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stresses in the structural material of the magnetic system and mnon-
metallic structural materials, and design guidelines of toroidal field

coll sizing.
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I. CRITICAL ISSUES
1. Poloidal Field Coils
1.1 Benchmark Calculaticn for Static Plasma Equilibrium
The benchmark problems for static plasma defined at the INTOR
workshop (10-21, March 1986) are calculated by the MHD equilibrium
calculation code 'EQUCIR'[1]. In this code, coil currents are

calculated by the minimization of the following object functien in

the iteration of the equilibrium calculation.

Np ‘ 2 2
P o .2 , R 3 Z 3
J = rwilv(ri,zp-v7} +w () +w (D)
s 1 i } nulllzy null nullty; null
NC 2
+ 0l T Wi (1.1)
0 J-]
i=1

The (r;,z{)'s are positions fit to plasma surface. The flux function

is given by,
NC
11’(1‘32) = wp(rsz) + jE]_qu(r,Z)Ij (1.2)

here, Yps ¢5 and Ij are plasma flux function, flux function of j-th unit
coil current and j-th coil current, respectively. The second and third
terms are evaluated at null point. The weights wg's, Wﬁull’ Wgull and
w}'s are selected so that desired plasma shape and null point are
obtained and the coil currents are reasonably small. The object
function J is minimized for Ij's and ws by the least square method.

The coill currents are restricted by the volt-second condition,

NC

= T M. :Ts (1.3)
s = L Mpits

here, ij's are mutual inductances between plasma and coils. The

definition of volt-second is equivalent to the benchmark definition,.

The toroidal current of plasma is given by,
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T

. _
Ip = Clep g5 + (1-8p) 2} (v (1.4)

Here Bp, Rp and ¢ are input poloidal beta, plasma major radius and flux
function at surface limited at null point, respectively. C is determined
so that total toroidal current is equal to the defined plasma current, Ip.

The definitions of resultant parameters are shown in Table 1.1l.1.

(a) Symmetric double null divertor configuration

The input parameters Ip, Rp, ap s Bp and Vg are 8MA, 5.0 m, 1.2 m,
1.5 and OV-sec, respectively. And surface fitting points are inmer
point (Rp—ap, 0)=(3.8 m, 0), outer point (Rp+ap, 3=(6.2 m, 0) and null
point (4.6 m, 2.6 m), The weights w?‘s, Wnulls Wgull and W%'S are
selected to be 1, 1, 1 and 1074, respectively. The mesh size of
equilibrium calculation is 10 c¢m. Results are shown in Fig. 1.1.1,
and Table 1.,1.2. The total coil current is 88.3 MAT. The position

error of the surface points are less than | cm.

(b) Single null divertor comnfiguration

The input parameters and weights are same as (a). Surface fitting
points are inner point (Rp—ap, 84%x)=(3.8 m, 0.5 m), outer point (Rp+ap,
8ax)=(6.2 my, 0.5 m), upper point (R—6uap, GaX+Kuap)=(4.76 m, 2.3 m) and
null point (4.6 m, -2.1 m}). Result are shown in Fig. 1.1.2 and Table
1.1.3. Total coil current is 113.5 MAT. The position errors of the
surface points are less than 4 cm. The resultant vertical position of
magnetic axis dg, is 0.343 and out of range of the error definition
(§3x = 0.3 £ 0.05 m). The position is determined by the surface shape
and it is difficult to fit the axis position and the elongation
simultaneously. The upper triangularity Gup is 0.154 and also out of
range (éup = 0.2 £ 0.02). The uppermost point is calculated at mesh
and mesh size is 10 cm which corresponds to the error of triangularity
0.08. So, finer mesh or interpolation of surface shape is necessary to
calculate more accurate triangularity.

The total coil current is strongly depend on the accuracy of the
surface fitting. Figure 1.1.3 shows the dependence of the total coil
current and position errors of fitting points on the weights of coil
currents. Figure l.l.4 shows the configurations at w} = 1073 and 10'5.

The 9 peints in the upper half of plasma are given to fit the plasma
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surface. The total current increases drastically where W} is less than
1075 although the surface fitting becomes more accurate, Figure 1.1.5
shows each coil current and shows that the currents of coils (9,4,5),
which mainly induce divertor field, strongly depend on the accuracy of

the surface fitting.

Reference
CL] . Ninomiva, K. Shinya and A. Kameari, Optimization of Current
in Field-shaping Coils of a Non-Circular Tokamak, 8th Symp. on

Engineering Problems of Fusion Research (1979)
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Table 1.1.1 Definition of resultant parameters

. Mutual inductance between plasma and coils
2n I,
i T T [ipo1ds

ip {r,z) : Plasma toroidal current density

¢4 (r,z) : flux function of i-th coil unit current

2. Self inductance of plasma
_Znr,
Lp = ?J’Jpwpds
P

3. Normalized intermnal inductance

2 2
<BL> SBLdv SB,dl
i = = <Bp = ——, By -
BP v Sdl

Bp (r,z) : poloidal field

v : plasma volume

4, Calculated poloidal beta

<P> Jpdv

Bpeal = _ig »  <P> = v
P
ZUO

p (r,z) : plasma pressure

5. Averaged vertical field

— l A

By = T—-!szpds
P

B, (r,z) : external vertical field

6. Averaged n-value

- 1 , oBr 1 . dBz
T = —-—— pr Ty rds = ——— fjp e rds
LBy I8y

By (r,z) : external horizontal field

7. VField averaged plasma major radius

= 1

R, = — | i,B,rds

P prz
IpBV J
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Table 1.1.2 Results for (a) Symmetric double null divertor

configuration
No Coil position Current Mutual inductance
* R (m) Z {m) (MAT) Mpi (pH)
1 1.43 +0.23 1.7375 0.7807
2 1.43 +2.93 10.923 0.5015
3 1.80 +5.20 9.9268 0.4270
4 3.70 +6.20 15.683 1.1892
5 11.00 +1.20 5.895 5.067
i1yl 88.333
Null point Rpuitr (m) 4,6078
Znull (m) +2.6093
Inner point Rin {m) 3.7986
Outer point Bout (m) 6.1999
Magnetic axis Rax (m) 5.1954
Flongation at surface K 2.1733
at = 0.9 K(.9 1.7952
Triangularity at surface § 0.3260
at = 0.9 30,9 0.1149
Safety factor at axis 40 0.6871
at = 0.9 90.9 2.257
Plasma self-inductance Lp (pR) 11.4426
Normalized internal inductance 1; 1.1845
Beta poloidal chal 1.7500
Averaged vertical field EV (T) -0.5428
Averaged n-value n -1.7789
Averaged major radius Ep {m) 5.2133
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Table 1.1.3 Results for (b) single null divertor configuration

No Coil position Current Mutual inductance
R (m) Z (m) (MAT) Mpi (uB)
1 7.69 5.83 -7.6420 3.3117
2 4,28 6.31 19,397 1.5801
3 2.19 5.83 9,6315 0.5628
4 2,38 -5.70 10.732 0.5676
5 5.05 -6.19 20,770 1.7397
6 11.70 -4.74 ~19.324 3.4911
7 1.43 -0.54 8.9919 0.7581
8 1.43 2.68 5.9283 0.5887
9 1.43 -3.76" 11.079 0.3761
2Tl 113.50
Null point Rpu11 (m) 4.6005
Zhull (m)} -2.0873
Inner point Rip (m) 3.7652
Zin (m) 0.2
Quter point Rout (m) 6.2121
Zout 0.4
Upper point Rup (m) 4.8
Zup (m) 2.3127
Magnetic axis Rax (m) 5.1940
Zax {m) 0.3425
Elongation at surface lower Klow 1.9912
upper Kup 1.6146
at = 0.9 k0.9 1.5875
Triangularity at surface lower 81 ow 0.3177
upper 6up 0.1543
at = 0.9 80.9 0.1503
Safety factor at axis qQ 0.6003
at = 0.9 40,9 2.257
Plasma self-inductance Lp (uH) 11.8292
Normalized internal inductance 1; 1.1261
Beta poloidal chal 1.6651
Averaged vertical field Ev (T) -0.5619
Averaged n value n -1.5117
Averaged major radius ﬁb {(m) 5.1983
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1.2 Comparative Studies on Single null (SND) versus Double null (DND)

Poloidal Divertors
1.2.1 TIntroduction

Fusion Experimental Reactor (FER) will succeed the large tokamak
JT-60 to realize ignited DT plasma and to demonstrate engineering
feasibility of fusion reactors. Synthetic comparative studies on
impurity control concepts for FER were carried out to select a reference
option. Four options evaluated are: (a) double null poloidal divertor
(DND}, (b) single null poloidal divertor (SND), (c) pumped limiter with
medium edge temperature (PLM), (d) pumped limiter with low edge temperature
using a cold mantle (PLL). Plasma parameters of those four options are
determined by keeping plasma confinement performance, i.e. confinement
time and allowable beta wvalue.

Four reactor concepts corresponding to those four impurity control
options are assumed to have the following common features. The number
of toroidal field (TF) coils is 14, which satisfies a field ripple limit
of 0.75% at a plasma edge. Both toroidal and poleidal field (PF) coils
are superconducting coils with a pool boiling method. All PF ceoils are
located outside of the TF coils. A tritium breeding blanket with Li,0
as breeding material with its breeding efficiency above unity is installed
all around the plasma column. - Plasmas are heated to ignition by a hybrid
heating of radio frequency and neutral beam injection heatings, and seven
heating ports are provided at every two TF coils.

Results of the comparative stidies are summaried in Table 1.2.1.

It is recommended for the impurity control option for FER that the single
null divertor should be a reference option and that the double null
divertor and pumped limiter with the cold mantle should be retained as

a back-up option. Those three options will be continued to be studied

from both of engineering and physics viewpoints.

1.2.2 Comparative sutides of physics of features
1.2.2.1 Plasma parameters

The main plasma parameters for four options for impurity control
are selected so that they have same plasma performance, and are listed

in Table 1.2.1. The energy confinement time is evaluated with the INTOR
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scaling with some margins. The allowable beta limit is assumed to follow
the theoretical beta maximum derived from ballooning instability, and to
have some risk, i.e., the maximum beta value is assumed to exceed the
theoretical one to some extent. All plasmas satisfy D-T ignition.

The plasma elongation and the safety factor are set 1.5 and 2.5,
regpectively. A burn time is 100 s and plasma current is inductively
drived, which is supplied by hybrid PF coils with their maximum field,

8 T. The maximum experienced field of TF coils is 12 T. The width of

a gap between a separatrix surface and a first wall is assumed to be

15 ¢cm on a midplane of both of inboard and outboard sides for the DND
option, and to be 15 cm at outboard and 30 cm at inbecard for the SND and
two limiter optioms. Plasma with a cold mantle are also assumed to have

a layer with its width 20 cm inside a separatrix.

1.2.2.2 Physics data bases

Impurity control

A divertor configuration produced with the exterior PF coils to the
TF coils is quite different from the conventional one. It is featured
by a significantly wide divertor throat and no particular divertor chamber,
so that it 1s called an open-type divertor. The divertor obtained in the
Doublet III device is just an open-type omne, and the results from it
provide important data bases for a design of next tokamaks. The data
bases of the open-type divertor are well assessed in the INTOR Workshop,
Phase 2A (Part 2). The most remarkable feature, different from the
conventional type, is a dense and cold plasmas formed in fromnt of the
divertor plate. The dense and cold divertor plasma brings about several
advantages to impurity control such as quite low sputtering erosion of
a divertor plate which directly results in reduction of metal impurities
in the main plasma, neutral gas compression near the plate which reduces
the pumping requirement, coexistence with the so-called H-mode discharges,
enhanced radiation in the divertor region which leads to reduction of
heat load to the plate. Such a dense and cold divertor plasma is
demonstrated to be reproduced in a FER divertor operation by an computa-
tional code, which can of course well explain the present divertor
experiments.

A pumped limiter with medium temperature was.studied in the INTOR

workshop, Phase 2A (Part 1). It is found that limiter material is
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limited to low-Z and therefore its erosion becomes quite large. Then,
behaviors of impurities have a key role in a physics aspect. At present
impurity transport is uncertain and credible impurity centrol is an open
question.

The pumped limiter with a cold mantle is an attractive optiom, which
brings a lot of engineering advantages and could survive in future tokamak
reactors. A present problem is, same as the pumped limiter without a

cold mantle, uncertainty in impurity behaviors in plasma.
Beta limit

Theoretical studies on a beta limit due to ballooning instabilities
show that a triangular deformation of a plasma cross section is advanta-
geous in increasing beta limit. In a elongated D-shaped plasma
configuration, enhancement of the triangularity induced proximity of
a magnetic null point to a plasma boundary. For limiter configurations
and single null divertor, therefore, their triangularities must be
moderate, On the other hand, the double null configuration can increase
its deformation and attain slightly higher beta value than other three
options, although the enhancement of triangularity needs larger currents

of PF coils.
1.2.3 Comparative studies of engineering features

Comparative studies of engineering features for four impurity
control options are conducted as qualitatively as possible to elucidate
engineering gains and losses. The results are summarized in Table 1.2.1.
Some details of engineering comparative studies are in a reference [13th

SOFT (Sep., 1984, Italy) 5P03].



JAERI~-M 88 -010

*SMOpUTM omd L1949 y3noayl suoTiow (snbITqo pue [BIpERa)

1y8TeIIS oM UYITM PaldoRilail 918 ‘woljoq pue dol 18 PaJ[BISUI ‘S23BTJ

TeTPRA JY3TRAIS 3UO0 YITm p2ldeilel aq UBd ‘wWoljoq IB PIJTRISUT ‘S93BIJ

ue 03 snp JTnu 278urs 031 1o0Tiadns IBUMAWOS ST JOJAVALP [[0U a[gneq

‘puseTd 104y B YITM SISTX200 8]3JUBM PTO2 B JI 3ING ‘aseq BIEPp IUSTOTIINSUT

adA3-uado ue YITM PaJToI3U0D TIaM aae *‘Teiomw ATIeTnoTiaed ‘ssTiTandumy

|Tqnoqg
"moPITA AI2A8 YInoiyl uoliow
aT3uIS
£yrTrqeureluTe)
"2wWBS Jsow[® 31IR suofildo InoJ JO S2zTIS TIOD 4] 3ZIQ
2INIINAIS I030BY 7
*AaTaeTndueTal afie[ 2TgB]IRAR
JTUTT BI=24
*9ATIo®BIIIE® ST 3daouod v yons
2inzriadwal moT
*3xodsuri]l A3Tandw] Jo AjureirLdun pue wnwwmuu:mm
JO Junowe 38awT B 031 anp 28Ie] 218 To1juod A3Taindwr uo sSuUIIDUO) sinjeasdwal wnypay
I92TWIT padung
*pWSETd 103I9ATP P[0OD PuUBR S8U3P ® 0] [ULMO I0IIDATP
J01I9AT(Q
Toa3uod AjTandug
saseq ®BIEP SOTSAUd *T

SoTdpWUnNg

passesse SWal]

suorido Jorjuod AL3Ttandwl Inej I10J Sarpnis aaTieiedwod Jo ATBUMING

T7¢°1 =14d=L



*10313ATP 9[QNOP SB SWES JSOW[E ST I0JIABATP o[3uTIg
*SI0JIIATP JO JTeY UBY] SS9 21® SIaITUT] 1amod yead oK

*10339ATP ITqNOP WOXJ YOE-07 A 9SLaI2ap I103i19ATp oTFuTg

*SI03I2ATP JO JTBY INOge 3Ir SI3JTWI] A31sus paioag
TTod 4d  °§
"3A0QER PB3UCTIUSM SS9I15 JO ISBD B SEB IUES SS0T NV
*102IJATP 2[Ynop woiJ ¥y AQ P2INpal ST I103I3ATP 3TBuTg 90104
*S10313ATP JO JTBU JISOWTE 918 SI3ITW]T] sueTd-jo-3IN0 03 anp 583115
TTeD AL %

JAERI—M 88— 1010

*(AB8A 2UO0 UBYI SSOT) MO] SI STIUBW PTOD © INOYITMA I9ITHTT]
* (81834 7 n ) 9TqBUOSEAI ST I03IaAL(
"(PIT1 TINJ) WNUWTXPW ST JTIUEW PJOd> B YITA I3ITWI] 2IT1

21eTd X031029T[03 ‘¢

*do3 3e payrTeisur 21 sdund wnndea USYM SITNOTITTP IBYMBWOG a1 qnog
poc8 ATiteg aT8uTg
Jooad-ayenbyjiey

SaTIrPumng PS85988E SWa3T




JAERI—-M 88010

-oseyd dn-3a1e3s ® UT peosn

ST 9ATAP JUBIIND 4Y JO OTIBUSDS B USYM Padnpas ATIUBDTITUSTIS ST aouelioduT AToyYl 19A8MOY DATIP JUSIIND
SATIONPUT YITM J0J0Ead YRUBNO] TPUOTIUSAUOD B UT SWall [eIonad aie A7ddns ismod g4 pue STLod 41 JO SSOT OV °4

*3da0u0d 103I9ATP STQROP @PPNTIXa ATqRUOSEaI UOTUM Punoj oaie

swelT SuTIIsuTBuUs 9ITUTISP ON (7 €359q ST I0IIBAIP TINU B]qnop Jo snfea Blaq a7qemolTy (1 -purwm ul 3dey

9q pInoys ‘Isaamoy ‘siuimolroy 2yl -a78uTs uey2 sa3je(d jo jusmasoeTdax ug ITNOTJITP =2aom ATATEI ST 2Tqnop
‘A7TeTo2edss ‘I10312ATp [[nu 278uTS yjrm paredwod swalT T[e JSOWT® UT a[qeiaraid Jou ST JO1IBATP TInU 2Tqnog *¢

*81qeiazaad sT a3efd 103297702 Jo 23T Buol B ATfeIoadsy ‘+ofael oiwe
S913ul®liodun sOTsAUd yZnoyare ‘sadeiueape BurissuT8us Jo 307 B Sey oT3uRW PTod ' yiaTm iajTurf padung 7

(103080

20udnTy Mol ATITBY B UL pases ST A3ITNOTIITP 12313e] 2yl ‘isrsmof) -sa3eTd 103109TT0D JO 9JI[ II0US puE
10110 £1TIndur jo LjureliLdun $3IT JO BSNEBIIY PIPN[IXe ¢ PINOYS S[IUBE PTOD B JNOYITM Ia3TmTT madung 'q

Juswadpnl dT39Yjudg

*suor3ido 991yl

19430 jo peads Furdund jJo yTey A1e3euTx0adde spedu 10313ATP 2TqnO(

durdund wnndep *g

*suotido

92143 JI8yio yi1m paiedwod snooafeijueapesTp ATIYSTITS ST 10212ATP 8Tqno(

gurpeaiq wNIITIL "/

*ainjesadws) wnipaw YITM JI9ITWIT PUE 10319ATp oTIUIS 03

2TqBRIOABIUN 1BYMIWOS 21k I24B] PO ® YITM I91TWIT PUB 103I2ATP oTqno(

Toazucd uworlyrsod JeoTiasp g

SaTIpUMINgG

PoSSasse SWaly




JAERI~-M 88 —010
1.3 Some Features with the TNS Plasma Equilibrium

The INTOR plasma equilibrium had been studied in previous
papers.tl]_[lzj Here, some of their contents are described as follows.

(1) The INTOR conceptual designs are based and performed under an
important postulate that the poloidal field coils should not be linked
with the toroidal field coils and then should be located outside them,
in order to facilitate INTOR's remote assembly and maintenance.

(2) Moreover, a constraint from the portwindow size for remote
assembly and maintenance of the torus had been given for the poloidal
coil locations. The portwindows opened in the direction of radius had
several meters in vertical width on both the upper and lower part of
midplane.

(3) Ampere-turns required for the poloidal field coils on high B
were powerfully determined to be as little as possible. On the
determinations had been studied some evaluation functions for optimi-
zation of their ampere-turns, too.

{(4) In the Phase T, the design studies had been concentrated on
the poloidal coils only for the divertor configuration and, in the

Phase IL A, for the pump limiter configuration.

Main conclusions are described on the following.

(1) Expected reactor size as the INTOR from the studies about the
poloical field coils was found to attain more than 24 m in diameter and
14 m in height.

{2) The total ampere-turns of the poloidal coils had been reduced
into a range of 80 - 90 MAT for the divertor and, 70 - 80 MAT for the
pump limiter, where the plasma had been in the following parameters
3.5 m in major radius, 1.2 m in minor radius, 6.4 MA in the maximum
plasma currents, 1.6 in elongation and 0.2 - 0.3 in triangularity.

{3) The n-index in a strong relation with the vertical positional
instability decreases with increasing elongation, and increases with
increasing triangularity, as well known. Under the above mentioned
plasma parameters the n-index was found to be equal to -1.1 - -1.3 at
the major radius:

The above-mentioned contents were obtained from the INTOR reference
design. Likely some results had been cbtained parallel from the national
reference design, too. Their concrete contents can be known from
Fig. 1.3.1~Fig. 1.3.9.

' - 20 —
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g (4.2,5.70)
N 3 {(8.5,4.50)
% Rg = 1.60 m
Egj R, = 5.5 (11.0,0.0)
0 ] 1 N
0 5 10
R (m)
(a) Ideal coil arrangement
F
6
. (3.50,6.15) (5.50,6.50)
E
N 3 (10.3,5.30)
E R. = 1.655 m
[gﬂ Rp = 5.5m
0 i L
0 5 10
_ R (m)
(b) FER coil arrangement
Fig. 1.3.1 Two coil arrangements used in a study of

plasma equilibrium
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2, Operation Scenario Analysis
2.1 Analyses of the quasi steady state operation scenario

A possible burning time is compared between inductive and quasi
steady state operation scenarios for the next generation tckamak reactors
as functions of plasma elongation and triangularity. Figure 2.1.1 shows
the difference in a possible burning time between the two operation
scenarios mentioned above, ATpyyp. Plasma parameters are set so as to
obtain an ignition condition for each plasma elongation and triangularity
by using ASDEX H mode scaling with ignition margin 2.5. Peak fields in
poloidal field coils are limited to less than 10 T in these calculations,
The burning time difference, ATy yps decreases with the increases of
plasma elongation and triangularity as shown in Fig. 2.1.1. The possible
burning time of inductive operation case, r%ﬁfn, is set to 500 sec in
this figure. The check calculations are also carried out to survey the
T%ESH dependence by charging T%ﬁ%m from 50 sec to 700 sec and the results
show that the Aty dose not strongly depend on T%ESH {error is appro-
ximately 5 ~ 10%Z). The large difference of a possible burning time can
be expected between Inductive and quasi steady state operation scenarios
in the machines with relatively low elongation and triangularity plasma
such as the INTOR reference design and the FER (JAERI's Fusion Experi-
mental Reactor) '85 design. On the other hand, only a small difference
in AThyyn 18 expected in the machines with high elongation and tri-
angularity plasmas such as the double null divertor optionm of the NET

design.
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Fig. 2.1.1 Difference of possible burn time between quasi
steady state operation and inductive operation
as a functions of plasma elongation and
triangularity.
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2.2 Comparison of the PF coil system requirements for vertical and

horizontal accesses

The requirements for PF coil system are compared between horizontal
(radial) access case and vertical (oblique) one. The result is
summarized in Table 2.2.1. The plasma configuration is a single null
divertor one with elongation « = 1.8 and triangularity & = 0.35. A
quasi-steady state operation is adopted and a burn time is fixed at
v1500 sec in both cases. Though the peak stored energy of PF coils is
less in the case of oblique access by ~30% than in the case of radial
access, the difference of relative capital cost in only ~3%. At higher
elongation than « 2 1.8, the requirements for the PF coil system are
relieved largely in the case of oblique access, though those in the case
of radial access are larger {i.e. at « = 2.0, the peak stored energies
in the cases of oblique access and radial access are ~6 GJ and v16 GJ,
respectively.). On the other hand, at such lower elongation as « % 1.6
~ 1.7, the requirements for the PF coil system of the radial access case
are very close to the ideal case with no restriction on the PF coil
arrangement (i.e, at « = 1.6, difference of the peak stored energy and
total Ampere turn of the PF coil system are less than several percent
between the radial access and the ideal cases.

Figures 2.2.1(a) and (b) show the cross—-sectional views of radial
access type and obligque access type of reactors, respectively. The PF
coil locations in the case of oblique access are relatively close to the
ideal PF coil locations at higher plasma elongation (< 2 1.7 ~ 1.8)
compared with the case of radial access. However, at lower plasma
elongation (k £ 1.6 ~ 1.7), the PF coil locations in the radial access
case are more preferable than those in the oblique access case.

In summarizing, the radial access for remote maintenance is more
preferable at v« 3 1.6 ~ 1.7 and the oblique access is more preferable

at ¥« 2 1.7 from the view point of the PF coil system requirements.
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Table 2.2.1 Comparison between radial and oblique acceses
(e = 1.8, § = 0.35)

Radial Access Oblique Access
Plasma Major Radius (m) 4.97 5.01
Plasma Minor Radius (m) 1.52 1.50
Plasma Current (MA) 10.9 10.7
Toroidal Field (T) 4.43 4,51
Total Weight (ton) 11350 10990
TF Coil Weight (tomn) 3030 2750
PF Coil Weight (ton) 1150 1020
Peak Stored Energy (GJ) 11.65 7.84
Power Capacity (MVA) 787 675
Total Ampere Turn (MAT) : 115 101
Relative Capital Cost 1.0 0.970



JAERI—-M 88— 010

1039821 ad4] sseooe anbryqp

(K ¥
%1 €1 21T 1T OT 6 8 L 9 ¢

(D1°7°7 "814

rrrrr T T T T

N O A

!

(W) Z

xo3oea1 ad4y sseo0e Terpey (B)[°Z°'C 914

(W) 38
iﬂﬁiimwhomqmmﬁm
T T T7TTr1Trr T T T iTT17 7T 717 P T T T -
o g ],
1 19-
Je-
1=
] -
1,.

Ny e =] = = = =8
[

|
o0 M~ O N =M ™~ - O —

W z



JAERI-M 88010

3. Closed Loop Plasma Control
3.1 Stability analysis by deformable plasma

A deformable plasma model provides somewhat different features on
the plasma positional instability from a rigid plasma model [l], [2].
The comparison study between a rigid and a deformable plasma model was
done during the last INTOR phase (Phase 2A, Part 2). The analysis by
the full MHD equation shows the different dependency of the triangularity
on the stability boundary from the analysis by the rigid plasma model,
especially in the region of high elongation and high triangularity [1].
In this study, the conducting wall was assumed to be placed at infinity
(no conducting wall) and the flat profile was assumed on plasma current
distribution. Here, we improve the assumption on plasma current profile
to obtain more realistic results, and analyze the effect of the conducting
wall on plasma positional instability by using deformable plasma model.
We estimate the critical position of the conducting wall for a
given elongation, k, by using the linearized ideal MHD model. The
equilibrium used in this analysis is for qg=1, qg~3, B4=1.5 and A=4 in
up and down symmetry (double-null divertor configuration)} where q5, qg
and Bj denote the safety factor at the magnetic axis and at the plasma
surface and the poloidal beta value, respectively. The toroidal current

density is given by

dP 1_dF

J;]p = - UoRE - —liFa_lb—

dp

— —j1
T = Pof1(L - T

and

dF = _ n 2,1 _ )
PR = B2 Gy - Dungg®

The parameters P, and j] are used to adjust g, and qg to prescribed
values. The shape of the cross section is specified by using the

functional form:

R = Ry + a cos{(6 + 8sin8}

and
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Z = ka sind

where k, 8, and a denote the ellipticity, triangularity and the
horizontal minor radius. Figures 3.1.1, 3.1.2 and 3.1.3 show the
examples of the equilibria for «=1.6, 1.8 and 2.0 with §=0.3:
(a) contour of poloidal flux function, (b) contour of ﬁoroidal current
density, (c¢) plasma pressure, (d) safety factor and (e) toroidal current
on the horizontal midplane, the total plasma current is IP%7MA, 8.3MA
and 10MA for x«=1.6, 1.8 and 2.0 respectively, when we take the reference
parameters of INTOR plasma (Rg=4.9m, a=1.2m and Bp=5.5T). For the
stability analysis of the n=0 modes, the conducting wall is placed at
the equidistant position from the plasma surface (Fig. 3.1.4). The
parameter, bW/bp, is used to specify the position of the conducting wall.
Figure 3.1.5 shows the critical position of the conducting wall as
the function of «. The effect of the triangularity, &, is within x0.05
for 0<6<0.4. In this analysis, we used the marginal growth rate
\(/mA'\JlO"4 (wA=BT//ﬂ;E;§;) which corresponds to the characteristic time
of 1 lms for the INTOR parameter. For the case of highly elongated
cross section, kz2.0, the conducting wall has to be located within
bw/bpsl.B to suppress the rapid displacement within Ims. This analysis
used the perfect conducting wall around the plasma. However, the wall
has cuts both to the toroidal and the poloidal directioms. For the
quantitative estimation, we have to take account of the realistic wall,
which may give more pessimistic stabilization. This analysis is
preliminary onme. We have to make more detailed analysis including the
effect of current profile and further deformation of the cross section

etc.

References

[13 Japanese Contribution to the INTOR Phase Two A Part 2 Workshop
Group C Transient Electromagnetics), May 21 - June 1, 1984,

[2]7 T. Ozeki, M. Azumi, S. Seki, T. Tsunematsu, S. Tokuda and
T. Takizuka, JAERI-M 86-022 (ir Japanese), 1986.
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Fig. 3.1.4 Plasma surface and conducting wall. The radii, by and bp,
denote cones for the top of the dee from the magnetic axis.

bw/bp
2.0
1.5p— —
1.0 ] i { 1 |
1.6 1.8 2.0 K

Fig. 3.1.5 Critical bW/bp vs., k. Effect of ¢ is within *0.05.
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3.2 Development of analysis code for plasma current, pozition and shape
(PCPS) control system ’

Introduction

At this design stage of INTOR c¢lass tokamak reactor, evaluations of
requirements for the plasma current, position and shape control system
is important. The system includes plasma, structural components (first
wall, blanket, shield, vacuum vessel, stabilizing shell and others), PF
and active control coils, power supplies, detectors, computers and
others. Our proposal i= a development of an analysis code which
specifies the requirement for the each components and total control

system.

The scheme of the reference design of PCPS control system in FER is
shown in Fig.3.2.1. The plasma current, position and shape are mainly
.controlled by the slow PF coil system in time scale of sec order. The
PF control system controls the plasma by preprogram and feedback during
discharges. The CF control system iz dedicated to stabilization of
vertical instability and fast feedback control of plasma vertical and
radial position in the time scale of 10 to 100 msec orders. To bulld up
the system, it is necessary to analyze not only the each system but also

global behavior of the total system.

We have been devoted to our main effort to analysis of the vertical
position control and to specify the requirements to the control system
because the instability is critical in the design of the elongated
plasma tokamak. The analyses are performed using rigid plasma '
displacement model. The growth time of the vertical instability may be
affected by the effect of plasma deformation and is studied partially as
shown in section 3.1, In the experiments of present-day tokamaks
(JFT-2M, Doublet III, JET and others), it seems that the instability
{n=0,n :toroidal mode number) is determined by the vertical instability

caused by curvature of external field (decay index) and effects of
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deformation is small. And the vertical position is enough controlled in

these machines.

The shape control is performed slowly by PF control system in time
scale of sec order in FER. We have no mean for the fast control of the
plasma shape in the reference design., The introduction of fast feedback
of the plasma shape will cause difficult coil systems or high control
power. The scheme of shape control by PF control system is applicable
under the situation where the vertical position is successfully

stabilized and controlled by CF control system to sec order.

In the study of shape control, we focus to the feedback control of
static equilibrium evolution. The main task in the study will be to
formulate of MHD equilibrium equations, c¢circuit equations émong plasma
current, coil currents and eddy current and transfer functions of power
supply, computers and detectors and to develop a simulation code for the
analysis of the time evolution of the total system. In general, to
simulate the plasma totally, we should consider plasma particle and
heat transports, magnetic field diffusion, pressure balance, interaction
with wall and so on in one or two dimensional space. In this case, the
associated analysis code will become to be very large. In the design
study of a PCPS control system; more practical plasma model with a

concentrated constants is desirable.

Here, we intend to formulate the equations in general form to
construct the equation system at first, to formulate analytically using
assumptions of high aspect ratio and small perturbations of plasma
current, position and shape, and to reduce a linear system equation to

have a good prospect of the system structure.
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3.2.1 General formulation of plasma equilibrium and eircuit equations

A MHD equilibrium state is expressed by a plasma current Ip, shape
parameters S, plasma internal parameters X. The shape parameters S are
correspond te plasma position (Rp, Zp). an eleongation k, a triangularity
5 and so on. Otherwise, positions on plasma surface and null points can
be selected as shape parameters S. The plasma internal parameters X
characterize the plasma state, and are a minor radius (half width) of a
plasma ap, a poloidal beta ﬁp, a normalized internal inductance li and
s¢ on., - A mean minor radius ap is included as an internal parameter
because it is not fixed only by an external field and is related to

limiter positions and conditions such as flux conservation.
The MHD equilibrium equation in an external field is formulated as

B = Ipb(S,X). (1)
Here Bex are external field parameters which express the external field
applied to the plasma. The components of Bex can be magnitudes of
multipole fields of the external field, such as vertical, quadrupole and
hexapole field. The external field is proportional to Ip if the plasma
shape and internal parameters are fixed. The functions b express the
dependency of the external field on the plasma shape and internal
parameters, and are generally non-linear functions of 8 and X. The
ohmic heating field does not appear in Eq.{(1) because of no field in the
plasma region. In the formulation, it is important that independent

variables are selected as the components of parameters Bex‘ S and X.

On the other hand, parameters Bex are linearly related to external

currents Iex of coils end eddy currents as,

=JVI_ . ‘ (2)

B
ex ex

A each component of the matrix )/ is a magnitude of each field component
generated by each external current. Generally, fields generated by eddy

currents in surrounding conductors is not axisymmetric, so the fields by
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eddy currents is averaged over the toroidal direction. By substituting

Eq.(2) to Eq.(1), A plasma equilibrium equation is reduced to
Ib(S,X) =Y. (3)

In the next step, the circuit equation for plasma current is

formulated to be of the form
LI)+p I +d =o.
{ p p) R,p D @p {4)

Here, (') denotes time derivative. Lp is a plasma self-inductance and
is generally a function of parameters S and X, i.e, Lp(s,x). ﬁap is a
plasma one-turn resistance and is one of the plasma internal parameters
X. ép is a magnetic flux linked by a plasma column and is expressed as

_t '
@p = np(s.X) I, (5)

Each component of M is a mutual inductance between a plasma and an
external current. (t) denctes a transposition of matrix., Substituting
Eq.(5) into Eq.{(4) forms

(LI)+(H1)+d?,I=. o {6)

The circuit equations for external currents are formulated as

MexIex (H I y + HexIex = vex' (7)
The matrix Mex is a inductance matrix between external currents. The
Mex is a constant matrix if the current paths are fixed. The sec¢ond
term in Eq.(7) expresses an induced voltage resulting from plasma time
evolution. The Rex is a resistance matrix of external currents. The
components of vex are applied voltages to external currents. Applied
voltages to eddy currents are zero., The Rex is assumed to be a constant

in time in this formulation.

In the last step, the equations for the evolution of plasma
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internal parameters X are required to be formulated. In the equations,
the heat and particle transports in the plasma, magnetic field
diffusion, interactions between plasma and first wall, external heating
injections and so on should be taken into account. For simplicity, we

assume that the equations are expressed as
G(X,X,S,8,T ,I ,Y,¥) = 0. (8)
P p
The Y represents externally applied actions such as a heating injection.

For example, if a flux conservation and adiabatic condition are

assumed, the following equations are derived.
ka 2/R = gonstant, {9}
P P
2y, 2y-2_ 7y
I k'a R_!' = constant. 10)
Bolp k'3, p & (
Here, the y is a specific heat ratio.

Equations (3),(6),(7) and (8) are the equations to be solved and
nen—linear equations. Here we linearize these equations. Each

parameters is separated into reference and perturbation terms as

S = SO+GS, XI-= Xb+61, Ip = Ip0+BIp. Iex = Iex0+81ex’

&%P =}%po+&ﬁb' 1= I0+BI’ vex N vex0+8vex' (11)

The suffix 0 denotes values tola ref'erence plasma state. The reference

state satisfies the followings.

To0Po =V sy

L t - -
LooToo * MoTexo +d§’,p01p0 =0,

MexIexo * HpOIpO * RexIexo =V

ex0’
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G, = 0. (12)

Where it is assumed that XO and So do not change in time. The

linearized equations for perturbation terms are followings.
bOSIp + bgo8S + by 58X =]J81ex,
- - t L] t ” _
LygdL, + 8L T o+ "M 8T+ TBMI o+ @poalp + Bcﬁbplpo =0,

M BI +M 61 +8MTI +R 8I = 8V ,
ex ex P P p ex ~ex

pO ex

8G = GXOSI + Giobx + GSOSS+ cesnnceas =0, (13)
Where the notation such as the matrix bSo denotes that

b = 3D

S0 93| 8=50"
And SLp and Bﬂb are written as
_t t
8Lp = LpSO6S + LPXOSX.
5up = Mpsoas + Mpxosx. (14)
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3.2.2 Apalytical formulation of plasma equilibrium and éircuit

equations

We are concerned with obtaining concrete expressions for the plasma
equilibrium and circuit equations in the previous section. Here, the
expressions are formulated using Fourier expansion of the flux function
and the plasma boundary, and also the usual expansion in the inverse
aspect ratic[l]., The formulation has applicable limits to the aspect
ratio and plasma displacement and deformation. But the formulation is
relatively simple and easy to look insight of the dependency among
parameters. 1In the first step to develop analysis model of PCPS control
system, this simple formulation seems to be adequate. The formulation
can be replaced by more accurate method of numerical calcﬁlation solving

MHD equilibrium, because the structure of the equations will not change.

At first, the Grad-Shafranov MHD equilibrium equation is given by

¥ 19y §v .
3R R oR T azz - Moy (15)
with
3P . 1 _aF ,
3 = R — e m—— F_
Jp 3% " WoR "a¥

in the usuai axisymmetric cylindrical coordinate (R,2). Jis a poloidal
flux function and jp is a plasma current density in the toreidal
direction. P and F are plasma pressure and poloidal current function,
respectively, and are functions of\P. Each component of magnetic field

is expressed in term of & and F as

ot 1 a¥d '
37 5 . {16)

> Bz=®am - B¢~

i

The plasma current density jp in Eq.(15) is assumed to be expressed as

- s ¢B Ro (e g (X -o%
Jp = JoTg, Byt F (LB I (1-300) g,n_,',%}. (17)

where jo ,‘}0 and EES are current density on the magnetie axis and
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poloidal flux function on the magnetic axis and at the plasma surface,
respectively. The Rp and the Bp are plasma major radius and poloidal
beta, respectively. The J00 is a parameter desecribing a plasma current
distribution and takes a value of 0 to 1. J00=0 and J06=1 correspond to
parabolic and flat current distributions, setting a normalized internal

inductance 1i=1 and li=0‘5’ respectively.

The toroidal coordinate (p,0) illustrated in Fig.3.2.2 is used
where Rp is the plasma geometrical major radius. Equation (15) is
.expanded by an inverse aspect ratio e (=rp/Rp) to the first order in the
same way shown in Ref.[1]. An up—-down symmetry is assumed for

simplieity and the plasma boundary is expressed in the form

Py = rp(l +£§feon + 2y ) cos(nd)]. (18)

Here, rp is the mean minor radius of plasma and here €on and €in are the

zero and first order shape parameters, respectively.

As a result, flux functions in vacuum region of-}é and }b swhich
represent the external magnetic field and the magnetic field generated

by the plasma current, are expressed as

n
I (p,0) =IE%[COH+ Cin~ Tp/BCon + 1(P/2rp) 21 (p/ry) COS(nO), (19)

‘~}p(p.0) = ~Do(1n(8R /p)-2)
—-
* [Dyy+ (rgDy/2R ) {1a(8R /p}-1}(p/r;) 21 (p/ry) cos(0)

-
+;§fn0n+ Dy rolRpDon_l(plzro)z](p/ro) cos(n0) . (20)

where Ty iz a characteristic length. The relations between plasma shape

and internal parameters and field coefficients (parameters) are given

by.

(n>2) (21)

n
cOn = —(Dolz)(rolrp) S Cop’
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C11 = -(DOPO/ZRP)[ln(SRp/rp} + Bp + li/2 - 3/2 + W1Bp802]’ (22)
C, =—(D./2)(r /r )"
in - Yol 4M oty
x[Sneln + (rp/Rp){tnBOnwl * un80n+1 v Bp On-— 1 J Bp 0n+1}]’
(nd>2) (23)
and
— N !
Don = —(DOIZ)(rolrp) S0’ (n>2)
oy ,
Dy = "(Dorp/2Rp)(rO/rp) [—ﬁ -1 /2+1/2 + tleoz + wlﬁpeozl
D, = =D /2)(r /p )"
10 = 0 ro/Tp
x[sneln + (r /R it nfons1 t unEOn gtV Bp op-1 T ¥ ﬁp 0n+1}]
(n>2)
D, = —(uoRpIPIZn). (24)

Where coefficients s _, s/, ¢t , t', u, u’, v, v', w and w’ are
" "n" 'n" n" n*" "n’ n’ 'n’ "n n

functions of JGc and depend on a plasma internal inductance 1i. The

coefficient COO+C10 has no relation with the plasma equilibrium because
it shows OH field. Equations (21),(22) and (23) express the relations
between plasma shape and iﬁternal parameters and external field
parameters, which corresponds to Eq.(1). Equation (22) expresses the
relation between the vertical field and the radial position of plasma.
Equations of Eq.(21) and (23} express the relations of the zero and
first order between plasma deformation and multipole magnetic fields,
The last terms of Eqs.(22) and (23) show mutual couplings among Fourier
components of deformation and external field because of the toroidal

effect.

External fields are usually given in a fixed coordinate system
located in space. The expression of external field given by Eq.(19) in
the toroidal coordinate of (p,0) is transformed to a following
expression in a toroidal coordinate (§,6) shown in Fig.3.2.2, where a

fixed point R is the center, as

0

(£,8) = 5IC_ - r /RC . (e/2r)21(&/r.) " cos(nd). (25)
el neg D 0 0 n+1 0 0
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the relations of coefficients between Eqs.(19) and (25) are given as

’En =c - (n+1) (A/r ) (€

On+ Cln } o+ (A/4R0)Con, (26)

on+#1* C1in+1

0
displacement in the radial directicn.

to the first order in A, Where A = R, - Rp and A is the plasma

On the other hand, the external field is given by external currents

(coils and eddy currents) as
c, = %‘Unili' (27)

Here the sum is over all external current filament, and Uﬁi are
coefficients given by geometrical configuration of coils and eddy
currents. If coils and eddy current are assumed to be axisymmetric, the
coefficients are derived by inverse aspect expansion as same as plasma
flux. Or in general, the coefficients are derived by numerical

integrations of Biot-Savart's law.

In the next, the self and mutual inductances are expressed. The

plasma self-inductance is assumed to be given as

Lp = poRpfln(SRp/rp) + li/2 - 2}, (28)

and mutual inductance between plasma and an axisymmetric coil is given

as
Mpi = 2n~}p0(ri.91)llp. | (29)
Where Ebo is the plasma flux function of Eq.(18} transformed to the

coordinate (§,6), and (ri, Ei) is a position of the coil. In general,

the mutual inductance is caleculated by the numerical integration of

My = 1/1p§§2p03?iln dv (30)
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Where j?i is a component in toroidal direction of current density of
i~th external current and the integration is over the external current
distribution. Self and mutual inductances among external currents are

derived by inverse aspect expansion or usual numerical integrations.

Fig.3.2.,2 Coordinate systems,
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3.2.3 State equations of a plasma, coil and eddy current

State equations of plasma, coil and eddy currents are derived by
linearization of the relations shown in the previous section. The
procedure to linearize is shown in Sec. 3.2,2, For simplicity, the mean
minor radius of a plasma column rp and a normalized internal inductance
li are assumed to be fixed. We introduce here the shaping parameters
5e, the external currents 81, and the field parameters 600, 8C. and &C

1
as perturbation terms and they are defined as

_t
83 - [A/RO, 6812; LU IR N LN 1 681N]J
8T = t[51 51 8T, .1
p, 1; " s e ey NC Fl
3C. = t[sc 8C,...1
0 02; " ¢ ey ON »
5C, = t[ac Y |
1 11‘ ----- . ) 1N H]
6C = ‘180 5C. 1 (31)
1, L3N B BB BN B N -

Where zero order shape parameters are assumed not to change. N and NC
are the number of shape parameters to be considered including the radial
displacement and the number of external currents, respectively and N1
nust be equal to or less than NC so that the plasma current and the

shape parameters are controllable if no eddy current is included.

The linearized equations correspond to Eqgs.(21),(22),(23),(26) and

(27) are written in the form

8C, = A Be + B3I, (32)
501 = Alﬁe + B15I + BBBBp, (33)
5C = D5C, + ESC, + Fbe, (34)
and
5C = F5I. (35)
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Here, Ao, Al’ BO’ B1, F and Bﬁ are coefficient matrices and a vector.
These coefficients are derived by partial differentiations of the
non-linear expressions by the variables and by substituting the values
of the reference state. The linearized circuit equations of the plasma

current and external currents are written in the matrix form as

MSI + P 8z + Podp + P&B&p + R8I = &V, (36)

Where the matrices M and R are the inductance and resistance matrices

among plasma current and external currents. And

_t
sv - [0, Bvla s S ewauy SVNC]’ (37)

avi is an applied voltage to i-th external current. The coefficients

Ps, PB and P are derived as same as above.

Finally, from Eqs.(32) to (36), state and output equations are

derived In the forms as

5T

SBI+TBB + aﬁﬁ+rsv (38)

oe

UsI + V_8B . (39)

8°Pp |
These equations are‘in the usual form of a linear system. The inputs to
the system are applied voltages on the coils, perturbation of plasma
poloidal beta and resistance., The outputs are plasma radial

displacement and deformations.
Reference

[1] T. Shoji, Plasma equilibrium in axisymmetric hybrid systems, Nucl.
Fusion 165 (1976) 829,
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3.3 Simulation studies on plasma position control for the next

generation tokamak machines with up-down asymmetry
3.3.1 1Introduction

The control of plasma vertical position is one critical.issue in
future tokamak reactors with elongated plasmas, favorable for increasing
allowable beta limit and probably energy confinement time, since
vertically elongated plasmas are inherently unstable in the vertical
direction without feedback control. A lot of works on this area have
been performed for the next generation tokamak reactors [I ~ 4, 7].

The accommodation of active coils, the design of highly conductive
passive shells, non-circular plasma shape, etec. will provide significant
constraints not only on the position control property, but alsc on the
design concept of reactor structure, like a reactor maintenance, bellows
resistance and so on.

In those studies, the power required for the plasma position control
is evaluated to clear the relation between the reactor design options
and the required control power, taking into account the shielding effect
that passive structures (vacuum vessel, blanket and shield) and poloidal
field coils (Ohmic heating (OH) and equilibrium field (EF) coils) weaken
the control field by active coils. However, in these evaluations, an
initial vertical displacement of a plasma or an external radial disturbance
field is intentionally supplied to a plasma as an initial perturbation.
These disturbances are rather artificial and appropriate origins of them
are difficult to be identified. It is then not easy to estimate the
reasonable required power for vertical position control. On the other
hand, in up~down asymmetric plasmas, the vertical displacements are
generated by introducing the radial plasma displacements, the origin of
which are rather clear, e.g. plasma MHD activities. As a result, the
power supply requirements could be evaluated on the reasonable ground.

It is first pointed out that the plasma vertical motion is coupled
with the radial motion in an up-down symmetric configuration, and that
the radial perturbation on plasma position will force the plasma to move
vertically [5]. Some design of the next generation tokamak reactors
such as INTOR adopt a single-null divertor configuration, in which the
external equilibrium field and reactor structures surrcunding plasma are

asymmetric with respect to a Z=0 plane. There are two types of couplings
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to be considered. One is asymmetric components of eddy currents in
passive structures induced by plasma radial displacement, which produce
radial perturbation fields. The other is asymmetric external equilibrium
fields, which is essentially canceled in an original equilibrium
position, but appear when plasmas are displaced radially.

The stable region of plasma parameters for position contrel, which
is more severely limited due to the radial-vertical coupling, and the
growth rate are analyzed in some details [5]. In those asymmetric
configurations, plasmas are expected to move significantly in the
vertical direction and vertical position would result in uncontrollable
with a practical level of control power, even by a moderate disturbance
of radial motion. In a symmetric option, for such a moderare perturba-
tion, plasmas move in the radial direction and could find a new
equilibrium position with accompanying some weak interaction between
plasma and first wall, and plasmas could be shut down in a controlled
way. On the other hand, the asymmetric feature would induce large
vertical displacement, which would yield a strong interaction between
plasma and first wall and/or divertor plates on the single-null point
side, and finally plasmas would be disrupted violently, although the
radial motion may not be so sever.

This paper devotes to detailed analyses on plasma position control
in an asymmetric plasma configuration like a single-null divertor
concept. Section 2 describes fundamental formulations on plasma
position control. Section 3 represents stability analysis. Section 4
shows results of simulation studies on the control of both vertical and
radial position in an asymmetric tokamak reactor with respect to a Z=0

plane. The conclusions are summarized in Section 5.
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3.3.2 TFundamental formulations

Adiabatic compression/decompression is assumed when a plasma moves
in the radial direction. However, a plasma shape is assumed not to
change at plasma movement (rigid displacement model).

A kinetic equation of plasma radial movement is simply expressed
as eq. (1) by using the Shafranov formula [6] which uses circular, high

aspect ratio and low beta approximation.

MRy = Eg;Ei{ln(BRp/ap) + Bp + %(11—3)} + Fg (1)
Where, Mp plasma mass
Rp plasma major radius
ap plasma minor radius
Ip ¢ plasma toroidal current

Bp : poloidal beta
£4 : normalized internal inductance
g ¢ permeability

Frp : radial force by external field

When a plasma moves in the radial and vertical directioms by SRP
and 6Zp, respectively, external vertical field applied to the plasma by

equilibrium field coils, BZ(R+6RP, Z+SZP), is expressed by eq. (2).

3B, 3B,
ZH+6Zp) 5 By (R,Z) + === 6Ry + —= 67 (2)

B, (R+6R n p 37

p’
Where, B,(R,Z} is an external vertical field in the plasma at an
equilibrium position. Multiplying eq. (2} by plasma toroidal current
density, ip(R,Z), and integrating it in the plasma region, we obtain the
equation of external radial force, Fp, at plasma displacement as eq. (3).

FR 5 2mIpByo(Rp - n8R, + kéZp) + 2mI RyBy (3)

Here, By, is equilibrium vertical field, and Rp, n, k and B, are

defined by the following equations.
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1
Rp = R+i,(R,2) B, (R,2)dRdZ .
P IPBVO jj p z (&)
l I
Byo = I [[82(r,2) 1, (R, 2)dRaz (5)
1 3B,
n= s Rem=="1,(R,2)dRdZ 6)
IpBvo IJ AR P
1 3B,
k= - 35— || R'571p(R,2)dRAZ
IpByo [ re3z5 1
- _3rg. :
- The [[ =2{R*BR(R,2) }i} (R, 2) dRdZ )
_ 1 g
By = 2nIpRp [[ R*1p(R,2)B;q(R,Z,0)dRAZd0O (8)

The n defined by eq. (6) is a natural extension of the decay index
n value (n-index)[7]. The k represents the strength of the interactiom
between radial and vertical displacements and becomes zero if the external
field is completely symmetric with respect to midplane (Z=0 plane).
However, if the external field is asymmetric like INTCR plasma, the k is
not zero and affects plasma position dynamics. We call this k as k-index
in the present paper. The B, represents the vertical fields by active
coils, eddy currents, induced current in EF and OH coils and so on.

Linearlizing eq. (1), the following equation is obtained for plasma

radial movement.

SR = L dolp _ 7 Fp
MpoRy, = {27Byo(l - i n) - iR, - % Yolp RP}GRP - 27ByokéZp
51 oMy I IMn 61k
~ (21R,Byy + UplpBp) —& + Ip(i—br —2 + 5P
P PP 1, P*jR, I, 3Ry, I,
Lolp 1

where, Mpi : mutual inductance between plasma and the i-~th coil
Mpk : mutual inductance between plasma and the k-th eddy

current mode
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I; : the i-th coil current (subscript i represents each
poloidal coil)

Iy : eddy current of the k-th mode (subscript k represents
each eddy current)

Byq : vertical disturbance field
Ly in eq. (9) is defined by eq. (10).
1
Ag = “4“Rvao/(UoIp) = Rn(SRp/ap) + Bp + 5(21-3) (10)

The vertical field, Byp, by active coil and/or induced eddy current
in the structures is expressed by the following equation. (Subscript, m,

represents each active coil and/or eddy current modes in the structures.)

1 aMpm
2mR BRP S (D

.

BVII].
P

The mutual inductances between plasma and eddy current modes are
numerically calculated by eddy current analysis code [8].

In deriving eq. (9}, apz/Rp is kept constant (conservation of
toroidal flux in a plasma) and Bp scales as l/(IszP7/3) (adiabatic
compression/decompression). The GBP in eq. (9) represents the Bp change
owing to the change in plasma thermal energy which is not adiabatic.

The linerlized equation of plasma vertical movement is represented

by eq. (12}.

My 874 eMpk STk
= 2mBynéZy = 2mByokSRy + Ip (It ) )

M52
102y I, ¥dZp I

P-"P

- ZWRPBRd (12)

The radial field, Bgy, by active coil and/or induced eddy current

is represented by the following equation.

. 1 BMEm
BRm = - 2R

81 (13)
p 3Zp T

The second term in eq. (12) represents the coupling between radial

and vertical movements, and Bgrgq represents radial disturbance field.
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Other equations mneeded for simulation are circuit equations of
plasma current, poleidal coils and eddy currents as expressed by the
following equations [7], [{9]. Each eddy current mode is normalized so

as to compose a circuit with a self-inductance Tty and a unit resistance [8].

(LPIP) + E(Mpili) + E(Mkak) + rpIp =0 (14
1
LiI; + (Mpin) + EMijI' + My I + ril; = Vi (15)
J k
vl + (Mpylp) + EMikii + I, =0 (16)

Where, Lp : plasma self-inductance

Ip plasma one turn resistance

Li : self-inductance of the i~th coil

Mij : mutual inductance between the i-th coil and the j-th
coil

Mik : mutual inductance between the i-th coil and the k-th
eddy current mode

ry ° resistance of the i-th coil

I3 ¢ the j-th coil current

T ¢ time constant of the k-th current mode

Equation (14) can be linearlized and written as

) 3 51 (M1 Iy)
_ P 1 T PKTK/
(27RpByo + UolpBp) SRy + IpLp—= + ZIpMy— + EI—E
p i p k P
+ rpﬁlp = () (17)

In deriving eq. (17), r, is assumed to be constant and the following

p
relations are used together with condition for toroidal flux conservation.

oM, 4 M
Pl = 1 =
EBRP Iip = ZHRPBVO Egzﬁ— I;,=20 (18)

Here, I;, represents the i-th coil current for plasma equilibrium.



JAERI-M 88-1010

Lp

aL a. 9
p p
plar. + (op

o . aap}aRp = =(471RpByy + HoIpBp)6R,  (19)

SLplp = 1
Differentiating eqs. (9) and (12) with respect to time, t, and
neglecting plasma mass, Mp, equations (9), (12), (15), (16), {(17) are

written in the form

ES -+ >
Ay + Ry = b (20)

> >
Where, the vectors y and b, and the symmetric matrixes A and R are

expressed as follows.

(21)

“

= (8Zp, 8Rp, €15/, -vvy 813/Tn, wu.y 8I/Tp, ..n)

ot
;

Eal 88
= {2mRpBRa, - — 55 (68y + —5) - 2mRyByg,

s 0y 8V, vuvs 8Vis vens 0, ool 35 (22)

Here, 4§V represents the voltage change of the i-th coil from the

initial equilibrium conditons.

aMpi My
21Bypn, —2TBypk, 0 soees Ipmm=s ves Ipnm—s e
P P
My, g My
~2nByok, azps ~(2MRpByo + HolpBp)s +evs Lpzph—s «-es LPBRP . e
°Tp P

o ., —(ZWRPBVO + uOIpo),LpIp, vesy IpMpi 3 eees IpMpk s s

. . - . - +

A= . ) . . . .
3M,, s M. 1
pi pi ) ,
Ipsr > Ipgp LpMpis« -5 Iplg 0
p p
aM aM
pk pk
IPBZP R PaRp R IpMpk’ . 0] Ika

(23)
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1 Holp 7 Bp

az, = 2mByo(l — T " n) - iR, " EUO*pﬁ; | (24)
o ]
0 0
LpTp
R = ) (23)
0 Iprl
Ip

In non-circular and high beta plasma, the equilibrium vertical
field, By,, given by eq. (10) is different from that of numerical
equilibrium calculation given by eq. (5). In applying the analytical
formulation to non-circular and/or high beta plasmas, the functional
dependences of vertical field, By,, and plasma self-inductance,

L, = uoRp{Rn(SRp/ap)+Ri/2—2}, on Ip, Rps aps Bp and %4 are assumed to

P
be the same as low beta circular plasma. For the analyses of the plasma
position control, we use By,, 24 and Lp numerically obtained by plasma

equilibrium calculation, and re-define Sp by eq. (26) to ensure that the

analytical formulation provides the same By, as numerical one.

P _ % (26)

This definition of Bp is different from the usual definition,
SP = <p>/2u0§P2, but makes the radial hoop force of the analytical
formulation for low beta, circular plasma consistent with the numerical

one.
3.3.3 Stability analysis

Since there exists the coupling effect between radial and vertical
movements described in Section 2, the stability criteria should be
somewhat modified. By using Laplace transform of eqgs. (9), (12), (l6)

and (17) and eliminating eddy current, &Iy, the change of plasma
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positions and current without feedback control are described by the
following equation. Here, the stabilizing effects of poloidal field

coils are neglected, and plasma one turn resistance, Ips is set to zero.
A(s)Y = B (27)

Where, Y and B are the Laplace transform of egs. (21) and (22), and
A{s) is defined as eq. (28).

Ay (s), Ayp(s), Ajz(s)
A(s) = Ayi(s), Axo(s), Ass(s) (28)

Apa(s), Ap3(s), Az3(s)

= D
where, Aj;(s) = 2nBygin + N,(s)} - 2ﬁBV°3}E;;f; g2
Alz(S) = -ZTTBVD{R - KS(S)}
Ay3(s) = 2mByoBz(s)Rp
_ L 7,120 i S
Asnr(s) = ZWBVO{I - ZAO - n + NR(S)} 6 UOIPRP - ZWBVOZFBvoIp 5
Ass(s) = ‘Z“Rvao{l - Br(s)} - uOIpo
A33(S) = Lp{l - Kp(s)}lp
5Tk Ip aMpk 5
Nz(s) = Iy or, = szVOrk(azp )<} (29)
5Tk Iy Mpk, o
Se(e) = I e, U e Gy, ) (30)
STk Ip aMpk aMpk
R() =I5y - 2wBVOTk(aRP )(azp N (D
_ ST LpMpk My
Br(s) = Iy ©- 2anBVOTk(aRP )} (32)
_ 5Tk LpMpk Mpx
Bz(s) = %l + 8Ty - ZWRPBVOTk(BZP ): (33)
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. STk Mpkz
kl + st LpTk

Kp(s) = {(34)

The transfer functions defined by eqs. (29)~(34) represent the
shell properties of passive elements [5], [7], [9], [103.

The stability criteria for the movement with the time scale of
Alfven velocity can be derived as eq. (35) from the condition that the

equation, det A(s) = 0, has no positive root at s =+ =,

Lo (1 = Brg = 285/445)2 1 7 Bp Ao Byg?
7 S Kpe Yy 3R, B Nes Yy Tk
AO 1 - Brg - ZBP/AO
+ (k ~ Kg - = B,s)2 < 0 (33)
s 7 24 T - Kpg zs

A= Lp/(UORP)

Where, Npgs, N,g, Kg, Bgrgs st and Kpg are the values of the transfer
functions at s = = defined by eqs. (29)~(34), i.e. Np(®), N (=), K(=),
Br(«), By(=) and Kp(w), respectively.

Plasma positicns are stable even though the shell effects are
neglected, when plasma parameters satisfies the following conditions [5]
which can be derived by setting Npg=N, =Kg=Brg=B,5=Kps=0.

A

B 1 B
-1 = _8%¢1 _ 9fPy2 4 _~_ _ 1L 7P 2
nin 1 ZA(I ZAO) + Tie T }+ k4 <0 (36)

7

3 8]
Assuming that En(BRp/ap) is large enough, eq. (36) is simplified

as eq. (37).

n(n - %) + k2 < 0 (37)

When the k-index is zero, we can obtain well-known stability
criteria "Q<n<3/2". Equation (37) shows that the stability of plasma
position is deteriorated when there is an interaction between radial
and vertical movements.

For. unstable cases, teh growth rate, Ygs of plasma movement without
feedback contrel is the root of the equation given by det A(Yg) = 0,

where, A(s) is defined as eq. (28).
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The simulation studies have been performed for the next step (TNS)
tokamak reactor with asymmetric plasma. The maln parameters of this
tokamak are summarized in Table 3.3.1.

Figure 3.3.1 shows a half sector model of passive elements. The
passive elements consist of movable shield, semi-permanent shield and
vacuum vessel (similar structures as Fusion Experimental Reactor [111).
The outboard meovable shield contains breeding blanket in which saddle
type copper conductive shells of 2 cm in thickness are installed (shaded
part of Fig. 3.3.1). The width of front part and side part of Cu shell
are 1 m and 0.75 m, respectively. The semi-permanent shield is installed
inside the vacuum vessel and the movable shield is installed inside the
semi~permanent shield. Figure 3.3.l1 represents these passive elements
separately. In analyzing shell properties of passive elements, plasma
toroidal current profile is taken into account based on plasma
equilibrium calculations.

Figures 3.3.2 and 3.3.3 show the growth rates of plasma position
movement for high beta phase and low beta phase, respectively. In the
curve (b), the k-index is neglected. From these figures, it can be seen
that the radial-vertical coupling increases the growth rate of position
movements. The K(s)} function defined by eq. (31) represents the
interaction hetween radial and vertical directions through eddy currents
in the structures. If passive structures and plasma are perfectly
symmetric with respect to Z=0 plane, XK(s)} becomes zero. The K(s)
functions of our TNS tokamak are shown in Fig. 3.3.4 for both high beta
phase and low beta phase. The absolute values of these K(s) functions
are small as compared with the corresponding k-index. So the asymmetry
of the passive elements does not significantly affect the coupling

between plasma radial and vertical movements.
3.3.4 Simulations of radial and vertical position control

Radial position of plasma is moved by chaﬁges of the plasma current
distribution and the plasma thermal energy during MHD activities such as
fishbone, minor or major disruptions. This radial movement generates
vertical movement of plasma through the mechanisms mentioned above.
Then, for realistic analyses and clear issue identification on radial
and vertical position control of an asymmetric plasma, it is appropriate

procedures to give, as the initial perturbation, a change which directly
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causes radial movement of the plasma.
Simulation analyses have been carried out for the following initial
perturbations:
a) A change of plasma current distribution (%4 change}.
b) Changes of plasma thermal energy (Bp change) and plasma current

distribution.

(1) Plasma Position Control at %4 Reduction

In order to show the difference of control property between up-down
symmetric and asymmetric systems, we simply assume a change of %; by 0.1
with a time comstant of 1 msec. That is, §£;(t) is given by the

following equation,

821 (t) = ~6245(1 - e /Tg) (38)

8840 = 0.1, T, = 1 msec

The locations of active coils and other poloidal field coils are
shown in Fig. 3.3.5. The outer active coils are used for this simulation.
Other poloidal field coils provide both OH and EF components (hybrid
poloidal coil system)}, and shield the magnetic field generated by active
coils. The magnitude of this magnetic'shield effect depends strongly on
active coil positions. The position of outer active coils are selected
§0 as to minimize this magnetic shielding effect. Proportional control
is used in feedback control simulations for simplicity.

Simulation results of plasma position control for 24 perturbation
are shown in Figs. 3.3.6 to 3.3.8. The same voltage limit is applied
to both upper and lower active coils for position control. The maximum
loop veltage on a plasma for plasma current control is assumed to be 1O V,
The power supply capacity for both vertical and radial position control,
Pgry, 1s 38 MVA in high beta/outer active coil case as shown in Fig. 3;3.6.
In Fig. 3.3.7, the k-index is set to zero to simulate the position control
of up-down symmetric plasma. By comparing the vertical displacements
shown in Figs, 3.3.6 and 3.3.7, it can be seen that the vertical
displacements is generated mainly by the asymmetric external equilibrium
field and the effect of the asymmetry of passive structures is small in
our INS tokamak reactor. It can be also seen from Figs. 3.3.6 and 3.3.8
that shielding property of poloidal coils against the magnetic fields by

active coils increases the power supply requirement by more than ~150%.
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{2} Plasma Displacements at Large Changes in Bp and %4

As for abnormal losses of the plasma thermal energy, we assume that
the thermal energy {(poloidal beta Bp) be lost by 40% with a time constant
of 5 msec at disruptions for our TNS tokamak. Furthermore the normalized
plasma internal inductance, £j, is assumed to decrease by approximately
40% (from 0.8 to 0.5) with the same time constant in order to simulate
the plasma current flattening., Then the temporal changes of Bp and 24,

SBp(t) and 8%24(t), are given by the following equations.

88, (6) = ~88p0(L - &/ "a) (39)
525 (t) = —825o(1 — e o/ Ta) (40)
T, = 5 msec

Figure 3.3.9 presents simulation results, which are all for high
Bp operations. The calculation is carried out up to 50 msec. The
active coils are assumed to be located inside the TF coils to increase
controllability. The results with copper shells installed inside the
blanket are shown by curve (a), and those without copper shells by the
curve (b). It is observed that the plasma shrinks mainly radially in
the first stage of disruption, and next moves downward. Both radial and
vertical displacements increase to ~30 cm in 50 msec after disruptiom
initiation in case of curve (a). Thus the asymmetry of the plasma
causes vertical movements of the plasma in addition to radial displace-
ments. Because of the active coil voltage limitation of 2200 V (50 V
for one turn plasma voltage), the radial and vertical displacements,
6Rp and GZP, have turned out to be fairly large values {plasma positions
are practically uncontrollable by a realistic control power) as shown in
Fig. 3.3.9. The vertical displacement in the case without Cu shell is
approximately 2.5 times of that with Cu shells, while the difference of
the radial displacement between the cases with and without Cu shell is
only +5 cm at 50 msec after disruption.

The simulation results with the k-index set to be zero are shown
by the curve (c¢). In this case, the vertical displacement is less than
1/10 of that obtaihed in the curve {(a). The reason why vertical
movements are yielded even with the k-index assumed to be zero is

attributed to asymmetry of the reactor structures surrounding the plasma.
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However, it 1s observed, through compariscon between the curves (a) and
{(c)}, that the effects of the asymmetry of structures is minor (Ref.

Section 3).
3.3.5 Summary

The basic formulation has been derived for the position control
system having the strong coupling effect between radial and vertical
movements. The plasma position control has been numerically studied
for the next generation tokamak reactor like INTOR. The following
conclusions are obtained.

1) The vertical and radial plasma displacements are mutually coupled
in an up-down asymmetric system, which has two types for the asymmetry:
asymmetric external fields by equilibrium field coils and asymmetric
eddy currents induced in asymmetric reactor structures. The governing
cause is the former effect and the effect of asymmetric eddy currents is
minor in the asymmetric tokamak reactor with single-null plasma, unless
the k-index is much less than ~0,5.

2) The effect of asymmetric equilibrium field is characterized by the
k-index defined by the equation (7) in section 2. This coupling effect
makes a plasma'bosition control more difficult. It increases a growth
rate of plasma vertical instability. The stability criteria of the
asymmetric plasma on an Alfven time scale instability is slightly
modified as shown by eqs. (35)~(37) in Section 3.

3) The disturbances for plasma vertical position are naturally
generated by the radial displacements, probably due to large MHD
activities in tokamak plasmas. The estimation of control power to be
prepared can therefore have a reasonable ground, compared with the past
works with assumptions of artificial vertical displacements.

4)- The simulations show that plasma moves largely in the vertical
direction (toward divertor plates) as well as toward inboard first wall
at plasma. disruptions in asymmetric tokamak plasma systems.

5) Poloidal field coils shield the magnetic field preoduced by active
control coils to some extent. This effect increases significantly the
power supply requirement for position control. The active coil location
should be carefully selected so that outer active coils do not interact

strongly with poloidal field coils.
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Table 3,3.1 Main parameters of TNS tokamak plasma used for
parametric studies on plasma position contrel

Major Radius (m) 5.0
Minor Radius {m) 1,2
Plasma Current (MA)

flat-top phase 7.5

re—charging phase 5.7
Poloidal Beta

flat~top phase 1.3

re~charging phase 0.1
n-index _

flat-top phase -1.35

re-charging phase -1.956
k-index

flat-top phase 0.574

re-charging phase 1.0

Vertical Field (T)
flat-top phase -0.474
re-charging phase -0.255
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High Poloidal Betc (BD =1.3)
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Fig. 3.3.2 Growth rates of plasma position movements at high beta
phase with and without k-index,
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Fig. 3.3.3 Growth rates of plasma position movements at low beta
phase with and without k-index.
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3.3.4 Coupling functions, K(s), between radial and vertical
movements in high beta and low beta phases.
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Fig. 3.3.5 Locations of poloidal field coils.
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MAX TIME HIN TIME
Zp 0.0019 0.1650 -0.0068 0.0260
R!) 5.0016 0.0980 41,9808 0.0060

T T T T T T T

4, m1% .0.03 1 I 1 1 1 1 1 1 1
0 20 40 60 40 100 120 140 160 180 200

TIHE {msec)

Simulation result of plasma position control by outer active
coils in high beta phase. The shielding effect of PF coils is
neglected. Active coil voltage is limited to *110V. O&Zpmax
6.8 mm, SRpMax ¢ 19.2 mm, Iy, : 175 kA, Power supply require-
ment : 38 MVA,

MAX TIME ’ MINM ~ TIME

ITJ 0.0008 0.1120 -0.0015 0.0700
ﬂp 5.0022 0.0940 4.9814 0.0060

s.oz( 0.02 T T - , - ; , , :

4.9r- _p.03 t 1 1 L 1 1 1 1 1
il 20 10 60 8e 100 120 140 160 180 200

TIME {msec)

Simulation result of plasma position control by outer active
coils in high beta phase. The k-index is set to be zero in
this simulation. The shielding effect of PF coils is neglected.
Active coil voltage is limited to +110 V. &ZpMax ¢ 1.5 mm,
(RpMax * 18.4 mm, Iyayx : 145 kA, Power supply requirement : 32
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MAX TIME - MIN TIME

7y 0.0020 0.1740 0.0063 0.0270

Ry 5.0017 0.0970 4.9816 0.0060
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7.4L 4.97L -0.03 1 I 1 I t I 1 1 L
- ol 20 40 50 80 100 120 140 160 180 200

TIME {msec)

Fig. 3.3.8 Simulation result of plasma position control by outer active
coils in high beta phase. Active coil voltage is limited to
+150V. §ZpMax : 6.3 mm, 6RpMax : 18.7 mm, IMax * 295 kA,
Power supply requirement : 88 MVA,
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Fig. 3.3.9 Plasma movements at plasma disruption in 50 msec
after disruption initiation.
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3.4 Estimation of AC losses in cryogenic structures generated with

plasma vertical position control

AC losses in cryogenic structures (SC coil can and shear panels)
caused by plasma vertical position control are calculated for the next
generation tokamak reactor of INTOR class with an FEM eddy current
analysis code, 'EDDYCUFF' [1]. Figure 3.4.1 shows the half sector model
of passive elements which is a 1/24 part of whole structures, The
passive elements consist of movable shield, semi-permanent shield,
vacuum vessel and cryogenic structures. The outboard part of the
movable shield contains breeding blanket in which copper conductive
shells of Z cm in thickness are installed to reduce the growth rate of
plasma vertical position instability [1]., The width of toroidal bar and
side wall of Cu shell are 1 m and 0.75 m, respectively. The semi-
permanent shield is installed inside the vacuum vessel and the movable
shield is installed inside the semi-permanent shield. FEach shear panel
is assumed to be electrically insulated at the middle part of the panel
for toroidal one turn break.

The locations of active coils are sheown in Fig. 3.4.2. Two locations
are considered, i.e. (1) outside TF coils {outer active coil case) and
(2) between TF coils and shield (inner active coil case). The current
patterns of active coils are assumed to oscillate with sine curves,
corresponding with the movement of plasma vertical position. The phase
difference is 180° between upper and lower active coils to produce
radial magnetic field. When the plasma ig displaced by 1 cm in the
vertical direction, the radial magnetic field of approximately 10 Gauss
is requifed to return the plasma vertical position to the original
point. Then, the peak active coil current is defined so as to generate
radial magnetic field of 10 Gauss in the plasma, taking account of
the shielding effect by passive structures (FWBS/VV) against the
magnetic field by active coils.

Figure 3.4.3 shows the typical example of simulation on plasma
vertical position contrel {1]. The pulse length of active coil currents
is approximately 150 msec, which corresponds with a half cycle of sine
wave. Then, the frequency, f, of the active coil current pattern is
defined as £ = I/T = 1/0.2sec = 5/sec for the standard case to
overestimate AC losses,

Figure 3.4.4 shows the time behavior of total AC losses in the half
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sector of cryogenic structures for one pulse oscillation. Figure 3.4.5
illustrates the flow pattern of eddy currents and the distribution of
Joule heating rate for the outer active coil (Fig. 3.4.5a) and inner
active coil (Fig. 3.4.5b) cases. Most of the AC losses in the crvogenic
structures are induced in the shear panels. The AC losses in these two
figures are calculated with the peak active coil current of 100 kA
(normalized AC losses). The peak currents of the outer and inner active
coils are defined as ~110 kA and ~75 kA, respectively, to generate the
radial field of 10 Gauss, taking into account the magnetic shielding
effect by the FWBS/VV. Then, the averaged Joule heating rates/the Joule
heating energy deposition in the whole cryogenic structures during one
pulse of oscillation are approximately 150 kW/15 kJ.and 15 kW/1.5 kJ for
the outer and inner active coil cases, respectively. The peak Joule
heating rates are ~3 kW/m? (outer active coil case) and ~0.8 kW/m? (inner
active coil case). The total AC losses in the inner active coil case is
approximately 1/10 of those in the outer active coil case at the
frequency of 5 /sec.

It is hard to assume that plasma vertical position moves cyclically
all the time with the amplitude of 1 cm and the frequency of 5 /sec
assumed in this calculation, since plasma vertical displacements seem to
be significantly lesser than 1 cm in the current tokamak machines.

Then, the factor something . like duty factor should be considered to
estimate the averaged Joule heating rate for the duration of a few
seconds. As an example, if plasma vertical position is displaced with
the coupling between radial and vertical position movements [1l] at
sawtooth oscillations, the averaged Joule heating rates during a few
seconds are estimated as 10 kW and ~1 kW in the outer and inner active
coil cases, respectively, since the duration between sawteeth is
estimated as 3v4 sec in FER (Fusion Experimental Reactor) at JAERI.

Figure 3.4.6 shows the dependency of the AC losses on the frequency
of the active coil current change (or plasma vertical position change)
in the case of inner active coils. The sclid circles in this figure
represent the AC losses for the outer active coil case. The AC losses
in this figure are also the wvalues when the peak current of active coils
is set to 100 kA (normalized AC losses). By using this figure and the
peak active coil current obtained with the simulation of plasma vertical
position control, the AC losses in the cryogenic structures can be

roughly estimated. The normalized AC losses does not strongly depend
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on the frequency of active coil currents, since the eddy current are
directly induced in the cryogenic structures with the active coil
currents. On the other hand, the normalized AC losses decrease with the
increase in the frequency (»4/sec) in the inner active coil case, since
the magnetic fields by the active coils are shielded more and more with
the frequency by the vacuum vessel which is installed between the active
coils and the cryogenic structures. However, the radial magnetic field
generated in a plasma by the active coils is also shielded more and more
with the FWBS/VV and then the required active coil currents increase
with the frequency increment to generate the required radial field in a
plasma. Taking into account both effects mentioned above, the averaged
Joule heating rate and the Joule heating energy deposition during one
pulse oscillation are roughly estimated from the FER '83 design [2] as
15~20 kW and 0.75+1.0 kJ at the frequency of 10/sec, respectively, in
the inner active coil case. The sensitivity of Joule heating rate
during a pulse of oscillation dose not seem to be large in the frequency
range of 5v10Q/sec in the inner active coil case.

Main conclusions of this work are as follows.

(1) The AC losses in cryogenic structures are approximately ten times
higher in the outer active coil case than that in the inner active
coil case when the active coil currents/plasma vertical position
change cyclically with the frequency of 5/sec.

(2) The averaged heating rates/total energy depositions during one
pulse of oscillation are estimated as approximately 150 kW/15 kJ
and 15 kW/1.5 kJ for the outer and inner active coil cases,
respectively. Assuming that plasma is displaced by ~l cm in the
vertical direction at sawteeth because of the radial-vertical
coupling, the averaged Joule heating rates during a few seconds
are roughly estimated as 10 kW (outer active coil case) and
vl kW (inner active coll case).

(3) The sensitivity of the AC loss rate during a pulse of plasma
vertical position oscillation dose not seem to be large within
the frequency of 5v10/sec in the case of inner active coils.
Further work is required to clear the dependence of the AC losses
on the frequency in wider frequency range, consisting with the
magnetic shield effect of passive structures (FWBS/VV) and the

simulations of plasma vertical position control.
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Fig. 3.4.3 Example of Simulation on Plasma Vertical
Position Control [2].
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3.5 Effect of ferromagnetic steel on plasma position control

Ferromagnetic martensitic steel like HT-9 is an candidate material
of first wall/blanket of commercial fusion reactor because of expected
long life time [1]. Major concern in this paper is the difference of
characteristics on plasma position control between ferromagnetic steel
and non-magnetic conductive material like stainless steel. Shielding
effect to applied external field and stabilizing/destabilizing effect on
the plasma position movements are estimated by simple cylinder model.
Relative magnetic permeability to poloidal field in high DC toroidal
field B, is approximated by ug = (BotBgae) /Bgs here Bgay is the intrimsic
saturation induction [}l]. The saturation induction of HT-9 is less than
1.5T and when B, = 5T, ug is less than 1.3,

When an uniform field By, exp(st) is applied perpendicularly to a
cylinder with inner radius b, outer radius ¢ and thickness d=c-b, as
shown in Fig. 3.5.1, the ratioc of the penetrated field B, exp(st) to

applied field is given by [2],

=
=]

- Cue ()
(ngt1)23%b%D

i
Bex

T(s)

h -1
ere, 3 = /EE;EEE , kg = 35 —
S

= Ii(Kb)Kj(RC) - Ij(AC)Ki(Xb)
D = Ayy - kgldgg + Azp) + g gy

I;,Kj : i-th first and second modified Bessel functions

The stabilizing/destabilizing property of ferromagnetic wall is
estimated by N(s)-function [3] which represents magnitude of induced
field in the cylinder when plasma column shifts to the cylinder wall.
N(s) is given by G(s)ng, where ng is Zsz/)xb2 Lz2]. Ry is plasma major
radius and X = In(SRp/ap)+(li—3)/2+Bp, here aps 1; and Bp are plasma
minor radius, normalized internal inductance and poloidal beta,

respectively., The ratio G(s) is given by,

Agg — xs(log + bgp) + kg?hyy
D

G(s) = (2)
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The shielding function S(s) = l-T(s) and the stabilizing function
G(s) are shown in Fig. 3.5.2 and Fig. 3.5.3, respectively. Here, Hg =
1.0 (non-magnetic material), Mg = 1.3 (HT-9 in 5T toroidal field) and
ug = 2.0 {(exaggerated case), and d/b = 0.5 and Tg 1s penetration time of
uniform field into thin non-magnetic cylinder given by pgobd/2. The
magnetic material has higher shieiding and destabilizing effect then
non-magnetic material, but the differences between ug = 1.0 and 1.3 are
small even in case of very thick wall (d/b = 0.5). When d/b << 1, the

functions are approximated by

1
T(s) = (3)
1+ + —('ps_l)z d ’
STg 2 5
Tl O
8 2ug b
G(s) = (4)
1+ + m(us_l)z d .
STg I 5

The additional terms owing to the magnetization are small if ug and
d/b are less than 1.3 and 0.5, respectively. Since the position control
characteristics is determined by these functions [3], it is concluded
that the control characteristics in ferromagnetic structures in nearly
same as in usual non-magnetic conductive structures and ferromagnetic
steel ig allowable as first wall/blanket material in view point of

plasma position control.
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Fig. 3.5.1 Cylinder model
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3.6 Review of control experimental results
3.6.1 JFT-2M Tokamak

In the JFT-2M tokamak (Rp=l.3lm, ap=O.35m, Ips550kA), the
experiments of wide range of elongation 1.0v1.7 and triangularity O~0.7
have been performed as shown in Fig. 3.6.1 [1,2]. The measured growth
rates with varibus £ = —Roszon/uoRpIp (Rp: major radius of the
geometrical center of vacuum vessel, B,,: vertical equilibrium field,

n: n-index) is plotted in Fig. 3.6.3 and their values are in the range

of 10v500/sec. The growth rates are in a good agreement with calculation
based on the filament current model taking account of non-axisymmetric
effect of the vacuum vessel. The stability G (open loop gain)-f diagram
of the feedback control are obtained and the results are in a good
agreement with the theoretical prediction as shown in Fig. 3.6.3. The
discrepancy of upper limit of £ seems to come from the sampling and
holding character of the thyristor. The step response of vertical
position alse agrees well with the theoretical prediction as shown in

Fig. 3.6.4.
3.6,2 JT-60 Tokamak

Experimental and analytical study of the plasma current, position
and shape control is presented in Appendix A. In the JT-60 tokamak, Ip
(plasma current), Ag (radial shift), A, (vertical shift), &35 (minimum
clearance between the separatrix surface and torcidal limiter, &
(clearance between sepafatrix surface and main divertor coil) and
Xp (location of separatrix line of divertor plate) are controlled by
closed feedback loops. Control coils are OH-coil (OH transformer coil),
V-coil (vertical field coil), H-coil (horizontal field coil), Q-coil
(quadrupole field coil) and M-coil (divertor coil). The separatrix line
on the divertor plate was swung to reduce the heat flux and was precisely
controlled. The experimental results are in a good agreement with
estimations by the regression analysis, the matrix transfer function
analysis and the simulation study. The regression analysis to determine
the relations between controlled variables and measurement valués is
performed and is useful for the sensor algorithm of plasma shape and

location of separatrix lines in the feedback system. Although the
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plasma is vertically stable in JT-60, the success of control of separatrix
surface is meaningful in design of control system in INTOR class tokamak

reactor.
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3.7 Electromagnetic measurements of plasma

1) Basic parameters of plasma for controlled operation

+ plasma current
+ plasma column position

* plasma shape

These parameters are usually measured electromagnetically by the

Rogowskl coil and magnetic probes.

2) Problems on application of these method to INTOR

» long term operation of flat-top

» usage in the field of hard radiation of neutron and y-ray

It is difficult to integrate the output of Rogowskl coil during
the long flat-top term.

Neutron causes deterioration of the electrical property of the
organic insulator.

These coils have to be cooled, in order to remove both nuclear

heating in the coils and heat load by the radiation from the plasma.

3) Rogowski coil

The plasma current is determined by integrating the output signals
of the Rogowski coil. Integration is done analogically by an electrical
circuit or numerically by a digital computer. On application to INTOR,
it ig difficult te integrate accurately during the flat-top longer than
100 sec. Because in the case of use of the passive electrical circuit,
integration needs a circuit with the time constant about ten times the
observation term. If the signals are integrated by an operational
amplifier, we need to develop an operational amplifier which is able to
integrate for the steady state without noise.

Increasing and decreasing the plasma current in INTOR is done
slowly, respectively, in comparison with the time constant of the vacuum
vessel for the magnetic diffusion. Therefore, we can set the coil
outside the shield. We can make both heat load of the coil and damage

to the insulator small.
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4) Magnetic probe

The motion of the plasma is from fast like disruption to slow like
small perturbation at the flat-top. It is thought that the speed of
the former becomes to faster than 10 m/s, and another slower than 0¢.001
m/s. It is very difficult to measure the plasma motion with such large
region of speed by a magnetic probe. Because in the case of the slow
motion, the coil must have large numbers of turn in order to obtain sure
output signals of the probe. While, it must not wind numerously in the
fast motion to respond quickly. Therefore, we propose that we choose
different probes in measurement to suit the fast and slow motions. We
assume that it critical speed is approximately 0.1 m/s. We can design
a probe which is located outside the first wall for slow motion. We can
reduce heat load and neutron damage of the probe. The fast probe must
be set in the front of the first wall as aim at quick response. This
probe is exposed teo high neutron flux and hard y-ray radiation. Then
this probe must be cooled. We can not employ the organic matter as the
electrical insulator. We suggest to use as the insulator ceramic which
is sintered. We use gold which is deposited on the ceramic as the

conductor.

5) Alternatives

+ Plasma current
We can consider application of a DC-CT (Direct Current Current
Transformer) for measurement of the plasma current. This method has
advantage that we can obfain the plasma current without integration
(Fig. 3.7.1). But, there are some problems in this method. For
example, an iron core is used, that occurs the error field near the

plasma.

* Plasma column position and shape
On measurement of the magnetic field, there is a method used the
property of the light, the plane of polarization of the light rotates,
when the light passes through the magnetic optical element (Bi;,GeO5g
etc.), as shown in Fig. 3.7.2. But there are some problems, that is,

these elements are unsatisfactory in the high neutron flux environment.
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Iron core
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Measured current
Amplifier _
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|

Stabilized power supply

Fig. 3.7.1 Schematic view of a hole CT (Current Transformer).
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Time Time

Fig. 3.7.2 Measurement principle of the magnetic field by using a magnetic
optical element.
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4, Plasma Disruptions

4.1 Analyses of the loop veltages on PF coil induced at plasma

disruptions

The induced loop voltages on PF coils at plasma disruptions are
calculated for the INTOR class tokamak reactor as a function of plasma
current quench time, tg. The shielding effect of passive structures
against the dinduced electric field (voltage shielding effect) is also
clarified., The results are summarized in Table 4.1.1, The plasma current
is assumed to decay linearly within a time of T4- The torocidal one turn
resistance of the vacuum vessel is set to 0.2 mI in these calculations.
The term '"Direct Loop Voltage" represents the induced loop voltage on
PF coil by direct interaction in the case without passive structures {(or
in the case of neglecting the electric shielding effect of passive
structures). The voltage shielding effect is defined as "(Direct Loop
Voltage — Real Loop Voltage)/Direct Loop Voltage" in this work.

The loop voltages on PF coils are order of several tens to several
hundreds volts and the reduction of PF coil voltage due to the voltage
shielding effect ranges from approximately 0.5 to 0.8 in case of t4q = 20
msec. The PF coil locations used in these calculations are illustrated
in Fig. 4.1.1. The loop voltage and the voltage shielding effect on the
PF coils with larger bore radius are higher than that with smaller bore
radius. Figure 4.1.2 shows the time behavior of the induced loop voltage
and the voltage shielding effect for No. 1 (small bore radius) and No. 9
(large bore radius) PF coils.

These results are on the safety side since the voltages on PF coils

are largely reduced when PF coils are electrically closed.



Table 4.1.1
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Summary of induced loop voltages on PF coils

Current Quench Time

Td=10 msec

T.=20 msec

1.z '
d 50 msec

Coil No, d
Induced Voltage (V)
Real Loop Voltage 252 ¥ 169 V 85 v
1 Direct Loop Voltage 485 V¥ 243 V 97 Vv
Voltage Shielding Effect 0,480 0.304 0.12%
Real Loop Voltage 241 v 162 V 81V
2 Direct Loop Voltage Lhg v 224 ¥ 90 V
Voltage Shielding Effect 0.463 0.279 0.098
Real Loop Voltage 207 V 138 V 69 V
3 Direct Loop Voltage 365 V 182 ¥ 73 V
Voltage Shielding Effect 0.432 0.235 0.049
Real Loop Voltage 155 V 105 V 53 ¥
H Direet Loop Voltage 273 Vv 137 V 54 v
Voltage Shielding Effect 0.433 0.229 0.033
Real Loop Voltage 116 V 80 v y1 v
5 Direct Loop Veoltage 222 v 111V 4y v
Voltage Shielding Effect 0.877 0.277 0.070
Real Loop Veltage 267 V 189 V 100 V
6 Direct Loop Voltage 573 V 287 V 115 V
‘Voltage Shielding Effect 0.534 0.342 0.127
Heal Loop Voltage 512 V 375 ¥V 211 v
T Direct Loop Voltage 1340 V 670 V 268 V
Voltage Shielding Effect 0.618 0,439 0.214
Real Loop Voltage B1g ¥ 634 ¥ 376 ¥V
8 Direct Loop Voltage 2557 V 1278 v 511 V
Voltage Shielding Effect 0.680 0.504 0.265
Real Loop Voltage go2 v 738 V 460 ¥
g Direct Loop Voltage 3226 ¥ 1613 ¥ 645 v
Voltage Shielding Effect 0.720 0.543 0.286
Real Loop Veltiage 238 ¥ 160 V Bo v
10 Direct Loop Voltage Lig v 224 ¥ 90 v
Voltage Shielding Effect 0,469 0.28¢ 0.108
Real Loop Voltage 207 ¥ 139 ¥ 69 ¥
1% Direct Loop Voltage 365 V 182 v T3V
Voltage Shielding Effect 0,433 0.238 0.053
Real Loop Veltage 165 ¥ 112 ¥ 55 V¥
12 birect Loop Voltage 273 ¥ 13T V 55 V
Voltage Shielding Effect 0.396 0.178 0.0
Real Loop Voltage 116 V 817 5O ¥
13 birect Loop Voltage 197 ¥ 9¢ v Lo v
Voltage Shielding Effect 0.411 0.179 0.0
Real Loop Voltage 83 v 60 v 32 V
14 Direct Loop Voltage 159 ¥ 80 Vv 2V
Voltage Snielding Effect c.477 0.249 0.0
Real Loop Voltage 185 ¥ 137 ¥ 76 ¥
15 Direct Loop Vcltage 413 v 207 V 83 ¥
Voltage Shielding Effect 0,552 0.336 0.0BY
Real Loop Voltage 340 V 266 v 158 ¥
16 Direct Loop Voltage 989 v 495 ¥ 196 V
Voltage Shielding Effect 0.656 0.u462 0.203
Real Loop Voltage 558 V ko7 ¥ 297 V
17 Direct Loop Voltage 1999 V 999 V Y0 V
Voltage Shielding Effect 0.721 0.533 0.258
Real Loop Vcocltage T12 V¥ 611 v 301V
18 Direct Loop Voltage 2793 V 1397 V 559 ¥V
Yoltage Shielding Effect 0.745 0.562- 0.282
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4.2 Analyses of a coil quench (PF and TF) triggered by plasma disruption

Introduction

The design of next large tokamak has been studied for this several
vears. (Fig. 4.2.1) Some of the designed parameters are based on the
normal operation plasma, though the more rigorous restriction is required
for the disruptive plasma. The plasma in FER tokamak will be controlled
in so well-tuned conditions that the current disruption will hardly occur.
However, it is necessary to consider the worst situation from the view
point of a machine design. In this paper especially the gquench of super
conducting coils (PF and TF) triggered by the plasma disruption is

examined.

Procedure

A large one turn loop voltage (generally larger than several ten
volts) is induced during the current disruption and it changes the coil
currents. Although the power supplies are still apt to regulate the coil
currents, it is not enough to cancel the induced voltage since the
maximum veoltage of the power supply is at most 10 V/turn. Therefore
there is a possibility that the increase in the coil current and the AC
loss due to the change in magnetic field trigger the quench of the
superconductor. Then two cases were examined, one was that all the
power supplies were shorted during the disruption and the currents were
not regulated at all, and the other was that the power supplies worked ©
to regulate as much as possible. Since the possible disruption time of
FER plasma current is about 20 ms and the toroidal current decay time of
FER vacuum vessel is about 300 ms, it may be considered that the plasma
current is replaced by the vacuum vessel one within 20 ms and it decays
with 300 ms e-folding time. (Fig. 4.2.2) Considering the mutual coupling
of each coil, the changes in coil currents during the disruption were
obtained solving the L-R's circuits equation (Fig. 4.2.3). Using the
values of these coil current the time dependences of magnetic field
strength at each coil position were calculated. For the purpose of
estimating the AC loss and the stability margin of the superconductor,
the rate of change of magnetic field (B) and the temperature margin (AT)
was calculated. (The temperature margin is defined in Appendix.) The

recommended values for these parameters are given as B<10 T/s and AT22°K
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in the FER design.

Results

Evolutions of the coil currents, magnetic field strength at each
coil position and the temperature margin of super conducting coil with
and without current regulation are shown in Figs. 4.2.4, 5 and 6. The
starting time of disruption was assumed to be t=120 s, The number of
the coil corresponds to that in Fig. 4.2.1. The lowest value of
temperature margin of 7.4 K and the largest value of B of 3.4 T/s were
observed at No. 3 and No. 6 coil without current regulation, respectively.
When the current regulation worked, these values moved in the more relaxed
direction. B at the toroidal coil position was 4 T/s and was also lower
than 10 T/s. These analyses were alsc made for the case that the
disruption starts at t=920 s. In this case more relaxed values were
obtained for B and AT than in former ones. Therefore the coil quench
triggered by the disruption will not occur in the FER Tokamak.

From these analyses we can estimate the case that the vacuum vessel
has shorter toroidal current decay times as pulsed operation Tokamak.
In such a case the temperature margin does not change and B is multiplied
by TEER/TV, where 1y is the time constant of the vacuum vessel and TEER=
300 ms. For the case of 1,=50 ms, B at the toroidal coil position is
about 24 T/s and becomes larger than 10 T/s. Therefore it is required
to pay attention in such a case, though the skin time of the toroidal

coil case is about 80 ms and a little relaxation of this wvalue can be

expected.
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The temperature margin is defined as follows,

AT

= Tes=Tb = (1 - 198) (Te-Tb)
= (1 - 12 {Teo(l - %)1/2 - Tb}
Tcs Current shearing temperature
Tb Helium temperature
Top Operation current
Ic Critical current
Te Critical temperature at magnetic field BT
Tco Critical temperature at magnetic field 0T
B Magnetic field
Beo Critical magnetic field

(k)

(53 k)

(4)

(a)

(K)

{18.3 K)
{(Tesla)
(24.5 Tesla)
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4.3 Protection by shunt resistor for JFT-2M vacuum vessel against

disruptions

Shunt resistor (bypass resistor) had been developed for the JFT-2M
vacuum vessel for preventing arcing across insulated gaps and protecting
PF coil/PF coil power supply at disruptions. The detail of the shunt
resistor is described in Appendix E (DEVELOPMENT OF SEMICONDUCTOR SHUNT
RESISTOR). The JFT-2M vacuum vessel is electrically broken with
insulation at two positions in the toroidal direction. It was feared
that the electrically insulated parts would be damaged with arcing
across the flages at plasma disruptions. More than 100 of shunt resistors
are installed at these insulated flanges of the vacuum vessel (see Fig.
4.3.1). 1Induced currents flow from one side of the flange (left side
for example) to another side of the flange through the shunt resistor,
bolt and the tapered washer. Another important role of the JFT-2M shunt
resistor is to fasten tightly the joints of the flanges to obtain high
vacuum. The composite ceramic of Si and SiC is selected as resistance
material, since this ceramic has high mechanical strength and high
thermal conductivity, and is a varistor (variable resistor) which
resistance decreases rapidly with the increase of épplied voltage.

The one turn toreidal resistance is high encugh to break down plasma and
rise plasma current, since the applied voltage is not so high. On the
other hand, at plasma disruptions, one turn resistance is reduced and
the induced voltage across the insulated gaps decreases enough to stop
arc generation.

Several shunt resistors were found damaged at the first and the
second vents, and damaged shunt resistors were replaced with new ones.
After that, we found no damaged shunt resistor. There has been no trace

of arcing at the flanges of the JFT-2M vacuum vessel.
Reference

[1] M. Yamada, M. Kasai, T. Uchikawa and H. Kawai : Proc. 10th Symposium
on Fusion Engineering, Vol.2, 973 (1983).
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O. INNOVATIONS

1. High Current Density and High Field for Toroidal Field Coil

To define general guidelines for INTOR TF coil design, the following

conditions are set.

i) This study has been focused on a cable—in-conduit conductor (CICC)

with copper

stabilized (NbTi)3Sn.

ii) Based on the manufacturing experiences of cable-in-conduit

superconductor, optimum conditions are as follows.

a) Cross section of a conductor is square. This configuration

is desirable on manufacturing process.

b) Helium void fraction in conduit {(l-fco) is 0.4. This is a

minimum fraction to avoid the severe ecritical current

degradation during manufacturing.

c) Strand diameter is from 0.5 mm to 1.0 mm. The smaller value

is effective to cryogenic stabilization, but increases pressure

drop. And a minimum 1limit due to strand manufacturing is

considered to be 0.5 mm.

iii) Fraction of

0.5 to 0.67

copper in the conductor strands (f) is varied from

to obtain a higher current density.

1.1 General guidelines for INTOR TF coil design

(I} Quench voltage
Quench voltage

voltage of 20 kV is

{(2) Peak conductor
Peak conductor
to the value of 100

negligible order.

is limitted by magnet insulation. Maximum operating

acceptable with high voltage insulation technology.

temperature
temperature {(Im) duriﬁg a quench is ordinarily limited

K in order to reduce the thermal stress to the

In this study, we propose to raise the allowable

peak conductor temperature to higher level in order to satisfy the

current density requirement of INTOR innovations. But the peak conductor

temperature (Tm) must be under 220 K to keep the thermal expansion less

than 0.2% even at the end of current dumping (Fig. 1.1.1).

This condition gives the limit of current density in copper

stabilizer.
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Tm e

_ yC(T) - 2 _ 1 .2
Um ETb oy 4T IOJ (t) dt = 5 Jotg
Tm : Peak conductor temperature (220 k)

Tb : 1Initial temperature at the beginning of temperature
rise
Tg ¢ Current dumping time constant (sec)

Jg : Current density in copper stabilizer (A/m?)

On the other hand, a relation between current, voltage and stored

energy is

Q : Stored energy (2.5 x 10° 1)
V : Quench voltage (20,000 V)

I : Conductor current {(A)

Jg2 = —— 1 =8 x 107® umI (AZ/m")

The value of Um is given in Fig. 1.1.2, and the relation between
Jp and I is shown in Fig. l.l1.3. A relation between current density in
copper stabilizer (L), current density inside conduit (J), and current

density of conductor (J¢gra1) is given by

J=fco + £+ 3p = (0.3~ 0.4 Jp

A
Jtotal = ﬁ:ﬁ Jd = 0.54 J
where fco : Strand area ratio in the conduit (0.6)
f : Stabilizer area ratio in strands (0.5 ~ 0.67)
. n
n+l
n : o Acy/Age =1 v 2
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(3) Maximum conductor current

When a current density is given, a conductor current is defined from
a conductor size. The limit of conductor size comes from a maximum
strain of superconductor and minimum winding radius.

The allowable strain of (NbTi)3Sn cable-in-conduit conductor (CICC)
is about 0.8%. Suppose the maximum allowable strain is 0.8% and strain
by the electromagnetic force is (.2%, the allowable winding strain becomes
the value of 0.6%. The maximum conductor current (Im) is calculated by

the minimum winding radius (Bm) as follows;
Im =J (2 & Rm)?

J : Current density inside the conduit (A/mm?)
e : Allowable winding strain (6 x 1073

Rm : Minimum winding radius {mm)

The Im-Rm curves are shown in Fig. 1.1.4. Maximum conductor current is
43 kA under the condition of Rm=2m and J=75 A/mm®.

On the other hand, minimum conductor current is decided from stored
energy (Q), quench voltage (E) and current demsity in copper stabilizer
(Jy). The minimum value is 26 kA in the case of Q = 2.5 GJ, V = 20 kV
and J = 75 A/mm? (Jg=J/(fco-f) = 188 A/mm?). In Fig. 1.1.5, the current
density inside the conduit is shown plotted against conductor current
under the winding strain limit and quench protection limit. Allowable
conductor currents are from 26 to 43 kA for the current density inside
the conduit of 75 A/mm?. Maximum current density inside the conduit is

125 A/mm?.
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1.2 Generalized graph to select current density

(1) Operation current density (Jop) inside the conduit

Operation current is limited from temperature margin (Tcs-Tb).

Tes-Tb = (1 - %EB)(Tc-Tb)
- - By ireoar - 257 - m]
Ie Bco
Tes @ Current shearing temperature (k)
Th.. : Helium temperature {5 k)
Iop : Operation current {(A)
Ic : Critical current (A)
Te : Critical temperature at magnetic field BT (K)
Tco : Critical temperature at magnetic field OT (18.3 K)
B : Magnetic field (Tesla)
Beo : Critical magnetic field (24.5 Tesla)
Top _ | - Tes - Th
Ic . B . 1/2
Teco(l - _]E) - Tb
Top
Jop = Jc * fco « (1-£){(=—5)
Ic
- Tes — Th
= Jc + feco » (1-Df1 - 7 }
Teo(l - _]E) - Tb

fco : Strand area ratio in the conduit (0.6)

‘1 . n
f : Stabilizer area ratio in strands g
n t ApyfAge = 1 v 2
Je i Critical current density of non copper area in strands

1f the temperature margine (Tcs - Tb) assume 2 deg, the above

equation becomes

Jop = 0.3 Jc {l - 2 }

1/2
i8.3(1 - ) -5

B
24.5
where temperature rise of 0.5 deg caused by the nuclear heating 1 mW/cc
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is assumed. And the temperature margin of 2 K includes the decrease of

temperature margin caused by Ic degradation.

(2) Limitting current density (Jp) inside the conduit

Limitting current density (Jg) is shown as follows;

0.86x105 | fefeod /2 Tc - b (1/2 p1 1/2

Jg =

d 1 - feco 6.65-4.2 P2
B /2
Tc = Tb = Tco (1 - %) - Th

p1 : Resistivity of stabilizer at 6T (3.9x10710 Qem)

p» ¢ Resistivity of stabilizer at magnetic field B(T) (fi*m)

po v {0.63 + 0.48B) x 10710 qem

B 1/2 1/2

18.3(1 - 2" - 5
Jg = 118.4 245
0.63 + 0.48B

{3) Current density (Jq) inside the conduit limited from guidlines
Combining the equation of current density in copper stabilizer (Jg,)
and maximum conductor current (Ip), we obtain another equation of current
density limit.
UV Up

Vv
Jg*TI=—Q‘JQ (ZERm)Z

JQ = fco « I = J,

Q = 2.0 x 107 B2
f2R_2 f2R, 2
Jg = 8.8 x 109 '2m (A/m2) = 8.8 x 103 (A/mm?2)
B

(4) Current density selection

The current densities (JOP, Jg and JQ) inside the conduit as a
function of magnetic field are shown in Table 1.2.! and Fig. 1.2.1. 1In
Fig., 1.2.1, JDP and Jg are shown by solid lines, and Jg is shown by
dotted lines. The parameter‘in this figure is Cu/SC area ratio., The
tolerable current density for each magnetic field has to be determined

from a minimum value of Jg,p, Jg and Jg. The winding current density
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Jtotal is defined as 0.54 times of current density inside the conduit.
From Fig. 1.2.1, we can design the INTOR TFC conductor at the value

of B =12 T and Jpgea] = 40 A/mm?, but the point of B = 16 T and Jygpag =

25 A/mm2 is critical and the minimum winding radius of conductor must be

larger than the value of 2.2 m.

Table 1.2.1 Current density and magnetic field

B(T) I, (A/mm?) Jop (A/mm?) Jg (A/mm?)
10 900 210.5 153.1
12 630 142,2 133.1
14 440 94.2 115.4
16 230 54.9 98.7
18 165 27.1 81.8
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Fig. 1.2.1 Current density inside the conduit versus magnetic field.
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1.3 Conductor and coil manufacturing

It is necessary to use NbySn for the achievement of high current

densities and high fields. Since NbsSn is very sensitive to strain,

the wind-and-react method must be used for small bending radius coils.

The manufacutring process of internally cooled cable-in-conduit

superconductor of NbySn using wind-and-react method is as follows.

L.

Conduit material in the form of thin plate is bent and wraps a
twisted cabled conductor.

The conduit is welded and swaged to the final conductor shape.

The conductor is wound into a coil while being wrapped with a cross
fiber to reinforce the insulation.

The coil is heated up to the temperature of about 700°C where Nb;Sn
precipitates, and held at that temperature for 100 to 200 hours.

The coil is cooled down to the room temperature, and impregnated
with resin.

In react-and-wind method the 3rd and 4th stages in the above

processes are changed.

There are some additional requirements in the wind-and-react

manufacturing processes compared with the react-and-wind method;

(a) the conductor temperature over the large coil need to be well

controlled in the heat treatment process,

(b) the reduction of strength in the conduit material and reinforcing

fiber for insulation must be little even after heat treatments.

The problem (b) has been almost solved by the development of new

materials, The problem (a) still remains for large size coils such

as TF coilis.

We are using following criterion for the NbySn coil design. The

maximum allowable strain is 0.8 %, which is the sum of the winding

strain of 0.6 % and the strain caused by electromagnetic force of 0.2 Z.

On the basis of this criterionm, TF coils can be manufactured with

the react—and-wind method because the minimum bending radius of the

coil is more than 2 m.

On the other hand, OH coils which have a minimum bending radius

less than one meter must be manufactured using wind-and-react method.

But those coils are rather small and it is easy to controll the heat

treatment. temperature.
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1.4 Analysis of quench protection

It is difficult to analyse the fault condition in the event that
the quench protection system doesn't work well, especially to estimate
the safety of personel and the prevention of a catastrophic failure
of the facility. Such a catastrophic failure depends on the design of
the whole facility, for example the design of coils, coil support structure,
vacuum vessel, etc. We should better to improve the interlock system to
avoid such an accident that the quench protection system doesn't work well,
Here, it seems better to consider the analysis of quench protection with
greater precision,

We must analyse constraints that the temperature at any point of
cable-in-conduit type conductor and the pressure inside the conduit
must not exceed some safe value in the event of a quench. Thesé coil

protection requirements constrain the current density in the conductor.

(1) Peak conductor temperature

Peak conductor temperature (Tm) is ordinarily set less than 100 K
in order to avoid damage to insulation by severe thermal stress.
Characteristics of TF coil conductor are shown in table 1.4.1. The cable-
space current density is constraind by maximum hot-spot temperature

according to a relation of the form which includes not only copper heat

capacity but also non copper (superconducting material) and helium heat

capacity,
vD'IOE 2 1
é - hd 2- 2 -— . ’i
J s { 2 f(1 £y fUL +£ foolUz +(1-£)f f.,Usl}

where J  : Operating current density inside the conduit of a CICC (A/mm?)
Vp : Terminal voltage resulting from a dump at full field (V)

I : Operation current at full field (A)

Q : Stored energy at full field (J)

f Fraction of conductor inside the conduit of the CICC (=0.6)

b : Fraction of stabilizing copper in the superconductor

composite strands (=0.6)

Tm
Yy.'C
U, = j Hep ViHe 4o
Tb cu
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Sy
U, = cu_Ccu ;.
JTb pcu
Jm oy C
U, = core “core ..
JTb pcu
Tp  : Bulk fluid temperature of the internal helium of a GICC (K)
Tn : Maximum conductor temperature (K)
YHe : Density of internal He in a CICC at the initial operating
temperature and pressure, i.e., before a quench (kg/m3)
cy ° Density of copper (Xg/m?)
Yeore ° Density of noncopper fraction of the composite super-
conductor (Kg/m?)
CV,He : Specific heat at constant volume for He (J/Kg+K)
Ccu : Specific heat of copper (J/Kg-k)
CCore Specific heat of noncopper fraction of the composite
superconductor (J/Kg.K)
pCU(B): Resistivity of the stabilizing copper at operating field

U;, Uz, Uz curves are shown in Fig.

(f2+m)

1.4.1 which means that He is

most effective until 25 K, but noncopper fraction of the super-

conductor becomes effective above 25 K,

Using Fig. 1.4.1, we can calculate the relation between the cable

space current density and maximum hot-spot temperature which is shown

in Fig.

1.4.2.

The cable space current density in our design is J=73

A/mm®, therefore if we use a dumping voltage of 20 kV which is severe

for the insulator, we can show the maximum hot-spot temperature (Tm)

less than 100 K by using improved hot-spot model.

Figure 1.4.3 shows

the relation between dumping time constant and maximum hot-spot temper-—

ature,

This means that we should select dump resistivity to keep

dumping time constant less than t=8 sec,

(2)

Peak pressure

The maximum allowable pressure in the event of a quench also

constraints the cable-space current density according to Miller's

equation.
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8.71 (P )0.694(l - )3/4f 1/4f1(2D 1/4
I < max co co W
- 172 .3/4
& 2
cu
where

Ppax : Maximum allowable, absolute pressure during a qgench of
the CICC (Pa)

Dy : Diameter of a superconductor composite strand in the
CICC (m)

) : Length of CICC between helium flow-connections (m)

Fig., 1.4.4 shows the relation between current density (J} and allowable
maximum pressure in conduit. If we take allowable maximum pressure

in conduit more than 35 MPa, we can use current density J=75.6 A/mmZ.
But this pressure is severe for a ceramic breaks in the coil. We
should pay more attention to the possibility that the maximum allowable
pressure will be constrained by a ceramic break rather than cable

conduit.
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Table 1.4.1 Characteristics of the superconductor for TFC
No. Item sign unit|12T conductor
1. |Superconducting material — (NbT1i);Sn
2.|Strand diameter Dy $mm 0.79 .
3.|Filament diameter {Number of filaments) ¢um | 5 {(2852) ,
4, {Bronze ratio —_ 2.5
5.|Copper ratio — 1.5
6.|No. of strands n — i 3% x 7 = 567
7.|Superconducting material area of strands Ace mm2 111.1
8. {Copper area of strands Acy mm 166.7
9.|Total area of strands Aco mm? 277.8
10. |Operation current 1d KA 32.7
11./Critical current at 12T, 5K (Jc = 540 A/mm?) Ic KA £0.0
12.]5.5. Conduit outer dimensions a mm | 28.6 x 28.6
13.15.5. Conduit inner dimensions b mm | 21.6 x 21.6
14.15.S. Conduit area Asis mm2 | 328.7
15. | Insulation thickness tins mm 0.7
16.|Helium area AHe mm2 185.2
17.|Volume fraction of copper in strands f=ACy/ACq —_ 0.6
18.|Volume fraction of metal in the cable spaceifco=Aco/AcotAHe| — 0.6
19.|Cable space area A = Acg + AHe A mm2 463
20.|Void fraction fHe =1 - fco fHe - 0.4
21.|Limiting current Ig KA 42.7
22.|Stability margin AH J/cc 1.45
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The Use of Nb3Sn for PF Coils

Basic conditions for design of central solenoid (0H) coils

A cable-in-conduit superconductor has been investigated on defining
field and current in the central solencid. Parametric study has
been done in the range of maximum magnetic fields of 8 to 16 T,
Candidate coolant temperatures are 4.5 K and 3.5 K. Allowable
current densities have been decided based on both superconductor
design and stress analysis in conduit.

It is reasonable to consider that a slip does not occur between
strands and conduit. The sum of bending strain (~1 %) and the
strain (~0.3 %) due to magnetic force is in the irreversible region
of Ekin's‘experimentsl). According to his paper, the degradation
of critical current caused by cyeclic magnetic force (fatigue effect)
is more than 40 %. Therefore we have to manufacture OH coils by
using wind and react method.

Problems of the wind and react method are decrease of strength of
conduit material and insulation effect at heat treatment. However
the stainless steal, of which strength does not decrease at heat
treatment, was already developed and the development of refractory
insulating materials has started. Therefore there is mo problem in
the use of wind and react method.

The critical current density used in the design is 80 % of the value
of single wire considering the strain effect caused by cooldown and
magnetic force, _

In the désign of OH coils, allowable stress of the conduit material

(SS304LN) is 530 MPa, two thirds of the yield strength,

Conductor design

Table 2.2.1 shows design parameters of a conductor. Operating

current Lop = 40 kA and Cu/SC = 1.5 are selected in order to maintain the

temperature rise of the conductor below 100 K and the damp voltage below

20 kV at coil quench. Here ﬁalues of 100 K and 20 kV is adopted because
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of the possibility of an increase of specific resistivity of copper
caused by inserting barrier material in order to decrease AC losses.
Helium void fraction of 40 % is in the region of small reduction of
critical current due to cooldown. Strand diameter 1s more than about
0.5 mm required to manufacture., The number of strand 3% =729 is
decided to satisfy the requirement of limiting current in all case
considered.

Table 2.2.2 shows design criteria of a conductior. These values are
also used in the design of FER.

Ti added Nb3Sn by the bronze method is selected as a superconducting
material in order to reduce AC losses. Table 2.2.3 shows the dependence of
critical current density of (Nb Ti):Sn on magnetic field and temperature.
The critical current density used in the design is 80 % of the value in
the table considering the strain effect caused by cooldown and magnetic
force.

Characteristics of designed conductor are summarized in Table 2.2.4.
Criteria of Table 2.2.2 are all satisfied. To evaluate Jg, AT and AH,
4.8 K is used as a helium temperature considering temperature rise

caused by AC losses.
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Table 2.2.1 Design parameters

Operating current IOp 440 kA
Cu/SsC 1.5

He void fraction 0.4
Strand diameter 2 0.5 mm
Strand number 3%=729

Table 2.2.2 Criteria of conductor design

Critical current 1. >1.5 X Iop
Limiting current Ig >Iop
Stability margin AH >300 mJ/cc strand

Temperature margin AT=T..-Ty >1 k()

(*) This is the value considering the critical

current degradation already.

Table 2.2.3 Critical current density and critical temperature
of (NbTi) 351’1

Magnetic field (T)
8 10 12 14 16
J (A/mm®) at 4.5 K 1260 880 615 415 265
Jo(A/mm?) at 3.5 K 1335 950 670 465 310
T, (K) 15.0 14,1 13.1 12.0 10.8
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2.3 OH coil design

OH coils are designed using following formulas;

2 D2
B¢ = 2n Boy (RS = Ro*D + 3-) =

asBeyY . L.
Bog = — T yge3eD

Bmax =

B *j-Ri
g = maxf 1

Conduit Area
Conductor Area

a ;3 Field ripple factor (=
8 ; S8pace factor (=
Y 5 Br=w/Br=Lo (=

£ 3 Effect of I, and Bgy (=

In the above equation, the maximum stress
cause at inner-radius of the coil.
Calculated results are summarized in

Fig. 2.3.2.
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of conduit (g) is assumed to

Table 2.3.1, Fig. 2.3.1 and



JAERI-M 88 - 010

] om (;uu/y) £3TSusp Jusiand TIo) § r

(w) ssawyoTYl TIOD ¢ a

(w) snipei-I2UUT TLI0D ¢ ._um

¢ 3 (w) snTpei-I133IN0 TIO)D & om

nm&u (wmn) yipIm 103onNpuo) i I\

nmu (uu) ssau¥dTYl ITnpuo) 1

( um1) I1032NPU0d ® wo E®lR 3Tnpuo)y § sSsy
9°81 L£9°0 08870 L1671 0% oy 0679 G 2901 91
%*1e £8%°0 L90°1 0EG .l [AAR % 11°8 079011 %1
g£we g9t 0 E1Z°1 8L671 96 0y 86" 8 B 8601 ¢l
¢ Lz 69270 £6€°1 999'1 81°8¢ %C'6 179601 01

[t 6810 619°1 808" 1 08°ct L6 ETLL 8 ¢
€L £89°0 £S8°0 8EC"1 ci'8Y it 9 970801 91
90z Z08°0 LE07T 6EC° 1 704y Letf 976601 1
L°€T 7iE€°0 802" 1 28671 90" 1% €478 §T%60T Z1
6°9¢ ®wLTO0 YeE"T 899°1 VAR [A 3 072601 01

6°0¢ ¢61°0 L1971 60871 ¢0°9t 1976 9°9/6 8 §°%

(uu/v) [ (wa (w) Fg (w) ¥ (w2 (uw) 3 ssy (1)e M1

110D JO SOTISTI=2VeIBY) T°¢°7 9I4EL

— 135 —



JAERI—M 88-010

'$SaWNOTYI Pur sniper [10) Z°¢'7 ‘L4

(1) P13t} onjaubow  wnwxoy

! 1

9l pi <l 0} B8
T 4

SSaUNAIY |

SNIPDJ - JauU[

SNIPDI- J3InQ

AGE 9
NGp o

SS3UNIIY} PUD SMIPDJ 107

(W)

.%u.._”mﬂw.mu juaxind pue snuTpeiI-I=INC TTO)

(1) Play oysubow  wnw XD

9l Pl 4 0l
H I 1 T 1
Gl
N
= ozt
Z st
®
3
wz
0S|
S¢C | _ _

‘N

9l

Ll

84

6l

'€z "84

SNIpDJ - Jajno (109

(w)

— 136 —



. JAERI—-M 88-010
2.4 OH coill design criteria

Figure 2.3.2 shows the use of helium subcooling have little merit
in the aim of outer-radius reduction. Stability margin in the case of
4.5 K cooling shown in Table 2.2.4 is more than 300 mJ/cc.

In the coil design described above, discrete effect of the conductor
turn is neglected. In the case of 4.5 K, 10 T, for example, the
calculated number of conductor layers is 7.1 turns. The necessary

number is 8 turns.

Therefore we propose following criteria in the OH coil design.

25 A/mm? at 10 T, 4.5 K
or
20 A/mm? at 12 T, 4.5 K

Reference .

[1] J.Ww. Ekin, Adv. Cryo. Eng. 24 (1978) 306
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3. Forced Flow Subcooled Hell Superconducting Coils (FFSSC)

As part of innovation studies for INTOR, one target has been
set for high field and high current density in order to achive a more
compact tokamak fusion reactor. The possible range of innovation
discussed in previous INTOR specialists' meeting is as follows.
(1) As priority I, current density of 40 A/mm? at 12 T for TF coil
(2) As priority II, current density of 25 A/mm? at 16 T for TF coil
(3) Current density of 30 A/mm? at 12 ~14 T for PF coil
There are two options for achieving a high field and high current density
coil. One is the development of superconducting materials for high field
and high current demsity. The other is the improvement of critical
current density (Jc) in the high field region by reducing the coolant
temperature, Forced flow cooling by pressurized superfliuid HeIl
is one method of reducing the coolant temperature.
In this paper, we discuss the possibility of the coil cooled by

forced flow subcooled Hell for a future tokamak fusion reactor.

3.1 Non-copper critical current density

A NbTi-alloy conductor and a (NbTi)sSn conductor are considefed to
be applicable to the winding of large scale coils at present., These
superconductors are used to study the forced flow subcooled HelIl
superconducting coils.

Figure 3.1.1 shows non-copper critical current demsity (J,) versus
magnetic field (B) for the NbTi-alloy superconductors. The JC of NbTi
conductor is 400 A/mm? ~500 A/mm? in a magnetic field of 10 T at 4.2 K.
Reduced temperature operation at 1.8 K yields a higher JC of 800 A/mm?~
1000 A/mm? in the NbTi conductor even at 12 T field. This implies that
the application of Hell cooling to NbTi conductor is an possible approach
for the high field coils, which operate at a magnetic field of 12 T.

In the A~15 compound type superconductors, on the other hand,
the low temperature enhancement of Jc is small at less than 20 T field.

Figure 3.1.2 shows the non-copper critical current density versus magnetic
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field for the A-15 compound type superconductors. The Jo of a (NbT1i) 38n

conductor made by bronze process is 400 A/mm?

in the high field region
of 16 T at 1.8 K. The increase of J, due to the low temperature
operation at 1.8 K is only 40% comparing with the J, at 4.2 K.

Meanwhile, new technological developments in the (NbTi)sSn
conductor have been achieved which have higher critical current density
than the above-mentioned Jc at 1.8 K. As shown in Fig. 3.1.2, the JC of
the (NbTi),;Sn conductor made by Nb tube method is 500 A/mm? in 16 T field
at 4.2 K. As a result, it is considered that the application of Hell
cooling to A~15 compound type superconductors has a little advantage
at magnetic field below 20 T. Also, as shown in Fig. 3.1.1 and Fig. 3.1.2,
the J, of the NbTiTa conductor at 1.8 K is larger than that of the

(NbTi)35n conductor at 4.2 K only at fields less than 12 T.
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3.2 Conductor design

In the present study, we estimate the possible current densities
inside the conduit for the NbTiTa and (NbTi)y5n conduectors. Their

estimates are based on the limiting current (J,, ) and the stability

lim
margin (AH) of superconductor. Applied coolant conditions are the
supercritical Hel at 10 atm, 4.5 K, and the superfluid HeIl at 1 atm,
1.8 K.
The following parameters are used in all calculations.
d : Strand diameter (0.5 mm)
fro @ Helium volid fraction = AHe/A (0.4)
f + Strand area ratio in the conduit = 1 -f (0.6)
co He
n : Copper ratio = Acu/Acs (1.5 at 4.5 K)
Copper ratio at 1.8 K is calculated from the same temperature rise

during a quench at 4.5 K.

(1) Operation current density (Ja) inside the conduit.

This value is limited from temperature margin (TCS - Tb).

I
- = __9p -
T - T, = (1 T YT, - Ty)
I =J A
C [ sC

. = 3 e (1 - cs b )
5(n+l) T. - Ty
S R T es b A/mm?
5(n+l) "¢ T, (1 _B/Bco)% - Ty b A/
Tcs : Current shearing temperature (K)
Ty : Helium temperature (1.8 K or 4.5 K)
I, : Critical temperature at magnetic field BT (K)
Iop : Operation current (A)
I. ¢t Critical current {A)
T., ¢ Critical temperature at magnetic field OT (K)
B : Magnetic field (T)
BCO : Critical magnetic field (T)
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(2) Limiting current density (Jlim) inside the conduit.

Limiting current density is shown as follows:

£ef2 by - 5 o, 3
0.86x105 co T Ty 1 .2
lim © ( ) (————) (=) (kA/m?)
d 1 - f 6.65-4.2 P
co

J

p1 : Resistivity of stabilizer at 6 T (3.9 x 10710 Qem)

p, : Resistivity of stabilizer at magnetic field BT (Q+m)

p, ~ (0.63 + 0.488) x 107° qQem
5 T (1-3B/B_)" 2
% T (1-3B/B - Ty
I =167 (o) (2 <2 } (A/mm?)
0.63 + 0.48B

(3) Stability margin.

AH

SHe.(Tcs - Tb) '(AHe/Aco)

2
a SHe.(Tcs - Tb)'-g

SHe : Volumetric heat capacity of the helium

0.434 J/cc'K at 1 atm, 1.8 K
= 0,476 J/ce-K at 10 atm, 4.5 K

Figure 3.2.1 show the limiting current deﬁsity inside the conduit
and operating current density with the stability margin of about 250
mJ/cc. The shadowed region shown in Fig. 3.2.1 indicates the minimum
value between the limiting current density and operating current
density for the given magnetic field. This shadowed region shows
the safety operating region for the superconductor.

In comparison with the safety operating region for (NbTi),Sn
condutor at 4.5 K, the region for NbTiTa conductor at 1.8 K is lower
and more narrow for the same stability margin,

Figure 3.2.2 and Fig. 3.2.3 show the limiting current density inside
the conduit and the operating current density with the temperature
margin of 0.5 K and 1.0 K, respectively. The temperature margin of
0.5 K provides the stability margin of about 120 mJ/cc at 4.5 X and
250 mJ/ec at 1.8 K, respectively, which is larger than the stability
margin of 100 mJ/cc in TORE SUPRA coil. It should be noted that the
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operating current density of (NbTi)sSn conductor is estimated based on
the total temperature margin AT=1.5K and 2.0K including the margin of
1 K due to 1. degradation.

For each temperature margin, the safety operating region for NbTiTa
conductor at 1.8K is lower than that for (NbTi);Sn conductor at 4.5 K,
at the field more than 10T.

The forced flow cooling of NbTiTa conductor with HeIl has no

merit in terms of the stability margin and safety operationg current.

— 143 —



JAERI-M 88 -010

(3 g°1 3= 29/ruw

09C = HY X G*% 3IB 2D/PW QOZT = HY)

‘M ¢°0 Fo urdaew wanjeasdmay syl yim
A3Tsusp 3jusiand Furjeiado pur ITNpuoD

24yl 9pTSUI A3Tsusp Juaiind FuIITWIT 7°'7°€ 914
(1) 8 P31y oauboy
8l 91 ¥i Zl 0l 8 9 0
I i | T T T T
L, g
C op . 102
£ Jopnpuodiadns ayy Joj
o1bas Builpiade Aajbg yorzzda o
O
19N 109 3
Y4dns 108 W
3oL © =
<001 3
&
i Hoz1 =
«ﬂ 8
< =
< Hovi =
Y <
K < -
“ v N Om_ I
T
< | 1
Y ooq08) —
azuolq 1002
102¢

*o3 /W Qg Inoge JI0
urdaew L3TTTqe3Is 243 YITm L3Tsuap
jusiand Surjeiado pue JTNPuod

21 opIsur AJTSusp Jualind JuTITWIT TT°7°¢ ‘814
{L) 8 piey ollsuboy
B! gl i 2l 01 9.
Lw T T T T T T un
B — 0¢
cuh_//
H./ P . |
T, YeNglin
¢ g o
% E
RS {09 &
v (Ve
Yo% &
i mv < : mw
WGy D Y ~
wilp ¢ =
- NV 1001 &
hN'g ®
%
VW =
= OMGE P oagny 4 ¢ - =
g
B oyl £
oy
MG 10 azu0lq =
S~
| Jojanpucosadns -1081 w
ay} Jo} uoibas s
Buijoiado Aiajos oo
| USE(IIGN) — - i
DLILQN ——
B ) —1022¢
I i | ?l

— 144 —



JAERI— M 88— 010

'J\V T T T
200+ _
5\
5
180 |-
80 “ék y
O
g 160F A
= A
= e
— /) \ ))
= 2
2 120} 9
S .
= A
2 \
= 100}
% NpTi Tu%
= 8or 1.8K
=
=
= 60
bt
S 40
"4/, Safety operating
region for the
L superconductor R
20 b
%_L L | L a !
0 6 8 0 12 14 16 18
Magnetic field B (T}
Fig. 3.2.3 Limiting current density inside the

conduit and operating current density
with the temperature margin of 1.0 K.
(AH = 240 mJ/cc at 4.5 K, AH = 350
mI/cc at 1.8 K}
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3.3 Comparison of cooling system

The critical current density and the operating current density
inside the conduit have been discussed for the two cooling methods,
namely the forced flow supercritical Hel cooling and the forced flow
subcooled HelIl cooling. Figure 3.3.1 shows the allowable set of operating
current density and magnetic field in the use of each cooling method,

The greatest merit of forced flow subcooied HeIl cooling is that
the NbTi alloy superconductor can be used in the high field of 12 T,
But demerits are (l) large weakness against large continuous heat
disturbance such as nuclear heating, (2) high cost, unreliable and
complicéted copling systeﬁ.

Furthermore, the cobtained current density of NbTiTa conductor
at 1.8 K is lower than that of (NbTi)sSn conductor at 4.5 K at the

gsame order of the stability margin AH =250 mJ/cc.

T T T T 1 T
200+ Unper limit of forced flow subcooied
Hel cooling for (NpTil3 S,
H100 3
180 Upper Iimit of ferced flow g
supercritical He I cooling <
. for (NpTjl3Sn - -
NE 160} 5
~ Upper limit of ferced =
= . fiow subcooled Hel 80
140 ‘. cooling for NpT;Tg —
- // NE
= // N =
= p =
=2 120} <, =
[ 3 ~
@ Design bosis due | &0 —g
= 100+ to the innovaticn =
© 1 =
= 2\ =
- et =
g SN 140 ¢
5 i m g
= 60 = N % 3
= Wn { \ - | ©
?‘j . L- ] N‘ // g
= A ! s g
©oa0r PF Coil / 7, 120 =
Tur e' TF CO” e
9 Target ‘,
201 i i
0 Il L : 1 0

_1 | [
0 10 12 14 16 18 20 22
Maognetic field B (T)

Fig. 3.3.1 Allowable set of operating current
density and magnetic field in the
use of each cooling method,
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3.4 Conclusions

" Two cooling methods have been discussed about superconducting
materials, conductor design, and cooling system: (1) forced flow
supercritical Hel cooling; (2) forced flow subcooled Hell cooling.

In a future tokamak fusion reactor, we propose as follows.

(1) B<20T : forced flow supercritical Hel cooling
(2) 20T <B : forced flow subcooled Hell cooling
Reference
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4. Design Guidelines of Torcidal Field Coil Sizing

A superconducting toroidal field (TF) coil with high current density
reduces the reactor size in Tokamak. Internally cooled conductors
composed of superconducting materials such as niobium tin composite have
a great potential in high current density. Therefore, the guidelines
for current density of winding pack were described in the previous
section.

In this section, generalized formulations of average current
density, maximum magnetic field and size of TF coil are pointed out
based on the stress guideline, comparing between wedging and bucking

cylinder (B.C.).

4.1 Formulation of TF coil

I) Supporting models for electromagnetic forces

Models and symbols for two supporting method of TF coil, i.e.
wedging and B.C., are shown in Fig. 4.1.1 and 4.1.2 each other. Since
we assume that a TF coil is D-shaped, and radius ratio of outer leg (Rj;)
to inner one (R;) is about 4 as usual tokamak reactor design, centering
force and z-direction force of coils are mostly dependent on magnetic

field strength of inner legs.

2) Formulation of the two tvpes of supports
a) Wedging support
According to models in Fig. 4.1.1, average stress intensity is

described as equation (4.1-1).

Gw = 0t + OC
ug Jeay NI . R + 2R1i2
- — . n — p - ———
8 R; 1 Ryj2 - Ry2
m
. (Bp? R
- S L L Gn ==+ 2) (4.1-1)
Koo 1 - (Ri/Rgy) 1
1 Ry
= 7 Jeav BT Ry (in &t (4.1-2)

— 148 —



JAERT-M 88 ~-010

where
O¢ ¢ average tensile stress in gross cross section
Oc @ maximum compressive stress in thick cylinder model of
homogeneous media
NI : total ampereturms of TF coils [=(2w/u0)B%Rli)]
BT : mean maximum field in TF coil leg [R,Bro=Ry;iBT]
P; : magnetic pressure [B$2/(2ug)]
Jeay * average current density in gross cross section of
TF coil leg

R1i>RisRo,R; 1 (refer to Fig. 4.1.1)

When we adopt a design stress criteria op of structural material
as half of ultimate strength [(1/2)g;] and coil average stress design

guideline as fyop, the following equation is obtained.

fyop = oy
(BT) 2 R
- L S Gn 22+ 2)
1 - (Ri/Rli) 1
where 1
op = 3 Tu (4.1-3)

(0.< fyy < 1.0)

A factor of 'fy' what is called 'stress design guideline factor',
means a ratio of average stress to the allowable limit df'peak stress
(op) obtained by the detailed design.

Eq. (4.1-3) shows that mean maximum toroidal field (B%) is only
a function of normalized coil inner radius (ay=R{/Ryj) with parameter
of mechanical &tress criteria fyop, since a ratio of R /R is nearly
constant value {(~4.0).

Using the value of stress design criteria for stainless steel as
op = 600 MPa, relations between B% and oy are shown in Fig. 4.1.3 with
parameter of stress design guideline factor (fy), which give the values

of maximum attainable fields B? due to the limit to compressive stress.

b) B.C. support

By the same manner, average stress intensity of coil cavity and
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B.C. are described in case of B.C. support as Egs. (4.1-4) and (4.1-5).

i) Coil cavity

Og=0t+UC
m
= @) L L « In Re + Eli] (4.1-4)
21g 1 - (Ri/Rli)z Ry Ry

where
lst term : average tensile stress

2nd term : compressive stress due to reaction force from B.C.

ii) B.C.

(thick cylinder cacity model)

OB - (ngz . 1 . 2
B 2wy Ri/Rii) 1 - (Ro/Ry)?

(4.1-5)

A criteria for coil average stress and cylinder stress are as

follows,
fpop = 0%
m
(Bp)? Ry | Rui
_ T [ L . In =2 + _il] {(4.1-6)
Zug 1 - (Ry/Rp3)? fi R4
. B
GD = UB
_ (B2 1 2
2ug (Ri/R1{) 1 - (R./Ry)Z
_ (B2 1 2 (4.1-7)
2ug (R{/R11) 1 - (Rz/Ryq * Rli/Ri)2
where

cp = 600 MPa for stainless steel

Egs. (4.1-6) and (4.1-7) are functions of normalized radii Ry/Rqj
{EaE).and RC/Rli (E(GB}B).
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Fig. 4.1.4 shows dependency of normalized coil inmer radius required

(ag) and B.C. inner radius ((af)p) on mean maximum toroidal field (fg)
with parameters of stress design guideline factor (fg) in case of B.C.
support. In this figure, curves are different from the wedge support
ones and two solutions of ap and (af)p for a certain B% exist. Larger
ones of og and (aB)p are smaller ones by the compressive stress limit

of B.C.

3) TFormation of mean maximum toroidal field (B%) and average current

density
Using stress guideline factors of fy and fy, we can obtain the
relations between mean maximum toroidal field (B%) and average current

'density as following Egqs. (4.1-8)~(4.1-11).

i) Wedge support

4 £y 9p 1
Jeav R1i = (—_—ﬁg____> * T (4.1-8)

ii) B.G. support

for coll part

2 1 m
J s1*Rqs = — o . B (4-1_9)
coil®hli g 1 - (Ri/Rli)z T

for total cross section (including B.C.)

2 1 m
J *Ris = . - B 4.1-10
total™S1i = 307 T (Re/Rp1)2 T ( )
- 2. L =+ BT (4.1-11)
Ho 1 - (Ri/Rli . RC/Ri)
where

By = BT (fgop, Ri/Rijs Re/Rip)
Ry; : independent of fpgop, Ry/Ryj and R./Ryj

In these equations, Rjj is independent of normalized radii as RiR14>
Rc/R1i, and B% has maximum value for each stress guideline factor (fy)

or (fp) as shown in Figs. 4.1.3 and 4.1.4, Figs. 4.,1.5%4.1.7 show the
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. . m . .
relations between By and various average current density.

4} Designed parameters on the obtained formulations

Designed parameters of TF coils are summarized in Table 4.1.1, and
are plotted in Figs. 4.1.5%4.1.7. Since the curves along the same value
of factors (fy) and (fg), show the same coil design philosophy, INTOR
specification is rather advanced than that of FER '85 and TFCX-S.

5) Limitation of factions R./Rji, Ri/Ryi and R¢/Ryj

Some detailed discussion on the parameters, o and B, is given in
consideration of the inner structure of TF coils, that is, packing
factor, fy, and the winding part as a reinforcement. The packing factor,
fy, may be fixed on the basis of attainable current density of super-
conductor and the strength of the TF coils against the overturning force
besides the resultant stress generated by the hoop and centering forces.

The following equations are obtained by modification of Egs.

(4.1-3), (4.1-6) and (4.1-7):

B.C
(Bp)2 | 1 Ry, 1-f 1
=) —— + =}, L 1-
D < g Yz ln(Rl) T-of T § (4.1-12)
(BD)2 g
< , (4.1-13)
OD 2]_,[0 82__&2
Wedging
(BT)? R 2
op < i (L L nc% + 282y (4.1-14)

2up l-a? 1-(1-K)f RiT 0 p2-q?
where a=R./Ryij, R=Rj/Rj{ or R¢/Ryi, k¢=k.=Ey/Eg,

2 alk
Y/ lk(l-ve) + 1 + vy + 2{
12 VS W 822 | 1-p2

Pt=(

Riis> Re» Ry Re ¢ (refer to Figs. 4.1.8),

Eg,y : Young's modulus, vg,y : Poisson's ratio.

Additionally, the parameters, o and B, must satisfy the following

relations from geometrical restriction,
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0 <a=<pBc=<l (4.1-15)
B? < f.a? + (1-f.) (4.1-16)

The reasonable region of the parameters, o and B, are given by these
equations when the values of op, Br, Ra/Ry, f¢, ke, k¢s vg, and vy are
fixed.

The value of aRj; indicates the outer radius of OH coils when a
value of Ryq is fixed. Figs. 4.1.9 and 4.1.10 show reasonable regions
of a2 and B2 in a bucking cylinder support and wedging support, respec-—
tively. The values of FER and NET are plotted in the figures.

Equations (4.1~12) ~ (4.1-16) do not included all restrictions of
¢ and B. Then the other restrictions left behind must be made clear.

For example, the restriction imposed by attainable current demsity of

superconductor also has to be considered.

6) Summary

From the view point of average stress guidelines, a generalized
formulation for average current density, mean maximum toroidal field
and coil sizing are made in case of wedge support and B.C. support.
This formulation could be related with coil winding pack current density
deg’ required OH flux swing (Volt Second) and reactor plasma parameters,
using simple stress guideline factor. Overall magnet design guideline

are discussed in the task of Engineering Group.
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TF/C Inner Leg

Insulator

(a) Horizontal cross section of TF coil inner legs

Rz

"]

C

Rajr, = 8

Ryq

(b) Vertical cross section of TF coil

Fig. 4.1.1 Model for wedge support type of TF coil.
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Bucking Cylinder TF/C Inner Leg

Gap

pz = p;-————

(a) Horizontal cross section of TF coil .inner legs

Fig, 4.1.2

\

Rz/Rl =4

Ris

(b) Vertical.cross section of TF coil

Model for bucking cylinder support type of TF coil.
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— -
0.0 { l ! ! I | I i i
0 2 4 6 8 10 12 14 16 18 20
— BT [T
Fig. 4.1.3 Dependency of normalized required coil inner radius (o)

on mean maximum toroidal field (B%) with parameters of
stress design guideline factor (fy) in case of wedge

support.
(l—uW) : normalized required coil thickness
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Fig. 4.1.4 Dependency of normalized coil inner radius required
(eg) and bucking cylinder 1nner radius ((aB)g) on
mean maximum toroidal field (BT) with parameters of
stress design guideline factor (fp) in case of

bucking cylinder support.

l-ag : normalized coil thickness required
l1-(aR)p : normalized total thickness including

bucking cylinder
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Fig. 4.1.5 Dependency of average coil cavity current density
(Joay) times coilmouter radius (Rjj) on mean maximum
toroidal field (Bp) with parameters of stress design
guideline factor (fp) in case of wedge support.
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Fig. 4.1.6 Dependency of average coil cavity current density
(Jeoi1) times coi% outer radius (Rj;j) on mean maximum
toroidal field (By) with parameters of stress design
guideline factor (fp) in case of bucking cylinder

support.
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Fig. 4.1.7 Dependency of total average current density (Jigral)

times coil outer radius (Rpj) on mean maximum
toroidal field (B%) with parameters of stress design
guideline factor (fp) in case of bucking cylinder
support.
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Wedge Support

11

B. C. Support

Fig. 4.1.8 Models of TF coil.
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1
b
a
, d
. 05 86J_FER
E;b:265()()h4pé
N BE,]:‘]OE)T (a) eq. (4.1-12)
N ‘ Ke=0O (b) eq. (4.1-16)
\ L (c) eq. (4-1.13)
ol =036 (d) eq. (4.1-15)
O 0.5 1
CAZ
Fig. 4.1.9 Reasonable region of o? and 82.
(B.C. support)
1
G
NETS
¢ d
Q@ 0.5 | c
c
60 =600MRa
B?ﬂOT (a) eq. (4.1-16)
KYZKC:O‘_/‘ (b) eq. (4.1-15)
O fw=0.75 | (c) eq. (4.1-14)
9 05 1
CX?

Fig. 4.1.10 Reasonable region of a? and RZ.
{Wedge support)
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4.2 Feasibility study of the wedging support TF coil

Design of the high-current density and high field TF coil is a
critical issue of the INTOR immovation. The supporting methods of these
coils, which are subjected to large electromagnetic forces, is major
design issue. Two types of forces act on TIF coils.

These forces are:

(1) In-plane forces
a) tensional force
b) centering force
(2) Out-of-plane force
a) overturning force

As pointed out in previous INTOR studies [1], some designs emploved
a bucking cylinder and other designs used wedging in order to support
the centering force of TF coil. The supporting method of centering
force have much effect on the radial build and the current density in
gross cross section. This study seeks for the possibility of wedging
support of TF coil by means of surveying the effect of rigidities both

of a vault and of & winding pack on an axial stress in the wvault.

ANALYSIS MODEL

Fig. 4.2.1 shows the model of TF coil inner legs for wedging
support. The assumptions are:
(1) Slip at the side between coil cases, coil case and winding pack,
and conductors does not cceur in this model.
(2) Inner legs are modeled by double thick-walled cylinders subjected
to the uniform pressure which is the model of centering force,.
Inner and outer cylinders correspond to vaults and coil winding
packs, which include a part of coil cases, respectively.
(3) Young's modulus of the outer cylinder is given by an equivalent
value less than that of the vault.
Outer radius Rjj and current density in gross cross section J.gy
of TF coll are determined by Eq. (1) and (2) respectively.
Rii= Ri (1)

my2
JI —%g = fin(Re/R1) +2}
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4G4
Jeav= (2)

By Rii {In(R2/R1) +2} .

where, inner radius R; is determined from both outer radius of OH
solenoid and gap, the stress criterion ogq is an allowable stress of coil
case which is given as a sum of tensile stress (over case and winding
pack) and maximum compressive stress (in vault), Rs/R; is the ratio of
the center radius of an outer leg to that of an inner leg, ug is the
magnetic permeability of vacuum and Bg is maximum self field (average)
of TF coil.

The maximum axial stress (compressive stress) ogpax in the inner

cylinder is calculated by Eq. (3).

2012
emaix = Pu
o LI —Ri? )
P Rii?
where . 2 {———}
P, = - Ecq(Rilz_le)
Msys — 1 mcz|+ l } { 1 Riz 1 LEZ
{ +2 42— —=__1
{msus Esus Meg Eeq Esus (LIZ_.,,RiZ) + Eeq (RHZ_,LIZ)}
(B7)?
P =
(RIZ=LIZRii)

P, is a uniform pressure on the contact surface between inner and
outer cylinders. P is a uniform pressure, the model of centering force.
Small letters mg,g and mgq are Poisson's ratios of inner and outer
cylinders respectively. Capital letters Egyg and Egq are Young's moduli

of both cylinders in the same manmer.

CONCLUSIONS

Six cases of TF coil were investigated, including NET DN case.
Parameters used for calculation and results are summarized in Tables
4.2.1-4.2.3 and Figs. 4.2.2-4.2.6. 1In Tables, the data Rog, Bp, Bp
and Jo.gy of NET DN case were quoted from references [2] and [3], on the
other hand, Ry and Rjj were calculated from total ampereturns, Bg, and
Jeaye In Fig. 4.2.2, curve A shows that centering forces act on the

inner cylinder surface directly.

Main results are described as follows.

— 165 —



JAERI—M 88 -010

(1) As an equivalent Young's modulus Eqq of winding pack increases,
maximum axial stress opay at a vault length decreases. But we
suppose that the reasonable level of a winding pack Young's
modulus, which depends on conductor design, is less than several
fractions of that of stainless steel at most. So, there is a
minimum vault length corresponding to an Eeq. A small Eeq and
a low stress criterion requlre long vault length.

(2) Owing to the support of winding pack and it's fabrication, it
is limited in packing factor. Sc, the maximum vault length exits
corresponding to a current density Jypq of winding pack. A large
packing factor and a high Jypq require long vault length.

(3) For the above reason, there are minimum and maximum vault length
at a given stress criterion and a given current density of winding
pack.

These results were derived, assuming that coil winding packs and
coil cases are regarded as an integrated rigid body. Therefore, several
problems mentioned below must be solved te ensure high rigidities of a
vault and a winding pack.

(1) Preventing slip at the side between coil cases, coil case and
winding pack, and conductors.

{2) Transmitting the centering force to the axial direction of winding
pack.

(3) Designing and fabricating a high Young's modulus conductor.

{4} Winding conductors without deteriorating a Young's modulus of
conductor and increasing an equivalent Young's modulus of winding

pack up to several fractions of that of vault.
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Table 4.2.1 Mechanical properties of structural materials

Poisson's ratio of vault m_]st 0.275
(SUS 304) at 4.2K

Poisson’'s ratio of winding " 0.3
pack
Young's modulus of vault 2.1X10*%g/mm?
(SUS 304) at 4.2K sus
R
L L

Centering force
(uniform pressure)

Coil Winding Pack.
Modeling -

)T

[Young’s moduluo E.q
Poisson’s ratio e {=0.3)

|

YVault
. Young's modulus ; Egys
TF Coil Inner Leg Cross Section Poisson's ratio : re— (=0.275)
of Wedge Support Double Cylinder model s

Fig. 4.2.1 Model of TF coil inner legs for wedging support.
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Table 4.2.2 Parameters for calculation

Case
SIGN UNIT 1 2 3 4 5 NET DN
OH solenoid | BF** (T) | 10 12 t4 12 12
Jeviom(A/mm?)| 30 25 25 25 30
parameters
Rouw (m) [ 1.47 | 1.40|1.34|1.58|1.54} 1.75
Gap A (m) 0.05 0.03
By (T) 12 12 12 12 12 11.4
TF coil
By (T)|[10.5]10.5110.5(/10.5|10.5]| 10.4
Parameters
Ri (m) [ 1.5211.45]|1.39}1.63]1.59| 1.80
& 1 1.055
Jil 1 0.85
7 1 0.96
Comment | & 1 0.8
Rz/R1 4.0 4.0 ~4.15
o (MPa) 300 300
Adon (VS) - 112 112 181
Table 4.2.3 Calculation results of TF coil
Case
SIGN UNIT 1 2 3 4 5 NET DN
Rii (m) 2.1412.04(1.96(2.29(2.241 2.50
Ri-Ri (m) 0.62]0.59|0.5710.66|0.65| 0.70
Jeav (A/mm?) | 15.8116.5| 17:3[14.8/15.0| 138.7
Jeav® Rii (10°A/m) | 33.8133.733.9(33.9/33.6! 34.3
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4,3 Design guidelines for TF coil sizing

(1) Winding-pack current density

This study has been focused on a forced flow cooled superconductor
with copper stabilized (NbTi)s;Sn. To define general guidelines for
INTOR TF coil design, the following items were.estimated until now,

A. Quench voltage

B. Peak conductor temperature

C. Maximum conductor current

D. Operating current density
Based on these study, a geﬁeralized graph to select the winding-pack
current density has been proposed, as shown in Fig. 4.3.1 Figure 4.3.1
shows that it is possible to obtain the winding-pack current density
of 40 A/mm® at 12 T, However, the winding-pack current density of
25 A/mm?® is critical at 16 T. It is considered that the reasomable

‘current density is below 20 A/mm? at 16 T.

(2) Current demsity limit in gross cross section
Cross section of the TF coil inner leg can be classified into
the winding-pack area and the structural material area. The current

density in gross cross section is given by following equation.

. NI 1 1
J = = = . .
cav " A_+A_ ~ A_/NL + A /NI - T73_+173_

where NI : Total ampere turns of TF coils
j_ i Current density over the structural material

j., ¢ Current density over the cable space of the conductor
(see Fig. 4.3.1)

. 4 %, 87r,cD
ig = =
I Bz. Rz
BT Rli(ﬂn Rl +2) UNI(2n E’;'f‘?.)
where o, : Allowable stress of structural material {600 MPa)

D

The current density over the structural material in gross cross
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section of TF coil is shown in Fig. 4.3.2. The current demsity limit
in gross cross section of TF coil has been plotted in Fig. 4.3.3. The
current density shown in Fig. 4.3.3 gives the minimum gross area of

TF coils, in which the average stress of the structure is limited
within the allowable stress, In the practical structure of inner TF
coil leg, hoﬁever, the stress of structure is not distributed uniformly.
Therefore, the safety margin should be taken for the inhomogeneity of
stress, The safety margin used in this discussion is 1.3. Based on
this margin, we propose the following criteria in the TF coil design.

6 . £12 A/um? at- 12 T
cav .

3 £ 7.5 A/mn® at 16 T
cav . . .

~A— 1 : ; -
s
n=Acu/As e}
200+ . f = Fraction of copper in strands "‘6
\ _._n <
n+i 3
o
£ Q
£ \! “\ : i
~
< n=2.0 n=20
- 190r s \ -5 180 %
1.0 E
:g 1.0 <I
R \ 1 e
& \ \ I
. \ ]
:C_) n=2.0/\\ \ 60 i
o 100 L5///\\ >
:g 1.0 \ 1 W
£ ’ \- 5
= \ Je 'U
£ N 140 =
o o=
& g
=) \\\ é
= >~ |
g 50 i - \ - \\{Q___ 8’
3 ) ~ i
127,40 A/mm?2 } < ~ - _
© INTOR [ 127,40 A/mm? | N ~ 720 B
| 16T,25 A/mm2 A =

0 8 10 12 14 16 18

Magnetic field B (T)

Fig. 4.3.1 Current density inside the conduit versus magnetic field.
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5, Allowable Stresses in the Structural Material of the Magnetic

Svystem

(1) Type of %%%oy and material status.

Table 5-1 shows the chemical compositions of the Japanese Cryogenic
Steels (JCS). These steels were developed by JAERI.

Almost all of these steels' characteristics are in the JAERI-box
(yield strength of more than 1200 MPa, fracture toughness of more than
200 MPavm). W

Figure 5.1 shows the fracture toughness and yield strength for
thick plate of each JCS at 4K. In addition, tensile tests for thin plate
were also conducted for applicatien to conduit materials. Not only the
mechanical properties of base metals, but also the efficiency of welding,

(1)

cold werk and heat treatment were measured.

Table 5.2 shows the minimum structural material properties
of case and conduit.
(2} Loading conditicons and design guideline.

The static critiera for allowable stress intensity is given by

S
m

Min (20y/3, GU/Z)

where o} yield strength

o, 3 tensile strength

The percent of tensile strength is taken to be higher than that
recommended in ASME Code to take advantage of high vield strengths of
JCS materials.

Loading conditions are as follows.,

(i) TF coil case and conduit.
@ 1In-plane force due to toroidal field
@ Out-of-plane force due to poloidal field

(3 Quench pressure.

(ii} PF ceil conduit
@ Radial and vertical force due to poloidal field
@ Bending moment due to toroidal field ripple
@ Quench pressure.
Allowable limits of stress intensity due to these force are shown for

each stress category in Table 5.3. Table 5.4 shows the design guideline.
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(3) Fatigue limit and allowable initial flaw size

A relation between the flaw size and the tensile stress is given by

K=1.1" 0/

where a ; flaw size

g : tensile stress

Figure 5.2 shows the flaw size and tensile stress when K=KIC/2
(=100 MPa vm). If o =1200 MPa, the critical flaw size a=1.83 mm.

To evaluate the fatigue life and allowable initial flaw size,
Paris' equation, Walker's equation and Forman's equation aré applicable.

Paris' eq: da/dN = CLK"

Y . - n
Walker's eq: da/dN C(AKeff)
_ _10.5
AKeff = AK/(1-R)
c' Ag®

It

t . .
Forman's eq.! da/dN (l—R)KIC - &K

where a : minor half-diameter for embeded flaw,‘or flaw
depth for surface flaw
N : number of cycles
C,C',m : material constants
K : l.lagvma

Ao : @ - g,
max min

R : o, ag
min ./ “max

Paris' equation can be applied for the cycle ratio R=0(omin=0).
Figure 5.3 shows the fatigue crack growth rate at R=0, 0.5, 0.7
represented by Walker's equation and Forman's equation. For estimating
C' in the Forman's equation, it is assumed that the Paris and Forman
curves are coincident in the region of the threshold AKth = 10 MPavm
{assumed).

Figure 5.4 shows the allowable initial flaw size of the TF coil
case using Walker's equation when Umax=400 MPa, If Ac=300 MPa, initial
flaw size is 1,2 mm and if Ao=100 MPa, initial flaw size is 12 mm.

Figure 5.5 shows the initial flaw size and maximum tensile stress
when Ac = 100 MPa, 200 MPa and 300 MPa.

Figure 5.6 shows the fatigue life of PF coil sheath., The main

load of PF coil sheath is radial and vertical force due to poleoidal
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field. Therefore R is approximately 0 (Umin
growth under AK-;AKth (assumed to be 10 MPavm) that is shown as the

£ Q). There is no crack

constant region of allowable initial flaw size in Fig. 5.6. The allowable
values are set up based on these datum., Table 5.5 shows the allowable
values against the fatigue limit,

The allowable tensile stress 9 ax of TF coil case and PF coil sheath
against the fatigue limit is less than S;. To use the high strength
steels effectively, a high accurate technique for crack detection is
needed by all means. The allowable initial flaw size shown in Table.5.5
may be aggressive, and R&D program for determination of minimum detectable

crack length will be necessary.

Reference

(1) H. Nakajima, K. Yoshida, M. Oshikiri, Y. Takahashi, K, Keoizumi,
S, Shimamoto, M, Shimada, S. Tone, S. Sakamoto, K. Suemune,
K. Nohara, Tensile properties of new cryogenic steels as conduit
materials of forced flow superconductors at 4 K, to be presented

to 1987 International Cryogenic Material Conference,
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Table 5.1 Chemical Compositions of the Japanese
Cryogenic Steels (JCS)

csus - JJ1 : 12Cr-12Ni~10Mn-5Mo-0. 2N ( 6 tons heats)
CSUs - JN1 : 25Cr-15Ni-4Mn-0.35N (50 tons heats)
CsSUS - JKAI : 20Cr-14Ni-Mn-Mo-V-0.3N ( 5 tons heats)
CsUs - JK2 i 22Mn-13Cr-5Ni-0.2N {15 tons heats)
CsUs - JN2 1 25Mn-15Cr-1Ni-Cu-0.2N (50 tomns heats)
CsUs - JKka? 9Mn-21Cr-7Ni-0. 3N ( 5 tons heats)
CSUs - JK1 : 17Cr-12Ni-2Mo-IMn-Nb-0.2N

Table 5.2 Minimum Structural material properties

(a)

Case material Conduit material

Yield stress (MPa) 1200 1100
Ultimate stress (MPa) 1600 1500
Elongation (%) 10 10
Toughness, K (MPaVE} 200 ZOO(b)

IC

(a) CS8US-JK! with both cold work and heat treatment
(b) The plane stress fracture toughness (KIC) for a thin conduit

reaches a higher level than KIC = 200 MPa vm
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Table 5.3 Stress Category and Allowable Limits

of Stress Intensity

Allowable Limits of
Stress Category Stress Intensities
Primary Membrane (General) Sm
Stress Intensity
Primary Membrane (Local) 1.5 Sm
Stress Intensity
Primary Membrane (Local} and 1.5 Sm
Bending Stress Intensity
Primary + Secondary 3 sm
Stress Intensity

Table 5.4 Design guideline

Criteria Value

Pm £ Sm Case; 800 MPa , conduit; 733 MPa
PL+Pb £ 1.5 Sm Case; 1200 MPa , conduit; 1100 MPa

Kig/2 100 MPa /m

A

K

N

lA

Ne/lbd 2 x 10" cycle

where Pm ; primary membrane(general) stress intensity
Py 5 primary membrane(local) stress intensity
Pt ; bending stress intensity
K ; design fracture toughness
Kics plane strain fracture toughness
N ; design number of cycles

;3 critical number of cycles
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Table 5.5 Allowable values against fatigue limit

TF coil case TF coil sheath PF coil sheath
Operating eycles 2 x10* 2 x10" 2 x10%
PR S|
Allowable 1n1t1ai
flaw size al (mm) 2.0 0.2 0.2
Allowable tensile | 300, 250, 300, |200, 250, 300, 500,
stress Ao/o 450 400 320 1100 1000 800 500
(MPa}
(1) Flaw size
-t {7 <
L X
Vo T § Y @l
i
T_Za

Fig.

FRACTURE TOUGHNESS Kyc (MPavm)

_ Surface Flaw

Subsurface Flaw

350 1 1 T T 1
Target
JAERT Box
300 ’ OyEIZOOMPa -
\\\\33\ Kcz200MPavm
®
250 _
NBS @ ®
Trend Line
200 F - e 00|
1307 5 ¢sus-an1 i
® CSUS-JKAL
100 - ¢ csus-dJ1 7
o0 CSUS-JK2
50 F © CSUS-JN2 .
® CSUS-JKA2
] ] | I ] 1

0
400 600 800 1000 1200 1400 1600 1800

YIELD STRENGTH oy (MPa)

5.1

Characteristics of fracture toughness

and yield strength of the JCS at 4 K
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10 T T 77T T T T T 77 T T 7 T rrd

Life for the thick plate

Design guideline ]

N £ Nesd
where N=2x10"

5F ————— Life for the thin {5mm) plate

Ag=200MPa

05

O N o e
[ _Material data ]
= Gy 2 1100MPa -

005 = Kpp = 200MPa Vi N

\, A0=800MPa

c = 7.56x10"'7 (assumed)
- m = 3.26 {assumed}
8Ky, = 10MPav (assumed)

da _ m
where o C{AK)

[
!
[
\
i
f
l
I

NN J.ill\!l | S N N N A
10 10° 10

Cycles to failure

Fig.5.6 Allowable initial flaw size of the PF coil sheath
based on the fatigue crack growth

(R = “min / “max - 0)
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6. Non-metallic Structural materials

6.1 Study of the application of non-metallic structural materials

in the magnet systems

In the magnet systems, non-metallic structural materials such as
FRP are used as insulator (ex.: between conduits, between shear panels,
slit of the bucking cylinder for reduction in eddy current losses).
In addition to these applications, non-metallic structural materials
may bhe used for the bucking e¢ylinder, shear panel and PF coil support.
In this study the latter applications are discussed first. Although
Young's moduli of FRP materials vary as the kind of contained fiber,
in this study Young's moduli of GFRP and CFRP shown in Table 6.1.1 are

used.

(1) Bucking cylinder

Compressive stress (c.) is generated at the bucking cylinder by
centering force. The value of this stress must be equal to or lower
than the allowable stress intensity (Sp) and allowable buckling stress

(ock)- The allowable buckling stress is expressed by

_ Per R

Ock T g x E

p 3 Et3

€ 12(1 -v2)R3
where Por Limit buckling pressure

S Safety factor (=3)
t Thickness of buckling cylinder plate
E Young's modulus
v : Poisseon's ratio

Table 6.i.2 shows the compared result between SS304LK and two kinds of
FRP in the application to buckling cylinder. It may be considered that
INTOR is same as FER from the point of view of field and demension of
the buckling cylinder.

As mentioned above, Young's modulus of FRP is approximately
1/5~2/5 of steel. Therefore, a buckling cylinder made of FRP must be

thick. This application may cause a problem of layout of OH coil, etc.
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(2) Shear panel

The shear panel, which connects each TF coil, is designed to resist
overturning force and therefore requires vertical flexural rigidity.
Figure 6.1.1 shows the shape of the shear panel in FER. The shear panel
is vertically 1360 mm high.

To keep constant deformation, the flexural rigidity EI is considered
to be kept at a constant value,

The.required height of the FRP shear panel is approximately 2700 mm
{GFRP)} and 2200 mm (CFRP), when the shear panel has the same thickness
as that made of stainless steel {(max. 200 mm). ]

Therefore, the height of TF coil is occupied. to large extent, which

brings a great difficulty in layout of PF cecils and access.

(3} PF coils case

In FER, the ring coil of PF coils is reinforced with a stainless
steel coil case against vertical force. The section of the maximum
length of the ring coil is given in Figure 6.1.2.

When this case is made of FRP, the height of GFRP case is
approximately 950 mm, CFRP case is approximately 850 mm, if its

vertieal flexural rigidity is kept constant.
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Table 6.1.1 Young's modulus and bréaking stress obtained in four point
flexural test at RT, LNT and LHeT. The values in parenthesis
present the standard deviation. The numerics presented
suffixally are the number of tested specimen

T(K) GFRP CFRP SFRP ALFRP

Young's 300 ‘36.5(0.35)/2/ 79.5(0.1)/2/ 79.6(0.6)/2/ 82.6(0)/2/
Modulus 77 40.1(0.75)/2/ 79.8(1.45)/2/ 81.3(3.7)/2/ 86.6(0.35)/2/
(GPa) 4,2 42.2(1.27)/3/ B1.2(0,1)/2/ 84.9(L.6)/2/ 95.6(0.45)/2/
Breaking 300 1.07(0.02)/2/ 1.14¢0.015)/2/ 1.33(0.02)/2/ 1.30(0.02)/2/
77 2.28(0.045)/2/ 1.68(0.07)/2/ 2.38(0.01)/2/ 2.23(06.035)/2/
(GPa) 4.2 2.32(0.116)/3/ 1.64(0.08)/2/ 2,21(0.11)/2/ 2.37(0.095)/2/

Table 6.1.2 Comparison of bucking cylinders in terms
of materials

material SS304LN GFRP CFRP
Oy (MPa) 765
gy (MPa) 1648 1600
E (MPa) 2.06 x10° 4,22 x10" 8.12 x 10"
v 0.3 0.21
outer radius () 2.03 2.03 2.03
thickness (m) 0,30 0.50 0.40
. 370 224 278
Sh 510
Oy 480 290 338
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Stanless Steel Cail Cose of Thickmess 30mm
/lunuched oniy to Ring Coils, Circumierencialty Cut}

744
684

o0 |
=
\ \

\ PuCtor \Gromd insulgtion
Conducior Irsulation .

772

832

Fig. 6.1.2 Cross section of maximum PF coil
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6.2 Proposal of composites with required properties

Requirements for non-metallic structural materials are low loss,
high strength and high rigidity. 1In view of low loss, ordinary FRP has
good characteristics. But FRP has not enough performance in strength,
rigidity and fracture toughness. Furthermore, FRP has poor rigidity as
structural material. As already mentioned in 6.1, rigidity is the
biggest disadvantage in application of non-metallic materials to the
magnetic system. The rigidity of FRP derives from the strength of a
fiber material. To improve the rigidity of FRP, a new type of FRP using

"advanced composite materials')

a modified fiber material (what is called
has been proposed recently.
For the reasons mentioned above, description will be centered

around the advanced composite materials.

{1} Summary of the existing data base for design
The advanced composite materials which are reinforced by carbon
(CFRP), silicon carbide (SFRP} alumina (ALFRP) fiber, and so on have a
Young's moduius twice or more than GFRP.
It is not long since researches on these composite materials started
on a full scale. Data from the researches will build up day by day.
The following data on the advanced composite materials will be presented.
(Refs.; I, 2)
- Property of fiber (Table 6.2.1)
- Strength of composite materials (Fig. 6.2.1, 6.2.2)
- Young's modulus and shearing stresé of composite materials
(Table 6.1.1, Fig. 6.2.3, 6.2.4)
- Load-displacement curve of composite materials (Fig. 6.2.5)
- Thermal conductivity of composite materials (Fig. 6.2.6, 6.2.7, 6.2.8)
- Thermal contraction of composite materials (Fig. 6.2.9, 6.2.10, 6.2.11)
As to the other properties, property of the composite originating from
the matrix property in particular, these remains no remarkable difference

with well-known GFRP.

(2) Required R & D
The required items of R & D are as given below.
+ Improvement of rigidity: It will be possible to develop higher-
rigidity composite materials by changing sorts and content volume of

carbon, silicon carbide, alumina fibers and so on. As a result, a
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wider range of applications will be obtained for non-metallic
structural materiéls. In this regard, data now available to us it
extremely limited. At least 4 or 5 more years of researches will be
needed.

Verification of irradiation-proof performance: If FRP is submitted
to irradiation of gamma rays, its matrix will degrade, which reduces
interlaminar shearing strength with fiber and fatigue limit (see
Fig. 6.2.12), Therefore, it is essential to have a sufficient
buildup of data on degradation in irradiation. 1In addition, points
where FRP is used must be shielded.
Standardization of evaluation methods: As known from Fig. 6.2.13
data obtained differs with FRP test methods, which results in.
difficulty of screening of materials. The evaluation methods must

be standardized among researchers.

Table 6.2.1 Properties of each reinforcement from their catalog
Young's Tensile Densit Fiber
Fiber Modulus Strength Y Diameter
(GPa) (GPa) (g/cc) (pm)
Glass 75.5 2.45 2.5 9
Carbon 235 2.74 1.7 8
Silicon Carbide 176 2.45 2.5 10
Alumina 206 1.76 3.2 17
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Glass Reinforcement
1-5-901/Resin 2, 66 vol.Z(1)
2-R/bisphenol A, 63 vel.Z%Z(2)
3-E/bisphenol A, 50.6 vol.%(2)

Boron Reinforcement
4=140pm (5.6 mil) B/2387
epoxy, 52 vol.%(l)
5-140um (5.6 mil) B/6061
aluminum, 47 vol.%(l)

Graphite Reinforcement
6-AS/Resin 2, 64 vol.%(l)
7-HM-S/934, 62 vol.Z(3)
8-HM-S/bisphenol A, 55 vol.Z%(2)
9-GY-70/934, 65 vol.%(3)

Aramid Reinforcement
10-Kevlar 49/934, 67 vol.%(3)

Vol.% = fiber volume fraction. Refs.: (1) Schramm
and Kasen (1977a); (2) Dahlerup-Petersen and Perrot
(1979); (3) Kasen, Schramm, and Beck (1980).
Bisphenol A eposy: CY 205 (2).

Fig. 6.2.1 Temperature dependence of the uniaxial
longitudinal and transverse tensile
strengths of glass-, boron-, graphite-,
and aramid-reinforced epoxy laminates
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Glass Reinforcement
1-5-901/Resin 2, 66 vol.Z%Z(1)

Boron Reinforcement
2=-140um (5.6 mil) B/2387
epoxy, 52 vol.Z(l)
3-140um (5.6 mil) B/6061
aluminum, 47 vol.%(l)

Graphite Reinforcement
4-AS/Resin 2, 64 vol.Z{1l)
5-HIM-5/934, 62 vol.Z%(1)
6-GY-70/934, 65 vol.Z%(2)

Aramid Reinforcement
7-Kevlar 49/934, 67 vol.%(2)

Plotted values are maximum values for the
longitudinal direction and average values for the
transverse direction. Vel.Z%Z = fiber folume fraction.
Refs.: (1) Schramm and Kasen (1977a); (2) Kasen,
Schramm, and Beck (1980).

Fig. 6.2.2 Temperature dependence of the uniaxial
longitudinal and transverse compressive
strengths of glass-, boron-, graphite-,
and aramid-~reinforced laminates.
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Glass Reinforcement
1-5-901/Resin 2, 66 vol.%Z(1)
2-R/bisphenol A, 63 vol.Z%(2)
3-E/bisphencl A, 50.6 vol.%(2)
Boron Reinforcement
4-140um (5.6 mil) B/2387
epoxy, 52 vol.Z(l)
5-140um (5.6 mil) B/6061
aluminum, 47 vol.?%(1)
Graphite Reinforcement
6-AS/Resin 2, 64 vol.%(Ll)
7-HM-5/934, 62 vol.%(3)
8~HM-S/bisphenol A, 55 veol.%(2)
9-GY-70/934, 65 vol.Z(3)
Aramid Reinforcement
10~-Kevlar 49.934, 67 vol.%{(3)
Vol.% = fiber volume fraction. Refs.: (1) Schramm

and Kasen (1977a);

(2} Dahlerup-Petersen and Perrot

(1979); (3) Kasen, Schramm, and Beck (1980).

Fig.

6.

2.3 Temperature dependence of uniaxial
longitudinal and transverse tensile
moduli of glass-, boron-, graphite-,
and aramid-reinforced laminates
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Fig. 6.2.4 Temperature dependence of inplane
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Vol.% = fiber volume fraction.
Refs.: (1) Schramm and Kasen
(1977a); (2) Kasen, Schramm, and
Beck (1980)
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Perrot (1979); (3) Hust (1976):; (4) Hust (19753).

Fig.

6.2.8

Temperature dependence of thermal
conductivity of uniaxial laminates.
L=longitudinal, T=transverse.
Transverse conductivity of the aramid
laminate assumed from fabric reinforced
data
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Fig. 6.2.1]1 Temperature dependence of thermal expansion of uniaxial glass-—,
boron-, and graphite-reinforced laminates in the longitudinal (L)

and transverse (T) directions
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6.3 Advantages of non-metallic structural materials for INTOR

(1) Reduction of activation level

As to induced radioactivity, aluminum has the almost same level
as stainless steel in its initial stage., In the course of attenuation
to 1/100, aluminium takes 10° sec, while stainless steel needs 10°% sec,
{ref.: 3) (See Fig. 6.2.14)

On the other hand, plastics are supposed to emit a smaller amount
of induced radioactivity than metals, Based on the facts menticned
above, we can come to a conclusion that it will be possible to reduce
the activation level to lower than 1/4 -1/5 of the ratio of specific
gravity, when employing composite materials having aluminium fiber,
as structural materials,

There is no data about other composite materials, but further
reduction of activiation level can be expected.

(2) Estimation of eddy current loss

Eddy current loss is dependent on magnitude of magnetic flux
change in elapsed time, shape and size of structural materials and
electric resistance., Suppose FRP is used for structural materials,
in place of stainless steel. The volume resistivity is 5 x107° ahm-cm
(at 4 K) and approx. 2 x10'7 ohm.cm, respectively for stainless steel
and FRP., If the other conditions are identical, the eddy current loss
for the structural materials can be reduced to approx. 1/4x10*!, Therefore,
it is of great advantage to use non-metallic materials as structural
materials,

(3) Improvement of PF penetration time

For the reasons mentioned in Appendix, no particular contribution
is made to improvement of penetration time. Therefore, system benefits
in this connection is extremely limited.

(4) Other points of improvement

The specific gravity of FRP is approx. 1.6 to 2 and this value
is approx. 1/4 to 1/5 of that of stainless steel. Its specific heat
is almost the same to that of stainless steel. Use of FRP will facilitate
cooling down and reduce consumption of cocling-down LHe (coolant) to
a half or less,

At the same time, the access time will be reduced to 1/1000 or

less in accordance with decrease of induced radicactivity, These data,
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however, are estimated on condition that all the major components
of INTOR magnet system be composed of non-metallic materials. Taking
this into consideration, our very urgent need is to complete high-

rigidity advanced composite materials.

6.4 Applicability of FRP to magnet component

As mentioned above, FRP has effective property as to reduce
activiation level and eddy current loss, but its Young's modulus is
still lower level than stainless steel i.e., Young's modulus of GFRP
is 20%Z of that of stainless steel, and the moduli of CFRP, SFRF and
ALFRP etc. are 407% of that of stainless steel. So under present
condition, FRP is applicable only to the components where much rigidity
is not required.

But as the development of advanced composite materials, it can
cause that FRP is applied to the magnet components. However following
problems are pointed out in addition to increase of Young's modulus
of FRP,
reduction of Young's modulus and strength due to irradiation
increase of shearing strength
accumulation of technical data of CFRP, SFRP and ALFRP, etc,

anisotropic property

© e e oo

connecting method

Before application of FRP to the magnet compomnents, it is necessary

to solve such problems.

— 204 —



JAERI—M 88-1010

Appendix

Magnetic shielding effect of TF coil shear pannels against
vertical field is estimated for the INTOR class tokamak reactor.
Figure A.l shows the magnetic shielding function M(s} (Ref. 4)

(Laplace transfer function) defimed as

5T M . M,
M(S) = I kK L, m - _pk ik
k pli k
where, Mpk : mutual inductance between plasma and the k th eddy
current model,
Mpi : mutual inductance between plasma and the i th PF coil,
Mik : mutual inductance between the i th PF coil and the

k th eddy current mode,

T ¢ eigen time of the k th eddy current mode.

M' represents the derivative of mutual inductance by plasma
radial position.

The value of M(s) function is unity at s =« (t=0), when passive
structures completely surround a plasma. PF coil current must be
increased by 1/(1-M(s)) times to generate the same field compared
with the case of no passive structure (i.e. no magnetic shielding
effect). PF coils are assumed to be installed at (R=8.2 m, z=t4.2 m)
out side TF coils in these calculations, Plasma major and minor radii
are 5.0 m and 1.2 m, respectively., The magnetic shielding effect of
shear pannels is not large as shown in Fig. 6.3.A-1, since shear pannels
do not completely surround a plasma. The magnetic shielding effect
against PF coils would be mainly due to blanket, shield and vacuum
vessel. We also calculate the magnetic shielding effect agéinst
radial field. The shear pannels effect on the magnetic shielding
is estimated to be much smaller than that against vertical field,
since there are large windows between adjacent IF coils for ports

and maintenance.
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