¢) is found to
give a useful shell effect.

Figure 2.2.29 shows ng values obtained from the filamentary model
and there, both of (a) (called Plate type) and (c) (called Rectangular
type) are given together on selecting the radial position as a variable.
Solid lines indicate the sum, £ nj (more im nj-value than (x10=3) and
dotted lines are given for the maximum ng. It is found from the figure
that ng value obtain from the filamentary model is larger than one
from the dipole model but more ng value in I nj (the maximum ng) than
1.0 can be not obtained before more major radius than 5.4m (5.5m) is
selected. Judging from these results, the abowve shell of the plate
type, (¢) in Fig. 2.2.26 may be used for the INTOR high-8 pump limiter
plasma.

In Figure 2.2.30 is shown the time dependence of the displacement
of the plasma column zp, along the axis (in case of being not controlled),
when the external disturbance, By = B, [l-exp(-t/Tg)], is imposed with
Bo being fixed at 10 Gauss and Tq being varied from 0.1 ms te 1 ms, in
the case of Fig. 2.2.27. It is found from the value of zp after 1 ms
that the time evolutions is zp from different T4 show almost the same
growth time, about 40 ms. It is also shown that zp can be kept less
than or nearly equal to 2 cm due to the shell effect at the time of
several ms after the extermal disturbance was imposed.
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Figure 2.2.31 is obtained from the case that the decay index is
-1.3 and that the torus is toroidally divided into 24 sectors. In
Fig. 2.2.31 is shown the time dependence of zp when an external
disturbance, of which T4 = 1.0 ms and By = 10 Gauss, is imposed, where
the number of toroidally divided sectors is given as a parameter. The
plasma column growth time, Yg is approximately 50 ms, 40 ms and 30 ms,
when the number of sectors-is 14, 24 and 34, respectively.

In Figure 2.2.32 is shown the plasma column growth time, Y - s
expected in the reactor structure given as a function of the thickness
of a pair of plates placed along the toroidal direction at the upper and
lower part of shell-I. In this case the number of sectors is set to be
24,

The shell-I gives the shell effect caused only by the structure
shown in Fig. 2.2.26 (a), and the shell-(I+II) gives the shell effect
caused only by the structure shown in Fig. 2.2.26 (b). Comparison of
these two cases shows that the structure of the shell-II can be expected
to give more shell effect than in case of only the shell-I,

The upper two cases in Fig. 2.2.32 correspond to the case shown in

Fig. 2.2.27 (c). The case that the structure of the shell-II is removed
from the structure shown in Fig. 2.2.27 (c), has more shell effect than

in Fig. 2.2.27 (b) but less shell effect than in Fig. 2.2.27 (c)}. These
show that substantial shell effect due to the shell-II can be expected,

too.

The open loop transfer function, A(s) is examined first before the
vertical position control is studied. In this discussion, the reactor
structure with 24 sectors is selected, and the thickness of the shell
structure is set to be equal to the value shown in Fig. 2.2.27 (a)
and (b).

The Bode diagram are shown in Figure 2.2.33 for the case of PI
control. The delay time at the detector, Tdelay, and the dead time for
the power supply, Ty,.,4, are taken as parameters. It can be seen that
PI control can give a stable system if T alay = Tiead = 0, but that it
does not give a stable system if Ty lay i 0, as the phase is shifted
less than -180° for w > 103 (1/sec.§.

The Bode diagram is shown in Figure 2.2.34 for the case of PID
control. It can be seen that the phase is shifted less than =180° for
w = 103 (1/sec) if Tgelay = 5 ms, but that stable control is possible
if Tgelay = 4 ms, as more phase margin than 30° is given.

The typical control results for the case Tgead = Tdelay = 2 mS
are given in Figure 2.2.34, The PID control is started at t=lms.
The value of zp reaches the maximum at about 3 ms, and then it
fluctuates slightly to be attenuated and stabilized. The coil voltage
is started to increase rapidly at 3 ms and reaches the maximum value
of 2.0 KV at about 4.7 ms, and then it fluctuates to be attenuated.
The coil current is slightly flowed prior to the time at 3 ms, increase
to reach the first peak at about 6 ms, gets the maximum of approximately
0.14 MA at about 20 ms, and then is stabilized. 1In this case, the power
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supply of approximately 300MVA is required for suppression and control
of the vertical instability.

In Figure 2,2.35, the time dependence of Zp is shown, where Tdelay
is fixed at 2 ms and Tgeaq 1s varied as a parameter. Three cases in
Tdeads -1.0, 2.0 and 4 ms are shown there. As Tdead decreases, the
maximum value of 2z, decreases and the fluctuation is moderated, attaining
more stable controg. The current required for the control coils in
three cases is not much varied, and the voltage required decreases as
T3eaq decreases. The required power supply is approximately 230 MVA
when Tdgead = 1.0 ms.

The survey of Tgelay is also considered to be required. The
installation position of the detector should be fully examined in the
future, because it can be seen from Fig. 2.2.34 and Fig. 2.2.35 that the
choice of the installation position is a critical factor.

As shown in the above, parametric calculations are carried out
for the case that the shell structure described in the previous report
(11) is actually installed in the simplified reactor structure., One
of the aims in these analyses is to know if expected shell effects can
be realized in the reactor structure. As a result, it is found that
such a reactor structure as in Fig. 2.2.27 (c) can have the instability
growth time. about 40 ms as much as in shell-(I+II) of previous report,
but only the shell-(I+II) in Fig. 2.2.27 (b) can have about 20 ms in
the growth time. This difference is thought to come from that, in this.
report, the shell effect is evaluated taking various modes of the eddy
current into consideration but, in the previous [11], it is evaluated
in consideration of only one mode with the maximum time constant.
Also it is confirmed that the shell effect increases with increasing
toroidal bar thickness of the shell-I, and, therefore, its thickness
and material should be selected on trade-off with the breeding ratio
of tritium in blankets. Dependence of the shell effect upon the number
of toroidally divided sectors shows that three cases, 14, 24 and 34
sectors result in about 47, 36 and 28 ms, respectively.

In the above mentiomned reactor, some control characteristics are
studied under the disturbance.field : B, = 10 Gauss and Tq = 1 msec,
whose field is found to produce the maximum axial displacement, about
2 cm. Although the capacity of power supply required for suppression
and control of the vertical instability is dependent upon the dead time
of the power supply, the delay time of position detector, etc., it is
found to be about 230 MVA if typically selected on Td = 2 ms and
T = 1,0 ms. elay

dead ’

2.3 Radial Position Control

Formations

The kinetic equation of plasma radial movement is simply expressed
as eq. 2.3.1 by using the Shafranov formula (12].
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Circuit equations of plasma current, active coils and eddy currents
are represented as follows.

(L.I )+ E(M'.I.) + (M ‘1 ) +nl =20 (2.3.2)
pp ; Pii L PkKk PP
Liii + (MP;IP) + J}.:Mijij + 1z{:M]._]!(ik +n L=V, (2.3.3)
Tkik + (MPI;IP) + ?{ikii +I1, =0 (2.3.4)
where, Lp : plasma self inductance
ﬂp : plasma resistance
Hpi: mutual inductance between plasma and i th coil
Mpk: mutual inductance between plasma and k th eddy current
mode
L, self inductance of i-th coil
ij: mutual inductance between i-th coil and j=~th coil
K mutual inductance between i-th coilil and k-th eddy
current mode
n; ¢ resistance of i-th coil
Ii : 1~th coil current
Ij : k~th coil current
T time constant of k-th eddy current mode
Ik : eddy currént of k—-th mode
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Linearlizing eqs. (2.3.1) ~ (2.3.4), the following equations are
obtained.

Lol 2
7T B (1 - L - n)6R - —P 8a - 27R B 6I
PV ?Eo P 2a P PV P

pol 2 Bol 2 M_. M

p p ~pi __pk -
+ Sg + 7 Gﬁ.i + IP('Z SR cSIi +§ =R le) 0 (2.3.5)
oL M ; aM Ko aL
(Ip§§2 rI =R + zIkaR )5Rp + I ——E-éa + L &I
P kp P
aL Al ) -
+ T —E2 82, +IM .81, +IM I +nél =0 (2.3.6)
pazi 1 i pi 1 K pkk . T'Ip P
oM ;o . .
Ip-—P-—aRp 6R + MpiGIp + L,01; + .EMikGIk + 0L, = 8Vy (2.3.7)
aM k - - L] .
Ip"'P_aR 6Rp + MkaIp + ‘izuikéli + 'rchIk + aik = 0 (2.3.8)

where, Ay = En(SRp/ap) + BP + (Ei - 3)/2 and
B = = ueI Apg/(4TR_).
Py Ho p ] p

By Laplace transformations of eqs, (2.3.5) © (2.3.8), six transfer
functions are obtained as follows [13,14].

. 8T, IPMEEZ
N(g) = £ — ’ = - (2.3.9)
K 1+sTk nk nk ZTer‘rk
sT "M,
k - _pk ik :
M(S) z F‘?T.'- mk, m.k E_l—_r—'—- . (2.3.10)
k k pi k
8T ST M. 2
i k ik
Ki(S) T 1+4sT, 1+s87T kck’ ck L.T (2.3.1D
ik k ik
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sT 8T M

k Pk
K (s) =—E T k., k., = (2.3.12)
o) 1+sTp K 1+s‘_rk pk’ Tpk LPTR
sT M M.
k pk ik
V(s) L e—v,, Vv, = = (2.3.13)
Kk 1+srk k k MpiTk
STk I M;kMpk . :
B(S)_ = E E bk, bk = —E—_—_-—Z]TR BT (2.3.14)
pvk

The N(s) represents the stabilizing effect of eddy currents on plasma
radial movement. The M(s) represents the shielding effect to radial
magnetic field of control coils. The K;(s) and Kp(s) represent the
effective reductions of control coil and plasma impedances due to eddy
currents, respectively. The V(s) represents the effective reduction of
mutual inductance between plasma and coil. The B{s) represents the
vertical magnetic field reduction due to eddy currents induced by plasma
current change. M' means radial derivative of mutual inductance in egs.
(2.3.9v(2,3.14).

Simulation results

Figures 2.3.1 and 2.3.2 show the time evolutions of plasma radial
position, Rp, and plasma current, Ip, for the JAERI FER with and without
high conductive shell structures, respectively., In these simulatioms,
the active feedback control of plasma radial position is assumed to be
out of operation. Poloidal beta B,, and normalized internal inductance,
1i, decrease with the time scale og 5 msec by 407, and plasma are
assumed to be compressed so as to conserve troidal magnetic flex in the
plasma. The high conductive shells increase the time scale of plasma
movement, So the presence of good conductors near the plasma would be
effective to lead to long current decay times [15].

Figure 2.2.3 represents the simulation result of the feedback
control of plasma radial movement in case of high conductive shell
installed. The shell model and the locations and current weight of
active coils are summarized in Fig. 2.3.4. Though plasma radial posi-
tion can be recovered, the maximum coil voltage is quite high (appro-
ximately 4400 V) and the power supply capacity of active coil system
is required to be approximately 2000 MVA which is impractical.

Figure 2.3.5 shows the simulation result of more practical case.
In this case, maximum coil current and power supply capacity are
approximately 1000°'V, 110 KA and 110 MVA, respectively.  Though plasma
position can not be recovered, the time scale of plasma movement can be
approximately doubled, comparing with uncontrolled case, if the initial
gap of 20 m between inboard first wall and plasma surface can be held.



JAERI-M 85-077

Concluding remarks

i) The presence of high conductive shells around the plasma would be
effective to increase current decay time at plasma disruption.

ii) The impractically large power supply capacity and high coil voltage
are required to recover the plasma radial position at disruption.

iii) Within the practical power supply capacity and coil voltage, the
time scale of plasma radial movement may be increased by approxi-
mately factor 2, provided the gap of V25 cm between inboard first
wall and plasma surface can be initially held.

2.4 Plasma Shape Control

Considering the control of plasma shape, it may be helpful to
classify the problems into the following two categories.

a. The problems related to the operation scenario such as how to
evolve plasma configuration and make high beta configuration with sup-
pressing peak power and capacity of poloidal coil power supply system.

b. The problems related to the unexpected perturbations such as
how to fix null points and/or separatrix lines at plasma position
movements.

The problems of the category a are dealt with preprograming and/or
feedforward control. One of the problems in category a is how to obtain
and keep favorable plasma current profile and plasma shape for high
beta plasma. Another problem is how to reduce the absolute value of the
decay index n-value to mitigate the requirements for plasma vertical
position control. It would be desirable to adopt limiter configurations
at early start up phase, since it is difficult to suppress the increase
in the absolute n-index value at low beta phase if divertor configurations
are adopted at that time. Another way to ease plasma vertical position
control is to decrease plasma aspect ratio and increase triangularity,
since low plasma aspect ratio and high plasma triangularity would reduce
the absolute n-index value as well known.

The problems of the category b are dealt with feedback control.
It is important problem in this category to control null points and sepa-
ratrix lines when plasmas move in the radial and/or vertical directions.
If we control plasma position, shape, null points and separatrix lines
independently, unavoidable interaction will be induced among the control
objects mentioned above, Noninteracting control method is develcped in
JT-60 [16] to avoid this kind of interaction. It would be alsoc necessary
to adopt this method in the next generation tokamak reactors.

-—22 —
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Table. 2.2.1 Main plasma parameters

Valusas

Parameters

Hajor.Radius (=) 5.5

| Minor Radius (m) 1.1

| Aspect Ratio 5.0
Ellipricity (target) 1.5
Triangularity . " 0.2
First wall minor radius (m) 1.25
Averaged ion temperature. (keV) 10
Averaged ion density (m;3) 1.36x1020
Averaged effective charge 1.5
Plasma current (M4) ' 5.3
Safety factor at plasma (effective) 2.5
Toroidal beta (%) 4.0
Poloidal beta - 2.3
Inirial loop voltage (V) 50 (0.1s)
Errer field (inside the plasma) (G} 50




Table. 2.2.2 Sunmary of conductive shell models used

JAERI-M 85-077

in parametric studies on shell effects.

MoDEL | NO. OF 1XBOARD OUTBOARD GROWTH
ND. | DIVISION| F/® S/ F/W s/W E/W | TIME: 1¢ (ms)
10 ss (10) | s5 (20) 32.21

14
20 Pb (80) |Cu (15)| Pb  (50) 41.04
Cu (15)
30 ] 17.74
H opt el
n ss 10y | ss (20 | PP (200) SONE 20.62
32 ag !_Pb (60) : 21.90
: ——— Cs (22.5)
13 ' Py (100) 26.29
40 Pb (60) |cu (15) 27.62
50 $s (10) ]ss (20) cu (15) 19.73
Pb (60} | Cu (15)
80 .2 $$ (10) |ss (20) 9.27
SONE
90 Py (60) [Cu (15) 17.07

F/W: FRONT WALL

FICURES I (

S/W: SIDE WALL E/W: END WALL
) 1§ THICKNESS; m

Table. 2.2.3 Parameters used in parametic studies

1. Number of Conductive Shell Segments
14, 28, 42

2. Inboard Conductive Shells

Existence (Pb, &0mm & Cu, 15mm) / None
3. Thickness of Outboard Front Shell

Pb (100mm) / Pb (60mm)

4. Thickness of Qutdoard Side Shell
Cu (22.5mm) / Cu(lS5mm)

5. Outboard End Shell
Existence Cu (15mz) / None
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6 r Model -A
( Dipole model )

=5 ni
Y
T

Ns {

Filamentary
3L model

O

O __4]! 1 L L A 1
O 52 54 56 58 60 62

Major Radius , R (m)

Fig. 2.2.1 Comparison of stabilizing property between filamentary
model and dipole current model.

3.0 T | T T L

2.0F

N(s)

1.0

Distributed Current Model

= = = — — - Dipole Current Model

i 3 1

0.0 i 1 L
1 5 10 50 100 500 1000

5 (1/sec)

Fig. 2.2.2 Comparison of stabilizing property between distributed current
model and dipole current model.
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2-5 L) ' T 1 L
2.0F -
n+ N(s) =0
1.5+ -
®
=z
1.0F -
Y_l = 5 msec
0.5 -
0.0 i L L 1 5
1 5 10 50 100 500 1000
§ (1/sec)

Fig. 2.2.6 N(s)—funcﬁion of FWBS without high conductive shells
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2.2.11 Growth time vs. the number of shell segments.

v}

&



JAERI-M 85-077

30 2 v vywresdo' g 3 esrrenis’ 2 3 v serengo’
by .2
-y -
) O m®ODELAO .
= © MoDEL3I L=
“ A& MWBDELI2 e "
o + MODELIA - =B v
g -2
y L]

NS

T 2 1 Csuveslp' 7 3 e wsrevig' 7 3 < sarenife
$ (1/SEC) :
Fig. 2.2.12 N~function of conductive shell with parameter of shell
thickness. Model 30, 31, 32, 33 : Pb(60mm}, Cu(l5mm)/
Pb(100mm), Cu(l5mm)/ Pb(60mm), Cu(22.5mm)/ Pb{(100mm), Cu(22.5mm)

40° 4 v wyereed0® oy v v yprens0’ 73 v 3s7vese’
o=

-

4 O ~=CCoEL20

S MOOELSO

NS

3
*la* & 2 sovereaipgt a2 b Craeraeigt oz 3 ow v srenyg
S 1i/SEQ)

Fig. 2.2.13 Comparison of the N-function between the conductive
shell with and without end shell.
Model 30, 50 : with end shell, without end shell



JAERI-M 85-077

§S (350mmY)

SS (400mm?)

Bellows

SS (20mmh Shield Structre

o
60mm
s (1ommb  ‘eoma)

Cu (BOmmt)

Fig: 2.2.14 Reference shell structure
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Fig. 2.2.15 Alternative shell structure
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Fig. 2.2.22(b) Magnetic field configuration by comtrol coil-3 located
at 5.7 m and +6.5 m in the radial and vertical direction.
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Fig. 2.2. 24(a) Simuration result of plasma posztlon -control by P action
with reference shell and control coil-B., G = 33000,
Vi = +500V, Power Supply Capacity : 60 MVA.
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Flg 2.2.24(b) Simuration result of plasma positon control by PID
action with reference shell and control coll-B.
G = 25000, Iy = 200 mese, Tp = 10 mesc, Vi = +500 V,
Power Supply capacity : 50 MVA.
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Fig. 2.2.24(c¢) Simulation result of plasma position control by PID action
with reference shell and comtrol coil-A. G = 30000,
TI = 50 msec, Tp = 10 msec, ¥V = +500 V,
Power Supply Capacity : 75 MVA
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Fig., 2.2. 24(d) Simuration result of plasma position control by PID
action with alternative shell and controel coil-B.

G = 20000, Ty = 200 wmsec, Tp = 10 msec, Vp = =500 V,
Power Supply Capacity : 58 MVA.



JAERI-M 85-077

MAX TIME MIN TIME

7 0.0024 0.0958 -0.0186 0.0030
I 115912 0.0396  0.0000 0.0000
107 x10% x10° Ve 250.00 0.0244  0£.0000 0.0010
207200 107 T - - n T . 1
|
15L 15
10F 10
> <
5 5
|
> 1
o;~ 0
-5 l. =5 <-20 L e L 4 L I : 1 :
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0
TIME (msec)

Fig. 2.2.25 Simuration result of plasma position control by
PID action with reference shell and control coil-B.
G =25000, Ty =200msec. Tp =lOmsec,Vy =+250V,.
Power Supply Capacity : 29 MVA.
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Fig. 2.2.27 A simplified model of the INTOR
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Fig. 2.3.4 Model of feedback control system
for plasma radial position.
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3. Start-up Effects
3.1 Magnetic and Electrical Field Penetration

In future tokamak reactors, plasmas are surrounded by mutiple layers
such as first wall, blanket, shield, coil vacuum chamber and toroidal
field magent including shear panels. This multilayer structure will
prevent fast penetration of magnetic and electrical field at start—up
phase.

The magnetic field and loop voltage applied to plasma are reduced
by eddy currents and represented by egs. (3.1.1) and (3.1.2), respective=-
ly, using Laplace transform as described in section 2.3.

-

= 2C € -
B,(s) = 5=— {1 - M(s)} (3.1.1)
by
Vo(s) = M ousTon {1 -v(s)} (3.1.2)
M
M(S) = STk m'k m_k = ijﬂ
= )
Kk l+sTk Mchk
STy M MTork
V) = I e % TH_ T
k k. pOH 'k
where, M K C mutual inductance between plasma and k-th eddy current
P mode
Mck : mutual inductance between magnetic field coil and k—-th

eddy current mode
: mutual inductance between plasma and OH coil

: mutual inductance between OH coil and k-th eddy current
mode

T : time constant of k th eddy current mode
M~ : derivative of mutual inductance

Laplace transform of magnetic field coil current

I
c
I

0" Laplace transform of ohmic coil current decay rate

When plasma is perfectly surrounded by conductive structures and
coils are located outside the structures, M(s+=) and V(s+°) are equal to
one. So the fields are completely shielded at t = O.
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Magnetic field penetration

Figures 3.1.1 and 3.1.2 show M(s) of JAERI FER system. The com-
parison between the cases with and without high conductive shells is
represented in Fig, 3.1.1, and the effect of omne turn resistance is shown
in Fig. 3.1.2. The configuration of passive elements is shown in Fig.
3.1.3. The presence of high conductive shells does not largely affect
the shielding effect, M(s), since the high conductive shells does not per-—
fectly enclose the plasma. On the other hand, the M(s) depends strongly
on one turn resistance of radiation shield/coil vacuum chamber. This
result suggests that the radial magnetic field for plasma vertical posi-
tion control will be shielded by radiation shield/coil vacuum chamber,
and the control property will be deteriorated, if the active coils are
located outside the toreidal field coils, and toroidal one turn resist-
ance will not be required because of plasma current ramp up by LHRF cur-
rent drive. On the other hand, low one turn resistance of radiation
shield/coil vacuum chamber will improve the property of stabilizing
plasma vertical position instability, whether the control property of
feedback system will be improved or not depends on which property
(shielding property or stabilizing property) is effective to the overall
control property. Figure 3.1.4 shows the gain-phase diagrams of the
feedback control system of the JAERI FER. The curve (s) is the diagram
for the standard case that one turn toroidal resistance is 0.2 mfi. In
curves (b) and {c), the shield/coil chamber has no bellows and toroidal
high electric conductance., The effective thickness of the shield/coil
chamber is 35 ~ 40 cm in curves (a) and (b). In order to analyze the
case that the active coils are located between shield/coil chamber and
toroidal field coils, the effective thickness is set at 10 cm. A large
gain value is required for feedback control when the shield/coil chamber
has high electric conductance in the toroidal direction, though low one
turn resistance expands the stable range of feedback controller where
the phase is larger than -180 degrees when the gain in diagram is equal
to one. This result suggests that the required power supply capacity of
the active coils will be too large unless the active coils are located
inside the shield/coil chamber. The toroidal one turn resistance of the
order of 0.2 ml will be needed to avoid the difficulties to make the
concept of active coils inside the shield compatible with other engineer-
ing problems such as remote maintenance, coil insulations, installationms,
space arrangements, etc.

Electrical field penetration

Assuming that plasma current is absent and ohmic heating coil current
is linearly decreased, the loop voltage can be derived from eq. (3.1.2) as

t
M. M -
: kOHK T
V. ==M I {1-z pr T e kl} (3.1.3)
P pOH OH Kk MpOHTk _

(a4

MM -=
GNorm _y _p PR OHk T

x Mpor'k
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Figure 3.1.5 shows the normalized loop voltage, vNorm; as a
parameter of one turn bellow resistance. The penetration of loop
voltage is largely delaved, when one turn bellow resistance is lower
than approximately 0.1-0.2 m{.

Summarizing the magnetic and electrical field penetration, one turn
resistance of approximately 0.2 mfl is reasonable, when active coils are
located outside the shield or plasma current is inductively ramped up by
ohmic heating coils.

3.2 Components Specification

Components specification on one turn resistance in the toroidal
direction, Rjgpop depends on the basic concept and design choice such as
the scenario of plasma current ramp up and the selection of active coil
locations. One turn toroidal resistance of approximately 0.2m{l will be
required unless plasma current is ramped up by non inductive method such
as LHRF current drive for all operation phases including early stage
operations, or if active control coils are located outside radiation
shield/coil vacuum chamber. Summerizing components specificationm,
two choices can be considered from the view point of field penetration
as shown in Table 3.2.1.

Table 3.2.1 Components Specification

Inductive Ip Rise Noninductive Ip Rise
One-turn Resistance " 0,2mb no specification
Active Coil Location no specification inside radiation shield
) (if R <<0, Imf?)
loop
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Fig. 3.1.1 Effects of magnetic field shielding as a function of conductive

shell thickness. .
(a) Standard shells, (k) Half of standard shell thickness.

1.0 — e S EAS |

0.0

M(s)

1 i 1 L

1 5 10 50 100 500 1000

0.0 .

S (1/sec)
Fig. 3.1.2 Effects of magnetic field shielding as a function of toroidal
one turn resistance and effective electrical thickness of shield.
(a) 0.2 m of bellows resistance and 35-40 cm of effective shield thickness.
(b)Y 0 m) of bellows resistance and 35-40 cm of effective shield thickness.
{c) 0 m?) of bellows resistance and 10 cm of effective shield thickness.
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Fig. 3.1.3 Analysis model of passive elements
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Fig. 3.1.4 Gain-phase diagrams of open, loop transfer functions

for PID control systems.

(a) 0.2 m} of bellows resistance, 35-40 cm of effective
shield thickness.

(b) 0 ml of bellows resistance, 35-40 cm of effective
shield thickuess.

{c) 0 ofl of bellows resistance, 10 cm of effective shield
thickness.,



Normalized Loop Voltage

Fig. 3.1.5 Time evolution of normalized plasma loop wvoltage

0.0

JAERI-M 85-077

Electrically Effective Thickness
of Vacuum Chamber : 10cm

2 mfl

——— —— —p— —

100 200

Time {msec)

as a function of bellows resistance.



JAERI-M 85-077

4., Plasma Disruption Effects
4.1 Plasma Models

The disruption effects such as electromagnetic forces depend on
plasma models. In this section, we restrict our discussions to the models
which deal with plasmas as a electric circuit.

Two models can be considered from the view point of plasma toroidal
current distribution as

i) Single filament model which represents plasma as a filament ring
coil.

ii) distributed current model in accordance with MHD plasma equili-
brium.

Model i) provides higher maximum electromagnetic force in FER
blankets than model 1i) by approximately 10 v 307, if plasma position
does not change at disruption.

The following models on the decaying pattern of plasma current can
be cited as tipical examples,

a. Without plasmaz movement,
a~1. Current decay with a constant rate, Ip/rd.
a=-2. Exponential decay with a time constant of T4
b. Current decay with plasma movement.

Here, Ip iz plasma current before disruption, and T4 is disruption
time.

The electromagnetic forces of FER blankets calculated with model
a-1 are larger than those with model a-2 by approximately 507 as shown
in section 4.3. In order to analize disruption effects with model b,
the disruption scenario such as moving speed and direction, disruption
time should be determined consistently with shell properties of passive
elements, clearance around plasma, etc. The disruption analyses by
model b are important future works, since our preliminary results suggest
that model b brings significant changes in forces and its distribution.

4.2 Induced Voltage

During plasma disruptions, a high voltage would be induced in the
components surrounding plasmas, This high voltage may produce arcing be-
tweeen the adjacent modules of blanket and divertor plate, etc., unless
the components are properly insulated. For the design specificatiom, it
does not necessarily need to evaluate accurate voltages, but enough to
estimate the order of values. So we roughly estimate the voltage value
induced between the adjacent blanket modules.
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The current decay rate is approximately 4 x 108 A/S, since plasma
current is 6 MA, and current decay time is V15 msec. On the approxima-
tion that plasma and blanket have concentriec circular crossectional
shapes, the mutual inductance between plasma and blanket, M__, is esti-
mated asg pB

8Rp
MPB ¥ UORP(QH -a? -2y =10 uH,
where, is a plasma major radius (5.3 m), and ap is a minor

radius of the first wall (1.25 m).

Therefore, the one turn voltage induced at blanket, Vg, 1s evaluated
as ' )

V=MB|i]$4000V

If the number of blanket modules is twenty four, the induced voltage
between adjacent modules is approximately 170 V.

On the other hand, assuming that the radiation shield/coil vacuum
chamber can be considered as perfect conductor, the induced voltage will
be reduced. In this case, the one turn induced voltage can be approxi-
mately expressed as’

. a
s oo
Vo = 1oR_|I_|fn —= ~ 1850 V
B PP ag

where, ag is a minor radius of the shield/coil vacuum chamber, and
ag/ap = 2 is assumed. In the case of 24 blanket modules, the induced
voltage between adjacent modules is estimated as V75 Volts

From above estimations, we specify the one turn induced voltage at
disruptions as 3600 Volts: 24 modules x 75 Volts x factor Z of safety
margin.

4.3 Forces

The analyses of eddy currents and associated electromagnetic forces
at plasma disruptions were performed by the EDDYTRAN program [17]. The
eddy currents and electromagnetic forces were calculated for the blanket
of the Fusion Experimental reactor (FER). We considered two kinds of
‘type models, the reference and the alternative shell designs [18,19],
for two kinds of the plasma current decay scenarios. The plasma of FER
has double null points for divertor operation and its major and minor -
radii are 5.5 m and 1.1 m with eldngation 1.5, respectively. The plasma
current, toroidal field on the axis and thermal fusion power are 5.3 MA, '
5.7 T and 440 MW, respectively.
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For the reference shell design, the eddy currents on the outboard
front wall detour around the ducts. So the electromagnetic forces on
the outboard front wall near the ducts are larger than those for the
alternative shell design. The electromagnetic forces decaying linearly
between O sec and 15 msec are omne and half times as large as those decay-
ing exponentially with a time constant of 15 msec.

Analytical Model

In the FER design, the first wall is integrated into the blanket
for better tritiwm breeding ratio and easy remote maintenance. Consider-
ing plasma vertical stabilization, the blanket assembly is divided into
28 modules along the torus and highly conductive shells are installed on
the outboard blanket modules, as described in section 2.2.2. The blanket
assembly is composed 14 center modules and 14 side modules. Each blanket
module has a stainless steel can-structure filled with Liz0 pellets and
water cooling tubes, The highly conductive shell is installed on the
stainless steel wall.

Fig. 4.3.1 shows the analytical model. This analysis is based on
pertial model between O and 7/14 in toroidal angle, due to symmetry of
electrical conditions and blanket configuration. As the boundary condi-
tions, current potential is assumed to be plane-symmetry in the toroidal
direction across the 0 and 7/14 planes and antisymmetry in the Z-direc-
tion across the plasma mid-plane. EDDYTRAN program [ll] prepares a
whole torus model by rotating the above partial model. Eddy current
and electromagnetic force analyses have been performed for two models,
the reference shell design and the alternative shell design [16]. Fig.
4.3.2 shows electrical properties for each model. The plasma current of
5.3 MA is assumed to be multi-filamentary according to plasma equilibrium
analysis (Table 4.3.1) and decay as described in the following two cases.
As case 1, the plasma current decays expomentially with a time constant
of 15 msec., As case 2, the plasma current decays linearly between 0
sec and 15 msec. The other ¢omponents such as shield, cryostat vacuum
chamber and others are neglected.

Eddy Currents and Electromagnetic Forces

The eddy current distribution for the reference shell design with
the conditions of case 1 at 20 msec after a plasma disruption is shown
in Fig. 4.3.3. The principal eddy currents are induced on the outboard
front wall near the plasma mid-plane in the plasma current direction.
These currents flow through the side wall and return on the outboard
end wall and the bervllium part of the outboard front wall, The eddy
current on the lead part of the outboard front wall detour around the
duct part. The other remarkable eddy currents occur on the inboard end
wall, The eddy current distribution for the alternative shell design is
shown in Fig. 4.3.4. This eddy currents are with the condition of case
1 at 20 msec after a plasma disruption. The eddy currents on the out-
board front wall near the plasma mid-plane are smaller in comparison
with the reference shell design. However the eddy currents on the
outboard end wall near the plasma mid-plane are rather larger. The other
eddy current modes are similar to those for the reference shell design.
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Fig. 4.3.5 shows the joule loss distribution due to the eddy currents
for the reference shell design with the condition of case 1 at 20 msec -
after a plasma disruption. The major joul heat appears on the lead part
of the outboard front wall near the plasma mid-plane due to the high
current density and the high resistivity of lead. Fig. 4.3.6 shows the
joul loss distribution for the altermative shell design with the same
condition as for the reference shell design. 1In this case, the joule
heat on the lead part is reduced. ‘

The electromagnetic force distribution, due to interaction with the
toroidal field, shown in Fig. 4.3.7 is for the reference shell design
with the condition of case 1 at 20 msec after a plasma disruption. The
toroidal field is assumed to be 5.7 T at R=5,5 m and dependent on 1/R
(R is the coordinate in the major radius direction). R-direction com=-
ponents of these electromagnetic forces are reversed across the plasma
mid-plane. The R-~direction and Z-direction components are also reversed
across 0 and 7/14 planes in the toroidal direction. Large electro-
magnetic forces are observed on the outboard side wall, the outboard
front wall near the duct and the inboard end wall. The force on the
outboard side wall, due to saddle=~like currents, is about 30 kgf/cm2,
in-plane force. The force on the outboard front wall, due to detouring
currents around the duct, is about 14 kgf/sz, out=of~plane force.

That on the inboard end wall is about 29 kgf/cmz, out—of-plane force.

The similar electromagnetic force distribution for the alternmative shell
design is shown in Fig. 4.3.8. On the outboard front wall, the electro-
magnetic force is smaller in comparison with the reference shell design
while it is larger on the -outboard end wall. The other electromagnetic
forces are similar to those of the reference shell design. If importance
should be given to the fact that the stiffness of the first wall is smaller
than that of the end wall, the alternative shell design could prefered

than the reference shell design. .

The time dependencies of electromagnetic forces due to the eddy
currents and the toroidal field are shown in Fig. 4.3.9 and Fig. 4.3.10
for the condition of case 1 and case 2, respectively. In case 1, the
maximum electromagnetic forces on the inboard front wall and the inboard
side wall appear at 5 msec. On the outboard front wall and the inboard
end wall, they appear at 20 msec. At the outboard end wall, it appears
at 30 msec. The electromagnetic forces on the outboard end wall decay
with larger time constants compared with those on the cother walls. In
case 2, most of the electromagnetic forces reach the maximum earlier and
decay with shorter time constants than for case 1. The electromagnetic
forces on most of the walls reach the maximum at 15 msec and one and a
half times as large as in case 1,

Concluding Remarks

We performed eddy current and electromagnetic analyses for two
candidate shell designs [18] with two kinds of the plasma current decay
scenarios, The major conclusions are as follows, '

1. The eddy currents and joule heat on the outboard front wall near the

plasma mid-plane for the reference shell design are larger than those
for the alternative shell design.
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2. The electromagnetic forces on the outboard front wall near the duct
for the reference shell design are larger than those for the alter-
native shell design.

3. The maximum electromagnetic force for the reference design is about
30 kgf/cm? which appears on the outboard side wall (in-plane force)
and the inboard end wall (out-of-plane force).

4. The electromagnetic forces decaying linearly between O sec and 15
msec are one and half times as large as those decaying exponentially
with a time constant of 15 msec. The former increase and decay with
shorter time constants than the latter.

Table 4.3.1 Plasma Current Distribution
ip(A) |9 53708 107 |2 27255%10% | 7. 48850 10°
R (@) |4 70000 5.01703 5.33943
Z {m) 1 83367 1. 87327 1.81705
1p (A) €. 62207TX 1(}3 g 20978X% 104 1.40868% 106° {3 T8005X ]t'.l"él
R {a) 4 BT341 5. 03898 348458 3. 85714
Z &) 1. 44778 1. 47487 1. 43326 1. 358490
ip () |2 21881 104 |1 40387x 10% | 2. 58928x 10° | 2. 51907 10° |2, 20545 10%
R im) 4. 54461 5. 03843 5 531377 5. 87538 g 31787
Z (=) 0. 97682 0. 98883 0. 98688 0. 95885 0. 85532
ip(A) |3 12003x10% | 1.70315x 10° | 3. 23387x 10° | 3. 88272 16° | 1. 36859 10°
R (m) 4 63274 5. 03774 $. 51653 5. B5685 6. 38571
Z (o) 0. 48251 0. 46330 0. 49480 0. 46164 C. 48559
ip(A) 13 49432x 10% | 1.80350%10% |3 45022x 10° |4 28295x 10° | 1. 93643 10°
B (=} |4 82508 5. 03731 5.51713 3. 998580 6. 38647
Z (o) 0.0 0.0 0.0 0.0 0.0
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5. Conclusions
5.1 Plasma Stabilization

Since the small number of conductive shell segmentation is prefer-
able for stabilizing plasma vertical instability, the electrical connec-
tions between the adjacent conductive shells significantly improve the
stabilizing property of passive shells. However, this kind of connection
by remote handling makes remote maintenance procedure complicate and
unreliable,

The conductive shells installed in inboard blanket modules is effec-
tive to stabilize the positional instability. However, the electro=~
magnetic forces at plasma disruption would induce large stresses and
deformations in the inboard blanket structures containing conductive
shells, since their support could not be sufficient because of restricted
accessibility behind the inboard blanket modules. Therefore, it should
be better not to set up the inboard shells.

Saddle shape shells installed only in outboard blanket modules
has been analytically found to stabilize vertical position instability
of the JAERI FER, even when the active control coils are located outside
the toroidal coils. This kind of vertical control system will provide
the least impacts on overall tokamak reactor design. '

5.2 Start-up

Magnetic and electrical field will be prevented by eddy currents
to penetrate the radiationm shield/coil vacuum chamber which surrounds

Plasma perfectly.

Since toroidal one turn resistance of larger than 0.2ml is not
effective to penetrate plasma loop voltage as shown in section 3.1,
it is adequate to set it at approximately 0.2mll if plasma current is
inductively ramped up by Ohmic heating coils.

A large power supply capacity would be required for feedback control
of plasma position when the radiation shield/coil vacuum chamber has high
electrical conductance in the toroidal direction and the active control
coils are located outside it, since a large gain value is needed to apply
control magnetic field in plasma due to the magnetic shielding effect.

Toroidal ome turn resistance of ~ 0.2m would also be necessary in
order to prevent the excessive increase in power supply capacity of
active control coils if they are installed outside the shield/coil chamber.

Summerizing the requirement on toroidal one turn resistance, appro-
ximately 0.2m! would be required if plasma current is ramped up 1nduct1ve1y
or active coils are located cutside radiation shield/coil chamber to
make active coil design and installation easy.
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5.3 Disruption

Plasma disruptions induce high voltage and large electromagnetic
forces in the components surrounding plasma. Rough estimation of induced
loop voltage at blanket module would be less than 2,000V which is
equivalent to the voltage of 75V between adjacent blanket modules in the
case of 24 blanket modules. However, it is desirable to take a safety
margin of a few factor in order to specify the induced voltage at plasma
disruptions.

The high conductive shells installed in blanket modules produce
large electromagnetic forces at disruptions if the decay time of plasma
current does not depend on shell properties of passive elements.
Especially in the inboard blanket modules, the large induced force
would generate excessive stresses and deformations in the blanket struc-
tures when they contain high conductive shells. Since the electtomag-
netic forces at disruptions depend on plasma models and current decay
time and are generally too large in the next generation machine, it is
necessary to specify the realistic disruption scenario in order to aveid
their over estimation. And it will be fruitful to develop the control
methods to increase plasma current decay time.

5.4 Design Guidelines
For plasma vertical movement stability, installation of active

control coils located outside the toroidal field coils along with high-
conductive shells in the FWBS is recommended based on the following

conslderations.

A. Design Guidelines for Active Control Coils

1. From the view-point of plasma vertical movement stabilizatien,.
preferably active control coils should be located as close to
plasma as possible. When active control coils are to be installed
inside the shield, passive shells are not necessarily required.
However, such active control coils, being saddle-shaped modular
type, could not be reliable systems because of the reasons men-
tioned below, and would bring in substantial risk into the
reactor design. The problems associated with the intermal active
control coils include the following items;

1) Insufficiency of data and practices for the inorganic
insulator to be applied in the plasma vacuum regiom.

2) Integrity of the coil structures including feeders against
large electromagnetic forces,

3) Connection/disconnection operatioms (including insulation
work) of many feeders on assemblying/disassemblying of the
FWBS modules for maintenance.

2. On the other hand, active control coils located outside the

toroidal field coils require high-conductive shells installed
in the FWBS to be able to increase the time scale of plasma
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movement, Y-l, to approximately 35 msec. The external active
control coils, being designed with relaxed environmental condi-
tions and not affected by the construction and maintenance of
the FWBS modules, can be of high reliability, and the expected
control power is about 35 MVA which is seemingly permissible.

B. Design Guidelines for Passive Shells

1'

The most effective way for passive shell installation is to build
saddle-shaped shell modules made of a high~conducting material in
blanket modules, considering remote assembling and dlsassembllng
of torus structures.

It is not necessarily required to connect adjacent shell modules
electrically., However, when assembly and maintenance procedures
permit electrical connections between shell modules, the connec~
tions should be located just behind the blanket modules since those
made at the outside of the shield would not contrlbute to improve-
ment of shell effects so much.

It should be better not to install high conductive shells in
inboard blanket modules, since the electromagnetic forces at dis-
ruptions would induce large stresses and deformations in the in-
board blanket structures if they contain high conductive shells.
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7. Appendix -
7.1 Data Base Assessment
7.1.1 Experimental Data for the Position Conmtrol Systems

JT-60 Plasma Control System Parameters
JFT-2M Equilibrium Control System Parameters
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JT=60 Plasma Control System Parameters
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I. Major parameters of JT-60

Table I
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Major parameters of JT-60

Major plasma radius
Minor plasma radius
Plasma current

Volt second

Toroidal magnetic field

NBI heating
power into torus
accelerating voltage
pulse length
LH heating
power into torus
frequency
pulse length
ICRF heating
power into torus

frequency

pulse length

Control magnetic field
Vertical field
coil current
Quadrupole field at r= a5
coil current

Main divertor coil current

Maximum poloidal beta at

maximum plasma current

mIM

Bp

Maximum mean plasma pressure at

maximum plasma current
Elongation

Equilibrium parameter
Normalized vertical field

Plasma inductance

L T
Bp+21/2
By/ (1oL, /R)

Lp

3.0(3.2)
0.93(0.90)
2.7(2.1)
28.5

4.5

20
75-100
10

18
1.,7-2.3
10

5
0.11-0.13
10

0.41(0.32)

32 turnsx57.5
0.037

9 turns x 25

8 turns x 120

2.5

2x1021(1.3x102%%)

none
0.5 - 2.5
0.36(0.39)
6.8

GHz

i

EE R

keV/m3

uH

{ ) = divertor operation (magnetic limiter operation)
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I1. Poloidal field system

Table II.l1 Poloidal field system parameters (Windings)

Parameter ~ . OH Coil V Coil H Coil Q Coil M Coil
Ampere Turns (MAT) 5.5 * 1.84 + 0.12 =% 0.5 +0.755
Total Turns 60 64 12 36 16
Max. Current (KA) 91.7 57.5 20 25 94.4
L (uH) 8.3 9.9 0.44 3.2 0.88
R(m2)* (at 75°C) 4.6 12.1 5.0 -17.4 3.2
Time Constant (sec) 1.8 0.82 0.09 0.18 0.28
R*IZ (MW) 38.7 40.0 2.0 10.9 28.5
1/2-L1% (MJ) 34.9 16.4 0.09 1.0 3.9

Equivalent Square
Wave Pulse Length {sec) 8 6 -7 7 6

* not including feeders
Material Cu (0.2°/w Ag)

OH coil (or F coil) : Ohmic heating coil

V coil : Vertical field coil
H coil : Horizontal field coil
M coil : Magnetic limiter coil

(Divertor coil)

The layout of each coil is shown in Fig. 1.
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Table II.2 ©Poloidal field system parameters (Power supply)

OH coil power supply

Type ' 24-phase thyrister
_ converter -

Rated current + 92 kA

Rated voltage £ 2.5 kv

Peak power 280(230) MW
V coil power supply .

Type ' 24~phase thyrister/diode

L ) ' hybrid current

Rated current 58 . kA

Rated voltage - +10 ,=5 kv

Peak power 290 MW

Current step response 2-3 msec

(total feedback loop)

H coil power suppl

Type . . C . 12-phase thyrister

converter
Rated current + 22 kA
Rated voltage ) £ 0.5 - kv
Peak power 11 MW
Current step response 2-3 msec

Q coil power supply

Type 12~phase thyrister

converter
Rated current : 25 kA
Rated voltage * 1.0 kv
Peak power ) 25 MW
Current step response 2-3 msec

(total feedback loop)

M coll power Supply

Type 12-phase thyrister

converter
Rated current * 120 kA
Rated voltage t 1.0 kv
Peak power 120 MW
Current step response 2-3 msec

(total feedback loop)
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Fig. 1. Equilibrium configurations of JT-60 low B plasma.
(A) Fixed limiter operation (Rp = 3.0 m, ag = 0.88 m,
Ip = 1.5 MA, I, = 20 kA, Iy = O k)
(B) Divertor operation (Rp = 3.15 m, ap = 0.87 m,
1'.p = 1,9 MA, Iy = 21.3 kA, IQ = 18.0 kA, IM = B0 kA)

[From M. Kikuchi et al., JAERI-M 84-093 (1984)]
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III. Real-time feedback control system

Conceptual block diagram of plasma real-time feedback control-loops
is shown in Fig. 2.

Main contrbi pﬁrpéées of the actuators are as follows:
i) Poloidal feed coil power supplies:
MHD equilibrium configuration
ii) NBI, RF heating systems: |
| Inbut power of é&ditional heating
iii) Gas injection system:
Flow rate of gas injection
The real-time control computer IE supervises each actuator and
feedback control computer IIy with the period of 10 msec in the normal
state and the period of 1 msec in the disruptive state.
The feedback control computer II, controls the plasma MHD equilibrium

configuration in conjunction with the DDC's (Derect D1gltal Controllers)
in the poloidal field ¢oil power supplies.



JAERI-M 85-077

A) MHD equilibrium configuration control
1, Plasma.current.control:
(1) Current detection Rogowski coils
(2) Feedback control law: |
Vp = Kp(Ipres = Ip)
where Vg : input control vﬁltage té the power supply,

Ipref’ reference input (preprogrammed input) for plasma’
current-

Ip + plasma current

2. Horizontal position control

(1) .Rpfdeteation-,- ERIEIU: .. . magnetic probes
(2). VF indei of‘cunvature-' 2 : 0 <n<1l.5
ext
R aan
T ' -
B oR R=R
2 P

(3) Control law: PID control
i
Tp = Kpp {AXR(l) - AXR(I)} +jfl KRIAXR(J)
+ Kpp {AXR(i) - AU - nl,

where AXR = Rpref - Rp

AXR : deviation between reference input of plasma radial
position Ryref and measured plasma radial position R
at the time t; (t, = i-At) P

Kgp, Kgy and Kpp denote the PID gains for radial position control.
Then, the input command for the power supply is

com _ vREF

VV v

+ YR (for AVR),
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com. REF '
or I, =1, + 7Y (for ACR),
where VREF and IREF are reference (or preprogrammed) input voltage

and current for ¥he power supply respectively.
3. Vertical position control
(same as horizontal position.control)
L Zp_detection : magnetic probes

(2) Control law : PID Control

i
Y, = K, {sz(i) - AXR(I)} +jEIKZIAXR(j)

+ KZD{sz(i) - X, - nr o,

where AXZ = zpref - Zp
Then, '
com REF
Vg =V + Y, (for AVR)
com REF
IH IH + Yz (for ACR)

4. Plasma shape control

(1) AQP detection : magnetic probes
1 Tm
BT S I
p P

r_ : plasma minor radius,
r ¢ probe position
Az t 2nd harmonic parameter of Bs

M2 : 2nd harmonic parameter of Bn
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(2) Control law : PID control

{same as horizontal position control)

. L - _
YQ = KQPf{AXQ(l)”- xQ(l)} +jEl KQIAX (i)

+ KQD{AXQ(:'.) - &X (- D},

where AXZ = Apref - AQP .

Then,
com REF
v = Y + Y VR)}-
q Q 7 -(for AVR)
com _ _REF '
= T + Y R
IQ Q 7 (for ACR)

5. Magnetic limiter coil current contrel
(1) Current detection: Rogowski coil and DCCT

(2) Control law

COM . REF
Vi Vy
Igom ) I;EF (IﬁEF -y IgEF)



JAERI-M 85-077

Electromagnetic
Feedback Control Detectors
Computer —
I§omlv;cm
£ || Calcu- X Poloidal Field
x;e lation I 3 Coil Power
+ o = Supplies
Real-time +4 _
Control ITb : I1./v
Computer i i
IR Xref |
b gas 'Gas Injection
System
ref y
*NBI,RE NBI, RF Heating
System

Plasma Diagnostic

System

Fig. 2 Conceptual block diagram of plasma real-time feedback
control system in JT-60
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JFT-2M Equilibium Control System Parameters -
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I. Plasma

A. Major radius Ro = 1.31m
B, Minor radius a, b =0,35, 0.53 m
C. Elongation - K = 0.9 - 1.4

D. Plasma current Ip = 500 KA
E. Poloidal beta BP‘BP 2 0,3 -« 1.1

F. Plasma inductance Lp v 2R

II. Poloidad Field System in JFT-2M
A. Iron Core Transformer
1. maximum flux swing | 2V.s
2. structure | 1 core + 1 return yoke

B. Poloidal Coils

1. coil configuration Fig. 1
2. coil parameters Table 1
3. wvertical field strength and configuration Table 2

€. Poloidal Power Supply
1. OH power supply
a. main load coils OH coils

b. capacitance bank for start-up

max. voltage 6 kv

max. capacitance 7.5 mF
storage energy 135 kJ
switching thyrister

¢. thyrister power supply
phase 12

max., DC current 3.6 kA
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max. DC voltage.
peak power
transformer
control type

§ power supply

a. main load coils

b. capacitance bank for start-up
max. voltage
max, capacitance
storage energy
switching

c. thyristef powér s;pély
phase
max. DC current
max. DC voltage.
peak powér
transformer
control type

V up power supply

a. main load coils

0.7 kV
2,52 MW
3.712 kVA

analog, ACR/AVR

81 =8, 7 53,
5 kv

28.8 nF

360 kJ

ignitron

12

8 kA

1.2 kv

9.6 MW
13,900 kvVa

analog, ACR/AVR

Vi =Y " 832

b. thyrister power supply (positive)

phase

- max. DC current
max. DC voitage
peak power
transformer

control type

12

©8.25 kA

0.275 kV
2.27 MW
4,096 kVA

analog, ACR/AVR

coils

upside coils
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c. thysister power supply (negative)

phase 12

max. DC current 7.5 kA

max. DC voltage 0.275 kV

peak power 2.06 MW
transformer 3,725 kVA
control type analog, ACR/AVR.

V low power supply
a. main load coils Vl - V2 - 83/2 downside coils

b. thyrister power supply (positive)

phase 12

max. DC current 8.25 kA

max. DC voltage 0.275 kV

peak power 2.27 MW
transformer 4,096 kVA
control type analog, ACR/AVR,

c¢. thyrister power supply (negative)

phase 12

max. DC current .. 7.5 kA

max, DC ﬁoltage 0.275 kV

peak power 2.06 MW
transformer 3,725 kVA
control type ‘ analog, ACR/AVR.

Q power supply
a. main load colils Ql/l - Q1/2 - Q2 coils
b. thyrister power supply

phase 12

max. DC current 10 kA



max DC wvoltage
peak power
transformer

control type

6. H power supply

a.

b.

a.

bl

main load coils

thyrister powetf ‘supply .-

phase

... max. DC current-

max. DC voltage

peak power
transformer

control type

B power supply

main load coils
thyrister power

phase

max. DC current

max. DC voltage

peak power
transformer

control type

JAERI-M 85-077

0.25 kV
2.5 MW
3,646 kVA

analog, ACR/AVR.

H coils

12
7.5 k&
0.48 kV .
3.6 MW
5,520 kVA

digital, ACR/AVR.

B coils

6

0.27 kA
0.58 kV
0.16 MW
200 kVA

analog, ACR.
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III. Plasma Contrel System
A. Plasma Current Control
1. current detection : Rogowski loops
2. current control : pre~programmed currents of (S, ORH, Q)
coils. ACR operation of thyrister

power supply.

B. Position Control

1. AR detection : magnitic probes and saddle loops
(iso-flux method)

2. AZ detection : saddle loops

3. principle of control : horizontal and vertical hybrid control
(Fig. 2)

4. VF index of curvature =1.3 < n <20
5. feedback control law

Vou+rfﬁou = AIp(AR+t§ AR) + BIp(AZ+Tg Ai)

VoL+TfL = AUp(AR+TD AR) - BIP(AZ+T§ AZ)

VoU : input control voltage to thyrister of V up

VoL : input control voltage to thyrister of V low

T = 0.5 ms Tg = 30 us Tg = 15 ms
A,B : feedback gains (variable)
Ip F plasma current |
6. feedback calculation : analog ciréuit
C. Shape Control
ﬁreprogramed currents of (S; 0H, Q) ;oils..

D. Passive Element

~ vacuum vessel time constant V7 ms
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Table 2 Magnetic field of poloidal field coils in JFT-2M

Radial |Vertical
Coils | field field 1)
By (6) | By (G) | n "B,(G)
Sy |-105 | 189 - 237
$2 |- 208 57 42
S3/1 ! - 225 - 105 30
Sal2 (- 223 | - 96 32
vi -257 | 301 - 253
V2 - 336 100 409
Q/1 |- 258 | - 162 81
/2 =238 | -196 | - 32
LQ %— 100 | - 358 - 810
. o -125 | - 259 - 370
H |- 212 74 39
B |- 206 |- 62 31
Plasma 0 - 180 - 202

*) This is the value per 100 kAT and of upper coils only at the

center of plasma R = 1.31 m
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—
{t®
- Yup
@
© Vlow

Fig. 2 Schematic diagram of horizontal and

vertical hybrid control in the JFT-2M
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JFT-2M Fast Pulse Power Supply Technology

K. Ueda
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Table 1 Main Parameters of JFT-2M

Plasma Current (KA) 550
Major Radius (m) 1.31
Mino? Radium (m) 0.35
Elongation ' 11,6
n-Index 0.4 v =2.0
Vertical Field (T) -0.05 ~ =0.10
Poloidal Beta 2.0

OH Flux Swing (Vs) 2.0
NBI Heating Power ) 2.0
ICRF " o) ' 4.5
LHRH " (M) 1.0
ECRH " (MW 0.2
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Table 2

Name and Function of PF Coils

Power Supply

N Name of Member's Function for
©-1 Coil Group Name uncti Excitation
. . Produces main magnetic flux to pass 0
1 Ohmlc'Heatlng OR through iron core, and heats 8
Coil Power Supply
plasma.
Produces main magnetic flux to pass
2 Shaping Coil Sy S48 through iron core, and produces ]
(s) 1:32:33/1 plasma equilibration magnetic Power Supply
field.
' Produces equilibration magnetic
3 gg:g;ugizl Ql/léQIIZ' field in non-circular cress-section Q
@ 2 plasma, and produces magentic Power Supply
limiter defining magnetic field.
Corrects the variable component of
the vertical magnetic field requir-
Vertical ed for equilibrating the plasma
4 F?rlécg i1 V1 VoS having the tendency toward high B8 v
le(V) o1 1»¥2223/2 | being accompanied with heating pow-|Power Supply
er input of NBI, ICRF etc.
Feedback controls for locating
horizontal direction of plasma.
Horizontal Feedback controls for locating ver-
5 |Field Coil " tical direction of plasma, and cor- H
(H) rects magnetic field in horizontal [Power Supply
direction,
Bias Coil For obtaining the total magnetic B
6 (8) B flux of 2 v.s. for iron core, gives Power Supply

pre-excitation of -1 v.s.

$3/2 COIL
S CATT

§3/1 COIL

Q11 COIL

r IRON CORE

[N_B coIL

OH COIL

The arrangement of PF coils
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Table 3 Main Parameters with PF Coils
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Items ‘s
Exciting Rumber of | Ampere Turms .
Coil current (RAT) Intermediate Taps
Name (®a) Turns
Sy 4.3 54 240.8 0, 28, 42, 56
5 So 4.3 42 180.9 0, 14, 42
S53/1 4.3 24 103.2 0, 6, 12, 24
vl 8.25 10 150.0 0, 6, 8, 10
v Vs "B.25 6 90.0 0, 4, 6
S3/2 8.25 24 . 198.0 0, 5, 10, 12, 14
Q 8.25 136.0 ,
Q Q1/2 8.5 136.0 s
Qs 8.5 136.0 -
OH 1.8 42 75.0 0, 42
N 1.1 24 26.0 0, 14
Table 4 Power Supply of PF Coils
Name of PowerA .
Power Supply Thyrister
Power for Exitarion Supply Power Supply Control System
Supply Bank
. 480 vV 7.5 KA
Thyristor 5 (2420 V4.3 KA) P.P
8o 20 KV 50 mF
S Capacitor 10 KV 7.2 of
S or
5 KV 28.8 wF
. 350 V3.6 KA
Thyristor OH (700 v 3.6 KA) P.?P
6 KV 7.5 mF
OH c . OH or
apacitor 3 KV 30.0 wF
$-0H 10 KV 3.2 oF
Thyristor Vap (+) 275 V. 8.25 KA
v {cross connec- vup (~) (=275 v 5.75 KA) P.P - F.B
tion rectifier| Vi, (+) 275 vV 8.25 KA : '
circuit) Viow (=) | (=275 V  5.75 Ka)
Q Thyristor Q (250 V8.5 KA) P.P
Thyristor Myp (+) (500 v 6.0 KA) _
H (Same as V) Miow (=) {(-530 V 6.6 KA) P.P - F.B
B Thyristor B 520 Vv 0.27 KA D.C
* P,P : Pre-programming, F.B : Feedback control
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T.1.2 Irradiation Effects of Active Coil Insulation Materials

8. Tsujimura®, H, Iida and T. Tcne

Japan Atomic Energy Research Institute
801-1 Naka-machi, Naka-gun, Ibaraki, Japan

% On leave from Mitsubishi Heavy Industries, Ltd.,
Tokyo, Japan
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Introduction

Insulators is necéssary to prevent conducting between adjacent
conducting wires, turns, and layers in active control coils and to
reduce AC loss while magnetic field is changing.

The two classes of materials which can be selected for electrical
insulation in fusion reactor magnets are inorganic ceramics and organic
polymers. In contrast to inorganic ceramics, organic polymers are
superior in fabricability and cost. Organic polymers, however, are
much less resistant to radiation damage than inorganic ceramics [1-6].
Leading candidates for magnet insulators are organic polymers.

It is desirable that acfivg coils will be near plasma. But
active coils with superconductors will be positioned outside of TF
coils while that with normal conductors will be positioned between

blankets and TF coils.

The materials data base for mechanical and electrical properties
of organic polymers is presented.

Organic insulation materials

The organic insulators for fusion magnets are required to have good
radiation resistance.

Fig.2.l. gives a survey of the radiation resistance of several
organic materails at 77K [7]. This survey is based on mechanical pro-
perties. According to this survey, epoxies, polyimides, and poly-
sterenes are possible candidates. Almost all magnet designs for fusion
applications incorporate epoxy-fiberglass laminates [1]. Bur recent
data shows that unfilled and glasg-filled polyimides have a factor of
5-10 more radiation resistance than the glass-filled epoxies [8].

Candidate organic insulators for fusion magnets are listed in

“Table 2.1. [8-13].

—110—



3-

JAERI-M B85-077

Mechanical properties

The irradiation effects on tensile strength, compression strength,
and flexure strength of epoxies and polyimides are shown in Fig.3.l.-
Fig.3.6. [9, 10, 12-17]. Irradiation sources are neutron and gamma ray.
Irradiation temperatures are all liquide helium temperature. Test
temperatures are liquid temperature, liquid nitrogen temperature, and
room temperature. Dose for insulators are generally reported in Gy
(or rad), which is the unit of absorbed dose. '

The G-10CR and the G-11CR after irradiation at 4.9K and warm-up
to 307K and tested at 77K showed severe decrease in compression strength
and flexure strength after a gamma dose of 5.3MGy [15].

The Vessel of a pure polyimide retained initial strengthlin com-
pression and flexure after a gamma dose of 100MGy [13, 17].

The Norplex and Spaulrad of glass-fabric-filled polyimides showed
decrease in compression strength and flexure strength after a gamma
dose of 50MGy [17]. These materials remained a half of initial strength
in compression and flexure after dose of 100MGy [13, 17].

The comparison of epoxies and polyimides in flexure strength is
shown in Fig.3.7. {9, 15, 17].

Radiation effects in several polymers at room temperature is shown
in Fig.3.8. [18, 19]. At room temperature, polyimides, epoxies, and
polysterenes are possible candidates for fusion magnet insulators with
lifetime dose of a few 10MGy.

Tensile fatigue curves of unirradiated and irradiated G-~l1CR are
shown in Fig.3.9. [20]. The samples were irradiated to gamma dose of
IMGy at 295K and the fatigue testing was performed at 293K and 77XK.

At both temperatures, the fatigue resistance of the G-11CR was increased
below 3000 cycles and decreased above 3000 cycles.

Electrical properties

DC resistivity of various insulators after irradiation at liquid
helium temperature is showm in Fig.4.1. [11, 12]. Resistivity measure-
ments are made at liquid nitrogen temperature and room temperature.

The G-10CR and the G-11CR decreased a tenth of their initial
resistivity after a gamma dose of 10MGy.

The Kapton (pure polyimide) retained initial resistivity after
100MGy.

Electrical breakdown of various insulators after irradiation at
1iquid helium temperature is showm in Fig.4.2. [1L, 12}. The voltage-
breakdown tests performed at room temperature.

The G-10CR, G-11CR, and stycast showed a significant drops in the
breakdown voltage after a dose of 100MGy.
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Material evaluation and future work needed

As shown in section 3 and 4, irradiation data base of organic
insulation materials is unsufficient to design fusion magnet.

It is difficult to evaluate sufficiently insulators for fusion
magnet from existing data base of mechanical and electrical properties.

The glass-fabric-filled epoxies are little damaged by doses of less
than 5MGy. There are some concern in using these materials for insula-
tors of magnets over the doses of 20MGy. More stadies of irradiation
effect on properties, especially mechanical properties, of epoxies for
the dose of 20MGy are necessary.

The pure polyimide is unaffected by doses of 100MGy.

The glass-fabric-filled polyimides are not seriously damaged by
doses of less than 50MGy. These materials are possible candidates for
insulators in fusion magnets for the doses of less than 100MGy at least.
The data accumulation of irradiation effects on properties of polyimides
for the doses more than 100MGy is necessary.

It is necessary to study radiation response of candidate materials
as a function of dose, dose rate, irradiation spectrum, thermal history,
atmosphére, and stress condition [21].

And it is necessary to consider gass processing, fabricability,

and cost as well as mechanical and electrical properties of organic insula-

tors in selecting ingulators for fusion magnets.
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]

Pulyimide l

Pulycthytens L V////_
Folypropylene i J/j/l!lm‘_-
Pulyavet sl _

Pulycarbonate L W[/////A

Palyvinylehloride p; ; ;; : ; ; ; ; ;-
Polyamide 7"

Pulysicrens [ _]
Epony (arom.) i i

Polymethyl methaxcrylate _

Cellulove avetate ]
Pulyethylene terephtalate : m

I’ulylw.tra(luurwthylenc I V/////////_

Acrylonitrile . | V7744

Polyurvthane rubber m
Silicon rubber Urssrss; - .

Vilon rubber
C—— 1acapient to mild

QZZZZZZZI $ild to wodsrate o > dusls (rad) .
MEENEEE Moderate to severs e s 1! 5 ra®

Fig,2.1. Radiation effects in several polymers at 77K.
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Tensile strength (MPa)
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[_“’ 1 1 L LR 1 1 P TTTrT] [} 1 IT'IIIII 1 L) L B LAL
i LHe LN; RT. |
G-I10CR ¢ 7
1500~ 6-1tCR & —
1000~ .
.
500 =
ol—g—t Lt 1l [ A R Lt gt 11 3 i1y
0 1 10 10° 10
ST Dose {MGy)
Fig.3.1 Irradiation effect on tensile strength of glass-fabric-fliled epoxies .
4 I 1 LB | T 1 T TATT] 1 H Illiii| ) 1 T TTTT
[ LHe LN, RT. 7
- G- 10CR o e @ ]
- G-11CR A 4 a _
1500 GFRP a =
B Epikole 828 7
I acid onhydride -
glass 74wt %
N a 1
§000 b""'——'j-_--.._._,___-_ =
0 i L 1 Ll i rtad 1 1 Lt el ] L L L1 11] 1 ] L1 1111
0 1 10 10! 1ot
Dose {MGy)
Fig.3.2 [lrradiction effect on compression strength of glass-fabric-filied epoxies.
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Tenslle strength (MPa)
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1500 6-11CR a & & _|
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Epikote 828 G-22 ¢ n
GFRP . v -
Eplkote 828
aliphatlc amine .
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1000 —
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- ""-:::'.‘_:-_- “
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Fig.3.3 Irradiction effect on flexure strength of glass-fabric-filled epoxies.
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Fig.3.4 Iirrodiation effect on tenslte strength of pure ond glass-fabric-filled polyfmides .
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Flexure strength (MPa)
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Fig.3.5 Irradiation effect on compression strength of pure and gloss-fabric-fllled polyimides.
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v 1

0 1 . 10 1ot 10
Dose (MGy) .

Fig. 3.6 Irradiation effect on flexure strength of pure ond glass-fabric~filled polylrhldes.

—1i8—



JAERI-M 85-077

I 1 T T T1iT10] I 1 L LA
77K 42K
G10-CR o e
}500 GIl-CR o = 1
Epory Epikote 828 -1
6-20 »
G6-22 L4 B
- Spaulrad A ]
_ Polyimide | T11 6-1000 .
&
= 1000 ~
£ —
2
< i
‘m- -t
€«
5 .
]
= 500 =
o i A EENR| 1 Lol L Lot rasrgf 1 [N
0 1 10 100 1000
Dose {MGy)
Fig.3.7 Irradiation effect on flexure strength of epoxies and polyimides.

Polyimide (Kapcon)

Lpoxy tesin
{Atowatlc-type curing agent)

Polysthylsneceraphrhalats (tylar)}
Phepolic rasim

Polyatyrana

Polyeinylchloridé (PVCY
Pelyechylens (PE)

Folypropylens (PP)

Polyamide (Nylon)
Pulymathylesthaccylate (PHHA)
Polytetraflvoroethylene {Taflon)
Polyurechans cubber (PUR)
Ethylene=propylene rubbar {IPR)
Styrane-butadiens Tubber ($30)
Acrylocickile rubber

3$ilicone tubbar (FIR)

ueidsey

Naarly slwsys usable
Oftan sacisfoctosy
Mot gacommanded

TN

NN

{
C N
C IS
CC——— S
i L] ] 1 T 1 1
10 10 108 10

Ganmz dose, Gy

Fig.3.8 Radiation effects in several oolymers
at room temperature.

—119—



JAERI-M B85-077

%0
295%~453 MP& (62135 psi
~-9\ \ Oy~ TENS. STR. “yy0¢_q32 mpa 1135140 psi)
TR\ N-NUMBER OF CYCLES TO CRACK INITIALION
L b, \| IRRABIATED : —
\ Y %
. . ¢
S 0 pyyeg C
% u#:‘nnmmtn
o 5 7
‘A 80 \\.
E a [1+] N, '
= : TT N \' "\. ]
b
g 0 1+ ' M\. \’\
S 50 1 \._.- T
TT*K LN * — T e ——
2 i N
= &Q 1 29%°x .~ [RRAD | ATED
3 \V’“‘\
L3
793°x . UNIRRARIATED
X0 1 60 \.,__ (quo‘
293K T
s0 [~
295'x e o
-
00 0 20 10, 000 100,000

FATIGUE CYCLES=N

Fig.3.9 Tensile fatigue curves of unirradiaited
and irradiated G-11CR.

- 120—



JAERI-M 85-077

DC resistivity (fL-m)

G~10CR e @
G-11CR a &
Epon  a
- Stycast >
-0 Kapton LI
Spouirad ©
Norplex v
Nomex e _J

4 ¢

12

lo 4L | | i

10
Dose (MGy)

10° 10

Fig.4.1 DC resistivity of various insulators after Irradiation at liquld helium temperature.

]
10 ) T T T T

Electrical breakdown {(KV/mm)
o
T

! 1 1

G-10CR
6-11CR
Epon
Stycast
Kapton
Spaulrad- ¢
Nerpiex v
Nomex

LN,
.
A
]

aqoevmbe:f?,

10
Dose (MGy)

10° 10’

Fig.4.2 Electrical breakdown of various insulators after Irradiction af llquid helium temperature .

—121—



" JAERI-M 85-077

Reference

(1] B.S.Brown, J.Nucl.Mater,97(1981)1,

[2] F.W.Clinard, Jr. and G.F.Hurley, J.Nucl.Mater.l03&104(1981)705.
[3] R.D.Hay and E.J.Rapperport, ORNL/TM-2643(1976)

[4] D.C.Phillips, AERE-R8923(1978)

[5] M.A.Abdou, J.Nucl.Mater.72(1978)147.

[6] S.Nishijima and T.Okada, Teion Kogaku 14(1979)99 (In japanese).
[7] Van der Klein, RCN-240(1975)

[8] R.R.Coltman,Jr. and C.E.Klabunde, DOE/ER-0113/1(1982)101.

[9] T.Kato and S.Takamura, Teion Kogaku 18(1983)193 (In Japanese).
[10} S.Takamura and T.Kato, J.Nucl.Mater. 103&104(1981)729.

[11] R.R.Coltman, C.E.Klabunde, R.H.Kermohan, and C.J.Long, ORNL/TM-7077
(1979)

[12] G.F.Hurley and J.D.Fowler,Jr., DOE/ER-0113/2(1983)61.

[13] R.R.Coltman,Jr., C.E.Klabude, and C.J.Long, SDD No.81-10(1981).
[14] JAERI,"Kakuyugo kenkyu kaihatsu no genjo",(1983) (In Japanese).
[15] R.R.Coltman,Jr. and C.E.Klabunde, J.Nucl.Mater.113(1983)268.

[16] S.Takamura and T.Kato, Cryogenics (1980)441.

[17] R.R.Coltman,Jr. and C.E.Klabunde, J.Nucl.Mater. 1038104 (1981)717.

[18] H.Yamaoka and S.Tagawa, Nippon Genshiryoku Gakkai Shi 26(1984)
739 (In Japanese)

[19] H.Schombacher and A.Stolarz-lzycka, CERN 79-04(1979),79-08(1979).

[20] B.Korukanda, J.C.Conway,Jr. and R.A.Queeney, J.Nucle.Mater.ll5
(1983)197. 5

[21] F.W.Clinard,Jr. and G.F.Hurley, J.Nucl.Mater. 103&104(1981)705.

—122 —



JAERI-M 85-077

7T.1.3 Radiation Effects on Passive Shell Materials

S, Tsujimura®, H, Iida and T. Tone

Japan Atomic Energy Research Institute
801-1 Naka-machi, Naka-gun, Ibaraki, Japan

# On leave from Mitsubishi Heavy Industries, Ltd.,
Tokyo, Japan

—123—



JAERI-M 85-077

The elongated plasma has a vertical positional instability. 1In
order to stabilize it active and passive coils are required. Active
coils are provided out of blankets or shields to control the vertical
instability. However it can not cope with rapid movements of plasma.
Consequently, it is necessary to place conducting passive shell as near
plasma as possible. Since eléctric resistance of shell determines
electric time constant of shell, when shape is fixed the smaller resist-
ance is preferable for the shell material.

Candidate passive shell materials are copper, aluminum, beryllium,
and lead. The resistivity of copper and aluminum are small. Other
candidates which have small resistivity are silver and gold. But they
are too expensive. The resistivities of beryllium and lead are larger
than those of copper and aluminum, but beryllium and lead can serve as
neutron multipliers as well, and then the larger allowable thickness
for shell can compensate to some extent for their larger resistivities.

We will report the materials' data such as electrical resistivities,
ductilities, swelling, neutron absorption. And we will evaluate their
applicabilities for the passive shell.

The operating temperatures expected for these materials are assumed
to be 20 through 200°C. Copper data are for OFHC grade copper. Aluminum
data are for 1100 aluminum. '

1. Copper
1.1 Electrical resistivity

The resistivities of copper and copper alloys are shown in Fig.
1.1.1 [1] and Fig. 1.1.2 [2]. The temperature coefficents of electrical
resistivities for the copper elloys are little different from that of
OFHC copper as shown in Fig. l.1.1. The resistivity of the alloy doped
1 atom Z Co at room temperature is sensitive to the heat treatments [Z2].

According to Matthiessen's rule the electrical resistivity o(T) of
metal is expressed at any temperature as follows:

p(T) = pg + Opr(T) (1.1.1)

where 05 1s the residual resistivity, and g h(T) is the resistivity at
temperature T due to electron scattering by thermal vibration of lattices.
The residual resistivity P, can be divided further as follows:

Po ® 0D * Pimp , (1.1.2)

where pp is the resistivity due to the defects (e.g. point defects,
dislocation, and voids), and piy, is the resistivity due to the impurities.
The electrical resistivity increases with defects and impurities by
neutron irradiation. The impurity resistivity increases due to trans-
mutations. (pp = Apimp)
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1.2 Ductility

Elongation of OFHC copper is shown in Fig. 1.2.1[1]. ZLarge elongation
can be obtained by thermal treatment. '

Effect of neutron irradiation on room temperature elongation of copper
is shown in Fig. 1.2.2[7,8,9,10]. Although the total elongations of copper
irradiated at 60~100°C are very scattered, it can be seen that the elonga-
tion is reduced by irradiation. The total elongation falls rapidly at the
fluence of 10%%-102%n/cm?. However is seens to decrease slowly for higher
fluences, The same tendency is usually seen for other materials that is
face-centered cubic metal such as aluminum. The elongation of copper irra-
diated at 327° does not change by neutron irradiation. '

The temperature dependence of the elongation for copper irradiated
with 7.9%10%° n/cm?® (epithermal) of fluence at temperature below 100°C
is shown in Fig.l1.2.3(8]. Although the data are very scattered, there
does not appear any change of the elongation for room temperature to 200 cC.

It is difficult to estimate the elongation at the fluence of 1. 0><1022
n/cm? (E>1 MeV). If the loss of elongation obeys the dushed curves, the’
elcngatlon of 57 is expected at the fluence of 6 MWyr/m? (22~3x10%2n/cm?).

1.3 Swelling

The dependence of the swelling of copper on neutron fluence is shown
in Fig. 1.3.1[9,11,12,13,14]). The range of irradiatiomn temgeraturerie 250°C
to 450°C, The maximum swelling for the fluence of 10%2n/cm? (E<1 MeV) is
estimated to be 20~30% extrapolating from this figure.

The temperature dependence of the swelling of copper is shown in
Fig. 1.3.2[13,14]., As the fluence increases the peak of swelling appears
to shift to the lower side., The swelling at 200°C is a half or a third of
the maximum swelling, and there is plactlcally no swellxng at temperatures
lower than 130°C for the fluence up to 5x107% ® n/em?. It is necessary to
study the swelling at temperatures between 100°C and 200°C and the swelling
for fluences above 102! n/cm?,

The swellings of copper doped some elements are shown in Table 1.3. 1[3]
The irradiation fluences is 5%102° n/cm® and the irradiation temperature is
250°C. These elements are effective for the reduction of the swelling of

copper.

The swelling of copper on irradiation with 200 keV cu’ ion to 60 dpa
is shown in Fig, 1.3.3[15]. The maximum swelling of copper alloys on the
same irradiation is shown in Fig. 1.3.4[15]. The measurements show a strong
dependence on the concentration of solute. Alloys of a 1 atom% solute show
more swelling than pure copper, and alloys of 1 atom%? show less swelling.
Especially, alloy of 1 atom¥ Au or Be shows no void swelling.

The maximum of swelling in Fig. 1.3.3 occurs about 470°C. Damage
rate in the ion irradiation is for more large than that in the neutron
irradiation. It is thought that the higher damage rate in ion irradiation
causes the higher temperature for maximum swelling and lower swelling rate
in comparison with neutron irradiation.
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The resistivity measured at 4.2 K after exposure at 60°C in the
fission reactor is shown in Fig. 1.1.3 [3]. The increase rate of the
defect resistivity pp reduces as fluence increases. Contrastingly, the
increase rate of the impurity resistivity is almost constant against
fluence.

The annealing effects on the resistivity .of copper at room temper-
ature after neutron irradiation at 40 v 45°C is shown in Fig. 1.1.4 [4]l.
The significant recovery of irradiation-induced defects occurs at room
temperature in a rather long period.

The short period annealing characteristics of electrical resistivity
in copper irradiated at 60°C is shown in Fig. 1.1.5 [5]. The recovery of
defects up to 200°C is not so large.

Neutrons produce Ni, Zn and Co in copper by transmutations. The
electrical resistivity increases due to these impurities are shown in
Fig. 1.1.6 [6]. The specific resistivities of these element additiom by
small amount are 125 ulem/unit fractiom for Ni, 53 uflem/unit fraction for
Zn and 630 pQcm/unit fraction for Co respectively. The resistivity increase
due to impurities approximately follows the simple addition rule.

We will estimate the resistivity increase of copper irradiated by
the neutron with spectrum at first wall., The resistivity increase due
to neutron induced defects satulate 0.08 uflcm at room temperature. Amount
of transmutations is approximately proportional to fluence. Ni, Zn, and
Co produced by the neutron fluence of 3 MWyr/m? are 1.2 atomZ, 0.723
atomZ, and 0.022 atomZ respectively. The resistivity increase due to
transmutations is calculated to be 2.064 pflem for a fluence of 3 Mwyr/mz.
The total resistivity increase due to neutron irradiation for 3 MWyr/m?
is estimated at 2.14 pQcm. The resistivity change by neutron irradiation
with first wall neutron spectrum is shown in Fig. 1.1.7. The resistivity
of copper irradiated for a fluence of 3 MWyr/m? at 150°C is estimated
to be 4.7 LQcm and that of 6§ MWyr/m? at 150°C is estimated to be 7.0 uiicm.
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Table 1,3,1,

Valceurs du gonflement de la densité moyenne et du diamétre moyen des cavités pour les alliages de cuivre
d'énergie de faute différents (irradiation L 15T =250 °C)

Alliage *yy {ergfcm?) [ AV/V (%) A {cav/em?) d {A)
**Cu 55 0,18 2,2x 1014 275
Cu-Ge 19, 50 ¢,l10 2,5 x 101 480
Cu-Ge 39, -~ 45 ~0 quelques cavités 800
Cu-8i 1% | ~ 45 ~Q quelques cavitée 120
Cu-Al 1% ~ 45 ~0 quelques cavités -
Cu-Al 39 ~ 30 0 quelques cavités -
Cu-Al 59 ~B 0 0 -

* Les valeurs des énergies de faute d'empilement ont été tirées de ref. 19),
®+ L'échantillon témoin de cuivre pur irredié dans L 13 n’ayant pu dtre observé on a donné ici les valeurs
de l'irradiation MP |, effectuée dans les mémes conditions norminales.
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2. Aluminum
2.1 Electrical resistivity

The temperature dependence of electrical resistivity for aluminum in
comparison with those for copper, beryllium and lead is shown in Fig. 2.1.1
f1,16,17,18].

The isochronal recovery of aluminum after the neutron irradiation of
2x101® n/em® (E>0.1 MeV) at 4.5 K is shown in Fig. 2.1.2[19]. The ir-
radiation-induced resistivity of aluminum is recovered completely at 260 K.
It can be expected that all of defect resistivity induced by neutron irradi-
ation at temperatures above room temperature is recovered.

Neutron produces Mg, Si and Na in aluminum by transmutations. Amount
of Na is very little. The electrical resistivity increase du to the im-
purities of Mg and Si is shown in Fig. 2.1.3[20].

The resistivity increase of aluminum irradiated by the neutron spectrum
at first wall is estimated. Concentration of Mg, 51 and Na transmutated by
3 MWyr/m? neutron irradiation are 0.214 atomZ, 0.0295 atom? and 0.0001 atomZ,
respectively. The resistivity increase due to transmutation is calculated
to be 0,2 ulem for 3 MWyr/m? neutron irradiation. The resistivity increase
due to irradiated-induced defect is zero. The resistivity change by neutron
irradiation with the first wall neutron spectrum is shown in Fig. 2.l.4.

2.2 Ductility

The effect of neutron irradiation on the temperature dependence of
elongation of 1100 aluminum is shown in Fig. 2.2,1{21,22]. The elongation
of aluminum irradiated to 1x10?2 n/em? (E>1 MeV) exhibits a minimum at

about 250°C.

The effect of neutron irradiation on the elongatjon of 1100 aluminum is
shown in Fig. 2.2.2([21,22]. The loss of elongation at 200°C is larger than
that at room temperature. The significant loss of elongatiom occurs under
the fluence of 10°2 n/cm? and then the loss saturates.

2.3 Swelling

The swellings of aluminum and aluminum alloys are shown in Fig. 2.3.1
[22,23]., The swelling of 1100 aluminum at the fluence of 3x10%? n/cm®
(E>0.1 MeV) is about 12~5X%.

The effect of isochronal annealing on swelling of 1100 aluminum irradiat-
ed to about 3x10%2 n/cm? is shown in Fig. 2.3.2[24). The swelling exhabits
a minimum at about 300°C.
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ANNEALING TEMPERATURE (°C)

F19.2.3.2. Effect of isochronal annealing on swelling of 1100 aluminum

irradiated to about 3 x [0% nfem?.
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3. Beryllium
3.1 Electrical Resistivity
The electrical resistivity of beryllium is shown in Fig. 2.1.2[17].

The resistivity increase of beryllium irradiated at 90 K is shown in
Fig. 3.1.1{25]. The isochronal reconery of resistivity of beryllium ir-
radiated at 90 K to the fluence of 1.05x10'° n/em? n/cm?® (E>1.0 MeV) is
shown in Fig. 3.1.2[25]. Almost all of the irradiation-induced resistivity
is recovered at 330 K. But it should be noted the fluence of these data
is very low.

3.2 Ductility

The elongation of beryllium is influenced by manufacturing process,
distribution of impurities, and grain size. Beryllium has close packed
hexagonal structure and the elongation of beryllium sheet exhabits
anisotropy.

The effect of working on the elongation of beryllium is shown in
Fig. 3.2.1[26]. The elongations of various form materials are shown in
Table 3.2.1[17]. The maximum elongation of block material is about 4%.
One of the sheet-type beryllium exhabits the elongation of 16% at room
temperature. The temperature dependence of the elongation of hot-pressed
beryllium is shown in Fig. 3.2.2[27]. The elongation of hot-pressed berryl-
lium exhabits 2 minimum at room temperature. The elongation of other type
beryllium exhabits a minimum between room temperature and 200°C.

The effect of irradiation on the elongations of sheet-type and block-
type beryllium is shown in Fig. 3.2.3[28,29,30,31]. Neutron irradiation
between room temperature to 350°C causes the striking loss of the longi-
tudial elongation of sheet-type beryllium. The longitudinal elongations of
sheet-type beryllium irradiated to the fluence higher than 10%! n/em?

(E>1 MeV) are estimated to be zero. The transverse elongation of unirradiat-
ed sheet-type beryllium is only about 0.27% at room temperature, and irradia-
tion almost does not change it. The elongation of block-type beryllium
irradiated to the fluence higher than 3x10% n/cm? (E>1 MeV) is estimated to
be almost zero.

Beryllium has been used as a reflector in some fission reactors, its
life time fluence is about 1022 n/cm® (E>1 MeV) and in limited by thermal
and swelling stress.

3.3 Swelling

The swelling of beryllium irradiated at room temperature and up to
about 120°C is shown in Fig. 3.3.1[29,32,33,34,35].

The effect of postirradiation annealing on swelling of beryllium
irradiated at 70°C to a fluence of about 7.6x10%2% n/cm? (E>1 MeV) is shown
in Fig. 3.3.2[35]. The large swelling occurs at higher temperature than
700°C.
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%
; ; J | 7%
ha

HOT UPSET SHEET  ELONGATION
1% IMODERATELY PREFERRED)
0.23 IN BEND DEFLECTION

1%
‘ ELONGATION 0%
%
HOT PRESSED BLOCK 12%
(RANDOM]
0.23 IN BEND DEFLECTION
12%
HOT ROLLED SHEET ELONGATION

{SEVERELY PREFERRED}
0.10 IN BEND DEFLECTION

Filg.3.2.1. Effect of working and deqree of preferred orfentation
on tensile ductility of bervllium hot-pressed block aond sheet.

Table 3.2.1., Typical tensile orooerties of commerciclly avairable forms.

Ultimate teasile  Yiekd strength

Test strength, F,, 0.2% offset, F, Elongation,
Material direction [ksi (N/mm*%) {ksi (N/mm?)} € (%)
Block
normal-puriy (hot-pressed)*
structursl grade Le 53(370) 38(266) 23
T 56(390} IN2TH 16
therms! or breke grade L’ 42 294) 28(196) 27
T 65(322) 28(196) 4.6
high-pucity (isopresscd) L 65(455) 410287 1.9
T 65(45%) 411287 4.4
high-oxide instrument grade
{hot pressod) L 6K 476) 58(406) 1.5
T T¥%510 $9(413) 27
fine grain size (isopressed) L 845800 SN40N 7
T 85587 5%407) 4.2
Sheet (0.040-0.250 in. thick)
normal-purily powder TH33 54372) 16
normal-purity ingot™ 511352) 23017 7
Extrusions
normal-purity powder 95-100(655-690) 50-T75345-518) 8-13
high-purity powder 95-120(655-828) 30-75(345-518) 8-1)
Forgings
normal-purky®- TO-BTA83-600) 6}1-8N435-600) 045
Wire (0.002-0.025 in. diameter)
high-purity ingot™® 1 40(966) 1IN 3

*Elongation in 1 in., except 16 in. for wire.
*Structural grade containg abowt |.0% EcQ and thermal or bruke grude about 0.9%.
*L and T refer 0 longitudinal and transverse Lest directions.
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At low temperatures, the helium atoms remain in sclution in the
matrix. However, at higher temperatures, the diffusion of helium atoms
becomes significant and they agglomerate into bubbles and consequently
the swelling grows larger.

The swelling threshold in i{rradiated beryllium is shown in Fig. 3.3.3
[27]. The swelling threshold temperature falls as irradiation fluence
increases.

The swelling threshold temperature is estimated to be about 400°C for
a fluence of 3.0%x10%22 n/cm? (*~6 MWyr/m?). When beryllium is used between
foom temperature and 200°C, the swelling reaches to 1~3% for a fluence of
3.0x10%2 n/em®.

4, Lead

The electrical resistivity of lead is shown in Fig. 2.1.2[18].

The elongation of lead at room temperature is about 55%.

There are no data of irradiation effect on the electrical resistivity
and the elongation of lead and no data of neutron-irradiated swelling.
Lead has large atomic mass and low melting point. Neutrons produce

little transmutations in lead. As a result, it seems that the material
properties of lead change little.
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At low temperatures, the helium atoms remain in solution in the
matrix. However, at higher temperatures, the diffusion of helium atoms
becomes significant and they agglomerate into bubbles and comsequently
the swelling grows larger.

The swelling threshold in irradiated beryllium is shown in Fig. 3.3.3
[{27]. The swelling threshold temperature falls as irradiation fluence
increases.

The swelling threshold temperature is estimated to be about 400°C for
a fluence of 3.0%x102%? n/cm? (~6 MWyr/mz). When beryllium is used between
foom temperature and 200°C, the swelling reaches to 1~3% for a fluence of
3.0x1022 n/em?.

4. Lead

The electrical resistivity of lead is shown in Fig. 2.1.2[18].

The elongation of lead at room temperature is about 55%.

There are no data of irradiation effect on the electrical resistivity
and the elongation of lead and no data of neutron-irradiated swelling.
Lead has large atomic mass and low melting point. Neutrons produce

little transmutations in lead. As a result, it seems that the material
properties of lead change little.
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5, Neutron absorption

We calculated the tritium breeding ratios by ANISN code in order
to compare the effects of passive shell materials.

The calculation model is shown in Fig. 5.1 for the copper shell case.
Tn case of aluminum, the composition of shell is 0.932 Al, 0.033 Cu and
0.035 SUS. 1In case of lead, the sixth zone is removed. In case of
beryllium, the sixth zone is removed and lead in neutron multiplier is

replaced by beryllium.

The results is shown in Fig. 5.2. The neutron absorption of copper is
much larger than that of aluminum. The tritium breeding ratio in case of
3 em aluminum shell is as large as that in case of 1 c¢m copper shell,
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Zone Raodlial
No. d%gé?nce Volume fraction Component
0.
1 He Plasmo
110. -
2 He Yacuum
125,
3 sus
125.5
4 SUS(0,3295) ,H:0(0,6705) First wall
126.
5 sus
127, ‘
6 Al oF Cu(0.932),Cu(0,033),3US(0,035) Shell
127, +X
7 Pb(0.612425),SUS(0.2317) ,H,0(0,1279),
cu(0,03289)
127.9 +X
8 , Pb(0,9301),SUS(0.03714),Cuc0.03277)  {RefEron,
132,1 +X :
9 Pb(0,61043) ,SUS(0.22997) ,H.0(0., 12635),
cu(0, 03265)
133, X
10 SUS(0.96740) ,Cu(0.0326) Second wall
134,  +X
1 L1,0(0,15018) ,Be(0, 41227) ,5US(0, 0472)
. H:000.02377),€u(0.03242) ,facor (0, 05524)
140, 605+X
L ?6°a%§§%?’tﬁ?6%§3§%3ﬁ‘éﬁé?z%“%%%%é)
146,49 +X
L b 00 13503 (Be %3130 Manar a0 063a)  [Breeder
154, 325+X
H o080 173 (e odT %30 SHacar (o Ba1as)
166,22 +X
15 L1000, 15262) Be (0. u1894), SUS(0.03788), |
‘ 10(6.45-3),C0(6.03092) ,Macor (0.07108)
175, :
16 SUS(0.98474) ,H,0(0.01526) End woll
185,

Fig,5.1. Blanket model for nuclear analysis.
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6., Summary

The summary of irradiated properties of candidate passive shell materials
is shown in Table 6.1.

Copper has excellent electrical resistivity. However, the resistivity
for a fluence of 6 MWyr/m? is 2.7 times as large as the initial value at
150°C, It seems that the elongation of copper irradiated up to fluence of
6 MWyr/m® at 200°C remains larger than 5%. The swelling of copper for a
fluence of 6 MWyr/m2 is estimated to be larger than 10% and this becomes a
serious problem. Begides the neutron absorption of copper is large. It
seems that the swelling of copper can be suppressed by alloying with appro-
priate elements. But it is necessary to pay special attention to the
electrical resistivity increase due to alloying. It seems that copper is
alloyed with Au, Ag, Cd or Zr from the standpoint of electrical resistivity
and that about 1 atom% of solute is required.

The eleritical resistivity of aluminum at 150°C is 1.7 times as large
as that of copper. The electrical resistivity increase due to neutron
irradiation is very small. The elongation of aluminum remains larger than
5% at least up to a fluence of 6 MWyr/m?. The swelling of aluminum to a
fluence of 6 MWyr/m? is estimated to be about 1~ 5%. The neutron absorption
of aluminum is smaller than that of copper and it hasanadvantage over copper
from this point of view.

Beryllium is desirable from the standpoint of tritium breeding. The
gwelling of beryllium irradiated up to a fluence of 3 MWyr/m? is smaller .
than 1%, The electrical resistivity of beryllium are larger than those of
copper or aluminum. However beryllium can serve as neutron multipliers
as well, and than the bigger allowable thickness of shell can compensate suf-
ficiency for these large resistivity. The problem of beryllium is its low
ductility. '

The electrical resistivity of lead is too large. And the low melting
poeint is a porblem from the design standpoint.

As mentioned above copper and aluminum have advantage as possive shell
material over beryllium and lead.

Admittedly, the data compiled in this report are gotten by fission
neutron irradiation and are insufficient to make a final assessment on
the behavior of passive shell materials under fusion operating conditiom.
It is necessary to reappraise the effect of 14 MeV neutron irradiation omn

shell materials.
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7.2 Benchmark Tests of the Model for Transient Electromagnetics
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Benchmark Tests of the Model for Transient Electromagnetics
K. UEDA, K. MIYAMOTO and M. KASAI

Mitsubishi Fusion center
2-3, MARUNOUCHI Z-CHCOME, CHIYODA-KU, TOKYO, JAPAN

H. IIDA*, N. FUJISAWA* and T. TONE*

*Japan Atomic Energy Research Institute
8§01-1 NAKA-MACHI, NAKA-GUN, IBARAKI-KEN, JAPAN

1. Introduction

Models of transient electromagnetics provide eddy current analyses,
dynamic analyses of the horizontal and vertical position, analyses of electro-
magnetic forces caused by interaction between the eddy current and the
torcidal mangetic field, etc. In general, the models are composed of three
sub-models of an eddy current evaluation model, a suppression and control
model of the positional instability, and an electromagnetic force evalua-
tion model.

Therefeore, benchmark tests should include some checks for each sub-
medel duscribed on the above.

(1)

In the previous workshop (January, 1984), the benchmark models were

set in consideration of the following points:

(1) The benchmark models need to provide the way to check if the models
of transient electromagnetics can be endurable for analyses required on
the design of a tokamak reactor.

(2) The structure of the benchmark models should not be so complex that
the results obtained from the model of transient electromagnetics developed
in each country can not be compared with each other and the differences
among countries can not be analyzed.

Finally, three models were set: i.e. Models, 1, 2 and 3. The larger
the model number is, the more complex the structure of model gets, as
follows.

The Model-1 consists of a pair of ring shells, a plasma column (with
the INTOR parameters... Major Radius: 5.3 m, Minor Radius: 1.2 m,
Current: 6.4 MA) and a pair of control coils. In Model-2, the ring shells
in Model-1 are rﬁplaced by 24 rectangular shells (shown in Figure X-26 in
the green book(6 ). In Model-3, radiation shields toroidally divided into

24 divisions are added to the structure of Model-2.

In this report, the following items are set on analyses of three
Benchmark Models.
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(1) The plasma column is treated as a filamentary current loop
located along the major radius. -

(2) As for the differential coefficient, M'pS {(with respect to the
axial coordinate) of the mutual inductance between the plasma column and
the structure (shell, control coils and radiation shield), the results
obtained by three kinds of methods are used. Their methods are composed
of the method using a filament current loop in place of the plasma columm,
the dipole approximation for a circular plasma, and the method using a
distributed current plasma from plasma equilibrium calculationms.

(3) 1In the case which the shell effect can be expected, the plasmag
inertial term can be neglected on the equation of plasma column motion. (7)

(4) The thin plate approximation method (8) 45 used on estimating the
eddy currents flowing in the structure,

In the case of high-8 INTOR plasma, it has been found that the
magnetic axis lies considerably outside the major radius, and the above
wmentioned differential coefficient, M'pg can be expected to have larger
value than one obtained from setting the radial coordinate of the filament
or the dipole on the major radius. On this meaning, the dependence of
the shell effects upon their radial coordinates is estimated in this report.
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2. Requirements and Constraints
2.1 Initial conditions

The structures of three benchmark models, which were set in the
workshop held in January 1984, are shown in Figures 2.1(a),{(b) and (c},
respectively. Model-l consists of a pair of ring shells, the plasma
column and a pair of coils. In Model-2, the ring shells in Model-l is
replaced by 24 rectangular shells. In Model-3, radiation shields toroidally
divided into 24 divisions are added to the structure of Model-2.

Among the constants used in Meodels, 1, 2 and 3, those which have been
already determined are shown in Table 2.1. Additionally others than
figures in the table are used for some constants.

For analyses of the vertical position instability, it is necessary
to determine initial conditions since obtained results are anticipated to

be dependent upon those conditioms.

They can be determined in three ways.as follows:

(&) Zple=o # 0, Zyling = 0 (L
() B, = B -[l-exp(~t/T )] ‘ (2)
() zp]t=0 # 0, zplt=0 = Y-Zp|t=0 (3)

where Z_ is the displacement in the plasma vertical direction, and denotes
the timB derivative. By is the horizontal magnetic field due to an external
disturbance, and B, and T4 are the value of By at t*° and the time constant
of the external disturbance, respectively. Y is the instability growth time.

In the initial condition (A), the plasma is instantaneously balanced
at the position of Z [t=0#0 at t=0, and then the plasma position begins
to diverge, because the eddy current balancing the plasma position
attenuates according to its time constant. .-In the case there is a single
eddy current mode in the object to be analyzed, the condition (4) are
meaningful because the initial values for the eddy current can be definitely
determined. In:the case there are a number of eddy current modes, however,
the condition (A) cannot be used.

In the condition (B), the initial values can be determined even if
there are a number of eddy current modes. Moreover, if a value of T4 1is
chosen properly, the condition Z, = 0 can be obtained at a certain point
of time t>0, which is similar to the condition in (A), thus providing a
way to compare the results with those obtained from the condition (A) for
a single mode.

As seen from Table 2—1,'2p at 2. = 0 is taken to be an initial
displacement of 1 ¢m or a maximum displacement of 5 cm. 1In the case the
condition (B) is taken, a position control is set to start at 1 ms after
occurrence of the external disturbance. If a stable control can be obtained,
the maximum displacement lies in the neighborhood of the displacement at
the start of control. Consequently, in this case the initial displacement
is found to be equal to the maximum displacement.
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The condition (C) can be obtained from the initial condition (B),
because the plasma displacement without active control, in the case which
the shell effect can be expected, can be represented by the form of Ae'Yt
after an influence of the disturbance of type (B} will become negligibly
small. In this report, very small By (= 107 3 Gauss) is selected and the
origin of new time is set at (t-t')=0 so that AeYt' is equal to Z, (for
example, 1 cm).

2.2 Resistance of control coils

As seen from Table 2-1, the control coils are made of copper.
Taking its size into consideration, the self-inductance and the resistance
are known to be approximately 54.4 UH and 5.6 ufi, respectively. Since
the resistance value of 5.6 Uil is too small to be realistic, it is important
to study if variation of this value largely affects the results given in
this report.

In Figure 2.2, variations of the vertical displacement without active
control are shown for two cases of 5.6 Ul and 0.56 mii. Although slight
difference can be observed between two cases, the small value of 5.6 Wi
is not supposed to largely affect the results.

In Figure 2.3, the maximum control current and maximum power required
for the vertical position control are given. Moderate decrease on both
parameters is observed in a range of more value of control coll resistance
than 0.5 mQ. On the other hand, time to return to 0.1 Z, is found to
abruptly increase in the corresponding range and have « on about 1 mil in
its resistance under a control condition: Gain = 1 x 10% V/m, Derivative
time = 10 msec. In conclusion, active control characteristics for Model-1
are found to change whatever the coil resistance is more than 0.5 mi or
not.

2.3 Plasma conductor models for evaluating M'ps

Three kinds of methods have been proposed on evaluating the differential
coeffcient, M'yg (': derivative with respect to the axial coordinate) of
the mutual inductance between the plasma column and the structure (shell,
control coils, radiation shield, etc).

Cne of them 1s the methed using a filamentary current loop in place
of the plasma column (Here, this method is called the filamentary model),
and being under an obligation to use on the benchmark calculation as
shown in Table 2.1.

One of the rest methods in the dipole approximation method on which
the plasma is assumed to have a circular cross-section with a constant
current density, and additionally approximated as a dipole current.
Redently, a new dipole method has been proposed.(lo) In the method both of
the dipole position and current are adjusted so as to have a flux function
almost equal to the flux function from a plasma equilibrium calculation.
This method is call the modified dipole model.

The final method, which is called the distributed current model,

evaluates M',g using the distributed current distribution obtained by a
plasma equilibrium calculation. '
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Others than the first method using a filamentary current loop are
shown in Figure 2.4 where used parameters are defined for each method.

Figure 2.5 shows ng (EZni)(3) which is one of the measures for the
shell effects, on comparing some results obtained by each methed. 1In
Fig. 2.5 the abscissa 1s selected so as to be equal to the radial coordinate
of the location of the filament in case of the filamentary model, the
dipole in case of the dipole and modified dipole approximation or the
magnetic axis in case of the distributed current model.

In case of 5.3 m in the radial coordinate, comparison between the
filamentary and dipole models is given on Table 2.2. The results from
the filamentary model are found to be larger than them in case of the dipole
model by 0.200.23 in ng and by about 53 ms (Model-1), 16 ms (Model-2)
and 12 ms (Model-3) in the growth time.

In conclusion, difference between the filamentary and dipole model
is considerably large in the growth time, but selection of the radial
position, at which the filament, the dipole cr the magnetic axis is
located, is found. te be important, too.

2.4 Comparison between circular coil and finite element models

In case of the eddy current calcylation of the Benchmark Model-1,
there are proposed three methods. 2)"{5) Here, both of the circular
coil and finite element models are examined and compared. Used circular
coil models are shown in Figure 2.6. Figs. 2.6(a), (b) and (c) show the
Benchmark Model-1l, a circular coil which the Model-1 is represented by
one coil, and two circular coils into which it ig divided, respectively.
Table 2.3 shows some results obtained by both methods of the circular
coil and finite element models. Numerical difference between both
methods is within several per cent in ng, hut is found to attain to a few
tens per cent in the growth time, Y™-+.
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Others than the first method using a filamentary current loop are
shown in Figure 2.4 where used parameters are defined for each method.

Figure 2.5 shows ng (EZni)(3) which is one of the measures for the
shell effects, on comparing some results obtained by each method. 1In
Fig. 2.5 the abscissa is selected so as to be equal to the radial coordinate
of the location of the filament in case of the filamentary model, the
dipole in case of the dipole and modified dipole approximation or the
magnetic axis in case of the distributed current model.

In case of 5.3 m in the radial coordinate, comparison between the
filamentary and dipole models is given on Table 2.2, The results from
the filamentary model are found to be larger than them in case of the dipele
model by 0.200.23 in ng and by about 33 ms (Model-1), 16 ms (Model-2)
and 12 ms (Model-3) in the growth time.

In conclusion, difference between the filamentary and dipole model
is considerably larpe in the growth time, but selection of the radial
position, at which the filament, the dipole or the magnetic axis is
located, is found. te¢ be important, too.

2.4 Comparison between circular coil and finite element models

In case of the eddy current calc%lation of the Benchmark Medel-1,
there are proposed three methods.(z)% 5) Here, both of the circular

coil and finite element models are examined and compared. Used circular
coil models are shown in Figure 2.6. Figs. 2.6(a), (b) and (c) show the
Benchmark Model-l, a circular coil which the Model-1 is represented by
one coil, and two circular coils inte which it is divided, respectively.
Table 2.3 shows some results obtained by both methods of the circular
coil and finite element models. Numerical difference between both
methods is within several per cent in ng, but is found to attain to a few
tens per cent in the growth time, v-1.
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3. Structure of the Benchmark Models

In Figures 3.1 and 3.2, the structure of conductor and a typical eddy
current flow (1/48 of a torus) in the Benchmark Model-l are shown,
respectively. In Figures 3.3 and 3.4 are shown the corresponding figures
in the Benchmark Model-2. 1In Figures 3.5 and 3.6 the structure of the upper
half of a 1/24 sector (a portion of 7.5 degrees in the torus direction)
and its typical eddy current flow are shown, respectively.

Although the thickness of side walls in Models, 2 and 3 is selected to
be 2 cm as shown in Table 2.1, the case of 1 cm in its thickness is
calculated in this report, too. The gap between adjacent side walls is
taken to be 1 cm, as the distance between the currents is set to be 3 cm,
and then they are supposed to flow along the center of side wall thickness.
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4, Results
4-1 Model-1
4.,1.1 Initial condition of type (B)*

In Figure 4.1 is shown time evolution of the vertical displacement of
plasma column, Z_., which is obtained when external disturbance of the
form of Equation (2) is applied to the Benchmark Model-l. Time evolutions
of the horizontal magnetic field due to the external disturbance, the
magnetic field due to the eddy curremts, and the current in the control
coils which are regarded as passive conductors, are also shown in the
figure. The time constant of the control coils, Tp, is taken to be
approximately 9.73 s (= 54.5 u H/5.6 uR). The magnetic field due to the
external disturbance at t > «, Bb’ is taken to be 3.29 Gauss, which is
determined so that Z; is equal to 1 cm at t=1 ms. T4 is selected to be
equal to 0.1 ms.

The initial condition for position control is givem at t=1 ms, and
are used in the following discussion for the Benchmark Model-1l. This
initial condition will be found to be approximately equivalent to the
initial condition of type (A) as known in Figure 4.1.

In Figure 4.2, time evolutions of Z, are shown for the cases with
and without control. In case with control, the gain is fixed at 104 V/m,
and the derivative action time, Ty, is taken at 1 ms or 10 ms. In the case
without control, the instability growth time is approximately 72 ms, and .
at s + », ng is approximately 1.72.

In case of the control with Ty = 10 ms, Z, tends to slightly fluctuate
after external disturbance is applied. In Figure 4.3 is shown Bode
diagram with Ty as a parameter. Since less frequency than 103 is used,
there is no unatable factors in phases. Consequently, it is seen that
instability occurs when Tgq = 10 ms, because the gain is set to be too large.

In Figure 4.4, the control characteristics of Z, are shown for Tg =
1 ms, and Z, can be seen to stabilize by about 60 ms. Time evolution of
the magnetic field due to the eddy current, the magnetic field produced
by a pair of contrel coils, and the current and voltage of the control
coils are also shown in the figure. The time in which Z, is stabilized
is almost the same as the time by which the voltage of control coils
reaches a stationary value. The magnetic field due to the eddy current
tends to decrease after Z_ is stabilized. Since the time dependence
of the current of control coils is similar to that of the eddy current,
it can be seen that the field by the control coils after Z, is stabilized
plays a role of cancelling the magnetic field due to the egdy current.

In Figure 4.5, time evolutions of the same parameters as in Figure 4.4
are shown for the case of Ty = 10 ms. Although both figures give similar
curves, the time in which Z, is stabilized is longer, and the time, at
which the eddy current and the current of control coils turn to decrease,
is different from then in case of Ty = 1 ms. This is caused by the
fluctuation of Z, on the initial stage of control and shows that selection
of a suitable gain is important.

* When the initial condition of this type is used, the dipole model is
used for evaluation of M'ps all over this report.
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4.1.2 1Initial condition of type (C)¥**

Here, some characteristics of the vertical position control under
the initial conditions of type (C) are studied. These initial conditions
are set on the INTOR Workshop, May, 1984 and ought to be used on the
benchmark tests.

Figure 4.6 shows time evolutions of the vertical position, Z,, the
control current, I. and the required power, P. under the initial condi-
tion of type (C). TFigs. 4.6 (a) and (b) correspond to 1 ms and 10 ms in
derivative time, T45 with a fixed gain, 104 V/m, respectively. The
time evolution of each parameter is found to show the almost same feature
as one in Figure 4.4 or Figure 4.5.

4.2 Model-2
4.2.l Initial condition of type (B)

In Figure 4.7, time evolutions of Z_ in the Benchmark Model-2 are
shown for both cases with and without acgive control. The gain with
active control is fixed at 104 V/m, and the derivative action time, T4,
is set at 1 ms or 10 ms as used in Figure 4.2. The instability growth time
is approximately 20 ms, and ng at s + « is approximately 1.62 in this
case. Although there is not significant difference in the values of ng in
Models, 1 and 2, both values of instability growth time differ largely.

The control characteristics vary largely as the value of T; changes.
Z,  at Ty = 1 ms is controlled so as to be stable, but diverging oscillation
occurs at Tg = 10 ms. In Figure 4.8, Bode diagram corresponding to Figure
4.7 is shown. Figure 4.8 suggests that instability occurs when Tg = 10 ms,
because the gain is set to be too larger.

Figure 4.9 shows time evolutions of the same parameters of Model-2
as in Figure 4.4. It can be seen that the time in which Z; is stablized
is approximately 40 ms, and is a little less than that for Model-1, as
shown in Figure 4.4. Although time evolution of the magnetic field due to
the eddy current is seen to be similar to that of the magnetic field due
to the control coil current in Figure 4.4, the curves for these quantities
show some differences in the starting part in this figure. The current
of control coils rises rapidly because it is necessary for them to play a
rule of the eddy current, and moreover to produce larger magnetic field,
than one produced by the eddy current.

The time in which Z, is stabilized gets shorter because the time
constant of shell itself, or the shell effect, is decreased on comparison
with one of Model-l.

4.2.2 1Initial condition of type (C)

Figure 4.10 shows time evolution of Z,, I, and P. under the condition
(C)., Fig. 4.10 (a) corresponds to 1 ms in Ty and the time evolution of
each parameters shows the almost same feature as one in Fig. 4,9. Tig.
4.10 (b) corresponds to 10 ms in T;. Some signs of the unstable tendency,
which the case of 10 ms in Ty in case of the condition of type (B) has

** When this conditon is used, the filamentary model is used for
evaluation of M'ps all over this report.
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shown, are observed from Fig. 4.10(b), but the disturbance is stabilized
little by little.

4.3 Model-3
4.3.1 Initial condition of type (B)

In Figure 4.11, Bode diagram is shown for the Benchmark Model-3. It can
be expected that a stable control may be obtained when the derivative action
time is 10 ms.

Figure 4.12 shows time evolutions of the same parameters of Model-3
as them in Fig. 4.4. Z_ is seen to fluctuate slightly on the initial
stage, but the fluctuation attenuates in a short period.

For this model, the instability growth time is about 26 ms, and ng
is aporoximately 1.85. Additionally the instability growth time in case
of the side walls with 1 e¢m in thickness decreases about 18 ms.

4.3.2 1Initial condition of type (C)

Figure 4.13 shows time evolution of Zj;, I, and P, under the condition
(C). Figs 4.13 (a) and (b) correspond to E ms and 10 ms in T4, respectively.

4.4 Required Capacity of Power Supply
4,4,1 1Initial condition of type (B)

The required capacity of power supply was evaluated for the Benchmark
Models, 1, 2 and 3 and the results are given on Table 4.1. There are
shown the required maximum voltage and current together.

As for Model-l, calculations are made for three values of B,. These
values of B, give the maximum vertical displacements of 1, 3 and 5 cm (at
1 ms after imposition of each external disturbance), respectively. Using the
calculated results, the requred capacity of power supply (Vp.x'Imaxs Vmax®
maximum voltage, I : maximum current) is given as follows:

max’
P = 0.2072'302 (MVA, B,: Gauss) (3}
- 2.248°2,, % VA, Zj,.: cm) (4)

where Z;., is the maximum vertical diiplacement. These equations can be
used under the conditions that G = 107 V/m, Ty =1ms and 14 = 0.1 ms.

In case of Model-l, T 1s calculated for a case set at 0.0973 s, too.
(taking the resistance of control coils up two orders) and the required
capacity of power supply is evaluated about 5% smaller than one in the
case of 9.73 s in Ter

In cases of Models, 2 and 3, a value of B, is set so that an injtial
displacement of about 1 cm can be given. There is only a little difference
with respect to the shell effect between Models, 2 and 3. On Table 4,2,
the major parameters are shown. It can be seen that the figures for two
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models are nearly equal. However, the required capacity for Models, 2 and
3 is about 2.0 and 6.4 MVA, respectively. This is caused by the structural
difference of two models, that is, with and without radiation shield and
also means that the magnetic shield effect of the radiation shield is
significant.

Table 4.2 shows number of the modes, taken into consideration in the
analysis, whose contribution to n_ is greater tham 5 x 10-3, Whether the
radiation shield exists or not 1s very different in the number of the
modes taken for Models, 2 and 3.

" 4.4.2 Initial condition of type (C)

On Table 4.3, main results for three benchmark models in case of the
initial condition of type (C)} are listed.

It is found from the table that the required capacity of power supply
is only a little dependent on the instability growth time, except Model-1b.
Such a result seems to mean that, in case of the initial condition of
type (C), only the vertical displacement, Z_  influences mainly one the
required capacity of power supply.

4,5 Disruption Analysis

The eddy current and the electromagnetic force on a plasma disruption
are analyzed using Model~2.

The disruption cendition to be assumed is that the plasma current
decreases linearly at the statiomary position and at 20 ms in time constant.

Figure 4.14 shows variations of the eddy current on the rectangular
shell for the case which the plasma disappears in the way described above.
(a), (b), (c) and (d) show the results of observation at the time of 5,
10, 20 and 30 ms, respectively. The direction of the eddy current in the
upper and lower parts of the toroidal bar is reversed, and a loop current
is formed so as to flow through the side boards. The loop current reaches
the maximum of about 260 KA at the time of 20 ms. The toroidal field
(4.6T at R = 6.34 m) is coupled with the current flowing through the side

walls.

The triangle, which will have the maximum line current density {(A/m),
is found to be the dark one of the side wall in Fig. 4.14. The
electromagnetic force due to coupling between the toroidal magnetic field
and the eddy current on the disruption has the maximum value all over the
period of disruption on the above triangle of si%e wall, too, and the
maximum is found to attain to about 50 in kgf/cm“ at 20 ms after the dis-
ruption. Fig. 4.15 shows time evolutions of the plasma current, the
looped eddy current on the toroidal bar, and the electromagnetic force on
the dark triangle of side wall.

Neighboring side walls have an equal value but mutually inverse
direction with the induced eddy currents at every time of the disruption,
and therefore their currents result in a repulsive force between them.

On evaluating this repulsive force under an assumption of infinitely
extended parallel-planes for the neighbouring side walls, the force
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becomes about 7.2 in kgf/cm2 at 20 ms and is found to be negligibly small
compared with the above electromagnetic force between the toroidal magnetic

field and the eddy current.
4,6 Current Flow on the Radiation Shield

Figures 4.16 and 4.17 show variations of current integral (Efg Jg-t ds)(g)
on the radiation shield in cases of T; = 1 mas and 10 ms for a fixed gain,
104 V/m, respectively. The current flow between a and c is found to have
the largest one for both cases of Figs. 4.16 and 4.17.

The minimum current on time evolution is at t = 0 ms and the maximum
occurs at about several tens ms on both cases, but decreasing speed (for
example, KA/ms) from the maximum is found to be faster in the case of Ty
= 1 ms than one of Ty = 10 ms.
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5. Conclusions

From some studies with three kinds of benchmark models, which were
proposed on the INTOR Workshop, January ('84) and modified partially om
the Workshep, May ('84), are obtained the following results.

(1) Instability growth time, Yy +

The results (about 125, 36 and 38 ms for Models, 1, 2 and 3, respectively)
from the filamentary model are larger than them in case of the dipole model
by 0.2000.23 in n_ and by about 53 ms (Benchmark Model-1l), 16 ms (Model-2)
and 12 ms (Model-3) in the growth time, respectively. Moreover, the selec-
tion of the radial position, at which the filament (of the filamentary
model), the dipole (of the dipole approximation) or the magnetic axis (of
the distributed current model) is located, is found to be important, too.

(2) Required capacity of power supply

Required capacity of power supply was studied under two kinds of
initial conditions shown in the feollowing conditioms.

(1) Zy|eag * 0 zp]txo 2 0

(2) szt=0 =1 cm, zp[t=0 = y-zp|t=0

. Under the initial condition, (1), based on a disturbance field (B, =
4.18 Gauss and Ty = 0.1 ms), the required capacities for Medels, 1, 2 and
3 are about 3.6, 6.5 and 6.4 in MVA, respectively, and difference between
Model-1 and the others on the required capacity is found to be smaller
than one in the instability growth time. The maximum vertical displacement
under this disturbance filed for each of Models, 1, 2 and 3 is not kept
constant and is about 1.27 cm, 1.8 cm and 1 cm (standard), respectively.

On the other hand, under the initial condition (2), the required
capacity is only a little dependent on the instability growth time.
Such a result seems to mean that, in case of this initial condition,
.only the initial vertical displacement, Z, influence mainly on the required
capacity of power supply. The capacity for each Model-l, 2 or 3 in case
of Tg = 1 ms is about 3.22, 2.82 or 3.55 MVA.

(3) Electromagnetic force
The maximum electromagnetic force by the toroidal magnetic field and
the induced eddy current on the disruption is produced on the top and

bottom of side walls, directs normal to and out of the torecidal bar and
parallel to the side wall, and attains to about 30 in kgf/cm2 at 20 ms.
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Table 2.1 -1 Parameter Values for Benchmark Models
Model 1 1 bis 2
Shell Geometry

no. of sectors 0 0 24

shell shape toroidal toroidal saddle

toroidal shell

thickness, t], m 0.01 0.01 0.01

sidewdll -thickness, m 0 0 0.02

sidewall width, m 0 0 0.5

gap between

adjacent sectors, m - - 0.03
Radiation Sheild

no. of sectors - - -

thickness, t;, m - - -

resistivity, Om - - -

gap between

adjacent sectors, m - - -
Plasma Current, MA 6.4 6.4 6.4
Plasma Radius, m 5.3 - 5.3
Plasma Model 1 filament distributed 1 filament
Plasma Mass, kg 0 0 0
Vertical Field, T -0-5 -0-5 -015
Field Index -1.3 -1.5517 -1.3

Table 2.1 - 2 Additional Parameters for ﬂodel 1 bis only

Between plasma
and;

passive upper loop
passive lower loop
active upper loop

active lower loop

M
{10~6H)

13.4

‘8.77

dM/dz
(10~6H /m)

2.91
-2.83
0.747

-0.505
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Table 2.1 - 3 Control Parameters for All Models
control coil location: 6.5m *+ 6.5 m
cross—-section per coil: 0.5x 0.5 m

resistivity (solid Cu): 1.72 x 1078 Qm

control law: Ve = =G(Zp + Ty4Zp)

V. = voltage across two coils connected series opposing
G = 10 V/m

T4 = 1 ms

Table 2.1 - 4 Additional Parameters for Model 2 Only

For Model 2 Plasma Disruption:
1) Plasma statiomary at (5.3, 0)
2) Time scale: 20 ms linear decay to 0 current
3)} Plasma initial current = 6.4 MA

4) Toroidal field = 5.5 x 5.3/R, T.
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Table 4.1 Required maximum voltage and current for Hodel-l, 2 and 3
| i ! | f
Model Ba ! T I T4 I Vmax. | Imax | Voax x Inax
Na. (Gauss) | (see.) | (ms) | (volt) | (10 ®A) | (MvA)
I I ] | |
| 9.73 | 10 1 116.7 | 2.225 | 2,597
| I | | |
| | | I I
3.2¢ | 9.713 | 1 Po1w2.4 | 2.196 | 2.248
| | | | |
| | | | !
| o6.0973 | 10 | onr.r boz2a121 ] 2.484
1% | | | ]
I ] i i
| 9.73 | 1 | 307.4 | 6.592 | 20.26
9.88 | | i
| [ i
I 9.713 1 10 | 350.4 | 6.68t | 23.41
| i i |
| | i [
16.47 | %.73 | 1 i 512.3 | 10.986 | 56.28
[ I ] l |
| | I | [
| 9.73 | i 1 109.0 | 1.848 | 2.014
| | | | [
2 2.32 | | | | |
P 9.73 | 10 | Voax?5kV | - I -
| | | required | |
| | | ] [
3 4.18 ; $.73 { 10 i 180.6 : 3.3522 1 6.361

* (1) Gain, G is fixed at 10% V/m.

(2} Dpipole current model for a circular cross—sectional plasma is used.

*%  P(EV_ .. *laax) can be approximated by the following equation,

P = 0.2072°8 % = 2.248 x Z, 2, (MVA, B_: Gauss, Z,,,: cm)
where Z_ ., i5 the vertical displacement in cm.
Table 4.2 Major parameters for evaluating shell effects
T Model N ! !
ade O . 1 I 2 I 3
Contents f |
| )
+ Number of total eddy | {
current modes 3 | [ | 32
i
|
' kEn, 1.72 | 1.62 I 1.85
(1.65) ! (1.56) | (1.78
!
|
* The maximum time | [
constant of modes (s) 0.283 i 0.097 | 0.101
|
|
« Instability growth 72 | 20 I 26
time (ms) (59) | {16) | (22)
| ]
‘Rote: Numerical values with ( ) are in case of T, = 97.3 ms.
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INTOR BENCHMARK MQDEL-1

Te = 0.0973 8

207 I

Te = §.738

vy v v r T B S S e S |

8.e0 ¢.01 Q.02 9.03 ©.04

T(SEC)

Fig. 2.2 Time evolution of the vertical displacement vithout PD
controller for two cases of 5.6 and 560 ull in the resistance
of contrel ceil

9.05

S Benchmark Model-1
G=109 v/m, Td =10ms
4r—e—————— T e—— ~
-
AN
IMAX { TOKA)D N\
3f \
Time to Return
to 01 Ze
ol (10ms) \
PMax (MWD
1 | —— o - - - ——— .
0]

107 1074 1073

Resistance of control coils, Re ( Q)
Fig. 2.3 Dependence of time to return to 0.1 I, upon control coil

resistance, R,
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&r Model -A
{ Dipole model )
S5t Model-B
= { Moditied dipole modei)
M' = (K/)'M.,
. di
wér
b4 Filamentary
3L model
\ (@]
2 O AN Model-C,
{ Distributed current
. plasma model)
11
0L ) .

0O 52 54 56 58 6.0 62
Major Radius y R (m}

Fig. 2.5 Results of Inj evaluation obtained by the filamentary,

dipole and distributed current models.

45 >R

i —3R

(c)

Fig. 2.6 Shell cross-sections used for test calculations.
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Fig. 4.6 Time evolution of Zp» control coil current, I. and required
power, P. in case of Benchmark Model-1 (The filamentary

model is used for evaluation of (9Mpg/ 3Z) (SMy.")
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Fig. 4.10 Time evolution of ZP, I., and P. in case of Benchmark

Model-2. (The filamentary model is used for evaluatin of M'ps)

— 185~



JAERI-M 85-077

(3sp)aseud

Ja32wmeaed

® se P ‘owiy uOTIDE IATIBATIAP 3yl YIta weale1p 2pog (1°% 814

(00S/1)S
ol ol ol
00l - £ ¢, . 02-
\II.-.I..-.._.....-,F
Su —.HU.—: \\\\“\ﬂ. 2
ol 1o
0 f T~ Rl
. \ 0O
. lo
SWO|=pL. 23S¢/'6 =01
oott \ loz
SWOZ=-pL
WA,01=9 Yo
e Ja]104IU09 ad
T C 19pOW Mewyousg
002 _

0}

(¢$34) ©Bol 02

—196—



JAERI-M 85-077

*$*% 314 ur 8® si1ajowezed swes Byjl jo

8UOTIIN|OA2 dur] pue ‘sm g[=P] ‘awry uoijoe sarimATIGP By

U0 ¢-T3POR YJIeWyduag 10J SOD1181I3JdelIeYd [0IJUOD UOTILS04d g% "B1i

210 80°0 90°0 bo°o 20°0 00°0

i PO AT T TP S T T SR 1

PPy e i,

(swot = Py, ._._:53 9)
1277023000 (4
e ~. 8¢l*6=1

s 1T0A
-~ g e ( 3T0A00Y )
....-......!-.-n.'......\l....l or- rlt.......-.....l..

.

e (vior) °1 R 8
/f S -...:h.l...!...\
e i T S ..

1

BT

]

&

—
|

lll)"ll!il“'ll"‘1

su[- =1 1v parydde
ST PTaTJ aouUBqINISTQ

Amm:wuu STF0D Houusoy/ \\ ./

ayed v £q PTTI vy39uley \

{ snen ) Judiind Lppa \\/

19301 Aq pIoT3 uﬁn:mnz

E—THAOW HIVAWHONIAG HOLNI

—

e

II!ITVYYIIlvr]vTvlfttvlftrlv'v

T

—197 -



JAERI-M 85-077

- 40 Tc (KA)
_50‘- Ll T ki 1 T 1
000 003 006 009 012 015 018

T(SEC)
(a) T¢=1ms and G=10%v/m

104
Zp (mm) .

w
/

107\ PC (100Kw) /
201 \ /

-30 \_/\
Ic(ka)

000 003 006 008 012 015 018
T(SEC)
(b) Td=10ms and G=10%v/m

Fig. 4.13 Time evolution of Zp, I., and P, in case of Benchmark

Model-3. (The filamentary model is used for evaluatiom of H'P.)
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Benchmark
Model-2

Eddy current
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’ Electromagnetic torce
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Fig. 4.15 Time evolutions of the plasma current, the eddy curreat
and the electromagnetic force on plasma disruption in case

of Benchmark Model-2.
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