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BreakDown Optimization and Simulation (BDOS} code is developed, in which the
voltage wave forms of the poloidal field coils are optimized during plasma
breakdown so that the polcidal error fields in the breakdown regicn are
minimized and the one-turn voltage at the center of the region becomes the
assigned value. The effect of eddy currents induced in the in-vessel compcnents
is taken into account by eigen-mode analysis using the finite element method.

As an example, the breakdown optimization is studied using the reference
plasma in the interim design of lnternational Thermonuclear Experimental
Reactor engineering design activity. It is shown that optimization of the
voltage wave form of poloidal field ccils enables minimization of error fields
as low as 2mT in the breakdown region, which is a circle of 1m radius, when one-
turn voltage at the center is about 17V. The capability of cancelling error
fields by optimizing coils' voltage wave forms 1s investigated in the cases
with different one-turn voltages at the center of the breakdown region. We
find that the reduction of one-turn voltage as low as 10V makes it possible to
recover error field pattern of the initial magnetization, where we obtain a low
error field region of less than 2mT in a circular of 1.5m radius. Another
finding is that the duration of keeping small error field in the breakdown
region increases rapidly as the one-turn voltage decreases.
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1, Introduction

To initiate a discharge of the Tokamak reactor, magnetic flux must be supplied
to the breakdown region externally by poloidal field (PF) colils. Depending on the
time change rate of the supplied flux, one-turn voltage is given to the gas in
Tokamak. When the ionized electrons run sufficiently long distance in the toroidal
direction, the plasma toroidal current is created and then the discharge is initiated,
namely Townsend avalanche [1]. However, in the presence of large poloidal error
fields, the trajectories of the plasma particles go out of the breakdown region and
the plasma breakdown may fail. Therefore, in designing Tokamak reactor, much
attention is payed to reduce the error field during the break down of the ptasma so
that the plasma toroidal current is maintained.

The structure of the Tokamak reactor is determined not only by the advantage
on plasma breakdown, but as a compromise with demands arising from the other
aspects of the reactor design. Therefore, the reactor design is not necessarily
optimized with respéct to the plasma breakdown. In the case that large error field is
expected at plasma breakdown, the optimization of the control voltages of PF coils
and the auxiliary heating control must be performed within the design limitation in
order to maintain better conditions of the plasma breakdown[2].

In the engineering design of International Thermonuclear Experimental Reactor
(ITER), the one-turn resistance of in-vessel component is designed to have a small
value in order to obtain stability of the plasma[3]. On the other hand, small one-turn
resistance of in-vessel components poses a problem to the plasma breakdown as
large error fields are created during rapid change of pofoidal flux at the plasma
initiation. In this case, optimization of PF voltage wave form is essential so that the
cancellation of error fields created by PF coils and eddy currents occurs. Since such
optimization depends on the details of the passive structures, the modeling of the
structures should be carried out carefully.

For the purpose of optimizing PF coil voltage wave form during the plasma
breakdown, BreakDown Optimization and Simulation (BDOS) code was developed.
BDOS code optimizes PF coil voltage wave form, given the breakdown position,
plasma one-turn voltage, the limitation of PF coil voltages and resisters inserted to
PF coils. BDOS code has several important features. One of them is that BDOS
code solves eddy currents induced on in-vesse! components by using the results of
EDDYCAL code, which models the in-vessel components by finite element method
and analyzes the eigen modes of the induced currents[4]. Therefore, 3-dimensional
structure of the current path is taken into account and the precise modelings of
in-vessel components are possible.
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The dependence of the breakdown region on the one-turn voltage was studied
using BDOS code. The case we treated in this report is the reference design of
ITER EDA interim report, which has a layer CS coil and 7 outer PF coils. The
toroidal one-turn resistance of in-vessel structure ( vacuum vessel, back plate and
blanket shield modules ) is about 5 micro chm in the present analysis. The reference
one-turn voltage of plasma at the breakdown is 16V and the requirement of the
plasma breakdown is that the error field in the breakdown region should be at least
less than 2mT. If one applies 16V of one-turn voltage by flux supply without
optimizing PF coil voltages, the error field in the breakdown region becomes more
than 10mT and the plasma initiation is almost impossible. As a result of analysis, we
found that there are wave forms of PF coils’ voltages which minimize error fields as
low as 2mT in the breakdown region.

The reduction of one-turn voltage required during plasma breakdown has been
demonstrated experimentally with the help of additional heating. For example
JFT-2M showed that one-turn voltage can be reduced as low as 1/10 at the plasma
breakdown with ECH assist compared with the breakdown without ECH[5]. Since
induced eddy currents become small as one-turn voltage becomes low, it also has
an advantage in reducing error field and obtaining larger breakdown region. in the
following, we also report the dependence of the breakdown region, where error field
is less than 2mT, on the one-turn voltage during breakdown and show that reducing
one-turn voltage by 50% makes it easier to obtain large breakdown region.

This report is organized as follows. In section 2, the mathematical formulation
of BDOS code is presented. In section 3, the method of optimizing coil voltages is
explained. Section 4 describes results of analysis using BDOS code in the example
of the reference in interim ITER EDA design. Section & is a summary.
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2, Mathematical formulation

BreakDown Optimization and Simulation (BDOS) code solves coupled
equations of coil and eddy currents’ circuit equations. Since the coupling between
poloidal field (PF) coils and eddy currents are constants, their time evolutions are
solved exactly once the voltages of PF coils are given. The basic inputs and
assumptions of BDOS code are the follows.

1) The eddy currents induced on the in-vessel components are solved by finite
element method.

2) The initial condition of current flowing in PF coils is computed with the other
codes[6] and given to BDOS code.

3) Time change of PF coils’ resistances inserted during the breakdown is given.

4) The time changes of PF coils’ voltages are assumed to be linear in time
between time slices, where applied voltages are optimized.

The circuit equations of PF coils and eddy currents are given by,

coil . eddy .
ZMMI,‘ + ;cj.axa +n,l, =V,

coil

ZG,C,CJ,C +D, X, +X, =0
-k

, (1)

where dots on variables mean the time derivatives, /; is the current of j-th PF coll
and X, is a-th eigen mode ot eddy currents. The symbol M, , stands for magnetic
couplings between PF coils and G; , stands for coupling between j-th PF coil and &
-th eddy mode. The resistance of j-th PF coil is given by 77, PF coil voltage V; and
the eigen value of a-th eigen mode is indicated byD,. These equations are
summarized by a single equation by,

M-Y+R-Y=B (2)

where matrices and vectors are defined by,
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M@,; ) Gi,a
M= ' ,
0
G, D,
. 0 y
Dmgomlz('” nl 1 ) ’
='( 1,  Xa )
ST Y 0 )

In the followings, we assume that theé number of PF coils is N, and the number of
eigen modes of eddy currents is N;. -

To solve eg. (2), it is convenient to separate coils with zero resistance and
non-zero resistance. The matrix U, is defined so that it rearranges between coils
with zero and non-zero resistances,

U7Y-RU =R

(3)
() pigg = (0,+- 0,10, 1y, 1 1)

In eq.(3), the number of PF coils is divided into N, coils with zero resistances and
N, corls with non-zero resistances. Eguation (2) is rewritten as,

M, Y, +R-Y, =B,
M=U"'MU, Y=U"Y, B=U"B

(4)

Equation (4) is transformed further by introducing matrix U;. Let us redefine
quantities in eq.(4) by,

(O = A1)

| , (5)
Us-R -Us =Ry, (Rs)mag =(0,---0,1,--1,1,-+-1)

Ug-M, -Ug=M;, U7 Y, =Y

where diagonal part of R; has N, zeros and (N, + N, ) 1s. Equation (5) transforms
eq.(4) and quantities in it as follows,
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Yo+ Mg Rg-Yg=Mg" U B,
yw » 0 M(l) » Bu) , (6)
Y= (Y(Z’J » MR = (O we My Us U, = B®

where Y is a vector including PF coils with zero resistance (N, rows) and Y®is a
vector of PF coils with non-zero resistance and eddy currents ( N, + N rows ).
Then, the differential equation is divided into two parts,

YO 4 MO .y® = BV. B
YO LMD y® = BY. B (7)

Differential equations in eq.(7) are solved using results of eigen mode analysis
of matrix M@ . Since M® is a real symmetric (N, + N;) x (N, + N;) matrix, it is
diagonalized by a similarity transformation by a matrix U,,

U, M@ U, =0, (ME,) =AT (8)
Then eq.(7) is rewritten as,

¥®=Ty,.y®

O+ MOy, TP =B".B . 9)

7o+ 12 7 ="U, BY B

After transformations in egs. (8) and (9), Vector Y in eq.(2) is given in terms of Y®
and 7 by,

Y(l)
Y=UUs| , so)| - (10)
2

The B vector in eq.(2), which contains control voltages, is redefined by
introducing a matrix K,

B=K.V, V=| i | K=|-—-r-—=] . | (11)

As we have mentioned before, the time evolutions of PF coils’ voltages between two

4_5_
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time slices ¢, and ¢, are assumed to be linear. The linear evolution of coil voltages
from time ¢, to ¢, is give by,

o=V + L oy, s, Ne=NaN, L (12)

Then i-th component of the differential equation with respect to ¥ in eq.(9) has a
simple form, Y, + aY, = ¢, + bz, which has an analytic solution. Inserting the solution
of ¥ into the first differential equation in eq.(9), the solution to ¥ is obtained.

Solutions are summarized in a simple form,
{1 — ¢ 0
Y, (tz)*S; +ZT;',;' "/j(tz) -
J

; < _ (13)
Y2 =57+ X T7-V,(5)
i

where S and T are functions of currents and voltages at 7,. Defining a matrixUF,
UF="U, B K (14)

S and T\ in eq.(13) are given by,

Sf” _ Y;(l)([]) _ (M“) U, - IA)i + %(B(l} -K-V{, ))[ ’
7:(;) — %(B(l) . K)i,j —(A;I(” U, .]B)U .

A _ I —Aitz)’5l o (2 1 6{ Il+t2 1 1 1 —AIFZ)‘(Si
/; _Al_(Z) (l—e )Y‘ (t)+ st AP 2 _A,»(Z) +(A.(2})2 A_{z}_tl (l—e )

l 1 1 _AD 5y
+(1+§)F|i6f"za(l‘"e 8 ):|}(UFV(I1))‘ ,

gl & [+, 1 1 1 —A® 5
]:'.,- _{E[Aam( ) - A‘_(ZJ + (AG))Z A.'m 4 (1”8 )

I 1 1 —Ailz)-5l
_EII_F[&—F(l—e )]}(UF)E' .

(15)

where & is the time step, & =1, — 1. Similarly, §* and T in eq.(13) are defined
by,

-6 —
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5O = 7L )e
1 i 1

1 1 1 1 1 _Al® 5y 3 1 A 5y
+{——§|:Ai(2) [tz - Aimj—i- A.m [A.(z) --I!Jg A8 }+(1+-§I—JF(1-€ AR5 )}(UF'V“}))‘-!

=~ 1 1 1 1 1 Al ;1 e
@ = AP 50 AP 5
o PO ). -4 at-eelfor,

Thus, using equations in eq.(10) and eq.{13), coil currents and eddy currents at time
1, are determined as functions of quantities at ¢ and control voltage at ¢,.

(16)

3, Optimization method of the coil voltages

The applied voltages of PF coils are adjusted so that the error fields at several
reference points are cancelled and a time change rate of flux at a center of the
breakdown region becomes the assigned value. The positions minimizing error
fields and the center position of the breakdown region are assumed to be given in
the computation. If the number of positions minimizing error fields is Nyee, the
poloidal fields ( B, B{" ), k =1~ N and flux ¥ at the center of the breakdown

region are related linearly to the currents,

1

B =D BM Y., BY =Y BMy)Y, o k=1 Nor |
T ; (17)
=2 %Y,

Using results obtained in section 2, ( By, By ) and ¥ at time 1, are given by
quantities at ¢, and voltage at ¢, ,
BB (1) = F*V )+ D FO V(1)
. j
BU )= EXO()+ Y V() (18)
J

W)= YO+ 2 ¥ V(@)
i

where coefficients are given by,
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S{Z Y ( ) —Amé'r

i

1 1 _AD 5 t 1 A5
{ |:Al(2) Al(z] + A.(z) (A.(z) “IlJe A .‘}+(]+-§;)F(l—-e A ‘)}(UF-V(Q))E,

F 1 1 st 41 —A 5,
Y Al - a0

Thus, using equations in eq.(10) and eq.{13), coil currents and eddy currents at time
1, are determined as functions of quantities at 1 and control voltage at ¢,.

(16)

3, Optimization method of the coil voltages

The applied voltages of PF coils are adjusted so that the error fields at several
reference points are cancelled and a time change rate of flux at a center of the
breakdown region becomes the assigned value. The positions minimizing error
fields and the center position of the breakdown region are assumed to be given in
the computation. If the number of positicns minimizing error fields is Ny, the
poloidal fields ( BY, B ), k=1~ Ny and flux ¥ at the center of the breakdown

region are related linearly to the currents,
B(k) ZBM(U Y, Bm ZBM(U i s k=1~ Npggr
¥=3 %,

Using results obtained in section 2, ( By, By ) and ¥ at time 1, are given by
quantities at ¢, and voltage at 1, ,

(17)

BY ()= F0@) + 2 P V()
/

B (1) = FF% 1)+ 21:2‘_’;:" Vi) (18)
7

P(r) =)+ D Y V()

where coefficients are given by,
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N2+NE

F,gk’O}(tl)ziBY“ SO+ ZBY,;’?(U S"“) :

R!J’ j

u) ZBY‘*)T‘1’+N§EY‘*)( Tu})

[¥)

N2+NE ~
‘P‘“’(tl)-—zFY SO+ ZFY( v,-57)
7

N2+ NE

Yo = ZFYT“’+ ZFY(U2 ) . (19)

BY® =% BMY) (U, U, )M ,
BY =3 BMS (U, UL, ~

FY; = qus (Ur'US).',,'
Coefficients of B, are obtained similarly to those of B,.

In order to optimize coil voltages, we define positive definite function Q by,

0= 2 { (k)(B(k)([z ) +q§t)( é"’(fz)) ]+q‘1’(‘P(t2)—-‘i’REF) (20)
= Q(O) Qm V() + V(tz)'Qm ; V(rz)

where q's are weights of poloidal error fields and the time derivative of the flux at
given positions. The quantity ¥,,, is the reference value of the change rate of flux
at the center of the breakdown region. As shown in the second line of q.(20), Q is
a quadratic function of voltage at time ¢, and their coefficients are combinations of
guantities introduced in eq.{(19). BDOS code allows temporal variation of weights q
in eq.(20).

Since there are upper and lower limits of coil voltages due to limited power
supply capability, optimization of voltages V is performed to minimize the function Q
in eq.(20) within the limitation. Unfortunately, the least square method is not suitable
to minimize eq.(20) in the presence of the limitation on voltages. We use the most
primitive but the most reliable method to find a global minimum, namely computing Q
in eq.(20) through the allowed area of voltages and find a minimum. The flow
diagram of BDOS code is shown in Fig. 1. Starting with initial conditions, the
coefficients in function Q are computed. Next step is to find a vector of control
voltage which minimizes Q. The procedure is repeated until the end of computation.

_8,,,
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4, The dependence of the capability in cancelling error fields on the applied
one-turn voltage

As mentioned in section 1, it is important to investigate the capability of PF
coils in cancelling the error field for different one-turn voltages at the breakdown
region. This problem was investigated using BDOS code. As an example, we use
the reference design of interim report in ITER EDA. The poloidal cross section is
shown in Fig. 2. There are 8 PF coils, namely one layer CS coil and 7 outer coils.
As explained in section 1, in-vessel components are modeled by finite element
method and eigenvalue analysis is done by EDDYCAL code. The model of passive
structure used in the analysis is shown in Fig. 3. The components included in Fig. 3
are the vacuum vessel (one-turn resistance = 13.2uQ), the back plate (14.2u) and
the first wall (20u€2). The currenis in PF coils at the initial magnetization is
computed by INIMAG code, which determines-coil currents so that error fields at the
breakdown region become small and the flux at the center of the region equals to a
given value. The poloidal error fields at the initial magnetization is shown in Fig.4, in
which one sees that the area of small error field {(<2mT) is larger than a circle of
1.5m radius centered at (R,Z)=(9.5,0.0)m.

The position of the center of the breakdown region is

(R Z ) conrer sroataown = (9-3:0.0) , unit = meter

The positions to minimize poloidal error fields are chosen to the center (9.5,0 )m and
4 points on the circle of the 1m radius from the center,

Center = (9.5,0.0)
- In=(8.5,0.0), Up=(9.51.0) , (21)
Out =(10.5,0.0), Down=(9.5,-1.0)

where unit is meter. The resisters are inserted in CS, PF2 and PF7 coils so that the
fiux is supplied to plasma and no active control voltages are applied to these coils.
Coils PF3, 4, 5, 6 and 8 are controlled by booster converters with limited capacities,
ZARS 44V frurn, |V,|<30V /turn, |Vi|<34V /turn, |V,|<38V /turn, |V}|< 45V /wurn.

Thus, the optimization of control voltages is performed in these limitations.

A first example, in which the one-turn voltage at the breakdown is about 17V
(= 0.28V /m), is investigated. The resistances of CS, PF2 and PF7 are,

__9_
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CS: 1.16x107Q/ urn’
PF2: 200x10°Q/wrn® . (22)
PF7: 550%x107 Qfurn®

The evolutions of the radial and vertical components of poloidal error fields are
shown in Fig. 5-1 and Fig. 5-2. Fig.6 is the change of the flux and the one-turn
voltage at the center of the breakdown region. One finds that at 1.9 sec the poloidal
error fields at the computation positions are less than 2mT and the one-turn voltage
at the center is about 17V. Fig.s 7 are evolutions of coils currents. In Fig. 8, the
optimized wave forms of control voltages of PF3, 4, 5, 6 and 8 are given. Fig. 9is
the time evolution of the total active power of converters. Fig. 10-1 and Fig. 10-2 are
the configuration of the poloidal error field at time 1.8 sec and 1.9 sec in Fig. 5. At
1.9 sec, the region of error field less than 2mT appears at the breakdown region,
which is as large as a disk of 1m radius. )

As mentioned in section 1, the one-turn voltage required for the plasma
breakdown is reduced with the help of additional heating. It is interesting to ask how
the region of small error fields depends on the one-turn voltage. Figs. 11-1to 11-4
are the results of optimizing breakdown when one-turn voltage at the center is about
10V. In this case, the radial error fields are kept small rather easily and only
minimizing vertical components of the error field is needed. As shown in Fig. 11-3,
the minimization of vertical field is more successful than Fig. 5-2. The region of
small error field ( < 2mT ) in Fig. 11-4 is larger than that in Figs. 10 and looks more

like circle.

Contours of 2mT error fields for one-turn voltage 17V, 14V and 10V are shown
in Fig. 12. It implies that smaller one-turn voltage has an advantage of making
region of small error field. For the breakdown of one-turn voltage less than 10V, the
area of error field less than 2mT is slightly larger than that of 10V. Let us compare
Fig. 12 with Fig. 4. One finds that the region of 2mT with one-turn voltage 10V is as
large as that in Fig.4. Thus, this result implies that, reducing one-turn voltage as low
as 10V, the error field pattern of initial magnetization is almost recovered by
optimizing voltage wave form of PF coils.

In Fig. 13, it is shown the duration in which the error fields in the 1m circle at
the breakdown region-is less than 2mT as function of one-turn voitage at the center.
One sees a remarkable increase of the duration as one-turn voltage is reduced. -
Since keeping region of small error field for a longer time gives more chance of the
plasma initiation, low one-turn voltage at the center of breakdown region has a
further advantage to obtain robust plasma breakdown.
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5, Summary

BreakDown Optimization and Simulation (BDOS) code is developed, where the
temporal wave forms of PF control voltages are optimized within given limitations. In
the example of reference design of ITER EDA interim design, we have shown that
optimization of PF voltages’ wave form is possible so that the error field in a circle of
1m radius at the breakdown region is less than 2mT. Quantitative discussion is
given on how lower one-turn voltage at the breakdown region provides advantages
to initiating plasma discharge.

There are several ways to extend the survey on plasma breakdown. In this
report, our analysis is performed using a simplified model of in-vessel components.
Therefore, it is important to carry out the similar analysis using a detailed mode!
which is conscientious to the present design of ITER EDA. Itis interesting to
investigate various breakdown scenarios, in which the positions and the pattern of
flux supply are modified. It may be possible that there are optimum positions of
plasma breakdowns, which are characteristic to each machine.

Although BDOS code deals only with initial plasma break down, the problem
should be set to investigating the optimization of whole discharge, namely starting
from plasma breakdown, current lamp up, heating, burning and plasma termination.
There are several codes which have ability to simulate plasma discharge from lamp
up to lamp down. We plan to use results of BDOS code as an initial configuration to
such simulation codes. In this way, the optimization of the plasma discharge will be
possible.

Acknowledgment
The authors are grateful to Dr. M. Matsukawa for useful discussions.
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initial conditions
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Fig. 1, Flow chart of BDOS code
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Fig. 2, Poloidal cross section of

reference design of ITER EDA

Fig. 3, Sheli model of the reference
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Fig. 4, The configuration of error field at the initial magnetization
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Evolution of raidal error poloidal field when one-turn voltage is about 17V
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Fig. 5-1, The evolution of radial poloidal error field with 17V one-turn voltage

Evolution of verical error poleidal fisld when one-turn voltage is about 17V
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Fig. 5-2, The evolution of vertical poloidal efror field with 17V one-turn voltage



The time evolution of flux and its change rate at the center of breakdown
region when one-turn voltage is about 17V

ITER EDA Layer CS design,

The center of breakdown region
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210 k=

205 |

—
—-Flux at center

T

(RZ)={9.5m, 0om)
Bl Bt

—(O— One-turn voltage

=

i SRR I U GV SR S

TIME (sec)

10

-10

{A) Jawen 1e abejop unl-suQ

Fig. 6, The evolution of the flux at the center of breakdown region
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Currents of PF coils, In which resister Is inserted,
when one-turn voltage at breakdown is about 17V.
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Fig. 7-1, The evolution of currents in CS, PF2 and PF7

Currenis of PF coils, which are controlled by booster converters,

when one-turn voltage at breakdown is about 17V,
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Fig. 7-2, The evolution of current in PF3, PF4, PF5, PF6 and PF8
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Control voltages of PF coils, which are controlled by booster converters,
when one-turn voltage at breakdown is about 17V.
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Fig. 8, Voltages of booster converters of PF3, PF4, PF5, PF6 and PF8

Total active power of converters when one-turn voltage
at breakdown is about 17V.
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Fig. 9, Total active power of converters when one-turn voltage is 17V
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Fig. 10-1, Configuration of error
fieldat T=1.8 secin
Fig. 5.

Fig. 10-2, Configuration of error
fieldat T= 1.9 secin

Fig. 5.
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The time evolution of flux and its change rate at the center of breakdown
region when one-turn voltage is about 10V

ITER EDA Layer GS design,
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Fig. 11-1, The evolution of the flux when one-turn voltage is about 10V

Evolution of raidal error poloidal field when one-turn voltage Is about 10V
Center={9.5,0)m, In={85,0)m, Up=(951)m,
Out=(1050)m, Down=(8.5-1)m
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Fig. 11-2, The evolution of radial error field when one-turn voltage is about 10V
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Evolution of vertical error poloidal field when one-turn veltage is about 10V
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Fig. 11-3, The evolution of vertical error field when one-turn voltage is about 10V
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Fig. 11-4, The poloidal error field at
T=1.2 sec when one-turn voltage
at center is about 10V




Fig. 12, Contours of 2mT for
different one-turn voltage at

the center of breakdown region

JAERI—Tech 96—016

4.0
One-tum voltage = 17V
2.0
=3
= 0.0
N
-2.077 .
&
+4.0 e
7.0 8.0 9.0 10.0 11.0

Time Duration in which Poleidal Error Field
in 1M Circle is less than 2 mT {sec)

A TP A S U S S Sharul

0.0

6 8 10 12 14 16 18
One-turn Voltage at Breakdown (V)

Fig. 13, The time duration in which poloidal error field in 1m circle &t
the breakdown region becomes less than 2mT vs. one-turn voltage




