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* Research works in NIFS to construct poloidal field
coils for Large Helical Device (LHD) are reviewed.

» QOur experiences are restricted to a NbTi cable-in-
conduit conductor. However a NbTi coil has simple
superconducting characteristics compared with a
Nb3iSn coil. It is suitable for understanding
fundamental characteristics of CICC.
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* Relation between Current Distribution and Stability
* Optimization of Stability and AC Loss
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LHD

Large Helical Device (LHD) is a heliotron type
fusion experimental device.

The construction of LHD was started in 1991 and
will be completed in 1996.

One of the main feature of LHD is to use
superconducting coils as all coils for magnetic
confinement (two helical coils and three pairs of
poloidal coils).

Major radius: 3.9 m
Minor radius: 0975 m
Central magnetic field: 3 T (in phase I)

4 T (in phase II)



Specifications of LHD poloidal coils

UNIT OV COIL IS COIL IV COIL
AVERAGE RADIUS mm 5650 2820 1800
CENTER POSITION mm +-1550 +-2000 +-800
MAGNETMOTIV FORCE MAT -4.5 -4.5 5.0
COIL CURRENT kA -31.3 -21.6 20.8
NUMBER OF TURNS 9X16 13X16 16X16

=144 =208 =240

MAXIMUM FIELD T 5.0 5.4 6.5
INDUCTANCE H 0.514 0.445 0.313
CONDUCTOR SIZE mmXmm | 30.5X30.5 23X27.6 23X27.6
COIL SIZE mmXmm | 291.5X519.5 | 320X473.1 | 368X473.1
CURRENT DENSITY A/mm2 -31.0 -31.0 29.8
CONDUCTOR LENGTH m 5022 3685 2714
LENGTH OF FLOW PATH |m 314 230 170
NUMBER OF FLOW PATH 16 16 16
SHE MASS FLOW RATE g/s 80 66 80




Poloidal Field Coils of LHD

Three pairs of poloidal coils are designed as forced-
flow cooled superconducting coils with a NbTi
cable-in conduit conductor.

These poloidal coils are operated in constant current
at phase L.

Constant current operation is a main operational
mode of the poloidal coils.

Pulse operation of poloidal coils (Its changing time
duration is 5 seconds and the time interval is 5
minutes) is planned as one of the variety of plasma
physics experiments in phase I1.

Therefore the design of the poloidal coils have been
done making importance on the stability in constant
current operation.



2. R&D of Forced-Flow Cooled Coils
with a NbTi CICC

2-1 Development and Test of TOKI-PF Coil
2-2 Test of IV-S Coil with an Improved Conductor

2-3 Short Sample Tests of IV Conductor

Measurements of Current Distribution with Pick-Up Coils

2-4 Measurements of AC losses
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Conduit

/ $.S.316L

NbTi/Cd/CuNi Formvar insulation
1/1.65/0.4 0.01lmm in thickness.
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Table II
Comparison of the TOKI-PF and IV-S conductors

Conductor TOKI-PF IV-S
Type Cable-in-conduit Cable-in-conduit
Superconducting material  Nb-Ti Nb-Ti
Conduit dimension 17.0x22.5 mm2 17.0x22.5 mm?2
2 thickness 1.0 mm 1.0 mm
Void fraction 0.40 0.345
Strand diameter 0.673 mm 0.707 mm
Number of strands 486 486
Nb-Ti1:Cu:Cu-Ni 1:1.65:0.4 1:2.54:0
Strand surface Formvar coating(11um) Bare
Table HI

Principal specifications of the TOKI-PF and IV-S coils
Coil TOKI-PF IV-S
Configuration Two double pancakes One double pancake
Inner radius 0.6 m 0.6m
Outer radius 0.82m 0.76 m
Height 0.11m 0.052 m
Number of turns 40 16
Cooling method Forced flow _ Forced flow
Operating temperature >45K >4 5K

pressure <] MPa <1 MPa
Number of cooling paths 4 paths 2 paths
Design mass flow rate 16 g/s (total) 10 g/s (total)

Cooling path length 45 mx4 34.5 mx2
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Table 1. Parameters of conductor for [V-coil. -
All dimensions are measured values.

Conduit Dimension
Thickness
Material

Void fraction

Strand Diameter

Configuration
Cabling pitch: 1st
2nd
3rd
4th
Sth

Strand Composition

Resistivity of Copper

Filament Diameter

- 22.9 mmx27.7 mm

2.9 mm
SUS316L

38 %

0.767 mm

34x6

60 mm

95 mm

145 mm

225 mm

408 mm

1:2.66 (NbTi:Cu)
4x10°10Qm at 6.5 T
15 um
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| Loss Measurement System I

DC |
s I H

R R L

K LigHe 4.2K

1, A super conducting split magnet; 2, a heat switch;
3a superconducting transformer; 3, a superconducting
transformer; 4, a sample conductor; 5, pick-up coils;
6, a dump resistor; 7, A/D converters; 8, a computer.
() Schematics of the measuring system; (b) sequence
of a generation of the small ac magnetic field
superposed on the dc field.
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3. Future R&D Plan

Further researches of the relation between current
distribution and stability are necessary.

1. Measurements of the current distribution and
stability for short samples of various type cables
and conductors.

2 or 3 strands cable -- for basic study
e Compacted strand cable -- changing surface
treatments
(collaboration with KEK)
* CICC including Nb3Sn conductors

2. Measurement of AC loss under the coil condition
* AC loss measurement of the IV coil
» AC loss measurement of short sample
conductors carrying DC transport current
(collaboration with Kagoshima University)



4. Summary

. Development of forced-flow cooled
superconducting poloidal coils for LHD has been
successfully done making importance on

stability.

. The stability of an R&D coils and conductors
were improved by removing the insulation of
strand and increasing stability of a strand.

. The current re-distributions, when a part of
strands became normal, were observed in short
sample tests of IV conductor using pick-up coils.

. High stability of a NbTi CICC with bare strands
is caused by its smooth current re-distribution
characteristics

. The inter-strand coupling loss of bare strands
CICC was about 10 times larger than a single
strand loss.

. The optimization of Stability and AC loss is next
item to be studied.
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Experimental results of the R&D forced-flow poloidal coil

(TOKI-PF)

K. Takahata®, T. Mito", N. Yanagi’, M. Sakamoto®, A. Nishimura®, S. Yamada®
J. Yamamoto®, S. Mizumaki® K. Nakamoto®, K. Yamamoto®, T. Yoshida® H. Itoh®

M. Shimada® Y. Wachi® and H. Shinohara®

"National Institute for Fusion Science, Nagoya 464-01, Japan

"Toshiba Corporation, Chiyoda-ku, Tokyo 100, Japan

As research and development {R&D) of poloidal-field coils for the Large Helical Device (LHD), a forced-Aow cooled
cable-in-conduit-type NbTi superconducting coil (TOKI-PF) has been tested. The success of excitations assured us that the
NbTi cable-in-conduit conductor can be adopted for the LHD poloidal coils. During cool-down, mainly the hydraulic
characteristics were measured. The friction factor could be expressed by using an empirical formula. In the DC operations,
training behavior was observed, like in a pool-cooled coil. The friction factor was also affected by the number of
excitations, which may be related to strand movement. The stability margin and propagation velocity were also measured
using an inductive heater. It became evident that the stability margin had a lower value when the operation current was
higher than 15 kA. This current seems to correspond to the limiting current.

1. Introduction

The Large Helical Device (LHD) is a heliotron/
torsatron-type experimental fusion device and the
seven-year project for construction started in 1990 [1].
Before starting the machine construction, various
R&D programs have been carried out since 1988. The
TOKI-PF coil was fabricated as one of the R&D coils
in order to confirm the reliability of a forced-flow
cooled NbTi coil and to obtain the fundamental data
for design of the LHD, such as a friction factor,
stability margin, normal zone propagation velocity [2].
In the current design of the LHD, forced-flow cooling
has been adopted as the cooling method for the
poloidal coils. To simulate the poloidal coils, a cable-
in-conduit-type conductor with a nominal current of
25.6 kA at 7T was used as conductor of the TOKI-PF
coil. One of the LHD poloidal coils (IV _coil} is
charged up to 20.8 kA in half an hour, producing a
maximum field of 6.5 T. A NbTi cable-in-conduit-type

luctor is planned to be used for the IV coil. The
other poloidal coils are now under design. The results

Correspondence to: Dr. K. Takahata, National Institute for
Fusion Science, Nagoya 464-01, Japan.

of R&D affect the possibility of adoption of a cable-in-
conduit conductor.

In August 1991, the first step of the excitation tests
was completed. The coil was cooled down and warmed
up three times, and the hydraulic characteristics were
examined. In the excitation tests, DC operations and
stability margin measurements were performed. In this
paper, an outline of the results will be described and
the design criterion of the LHD poloidal coil is shown.

2. Experimental arrangement

The TOKI-PF coil consists of two double pancakes.
The principal specifications of the coil and the conduc-
tor are listed in table 1. Supercritical helium was
shared between four parallel cooling paths as shown in
fig. 1. The rated mass-flow rate was 4 g/s per path with
a pressure of 0.98 MPa. Thermometers, flow meters
and pressure taps were attached to the inlet and outlet
paths in order to measure the hydraulic characteristics.
The locations of the sensors are also presented in fig.
1. A resistive heater attached to the inlet of the first
pancake was used to raise the temperature of the
helium in stability tests. The output signals of the
sensors were fed to a computer, Hewlett-Packard

(920-3796/93/306.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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Fig. 3. Cool-down curves showing the inlet (T1) and outlet
(T3-5) temperatures of helium.
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Fig. 4. Friction factor of the TOKI-PF versus Reynolds
number. The solid line is a fitted curve using an empirical
formula.

where p, u, L and D, are the density, velocity of the
fluid, length of the path, and hydraulic diameter,
respectively. The hydraulic diameter of this conductor
was calculated to be 0.5 mm. The solid line is a fitted
curve using the empirical formula [4,5):

1/VF=0.87In(ReVF) - A, (2)
where A is a coefficient depending on the wall rough-
ness. This formula can be applied to the conductor
design for the LHD poloidal coils.

Siw. DC excitation tests

As the first step of the excitation tests, DC oper-
ations were performed with a rated mass-flow rate of

4 g/s/path. The current sweep rate was set to be from
8 to 200 A/s. The coil achieved the nominal current of
25.6 kA after experience with three premature quen-
ches. Figure 5 displays the quench behavior. The
horizontal axis shows the number of excitations over
I5kA (N,,). The quench locations are also shown in
the figure. It was found that the quench currents had a
tendency to increase with increasing the number of
excitations, and the quench locations were not limited.
Although some reasons can be considered for the
quench, this training behavior indicates the possibility
of mechanical disturbances, e.g. strand movements in
the conduit [6].

The effect of strand movements appeared in the
hydraulic characteristics. Figure 6 shows the variation
of the friction factor with the current in the coil. N__ in
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Fig. 5. Quench behavior in DC excitation tests. The open
circles are set currents when the excitation had succeeded
without quench. The closed symbols are quench currents.
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Table |

Principal specifications of the TOKI-PF coil

Conductor Coil

Type Cable-in-conduit Configuration Two double pancakes
Superconducting material NbTi Inner radius 0.6m

Critical current SOkAat7T Quter radius 0.82m

Conduit dimension 17.0x 22.5 mm Height 0.11m

Void fraction 0.4 Operating current 256 kKAa12.76T
Strand diameter 0.67 mm with formvar (10 pm) Number of turns 40

Number of strands 486 inductance 3.18 mH
NbTi:Cu: CuNi 1.0:1.6:0.5 Stored energy 1.04 MJ

li— }—-—--—-—-
Inletf Quilet
P2
—®

# Flow Meter
x  Thermometer { PtCo and (GR)
® Pressure Tap

Fig. 1. Schematic flow diagram and sensor location for
measuring the hydraulic characteristics.

(HP) 360 with HP3852 data acquisition units, and the
state of the helium was calculated automatically using
the program package for the thermophysical prop-
erties “PROPATH version 7.1 [3]. We could get
analog inputs with 48 channels, and a maximum sam-
pling rate of 100000 ch/s using 13-bit analog/digital
converters. The data acquisition system could check
important information immediately during operation.
Figure 2 shows the current path and the locations of
the voltage taps. Inductive heaters with a length of
0.1 m with 200 turns were attached to each pancake in
order to apply a thermal disturbance. The power
supply for the inductive heater consists of silicon
controlled rectifiers, a capacitor bank of 0.4 mF, and a
1 kV-80 mA charging supply. In actual tests, current
discharges were obtained with an oscillation frequency
of 500 Hz and a decay time constant of 5 ms, and they
put an energy into the conductor of up to 1 MJ/m".
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Fig. 2. Schematic current path and locations of the voltage
taps and inductive heaters.

3. Results and discussion
3.1. Cool down

The coil was cooled down and warmed up three
times. The total cooling weight is about 1300 kg.
Figure 3 shows the second cool-down curves. Helium
gas of 90 K was supplied to the coil during the first
15h. The coil was then cooled down to 4.5K by
helium gas of 1 MPa, 40 g/s within 10 h.

The pressure drop (Ap) is shown in fig. 4. as the
friction factor (F) versus the Reynolds number (Re).
The friction factor is defined by Darcy’s equation [4]:

Ap = F(pu’2XLID,), (1)
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the figure indicates the number of excitations. The
friction factor decrcased with increasing operating cur-
rent. This may be the reason that the strands were
shifted outward in the coil due to the electromagnetic
force. In the conduit, narrow gaps seemed to be
formed due to the eccentricity of the strand bundle.
The creation of narrow gaps causes an incrcase of the
hydraulic diameter and a decrease of the friction
factor. Figure 6 indicates that the friction factor also
depends on the number of excitations. The friction
factor was replotted as a function of the number of
excitations, as shown in fig. 7. The friction factor
showed a decreasing tendency with the number of
excitations. This means that the strands were moved
during excitation and partially fixed at stable positions
after the discharge. The training behavior described

before can be explained qualitatively by these phe-

nomena. Although it may be quite allright to consider
that the quenches were due to the strand movements,
we could not observe voltage spikes due to the strand
movements. The scan frequency of the data acquisi-
tion (250 Hz) may be smaller than the voltage oscilla-
tion due to the strand movement; about 10 kHz [7].

3.3. Stability tests

If the stability margin of the conductor had ex-
ceeded the heat discharge due to the strand move-
ment, the quench might have been avoided. The
stability margin was thus examined by using an induc-
tive heater, and the results are shown in fig. 8 as a
function of operating current (/). It was clear that
the stability margin has a lower value, 10°J/m> or
less, when the operation current was higher than
15kA. The dashed curve in the figure is the helium
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Fig. 7. Dependence of the friction factor on the number of
excitations just before excitation.
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Fig. 8. Variation of the stability margin with current mea-
surcd by using the H1 heater. The dashed line is the calcu-
lated helium enthaipy.

enthalpy, calculated as [8]

AH=(=1)If [ pucC,aT, 3

where f is the volume fraction of conductors inside the
cable space, T, and 7 are the bath and current
sharing temperature, respectively, p,,. is the helium
density, and C is the specific heat at constant pressure
of helium. The stability margin at [, <15kA was
about 10°J/m’ which was in agreement with the
helium enthalpy. On the other hand, the boundary
between the upper and lower stability seems to corre-
spond to the limiting current (/) which has been
observed in previous studies. Lue and Miller [8] em-
pirically evaluated the limiting current. Since their
empirical equation is adopted in this work, /,_ is
expressed by the relationship,

Lin =0.23K(T,— T,)" %22, (4)

lim
where T, is the critical temperature of the supercon-
ductor and p, is the resistivity of the copper stabil-
izer. These parameters depend on /,, because the
magnetic field is proportional to /. Miller (9] pointed
out that the coefficient & depends on the initial pres-
sure of helium and examined the dependency for the
range 0.3 to 0.6 MPa. In this work, & is assumed to be
0.8 at 0.98 MPa. In this work, & is assumed to be 0.8
at 0.98 MPa by extrapotation. The calculation shows
that the /., of the coil is 22 kA. The measured value
was lower compared to the calculated one. The first
reason may be decrease of the heat transfer coefficient
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due to the formvar insulation of 0.01 mm in thickness.
We consider that the unevenness of the initial current
distribution in the conductor is another reason, be-
cause the strands were insulated and the current must
have transferred at only the ends of the conductor.

3.4. Normal propagation

Figure 9 shows typical pancake voltage profiles at
[,,=15, 20, and 25kA in the stability tests. The
quench was induced by the inductive heater (H1) and
the current was dumped when the normal voltage
exceeded 0.1V for 0.1s. The normal voltage of 0.1V
corresponded to a normal zone length of 3m at /, =
20kA. Note that the voltage increased after a while
since the heater was on. In the case of 15kA, the
delay time came up to 1s. Figure 10 shows the
normal-zone length as a function of time, estimated
from the voltage profiles in fig. 9. In this calculation,
the increase in the resistivity of copper was disre-
garded as the first assumption. Previous studies [10-
12] reported that the length is proportional to a power
b the time. The n values are also indicated in fig.
1u. Dresner [10] evaluated the n value to be 1.33 in an
analysis. Wachi et al. [11] and Ando et al. [12] ex-
perimentally obtained an n value of 1.04-1.46 and 1.6,
respectively. Our data in the case of a lower current
was higher compared with the previous studies; n =
2.35 at 20kA, 2.65 at 15kA. The results mean that
the quench delayed from the heat discharge but the
subsequent normal-zone growth was relatively faster.
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Fig. 9. Typical voltage profiles between the taps V2 and V5
as the coil quenched due to HI heater.
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Fig. 10. Normal-zone length as a function of time estimated
from the pancake voltage.

The behavior of the quench is now under study by
using numerical analyses. However, the non-uniform
distribution of the current may be related to the
quench behavior; some strands which have higher
current density quench at the first stage and whole
strands subsequently quench due to the Joule heating
of the initially quenching strands

3.5. Design of the conductor for the LHD poloidal
coils

The cable-in-conduit conductor will be adopted for
the LHD poloidal coils. The experimental results of
the TOKI-PF coil contributed to the design of the
actual conductor. The major issues revealed were the
strand movements and the unevenness of the current
distribution. For the actual conductor, the void frac-
tion and cabling pitch will be reduced to as small as
possible in order to avoid strand movement. The basic
policies for avoiding current unevenness are to remove
the resistive layer on the strand surface and to im-
prove the conductor connection using diffused junc-
tion between filaments. In order to obtain a higher
stability margin, we planned that (1) CuNi is not
added to the strand, (2) the copper/NbTi ratio is
increased to 2.7, (3) the nominal/critical current ratio
is increased to about 3, and (4) the copper resistivity is
reduced to as small as possible. The limiting current is
expected to be more than 25 kA,

4. Conclusion

A forced-flow cooled NbTi coil (TOKI-PF) was
tested and useful data were obtained for the design
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and construction of the LHD poloidal coils. A sum-
mary of the results is shown below.

(1) The pressure drop was examined as a function
of the Reynolds number and expressed using an em-
pirical formula.

(2) In DC operations, training behavior was ob-
served. The origin of quench seems to be strand
movement, which was proved from the hydraulic
characteristics.

(3) The stability margin shows a rapid decrease at
15 kA. This current seems to correspond to the limit-
ing current which has been observed in previous
studies. The value of 15kA was, however, lower
compared to the calculation using the empirical
equation.

(4) The normal-zone growth was investigated. The

normal growth delayed since the heater was on and -

the subsequent propagation was relatively faster.
(5) The results contributed to the design of the
conductor for the LHD poloidal coils.
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Abstract—Stability and quench experiments of a Nb-Ti
cable-in-conduit superconductor with bare strands have been
carried out to determine the performance of the poloidal coil
for the Large Helical Device (LHD). The conductor was formed
into a double-pancake coil named IV-S and was mounted on
TOKI-PF - a previously tested R&D coil. In excitation tests at
7.4~8.3K, the IV-S coil reached the critical currents without
premature quenches. Stability tests at 7.5K indicated that the
limiting current exceeds 20kA, which is the nominal operating
current of the LHD poloidal coils. These results demonstrated
that the stability of the chosen conductor with bare strands is
high enough for the LHD.

I INTRODUCTION

The Large Helical Device (LHD) is a heliotron type fusion

experimental device and has been constructed since 1990 [1].

One of the special futures of the LHD is that all magnetic
systems are superconducting. The LHD has a pair of helical
coils and three pairs of poloidal coils. Inner vertical V)
coils, which are the smallest pair in the poloidal coils, have
been completed already. Inner shaping (IS) coils are now
under construction, Quter vertical (OV) coils, of which
diameter is 11.3 m, will start from 1994. Conductors of the
1V and IS coils are Nb-Ti cable-in-conduit types as shown in
Table 1. Both conductors have almost the same specifications
except for the copper ratio. As for the IS conductor, the Nb-
Ti fraction of the strand was reduced because the maximum
field is lower than the IV coil. In this paper, we deal with
stability of the conductor used for the IV and IS coils.

Before the construction of the IV coil, some R&D's have
been performed. We first made a demonstration coil named

Manuscript received September 20, 1993,

TOKI-PF [2], [3]. In the previous experiments of TOKI-PF,
several problems were found out [4]. First the coil quenched
before reaching the critical point and the training behaviors
were observed. Second the limiting current was observed at
15 kA, which was lower than the expected value, We
considered that the formvar coating on the strand surface
had bad influence on the stability due to the low heat transfer
and uneven current distribution, After the experiments, we
decided to remove the insulation around the strands in order
to improve the stability. We then constructed a double
pancake coil with the improved conductor and named IV-S.
The IV-5 was energized together with TOKI-PF. In this
paper, we make a comparison of stability between the TOKI-
PF and IV-§ coils. We also discuss about the stability of the
IV conductors.

TableI
Principal specifications of the IV and IS conductors

Conductor v IS (Design}

Type Cabtle-inconduit Cabie-in-conduit

Superconducting material  Nb-Tt Nb-Ti

Conduit dimension 23.0 mmx27.6 mm 23.0 mmx27.6 mm
thickness 3.0 mm 3.0mm

Void fraction 0.377 038

Strand diameter 0.762 mm 0.760 mm

Number of strands 486 486

Nb-Ti:Cu 1:2.69 1:3.52

Strand surface Bare Bare

Operating Current 20.8kA 21.6 kA

Maximum Field 65T 54T

Operating temperature 4.5 K-48K 45K-438K

pressure <1.0 MPa <1.0 MPa




Table 1
Comparlson of the TOKI-PF and IV-§ conductors

Conductor TOKI-PF IV-§
Type Cable-in-cenduit Cable-in-conduit
Superconducting material  Nb-Ti Nb-Ti
Conduit dimension 17.0 mmx22.5 mm 17.0 mmx22.5 mm

thickness 1.0 mm 1.0 mm
Void fraction 0.40 0.345
Strand diameter 0.673 mm 0.707 mm
Number of strands 486 486
Nb-Ti:Cu:Cu-Ni 1:1.65:0.4 1:2.54:0
Strand surface Formvar coating(11ym)  Bare

Table II1

Princlpal specifications of the TOKI-PF and I'V-$ coils

Coil TOKI-PF IV-§
Configuration Two double pancakes One double pancake
Inner radius 0.6m 0.6 m
Outer radius 0.82m 0.76m
Height 0.1lm 0.052m
Number of tums 40 16
Cooling method Forced flow Forced flow
Operating temperature >4.5K >45K
pressure <1 MPa <1 MPa
Number of cooling paths 4 paths 2 paths
Design mass flow rate 16 gfs (total} 10 p/s (total)
Cooling path length 45 mx4 34.5m2

II. CONDUCTOR AND COIL ARRANGEMENT

Comparison of the TOKI-PF and IV-S conductors is
summarized in Table II. The IV-S conductor was designed
concentrating on the stability. The most important difference
is the surface of the strands. We removed the formvar which
was used on the strand surface for TOKI-PF coil. Moreover,
we remove Cu-Ni in the strand to increase the copper ratio.
The void fraction was also reduced by increasing the strand
diameter in order to avoid strand movements. As for the
conduit, both conductors have the same dimensions. Fig. 1 is
the photograph of the cross-section of the IV-S conductor.

The conductor of 70 m was formed into 2 double-pancake
and mounted on TOKI-PF. Specifications of the TOKI-PF
and IV-§ coils are listed in Table III. Both coils have the
same inner radius of 0.6 m. The IV-S coil was attached to
TOKI-PF truing up the center as shown in Fig. 2, The two
coils were joined up in series and both ends were connected
to current Jeads. Dotted lines in Fig. 3 indicate a current path.
Cooling paths are also indicated schematically in Fig. 3. The
coils consist of six paraliel flow paths, Supercritical helium
(SHE) flows from the inner turns to the outer turns with a
pressure of 1 MPa or less. Design mass flow rales are 10

Fig. | Photograph of the cross-section of the 1V-5 conductor
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Fig, 2 Coil arrangement

g/sec for IV-5 and 16 gfsec for TOK]-PF.

Peak magnetic fields are 2.7T in IV-5 and 2.8 T in TOKI-
PF with the current of 20 kA. These fields are lower
compared with the IV and IS coils of LHD: a maximum field
of IV is 6.5 T at 20.8 kA as shown in Table [. Therefore, we
performed the experiments at higher temperature, 7.4~8.3 K,
to bring a load close to the IV and IS coils.

II. EXPERIMENTAL PROCEDURE

In the experiments. we concentrated on the following two
properties; onc¢ is operating limits and the other is the
stability margin. Fig. 3 shows instrumentations required for
the experimenis. Resistive heaters (RH1 and RH2) were
attached on the inlet pipes for the both coils Lo increase the
SHE temperawre. [nductive heaters (IH1~1HG) were wound
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Fig. 3 Instrumentations of the experiment

around the conductor near the SHE inlet in order to measure
the stability margin. Flow meters (F), carbon-glass-resistor
(CGR) thermometers (T) and pressure gauges (P) were
installed on the inlet and outlet pipes. A normal zone was
detected by voltage taps,

Both current and temperature limits were measured with
regard to the operating limits. First we measured the quench
current under the condition that the temperature was
constant, from 4.5 K to 8.1 K. Second we measured a
temperature at which the coil just quenched under the
condition that the current was constant. The temperature was
controlled by the resistive heaters. By comparing the two
results, we could estimate the effect of mechanical

disturbances which may appear when ramping up the current.

The temperature limit is not affected by the disturbances
because the electro-magnetic force is constant. Therefore, the

limit may correspond to the current sharing temperature.

The quench current does not necessarily agree with the
critical current because of the disturbances.

The stability margin was measured by the inductive
heaters with a length of 0.1 m and 200 turns. The power
supply consists of silicon controlled rectifiers, a capacitor
bank of 0.4 mF and 1 kV. In the experiments, current
discharges were obtained with an oscillation frequency of
500 Hz and a decay time constant of 5 msec. It is usually
_difficult to calibrate an input energy. We, then, apply a
calorimetric method. Fig. 4 shows a typical time variation of

Outllet Temperature (T7) [K]

3,

" M . " 1 1 1 1 i
0 100 200
Time after healing [sec]

Fig. 4 Time variation of the outlet temperature (T7) afier heating by the
inductive heater (TH5)

the outlet temperature (T7) after heating by the heater (IHS5).
At that time, the capacitor bank was charged up to 520 V,
The temperature increased from the initial temperature,
4.655 K after 100 sec. If assuming that the heat did not run
away to the neighboring layer, the input energy can be
calculated from the integration of the increase of helium
enthalpy.

The margin of IV-S was measured at the temperature of
4.5 K and 7.5 K with the pressure of 1.0 MPa and 0.5 MPa.
First the coils were energized to a certain current. Then the
conductor was heated by the inductive heater (IHS). If the
coil did not quench, the capacitor bank was charged up to a
slightly higher voltage and then discharged. The heating was
repeated with the sufficient intervals until the coil quenched.

IOI. RESULTS
A. Operating Limits

In the beginning of the experiments, the current limits
were measured at various temperatures. The pressure of SHE
was 1.0 MPa and current sweep rate was 50 A/sec for all
excitations. Fig. 5 and Fig. 6 show the quench points on the
load line for the TOKI-PF and IV-S coils, respectively. In
the figures, critical currents (Ic,cal) extrapolated from 4.2 K
single strand"short sample measurements up to 7 T are also
presented. The TOKI-PF coil quenched at 4.5 K, 22.5 kA
and 3.15 T, which was 45 % of the critical point. In the
previous tesls, the quench current was also measured. The
results are shown in Fig, 5 as a single operation. The quench
current was 26.3 kA at 2.83 T. It should be noted that the
products of the quench current and the magnetic field are
almost the same between the single and the combined
operation. That indicates that the quench origin lies in the
electro-magnetic force. The quench current at 7.4 K was
14.9 kA, 65 % of the critical current.
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On the other hand, the IV-S coil quenched at almost the
same current as the critical current, 16.6 kA at 8.1 K, 20.3
kA at 7.7 K and 22.6 kA at 7.45 K. We could not measure
the quench current under 7.45 K because the TOKI-PF coil
quenched before IV-S. The differences between the quench
and the calculated critical current may be caused by the error
of the extrapolation. The temperature limits were also
measured in order to clarify the critical points. The
temperature limit must correspond to the current sharing
temperature because the limit was not affected by the wire
movement. The results are summarized in Fig. 7. The closed
and the open circles indicate the current and the temperature
limits, respectively. Both limits lie in the same line as is
evident from the figure. Then it is concluded that the IV-§
coil can be energized up to the critical point without any
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Fig. 7 Comparison between the current and temperature limits

degradation. -
The results of the limit measurements confirmed that the
IV-§S coil has much higher performances than TOKI-PF.
There are two reasons for this improvement of the
performance. One is the decrease of mechanical disturbances
due to the strand movements since the void fraction was
reduced for the IV-S coil. The other is the improvement of
the stability margin due to the removal of the insulation on
the strand surface. We performed the stability margin
measurements in order to confirm the above reasons.

B. Stability Margin

Fig. 8 shows the results of the stability margin
measurements at 4.5 K. As for the TOKI-PF coil, the data
obtained in the previous tests are presented. The solid and
the dashed line shows the helium enthalpy calculated by the
following equation on the IV-S and the TOKI-PF coil,
respectively,

Tsh
AH = (1-D/f J'T PHeCp dT (1)
b

where f is the volume fraction of the strands inside the cable
space, Ty and Tgh are the bath and the current sharing
temperature, respectively, pHe is the helium density, and Cp
is the specific heat at constant pressure of helium. The
limiting current [5], [6] was observed at 15 kA on the TOKI-
PF coil. The -margin was below 105 J/m3 when the current
was larger than 15 kA, and about 4x104 J/m3 at the quench
current, 26.3 kA. The margin of IV-§ was measured at only
21 kA, which is the nominal current of the IV and IS coils.
The coil did not quench up to 8x105 J/m3,and we could not
quench it because of limitations of the power supply. It was,
however, evident that the margin stayed in the upper
stability region, and the limiting current was higher than 21}
kA, It is concluded that the stability was improved by
removing the insulation on the strand surface.
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The margin of IV-§ was then measured at 7.5 K at 2
pressure of 1.0 MPa or 0.5 MPa. The results are shown in
Fig. 9. The dashed and the dash-dotted line indicates the
available helium enthalpy calculated by (1). The margins
were all very close to the calculated available enthalpy in the
both cases of 1.0 MPa and 0.5 MPa. Thus the conductor
stayed in the upper stability region up to 21 kA, which was
about 94 % of the critical current. It can be concluded that
the limiting current is higher than the critical current under
the present conditions. It can aiso be inferred that energy
deposition due to strand movements must be less than 3x104
J/m3, the measured stability margin at 21 kA, because the
coil did not quench up to 21 kA. The inferential energy

dcposition was lower (han TOKI-PF, 4x104 J/m3. The
reason of Lthis may be caused by reducing the void fraction.

If assuming that the dimensions arc the same, the limiting
current is proportional to (Tc~Tb)” 2p'“ 2, where Te and Ty
are the critical and the bath temperature, and p is the
resistivity of copper [5]-(7]. As for [V-S, the limiting current
was_higher than 21 kA at 7.5 K. In this condition, (Te-
o)V zp'”2 is estimated to be 5.8x10%. On the other hand,
(T c-Tb)mp'Uz is 7.4x10% at the nominal condition of the
1V coil, B=6.5 T, [=20.8 kA and p=4x10~10 Qm. This value
is 1.3 times higher than IV-S. Thus it can be expected that
the limiting current of the IV coil is higher than the nominal
operating current.

IV. CONCLUSIONS

The Nb-Ti cable-in-conduit superconductor with bare
strands was developed, and stability and quench experiments
were carried out in the form of a double-pancake to
demonstrate the performance of the poloidal field coil for the
LHD. A summary of the results is shown below.

(1) The quench current and the stability margin were
improved by removing the insulation of strand surfaces.

(2) The energy deposit due to strand movements was reduced
by the reduction of the void fraction.

(3) Tt can be expected from the stability margin
measurements that the limiting current is higher than the
nominal current for the IV and IS coils.
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Abstract--The stability of cable-in-conduit super-
conductors has been experimentally investigated as a program
of poloidal field coils for the Large Helical Device (LHD)
project. On the excitation tests for the demonstration coil
(TOXI-PF), we had found several problems on the stability of
a cable-in-conduit conductor; strand movements, current
distribution and current transition among the strands.
Consequently, a new conductor was designed and fabricated
focused on the stability. As a result of 2 zero-dimensional
stability analysis, it was found that the conducier has high
stability margin, $%10°J/m3, at the design condition of 20.8
kA and 6.5 T. Current transfer performance after partial
quenching has been investigated by a short sample test. In this
paper, effects of the current transfer among the sirands on the
conductor stability will also be discussed.

I. INTRODUCTION

Large Helical Device (LHD) is a heliotron/torsatron
type fusion experimental device and ils construction is
progressing as a 7 year project which began in 1990. In 1991,
we started the construction of one of the poloidal field cnils,
named Inner Vertical Coil (IV-coil) {1]. From the research and
development programs, we decided 1o design the conductor
focused on reliability and stability. In this paper, we deal with
stability of the conductor used for the I'V-coil.

Stability of cable-in-conduit conductors has been
theoretically studied by using zero- and/or one- dimensional
models [2,3]. Here we include the effects of normal
propagation and current transfer in the transverse direction of a
conductor. In the excitation 1ests of the demonstration coil
(TOKI-PF), the conductor was found 1o be unexpectedly
unstable [4]. In this coil, the strands were insulated with
formvar of 11 um thickness in order to reduce the coupling
losses. We confirm that there are some problems concerning
the insulation. First, the formvar insulation reduces the heat
transfer coefficient effectively. Second, rapid commutation of
current may lower the stability. The quench of a multi-strand
cable may originate from the normal transition of some
portions of the sirands. Vysotsky et al. pointed out that the
current transfer from a strand with the normai zone to the
adjacent strand occurred rapidly when using insuiation or high
resistive matrices, and the quench current of the adjacent strand
could not reach the DC critical one [5].

In the experiment presented here, the current transfer in
the transverse direction was studied using a shor sample of

Manuscript received August 24, 1992

the conductor for the IV-coil. A partial normal zone was
generated by a resistive heater instead of an inductive heater
and the current distribution was monitored by pick-up coils.

II. CONDUCTOR DESIGN

Main parameters of the new conductor are listed in
Table 1. In order o improve the stability of the conductor, we
decided to use neither resistive layers on the strand surface nor
CuNi layers inside the strands. Cu/NbTi ratio and
critical/operating current ratio are set to be2.7 and 3,
respectively. Copper resislivity was reduced as small as
possible. The critical current measured with a short sample is
shown in Fig. 1. The open circles are the measured values and
the dashed line is the calculated one by using the critical
current of the strand. The measured values agreed with the
calculated one, which confirms no damage of the strands. The
critical current was extrapolated to be 62 kA at 6.5 T which is
just three times as large as the operating one. We designed
these parameters in consideration of the stability margin.
Figure 2 shows the calculated margin. In the analyses, a zero-
dimensional model proposed by L. Botluraand J. V.
Minervini [6] was applied. Magnetic field is proportional to
the operating current, op. The results indicate that the margin
decreases rapidly when the operating current exceeds 20 kA,
The limiting current was, therefore, estimated to be
approximately 20 kA. The margin, however, keeps rather high

value, 5x10° J/m3, at the designed point,

Table 1. Parameters of conductor for IV-coil.
All dimensions are measured values.

Conduit Dimension
Thickness
Malerial

Void fraction

Strand Diameter

Configuration
Cabling pitch: 1st
2nd
3rd
4th
5th

Strand Compeosition

Resistivity of Copper

Filament Diamecler

229 mmx27.7 mm
2.9 mm

SUS316L

38%

0.767 mm

34x6

60 mm

95 mm

145 mm

225 mm

408 mm

1:2.66 (NbTi:Cu)
4x10°19Qmat 6.5 T
15 pm

1051-8223/93503.00 © 1993 IEEE
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Figure 1. Measured critical current of the conductor. The
dashed linte is the calculated value vsing the critical current of
the strand.
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Figure 2. Calculaied stability margin. Magnetic field is
proportional to the operating current, Iy, with a factor of

3.1x104 T/A.

IIl. EXPERIMENTAL SETUP

Experiments were carricd out by using a large-scale
conductor test facilily in which a splil coil generates the
background magnetic ficld up to 9 T. A power supply has a
capacily of 75 kA. A pair of test conductors was inserted into
a bore of the split coil. Length of each conductor was 1.2 m
except joint parts. The end of each conductor was jointed to
the current leads and the opposite side was soldered cach other,
In the joint parts, the conduit was removed and the strands
were unbound. [n this experiment, we used liquid helium
(4.58 K) for the coolant instead of the supercritical helium,
since the electromagnetic features of the cable do not depend
on the coolant condition. The arrangement of a heater and
pickup coils is schemaltically illustrated in Fig. 3. The
resistive foil heater of 350 Q@ was attached 1o about ten
strands. The heater current puise had a rectangular shape with a
duration of 1 sec and generated heat up to 5 J. Eight pickup
coils with 200 turns surrounded the conductor to detect the
magnetic field produced by the transport current. Qutput
signals of the coils were integrated to give the magnetic field
change.

Figure 4 shows the longitudinal locations of a heater,
pickup coils and voltage taps. The heater and the eight coils
(PC09~PC16) were located at the center of the background
split coil. A pair of eight pickup coils (PC01~PCO08 and
PC17~P(C24) was similarly set at the distance of 200 mm
from the center. The distance corresponds 1o 1/2 of the 5th
cabling pitch and the positions of strands then rotate almost
180 degrees. The voltage taps (Ep~Ef) were attached on the
conduit at intervals of 68 mm,

Pick-up coil

> Conguit
Figure 3. Arrangement of a heater and pickup coils

L ! _Jl
200mm Center ?f Coil 200mm
Current— -
7ANg AN AN A N (VAN A\
Eb Ec Ed Ee Ef Eg
Voltage Tap 4 Pick~up Coil
PCO2 PCO1 PCI0 /
=]
Resistive
Heater

PCOS PCO8

PC13 PC14
Figure 4. Locations of a healer, pickup coils and vollage taps.
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IV. RESULTS AND DISCUSSION

Figure 5 shows the plots of the minimum energy
requiredto initiate the normal transition versus the
operating/critical current ratio, Iopflc Though the normal
zone propagated for lop/1c>0.5, it shrank for lop/1e<0.5. 1t
should be noted that the operating current of Iop/‘Ic-O 5
corresponds to the recovery current which is observed for pook
boiling type conductor.

Figure 6 shows the time evolution of voltages and field
changes, AB, at 18.2 kA ([op/Tc—O 49) where the normal zone
shrank. When the vollage generation was initiated, the field at
the positions of PC07, PC11 and PC24 decreased, since the
field produced by the initial transported current has a positive
sign. These pickup coils were located near the strands attached
to the heater (see Fig. 4). So, the field decrease indicates that
the current in the strands with the normal zone was transferred
to adjacent strands which were far from these pickup coils.
Though the heater input continued for 1 sec, the vollage
vanished in about 0.2 sec. This can be explained as follows:
the current with the normal zone dropped down to nearly zero
and then the voltage vanished. Although the current of the
adjacent strands increased, they were still superconducting. The
data also show that AB salurated after the vanish of the
voltage, which indicates that the distribution of the transport
current has been changed due to the generation of the partial
normal zone.

Figure 7 shows the lime evolution where the normal
zone propagated at 21.3 kA (Iop/1c=0.57). The change of AB
seems to be composed of two phenomena. AB for the initial
0.08 sec (period [ in the figure) was almost similar to the
previous dala al 18.2 kA. AB at PC11 decreased and then
saturated. This means that only the strands near the heater
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quenched in the period £, In the subsequent period (11 in the
figure), AB a1t PC11 and PC13 decreased and the others
increascd ajong with the increase of the voltage signals. The
distribution of AB indicates that the current was transferred in
the transverse direction.

AB[T] Voltage[V]

ABIT]

Y
Time [sec]

Figure 6. Time cvolution of voltages and field changes, AB.
The normal zone shrank at 18.2 kA and 8 T, Heater was on
from -0.1 sec 1o 0.9 sec.
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Figure 7. Time evolution of voltages and field changes, AB.
The normal zone propagaled at 21.3 kA and 8 T. Heater was
on from -0.1 sec to 0.9 sec.
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Figure 8. A Model for calculating the field changes due to the
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Figure 9. Calculated results of the field change due to the
current transfer. AX is defined in Fig. 8.

We calculated AB by using a simplified model as shown
in Fig. 8 in order 1o confirm the current transfer process. In
this model, the current in the region 1 with the width of AX

drops down to zero and this current is added 10 the region 2 of

1 mm width. The width of 1 mm simulates a row of strands.
The current density in the region 3 is assumed to be constant.
The calculated results are shown in Fig. 9. AB at PCi1
decreases and AB at PC09 and PCLS increase with increasing
AX, AB at PC13 decreases as AX>2 mm. These tendencies
were consistent with the experimental results. In period [, AX
was evaluated to be 2~3 mm. In Fig. 7, all AB's approached
zero again from 0.45 sec, which indicates that the current
density became uniform since al] the strands turned into
normal states.

It should be noted that the stability boundary appeared at
lop/1c~0.5. At 21.3 kA, the normal propagation started after
the commutation. The reason may be that the current in the
adjacent strands increascd and finally exceeded the critical
current. The strands over the critical current must have
quenched in a Jong region if the magnetic (jeld is constant. If
considering a two-strand cable, it is clear that the stability
boundary is lop/1c=0.5. In the experiment, the phenomenon
similar to the two-strand system may occurred. Vysotsky et

al. reported thal quench current of the adjacent strand cannot
reach the critical one if the duration of commutation is rapid,
the order of 1 msec [5]. The duration was, however, about 100
msec in our sample. The joint resistance between strands may
be effectively reduced because of no insulation of strands.

The experimental resulls suggest that the critical current
should be more thaniwice as large as the operating one in
regard to a cable-in-conduit conductor, The [V-coil has the
critical current of three times. Therefore, we expect high
stability in the operating condition.

V. CONCLUSIONS

Stability of the coaductor for LHD poloidal coils was
experimentally investigated concentrating on partial quenching
using a resistive heater installed in the conduit. The summary
of the results is shown below.

(1) Propagation of normal zone was observed when the
operating/critical current ratio exceeded 0.5. In the case of
lop/1c<0.5, the current in the quenching strand dropped down
to zero and the adjacent sirand could carry the superconducting
current. [n the case of Iop/Ic>0.5, the current in the adjacent
sirand seemed to exceed the critical one and then the transverse
and Jongitudinal propagation of the normal zone progressed.
(2) The experimental results showed that it took
approximately 100 msecto commutate the current fully from
the quenching strand to the adjacent one, This duration was
much larger than Vysotsky's observations, which may be
related to no insulation of strands.

(3) In the actual design of IV-coil, the operating/critical
current ratio is set to be 0.33. High stability margin is,
therefore, expected in regard to the partial quenching.
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PRESENT STATUS OF DESIGN AND MANUFACTURE OF THE SUPERCONDUCTING
MAGNETS FOR THE LARGE HELICAL DEVICE

T. Satow, J. Yamamoto, K. Takahata, S. Imagawa, H. Tamura, N. Yanagi, T. Mito, A. Nishimura, S. Satoh,
K. Yamazaki, H. Kaneko, H. Yonezu, H. Hayashi, M. Takeo, O. Motojima and LHD Design Group
National Institute for Fusion Science, Nagoya, 464-01, Japan

Abstract--The Large Helical Device is a nuclear fusion ex-
perimental device with superconducting magnets. Manufacture
of the cryostat, the two inner vertical coils, and the helical-coil
winding machine are now being carried out. Designs for con-
structing two helical coils and two other pairs of poloidal
coils are being carried on. The outside diameter of the torus-

shaped cryostat is 13.5 m. The helical coils have a magnetic

energy of 1.6 GJ and an overall current density of 53 A/mm?
in Phase II. Its rated current is 13.0 kA in Phase I, and the
maximum magnetic field in the helical coil winding in Phase [
is calculated to be 6.9 T. Three pairs of poloidal coils are
cooled by forced-flow supercritical helium because of the re-
quirement of no metal coil vessel. The rated current of one
inner vertical (IV) poloidal ceil is 20.8 kA, and its stored en-
ergy is 80 MJ. The maximum magnetic field of the two IV
coils is calculated to be 5.8 T. The type of superconductor for
the I'V coils is a cable-in-conduit conductor.

1. INTRODUCTION

The Large Helical Device (LHD)[1,2] is a nuclear fusion
experimental device having two superconducting helical coils,
three pairs of superconducting poloidal coils, cryogenic sup-
porting structures, and a torus-shaped cryostat.

We have two operational stages for the LHD, Phase [ and
Phase II. A seven-year construction project, Phase I, started
in 1990. The key parameter in Phase [ is a central plasma
field of 3 T. After experimental plasma research in Phase I,
the next construction program, Phase II, is expected to begin,
and the field will be enhanced up to 4 T. Enhancement of the
helical field is planned to be obtained by changing pool-
boiling liguid-helivm cooling of the helical coils with Nb-Ti
superconductors in Phase-I into superfluid-helium cooling in
Phase II project.

The poloidat coils are designed and will be construcied in
Phase I according to specifications of Phase II.

Two inner vertical (IV) coils, a lower part of the cryostat,
and the winding machine for helical coils are under construc-
tion in summer 1992,

II. GENERAL DESCRIPTIONS OF THE
SUPERCONDUCTING MAGNETS FOR THE LHD

Table 1 shows the major parameiers of the helical coils

and the poleidal coils for the LHD in both Phase I and Phase
I1 operation. A magnetic energy of 1.6 GJ will be stored in
he helical coils in Phase II. This maximum value has not
been obtained so far, Furthermore, extremely high overall
current densities, such as 40 and 53 A/mm? in Phase I and
Phase II, respectively, must be attained for the requirement of
plasma confinement.

Manuscript received August 24, 1992

The maximum magnetic fields in the helical coil winding
in Phase I and Phase Il were calculated to be 6.9 and 9.2 T, re-
spectively. Nb-Ti was adopted as the superconductor for the
helical coils. They are cooled by pool-boiling liquid helium
in Phase I, but superfluid-helium cooling is indispensable in
Phase II.

Figure 1 shows an outside view and cross section of the
Large Helical Device. It consists of a plasma vacuum vessel,
two superconducting helical coils, three pairs of superconduct-
ing poloidal coils, cryogenic supporting structures, and a
torus-shaped cryostat,

The helical coils must be operated so as to generate con-
stant magnetic fields during plasma experiments in both Phase
I and Phase II. The poloidal coils must also be operated in
the steady-state mode in Phase I, but the poloidal coil currents
in Phase I will be varied for 5 s at intervals of 5 min. If any
superconducting coil becomes quenched, all coils are assumed
to be discharged with the same time constant of about 20 s.

Table 1 Major parameters of the helical coils and the poloidal
coils for the LHD in both Phase [ and Phase II project

Phase 1 | Phase Il
HELICAL COILS

Major Radius 19m
Kinor Radius 0.97% m
Bath Temperature 4.2~‘4.4 K ~1.8 K
Central Magnetic Field T 4T
Hagnetomotive Force 5.85MA X 7.80MA X 2coils
Overall Current Density | ~40 A/om? ~53 A/mm?
Magnetic Stored Energy 4.9 GJ 1.6 GJ

POLOIDAL COILS

0V Coil
Position
Wagnetomotive Force

(R=5.55 m, Z=%1.5% m}
-4,5 MAX 2¢coils

Magnetic Stored Energy 0.60 GJ
IS Coil "
Position (2.82 m. £2.00 m)
Magnetomotive Force -4.5 KAX 2coils
Wagnetic Stored Energy 6.24 GJ
IV Coil
Position - (1,80 m. £0.80 m)
Hagnetomotive Force 5.0 MAX 2coils
Magnetic Stored Energy 0.18 GJ
Total Stored Energy 0.68 GJ
Total Stored Energy when
the Relical Coils and 1.1 GJ 1.6 GJ

the Poloidal Coils are
operated.

1051-8223/93503.00 © 1993 IEEE
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Fig. 1 Outside view and cross section
of the Large Helical Device

III. CRYOSTAT AND
CRYOGENIC SUPPORTING STRUCTURES

A. General

The outside diameter of the torus-shaped cryostat is 13.5
m. lis total height including base structures is 8.8 m. The
cryostat consists of four cryostat vacuum vessels (a flat bot-
* tom section, an inside cylinder section, an outside cylinder sec-
tion, and a curved top section), liquid-nitrogen-temperature
thermal shields with multilayer insulators, cryogenic piping,
nine pairs of cument leads, their cryogenic ports, ten cryogenic
supporting posts, forty room-temperature ports extended from
the plasma vacuum vessel, etc.

B. Cryostat Vacuum Vessels and Base Structures

The bottom section and the 1op section of the cryostat each
have ten room-temperature ports. The outside cylinder
section has fourteen ports, and the inside cylinder section has
six ports.  The thicknesses of the flat bottom section and the
other sections are 100 and 50 mm, respectively. They are
made of 304 stainless steel equivalent. The total deformation
of the cryostat vacuum vessel due 1o evacuation was calculated
to be less than 2 mm in the vertical direction. The maximum
stress on the vessel walls is no more than 80 MPa.

The base structures are made of 14 wt% Mn steel. Elec-
trical insulators will be set up between them and the radial
supporting ribs welded under the flat bottom section.

ov-U CoiL
SUPPORTING
SHEL

:

HELICAL
COIL A1

Fig. 2 Outside view of the cryogenic supporting structures

C. Cryogenic Supporting Structures

The cryogenic supporting structures are composed of shell
arms, a supporting shell, shell ribs, and poloidal-coil
supporting frames as shown in Fig. 2. The major feature of
the supporting shell is that it has many large apertures for the
room-lemperature ports. Eleciromagnetic forces generated by
the two helical coils are supported by the supporting shell
through the shell arms.



The maximum deformation and stress on the 100 mm
thick shell were calculated to be 3.6 mm and 370 MPa, respec-
tively, in Phase II, The shell is made of highly-strengthened
316 stainless stee! equivatent.

IV. SUPERCONDUCTING POLOIDAL COILS

A. General

OQutlines of three pairs of poloidal coils are shown in Table
1 and Fig. 1. They are cooled by forced-flow supercritical
helium, because a metal coil-vessel is necessary in a pool-
boiling-cooled coil. The design for constructing the inner
vertical poloidal coils (IV-L and [V-U coils) was carried out in
accordance with specifications of Phase II, and the coils will
be completed in 1993. The selection study of superconduc-
tors of other poloidal coils (inner shaping (IS) coils and outer
vertical (OV) coils) is now ongoing. Their candidate conduc-
tors are a cable-in-conduit conductor and/or a hollow conduc-
tor.

The rated magnetomotive force of each I'V coil is 5.0 MA,
and its stored energy is 80 MJ. The combined stored energy
of the two IV coils is 180 MJ. The maximum magnetic field
of the two IV coils only was calculated to be 5.8 T, but that
of the IV coils in a combined excitation with the helical coils
and the other poloidal coils was 6.5 T.

R. Superconductor for the I V Coils

The type of superconductor for the IV coils is a cable-in-
conduit conductor. The basic philosophy in selection of su-
perconductor is as follows: Stability as d.c. superconducting
magnet has top priority because the poloidal coils are operated
in the steady-state mode in Phase I but in the very slow pulsed
mode in Phase II. The maximum field changing rate in the
IV coil winding is only 2.2 T / 5 s in Phase II operation. It
is much slower than that of the poloidal coils of a tokamak
system.

Consequently, a simple Nb-Ti and Cu monolithic conduc-
tor was chosen to increase siability as a superconducting strand
of the IV coil.  There is no Cu-Ni matrix. Its Cu/ Nb-Ti
ratio and critical current - operating current ratio (I¢/ [op) were
decided by the application of a stability theory of a tight-
wound superconducting magnet [3],

A cross section of a fabricated strand is shown in Fig. 3.
It has a diameter of 0.76 mm.  The Cu / Nb-Ti ratio of the

Fig. 3
Phatograph of

a cross section of

a fabricated strand
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strand 15 2,7.  Short sample characteristics of several strands
and two cable-in-conduit conductors were measured [4]. The
strand has aboult three times the ratio I¢/ Igp at 4.58 K as de-
signed, A group of Nb-Ti filaments is placed nearer by the
center of the strand as possible of fabrication. No insulation
is done on surface of a strand, so that the normal current flow-
ing in one strand at quenching can easily transfer to other
neighboring strands.

The superconducting cable in a conduit consists of 34x6
strands twisted in the same right direction. The outer size of
the conduit is 23.0 by 27.6 mm. The 316L stainiess steel
conduit has a thickness of 3 mm. It can support the hoop
stress due 10 the [V coil itself.

C. 1V Coil Winding

The type of 1V coil winding is double-pancake. The num-
ber of double-pancakes is eight, and the number of turns per
single-pancake is 15. The IV coil has an inner winding di-
ameter of 1.44 m, an outer winding diameter of 2.16 m, and a
height of 0.47 m.

The design characteristics of the IV coils are shown in
Fig. 4. The rated current of the IV coils is 20.8 kA in Phase.
IE.  Short sample critical current curve is drawn by using the
measured values. The overall current density of the I'V coil
is 30 A/mm? at the rated point.

70 T I T T T T T T T
B < 4
oE 62kA
4.58BX
50 Measured |
5
E30f .
(¥}
S 20l i
20.8kA
1ok (6.5T) i
G L I L l L I L J 1
0 2 4 6 8 10
. Magnetic field B(T)

Fig, 4 Design characteristics of the IV coils

V. SUPERCONDUCTING HELICAL COILS

- A. General

The design of the helical coils is now being carried out.
The winding machine for helical coils is under construction.
The helical coil windings will begin in 1994 and be finished
in 1997.

Figure 5 shows the cross section of one of the two helical
coils. The helical coil winding inside a coil vessel consists of
three superconducting blocks, Hi-I, HI-M and H1-O.  They
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8. Superconductor and Coil Winding

The size of the superconductor is planned to be
12.5 by 18.0 mm. It is a composite of Nb-Ti/Cu
monoliths and Cu-Al stabilizers. The selection
study of superconductor for the helical coils is now
ongoing taking into consideration theoretical stud-
ies and experiments on critical current, stability,
and mechanical stiffness,

The helical coil winding is layer-wound flat-
wise, There are no superconductor joints within a

A6
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g
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layer 10 avoid error fields. Turn-to-turn spacers and
layer-to-layer spacers have thicknesses of 2 and 3.5
mm, respectively. The cooling surface ratios be-
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Fig. 5 Cross section of one helical coil

are energized by using three different power supplies in order
to change the plasma aspect ratio. Two kinds of thermai
shields are set up between the helical coil and the plasma vac-
uum vessel,

The investigations of the rated current, the size and config-
uration of the superconductor, and the number of turns of the
helical coil were carried out from the viewpoint of stability,
coil protection, winding techniques, and heat leak. The rated
currents of the helical coils are 13.0 and 17.3 kA in Phase I

and Phase II , respectively.- Each block has 150 turns. The
total number of s in one helical coil is 450.
50 T T T T T T T @ | M
(~49kA)-
| 1.8K‘ _
40 b
44K b
Sa0f N
E20F Phase-]] K
=3
> “A7.3 kA
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(7.0T)
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¢ 2 4 6 8 10 12

Magnetic field B (T)

Fig. 6 Design characteristics of the helical coils

sult of magnetic force calculations, the maximum
compressed pressure of about 100 MPa acts on a
spacer, and enhancement of stability of the helical
coil is expected.

- - The design characteristics of the helical coils are
shown in Fig. 6. The design fields of 7.0 and 9.3
T are used in Phase I and Phase II, respecuvely
The design temperature of liquid helium is 4.4 K.
The cnucal current - operating current ratio (Io/lop) is designed
50 as to be 1.7 to 2 based on a permissible disturbance stabil-
ity theory [5], so that one-layer strand cable can be adopted
within the composite conductor for the helical coils.

VI. SUMMARY

The recent status of the design of the superconducting
magnets for the Large Helical Device was described. Manu-
facture of the cryostat, two inner vertical coils, and the helical-
coil winding machine are now being carried out. Designs for

constructing two helical coils and two other pairs of poloi-
dal coils are being carried on in summer 1992,
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Abstract--A NbTi cable-in-conduit conductor encased in a
stainless steel jacket is used for the poloidal coil system of the
Large Helical Device. This conductor is required to be of high
stability, so that it is not allowed to insulate the strands in it
and to use CuNi matrix for them in the conductor design. As a
result, the inter-strand coupling losses tend to increase during
the pulsive operation of the poloidal coil. We measured the
less-frequency characteristics of the short sample conductors
with various types of strands in order to clarify their joss
- properties. The measurement was carried out in the transverse
ac ripple field superposed on bias fields, in the frequency
range from 0.1 Hz to 200 Hz. Our measuring shows that the
replacement of the CuNi-matrix strands in the conductor by
the Cu-matrix strands does not much increase the intrinsic
coupling loss, but that non-insulation of the strands causes
considerably high inter-strand coupling losses.

L INTRODUCTION

‘The large helical device (LHD) as an experimental device
for fusion science is now under construction at Toki city in
Japan{1}. LHD has two large superconducting coil systems,
i.e. a helical coil system to provide a confinement field for the
hot ionized plasma, and a poloidal coil system to provide the
field change. The former coil is projected to be wound by an
aluminum stabilized NbTi conductor of pool cooling type, and
the latter by a NbTi cable-in-conduit {CIC) conductor of
forced-flow cooling type.

The poloidal field coil system is composed of 3 pairs of
¢oils named OV, IS and IV coil. The specification of [V coil,
situated at the inmost part of LHD, is as follows: an average

radius of 1.8 m, a winding cross section of about 0.47x0.37m?

(2 sets), a maximum overall current density of 29.8 Afmmz. a
maximum magnetic field of 6.5 T and a minimum rising time
of 5 seconds. The CIC superconductor for [V coil at operating
current of 20.8 kA is required 1o be of high stability[2,3], so
that it is not allowed to insulate the strands. Such a CIC con-
ductor preferentially required to be of high stability tends to
generate a large inter-strand coupling loss during the pulsive
operation of the coil. The research and development of the
CIC conductor is now undergoing from the low loss point of
view.

This paper? intends to elucidate the loss feature of the CIC
superconductor for the LHD poloidal coil system.
Specifically, we shall experimentally show how much the in-
crease in the loss of the high-stability CIC conductor can be.
At first we shall describe the characteristics of our experiment

¥ The authors are thunkful to Mr. H. Takano of Toshiba Corporation
for providing samples. This research is supported in part by the Grant
in Aid for Scientific Research of the Education Ministry of Japan.
Manuscript received August 24, 1992

for this purpose. Secondty, the results of the loss measurement
for several CIC conductors will be shown. Finally, we shall
discuss the loss feature of these conductors.

I, EXPERIMENT
A, Sample Preparation

In order to measure the loss property of CIC conductors,
we prepared eight conductors as shown in Tab. 1. They are re-
duced or full scale R&D conductors for the poloidal IV coil of
LHD. The parameters of the strands in these conductors are
listed in Tab. 2. The conductors differ in the matrix or in the
surface condition of the strands.

Only the Conductor TOKI-PF[2] has strands with CuNi’
and Cu mixed-matrix, while other conductors use strand with
Cu matrix. The strands of the Conductors A, TOKI-TF and
TOKI-PF, are insulated before assembled. Conductors R-1, R-
2, R-3 and IV, are composed of the same type of the strands
C-3. They, however, differ in their surface conditions: in the
cases of R-2 and R-3, the heat treatment was given for 6 hours
and 24 hours at 100 °C in air, respectively, and in other cases,
no special treatment was given except the natwral oxidation in
air.

Short and straight samples of about 500 mm in length are
provided for this experiment since bending may change the
inter-strand contact condition. As any direct contact of super-
conducting filaments generates a measurement error of losses,
both ends of each short sample are polished to be smooth and
flat. A loosely wound single-layered solenoidal-coil of the
strand C-3 is also provided for measuring the intrinsic loss in
the strand. The diameter and the axis length of the coil are
23.4 mm and 21 mm, respectively.

B. Loss Measurement System

We contrive two kinds of loss measurement systems. The
first one is a compact system to measure ac losses in the short
and straight sample conducior with a maximum size of 30 mm
x 30 mm x 550 mm (in this space for the conductor, the pick-
up coil described below must be alse mounted together with
the sample). In this system, an ac ripple field superposed on a
bias one is applied transversely to the long axis of the samples.
This is characieristic of our measurement sysiem 1o carry out
this research. The other, an additional system, has a high sen-
sitivity to measure ac losses in the single-strand solenoidal
coil sample such as the coil wound by the strand C-3. The coil
can be subjected to the ac field with a maximum amplitude of
1 T. In these systems, ac loss measurements are available for a
wide frequency range of 0.1-200 Hz. Samples are immersed
inliquid helium during the measurement,

In the former system, a saddle-shaped pick-up coil is ap-
plied to measure the time variation of the flux inside the short

1051-8223/93503.00 © 1993 [EEE
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Table 1. Parameters of the sample conductor

Conductor A B TOKI-TF TOKI-PF  R- R-2  R-3 v
size [mm] 01673 91520  11x11  17x22.34  ¢8.15  ¢8.15  ¢8.15 22.9x27.7
conduit thickness [mm] 1.05 1.10 1.04 1.0 1.08 1.08 1.08 29
void fraction [ %] 392 365 38.3 39.9 38.1 38.1 38.1 38
number of strands 162 162 324 486 36 36 36 486
strand type C-1 C-1 Cc-2 CN-1 C-3 C-3 C-3 C-3
insulation of strands formal - formal formal - oxide™ oxide** -
strand diameter [mm] 0.891 = 0.430 0.67 - - = -
(after insulation)
twist pitch [mm] -3 strands 70 70 35.8 55 61 61 61 60
.32 157 157 67 105 112 112 112 95
-32x4 190 190 190
-33 245 245 105 164 ' 145
-33%6 500 500
-34 134 210 225
-394 371
-3%%6 580 408

sample. For the sample with a rectangular cross section, the
pick-up coil of a few 10 turns of the Cu fine wire is wound
encircling the surface of the sample along the axial direction
‘we call this coil 'pick-up-1'. Cf. Figs. 1 and 3). For the sam-
ple with a circular cross section, two kinds of pick-up coils are
used: one, named 'pick-up-2', is wound, concentraled parallel
to the axis on the circular surface of the sample, and the other,
named 'pick-up-3', is wound circumscribing the circular con-
ductor (CF. Figs 2 and 4). The absolute value of the loss mea-
sured by using pick-up-2 or pick-up-3 is not accurate, but the
measured loss-frequency characteristic is reliable.

C. Measured Loss-Frequency Characteristics

Measured loss-frequency characteristic curves are shown
in Figs. 1- 4. The vertical axis of these figures, i.e. the
‘normalized loss’ is the loss per cycle normalized by Bm21|.10 .
where B, is the amplitude of the applied ac field, and Mg is

the permeability of vacuum. Most of the data of the normal-
ized loss do not depend on B, which indicates that the mea-

sured loss is mainly composed of the joule losses in the nor-
mal metal such as the coupling loss or the eddy current loss.
The data are, therefore, plotted for the case of B m=16 Gauss

except for the loss of the strand C-3. As for Lhe strand C-3,

Table 2. Parameters of the strand in sample conductors

*100°C x 6h, **100°C x 24h (heat treatment in air)

loss-frequency characteristics were measured for the case of
<30 Gauss of which the joule loss predominates over the hys-
teresis loss in the NbTi filaments.

I1I. RESULTS AND DISCUSSION
A. Losses of the CIC Conductor with Mixed-Matrix Strands

Figure 1 shows the comparison of the losses in two
Conductors, TOKI-TF and TOKI-PF, which differ in the ma-
trix of the strands. Both types of the strands, C-2 and. CN-1,
have a similar structure in which Cu core (we will hereafter
denote ‘region 3') is at the center of the strand and Cu sheath
(‘region 1%) is outside the filamentary region (‘region 2'). But,
in the case of the strand of TOKI-PF, CN-1, the filaments sur-
rounded by a small amount of Cu are embedded in CulNi ma-
trix, while in the case of the strand of TOKI-TF, C-2, the fila-
ments are embedded in Cu matrix.

A coupling time constant tST can be calculated for the

strands, CN-1 and C-2, by [4)
T l=Tg + Tsa* T3

Rl -Rz

2_.2

":sl'~ Ocu l‘{)(

2_p.2
Strand type C-1 C-2 CN-1 C-3 T59= % 07 My (%it )2 B—ZR—EL '
diameter (bare) [mm]  0.809 0408 065  0.767 !
“ufCuNi/SC ratio 3.29/0/1 4.82/0/1 0.4/1.65/1 2.66/0/1 1 2 Ra,
filament diameter[um] 53 141 109 15 T53= 3 OCu o ( =0 Lt (1)
number of filaments 54 144 1170 690
twist pitch [mm] 28 15 13 9.3 where the suffix, 1, 2 or 3, corresponds to each region, 1y, T,
critical current [A] 418 17 15.2 158 or Ty3 is the contribution to the overall coupling time constant,
at 3T at5T at6T  at6.5T
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Oy is the conductivity of Cu (~1x10'0 S/m at 0~0.9T), Ls is
the twist pitch of the strands, and Ry, Ry and Rj is the outer
radius of each region. The conductivity of the region 2, 65, is
denoted by 5]

O3 = OCyNi -2y for Stran -1, (2)

G2~ 0¢y for Strand C-2, 3)

where Gy is the conductivity of CulNi, and A,' is the vol-
ume fraction of the filaments and Cu in the region 2. The per-
meability of the region 2, iy is given as ly = pg (1 - A)/( 1 +
A7) for the small field case, where A5 is the volume fraction of

the filaments in the region 2. On the other hand, the frequency
characteristics of the normalized coupling current loss in the
strands, wg , is given by

ff,

.ws=2wp W ) 4

In this equation, fy(=1/(2n<,)) is the coupling peak frequency
of the strands, and Y is the peak value of wg, i.e.

eff 1'7‘10:
Wy = ~ g .
P Ko Heff 1+lmt

=

(5}

where A, is the volume fraction of the filaments in the whole
strand. -

Table 3 shows the results of the loss properties of different
strands in some conductors. The superscripts *“T" and 'E’ rep-

resent the theoretical and the experimental resulis respectively,

From this table, we can see that there is not much difference in
751 between C-2 and CN-1. The measured results shown in
Fig. 1 and Tab. 3 support this theoretical prediction. The
strand with a mixed-matrix, dealt with in this paper, is not a
popular strand, but only an example for trial. This result sug-
gests, however, that the strands with Cu matrix for high stabil-

‘]OOF T T T YT} T T T T T ]
o ]
[ TOKI-PF |
L D D P
@ t |®E By =09T *BNQ o :

3 -1 OD Bdc= OT o
N a -
-810 E TOKI-TF 7
N} Q = ]
£ & fa :
2 g Bll-
107 5151 :
:I i ;Ehunlo R ......l1 s ......Jz ]

10 1

0 10
Frequency (Hz)

Fig. 1 Measured frequency characteristics of the normalized
losses in the Conductors TOKI-TF and TOKI-PF,

ity do not have significantly larger coupling losses.
B. Losses of the CIC Conductor with Non-Insulated Strandy

Figures 2 and 3 show the observed loss-frequency charac-
teristics of the Conductors with non-insulated strands. As
shown in Fig. 2, the difference in characteristics among the
three Conductors, R-1, R-2 and R-3, is not so considerable,
which indicates that the heat treatment of R-2 and R-3 in air
for changing their surface conditions does not play an impor-
tant role to reduce losses. On the other hand, the observed
loss-frequency characteristic of the Conductor IV, as shown in
Fig.3, is very different from that shown in Fig, 2.

We will now discuss what these characteristics indicate.
The dotted lines in Fig. 2 and Fig. 3 represent the loss-fre-
quency characteristics measured for the single-layered
solenoidal-coil of the strand C-3. The absolute value of the
normalized loss is adjusted as follows: the loss of the
Conductors R-1 and IV is assumed to be equal to wg+w,,

where wq is the measured loss of the strand C-3 multiplied by
a constant ¢, and the inter-strand coupling loss w, is given as

ff,

1+ (f/)2 5

' we=28
In this equation, B is the peak value of w, , which is a con-
stant, and f. is the frequency corresponding to (. These three

values, o, B and f;, are adjustable parameters, which are de-
termined by fitting our theoretical formulae to the observed
data of the Conductors. From the obtained results, which are
shown as wg and w. in Figs. 2 and 3, we notice that the loss
value w, of the Conductor IV is higher than that of the

Conductor R-1. This result seems 1o be reasonable on account
of the difference in both the maximum wist pitch of cabling
and the number of cabling stages. A quaniitative explanation
is, however, required to design the final CiC conductor for the
poloidat IV coil of LHD.

Table 3. Results on loss properties of various strands

Strand C-1 C-2 CN-1 C-3

Sample conductor A TOKI-TF TOKI-PF (Solenaid)
Theoretical results

-Coupling time constant 78 15.4 7.4 49
of strands, 7,1 [msec)

-Coupling peak 2.0 10.3 22 32
frequency of strands,
fT= 1/2r ;T ) [Hz)

-Peak value of 0.75 0.78 0.67 1.8
normalized coupling
losses in samples,w,T

Experimental results

-Peak frequency, 2.7 43 75 20
f.E = 1/(2r t,E) [Hz)

-Peak loss value, w,E  0.14  0.18 0.30 0.60

Comparison

SRR A 0.74 0.24 0.29 1.6

-woE fw,T 0.19 023 045 0.33
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Fig. 2 Measured frequency characteristics of the normalized
losses in the Conductors, R-1, R-2 and R-3, where

Bdc = OT. A dotted line with dark circles corresponds

to the strand C-3. A solid line corresponds 10 the esti-
mated inter-strand coupling loss in the Conductor R-1.
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Fig. 3 Measured frequency characteristics of the normalized
losses in the Conducior IV, A dotted line with
dark circles corresponds to the strand C-3. A solid
line corresponds to the estimated inter-strand

_ coupling loss,

IV. CONCLUSION

We measured the loss-frequency characteristics of the
high-stability NbTi CIC conductors in order to clarify the loss
feature of the conductor for the LHD poloidat coil. The con-
ductor required to be of high stability is not allowed to insu-
late strands in it and to use CuNi matrix for them in the con-
ductor design. Our measurements for such conductors show
that the exchange of the CuNi-matrix strands in it for the Cu-
mnatrix strands does not much increase the intrinsic coupling

258, but that non-insulation of strands causes considerably
high inter-sirand coupling losses,
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APPENDIX

An additional measurement is carried out concerning the

increase in the inter-strand coupling loss in the case of non-in-
sulated strands. Figure 4 shows the difference in the loss-fre-
quency characteristic curves between the Conductor A and B.
These conductors are composed of the strands designed for
MRI. The curve of the Conductor A is just the same as the
Debye curve predicted theoretically, and that of the Conductor
B is similar 1o that of the Conductors, R-1, R-2 and R-3,
shown in Fig. 2 except that f is smaller by about 1 order.

up-

Unfortunately, the pick-up coils are the type of the pick-
2. In addition, the size of the two coils of the Conductors

A and B is different each other, so that the difference between
the two curves of their coupling current loss is due to non-in-
sulation around the strands. According to the argument similar
1o the one in the case of Figs. 2 and 3, £ is much higher than
fs. It means that the inter-sirand coupling loss dose not pre-

dominate over the intrinsic coupling loss in the strand.
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Fig. 4 Measured frequency characteristics of the normalized

losses in the Conductors A and B.



