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ABSTRACT

The Large Helical Device project is now successfully executing its 7th year
program of 8 vears construction period. Superconducting (SC) Research and De-
velopment tasks for the LHD SC coil construction have been already completed,
and we have now accomplished more than 73% of the whole construction sched-
ule. In this paper. we report the recent progress of SC R&D obtained, and the
fabrication technology developed for a huge and reliable SC coil system. These
results are applicable to a future experimental reactor in the next decade
with a much larger SC coil system.

The LHD is called heliotron and has #/m = 2/10 SC helical c¢olls and three
sets of SC poloidal coils, of which coll currents are 7.8 MA, 5.0 MA, -4.5 MA, and
-4.5 MA, respectively. The major radius, miner helical coil radius, minor plasma
radius, and plasma volume are 3.9 m, 0.975 m, 0.5~0.65 m, and 20~ 30 m%, respec-
tively. In addition to an SC coil system, the main body of the LHD consists of
huge supporting structures for the electromagnetic force, a vacuum chamber,
an outer cryostat, and a machine base. The total weight is about 1,500 tons, in
which LHe cocled mass is 830 tons. The LHD has a maximum stored energy of 1.6
GJ (4 T at the plasma center}. The major goal of the LHD project is to demon-
strate the high petentiality of the helical-type device producing current-
less-steady-state plasmas with an enough large Lawscn parameter in absence of
any danger of a plasma current-disruption. It provides a useful and reliable
data base making it possible to predict a fusion reactor condition. The reali-
zation of the steady-state operation requires a large extent of engineering
innovations, primarily in the areas of superconducting technology, plasma fac-
ing materials and water cooling systems, and heating systems. It also contrib-
utes to building up the engineering scenario required for a long-puise regu-
lated plasma operation necessary for the fusion research.
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1. INTRODUCTION

The LHD, a heliotron-type apparatus, is a superconducting toroidal device
with a major radius of 3.9 m. It has ¢ /m = 2/10 SC helical coils and three sets
of SC poleoidal coils, of which coil currents are 7.8 MA, 5.0 MA, -4.5 MA, and -4.5
MA, respectively. The major goal of the LHD project is to demonstrate a high
potentiality of the heliotron-type device producing currentless steadv-state
plasmas with an enough large Lawson parameter and without any danger of a
plasma current disruption. Thé SC is a key technology of the LHD project. The
schematic view and the specification of the LHD are shown in Fig.1 and in Table
1. In Table 2, the parameters of the LHD SC colls are listed. Both helical and
OV poloidal coils are the largest SC colls among the existing fusion devices.

The main objectives and target parameters of the LHD'*2 < are (1) confine-
ment studies and the demomstration of high temperature plasmas such as the
density <n> = 10®°% m™ and the temperature <T> = 3-4 keV, or <n> = 2x10*° o= and
T(0) = 10 keV under an input heating power of 20 MW, (2) MHD studies and the re-
alization of high beta plasmas <8> > 5%, (3) studies on confinement Improvement
and steady-state experiments by a diverteor, and (4) developments on physics
and technologies for a fusion reactor. The realization of the steady-state op-
eration requires a large extent of engineering innovations, primarily in the
areas of superconducting technology, plasma facing materials and water cool-
ing systems, and heating systems. It also contributes to building up the engi-
neering scenaric for a long-pulse regulated plasma operation. In this paper,
we generally review the major progress of the LHD project, i.e., the present
status of construction, recent progress of SC R&D obtained, and the fabrica-
tion technique developed for the construction of the large and reliable SC
magnet system. These are the necessary goals of the LED project and are ex-
pected to contribute to a future experimental reactor in the next decade.

The LHD project is now successfully executing Tth year program of 8§ years
construction. The engineering research and development for the LHD have al-
most been completed, and we have now accomplished more than 75% of the tough
and long construction schedule.

2. SC MAGNET TECHNQLOGY

In this section, we elucidate the new SC magnet technology developed in
NIFS to execute the LHD construction, which are 1) development of helical and
poleidal coil conductors, 2} fabrication technigue, 3) test procedure and gqual-
ity control, 4) mechanical design, and 5) bus lines, etc.

2.1 DEVELOPMENT OF HELICAL COQIL CONDUCTOR AND TEST PROCEDURE

Many types of superconductors with different internal structures were
proposed and examined practically with short sample tests® The final conduc-
tor size is 12.5 mm X 18.0 mm, and the nominal current is 13.0 ka (4.4K/Phase I,
17.3 kA for 1.8K/Phase II). The main specification of the superconductor is
listed in Table 2 and the cross-sectional configuration is shown in Fig. 2. The
pure aluminum (5 nine) is the main stabilizer. The conductor size has been
optimized not only for the mechanical flexibility to facilitate the on-site
winding process but alsc for the cryogenic stability due to the increment of
the surface/volume ratio. Fifteen NbTi superconducting strands are twisted and
formed into a Rutherford-type flat cable. Instead of the conventional OFCu,
Cu-2%N1 (resistivity: ~2.5x107°Q m} was selected for the clad material around
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the aluminum to Insulate the Hall current® while maintaining the smooth cur-
rent transfer from the superconducting strands to the aluminum. Ancther im-
pertant development of the conducter is the adoption of the electron beam
welding to the half-hard copper sheath, which has drastically enhanced the me-
chanical toughness of the conductor not only against the compressional stress
of up to 100 MPa during the excitation but also against the plastic deformation
during the three dimensional winding process. The conductor surface is oxi-
dized te improve the heat transfer t¢ the liquid helium.

The total length of more than 36 km have been fabricated with a unit length
of 800~ 1100 m, wound in 38 bobbins. Each unit produced has been carefully in-
spected for necessary items, such as the critical current of the strands, the
resistivity of the pure aluminum, the mechanical toughness and the heat trans-
fer coefficient. Short sample tests have been carried out to evaluate the basic
properties of each superconductor, using the test facilities with 9 T split
coils, 100 kA current leads and 75 kA DC power supplies.

Figure 3 shows obtalned critical currents and recovery currents fer all
conductors as a function of the bias magnetic field. The critical current shows
a good agreement with the value predicted by integrating the critical current
of each single strand, taklng account of the three dimensional self-field ef-
fect. The scattering of critical currents is in the range of 4% at 7 T. Stability
tests have also been carried out by initiating a normal zone with heaters and
by measuring the recovery current. It should be noted that recovery currents
exceeded the nominal current value for the 4.4K operating condition (13.0 kA at
6.9 T).

2.1.1 MECHANICAL REQUIREMENT FOR HELICAL COIL

The fabrication error for the coil position is required to be under 2 mm
that corresponds to 5x10™* of the major radius® Furthermore, the elastic de-
formation of the coil by electromagnetic force is specified to be under 1.9 mm
at 3 T operation. The helical coil conducters are, therefore, designed to be
packed into a thick coil-can made of stainless steel SUS316. Since the coil-can
is used as a bobbin for winding, it must be fabricated with a high accuracy. A
torus-shaped winding core was, therefore, prepared with high accuracy of 0.2
mm. The top or bottom half pitch of the coil-can was manufactured with NC ma-
chinery in a factory. These parts were assembled and welded with each other in
Toki site. As the results of R&D for the new welding technique, the fabrication
error of the coil-can has been made enough small for the adeguate helical coil
winding. The movement and the stress of each conducter were calculated by us-
ing ANSYS 4.4 as shown in Fig. 4. The electromagnetic force is applied to the
node which is the center of each conductor. Since the insulators between con-
ductors are separated, the compressive Young's medulus is calculated multiply-
ing the actual value by a spacer factor. The Young's medulus (E) along the con-
ductor is negligibly small. Inner materials of the composite conductor, which
are superconducting strands, CuNi clad pure aluminum and solder, are repre-
sented by homogeneous elements.

We have developed a new GFRP insulator with high rigidity. The Young's
modulus is larger than 22 GPa, and the compressive strength is over 1000 MPa.
In the case of the rigidity of 22 GPa and the spacer factor of 0.3, the movement
of the bottom layer and the maximum stress on conductors are calculated to be
1.1 mm and 173 MPa, respectively. In this analysis, the averaged Young's

_3___
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modulus of the stabilizer and SC strands (Eai+sc) is given as 10 GPa. Since the
fabrication gap between conductors and insulators is expected to be crushed
by a large electromagnetic force, the equivalent rigidity of the coil is
reduced simultaneously. This effect was estimated by assuming that the total
gaps are equal to the increment of the displacement of the bottom laver. The
result is shown in Fig. 5. The larger the gap is, the higher the stress on the
conductor is. The stress on the aluminum in the top layers is below the yield
strength. This means that it is a reasonable assumption that Eaiqse is 10 GPa.
The fabrication gap averaged has been established to be within 65x m/layer to
keep the stress on the conductor under the yield strength. We are able to
aveoid the quench caused by plastic deformation of the conductors.

2.2 POLCIDAL COIL DEVELOPMENT

To fabricate the poloidal coils, a forced flow cocled conductor with a high
stablility margin (NBTI cable in conduit type, Table 2) has been developed to re-
duce the AC loss due to the coil current shift during the plasma experiments
{about 1 kA/sec). Cool-dewn and current-excitation tests om the smallest poloi-
dal coil (inner vertical coil, IV coil) was a highlight of the poloidal coil R&D
in 19957. Without experiencing any coil quench, we could raise the current to
the nominal value of 20.8 kA.

2.2.1 POLOIDAL COIL CONFIGURATION

The poloidal coils consist of Inner Vertical {IV), Inner Shaping {IS) and
Outer Vertical (0V} coils. The IV and IS coils have been completed in the facto-
ry and shipped to the institute. The on-site winding of 0OV coils has been fin-
ished, and lower three coils have already been installed into a lower part of
the LHD supporting structure.

The NDTi cable-in-conduit conductors are adopted because of its high sta-
bility. The specifications are listed in Table 2. The void fraction is 0.38, which
is optimized from the viewpoint of the strand movement and inter-strand cou-
pling losses. The strand surface is uncoated. Taking care of the current dis-
tribution and the heat transfer to the helium, we confirmed that a bare strand
provided a high stability margin. The critical current was set to be three times
as high as the coperating current at the maximum field. The previocus research
also suggested that the stability for partial guench was enhanced when the
critical current was more than twice as high as the operating current.

An important subject of the design and fabrication is to reduce the error
field from the poloidal coils. The required accuracy is 1x10™* at the plasma
surface. To minimize the error field, the molded pancakes kept tolerances of +2
mm for the inner and outer diameters and +1 mm for the height. The tolerances
correspond teo the extreme accuracy of about 5x10™* for the diameter. As for
the electric joints between pancakes, a solid state bonding method was ap-
plied. The NbTi filaments were jointed trying to keep their superconductive
performances. The required space for the joint is only 37 mm wide, 50 mm high
and 60 mm long. The joint was small encugh to reduce the error field.

2.2.2 PERFORMANCE TEST OF IV COIL

Cne of the IV coils was set in a single-coil-testing cryostat and connected
to the test facilities in NIFS. The helium refrigerator capacity is 600 W at 4.4K
or 250 1/h. The inlet gas temperature was controlled by mixing cool (~80K) and

_4_



F1-CN-G4/GZ-4

hot (~ 280K) gases from the colid box. The temperature difference between Lhe
inlet and outlet was then kept less than 50K. Following the initial ccoling
phase, the steady cooling was carried out with a supercritical helium
centrifugal pump. The specified mass flew rate was 50 g/s, and the inlet
pressure was about 0.9 MPa. The pressure drop was measured during cool-down
and steady cooling. An extended summary of the results of the single cool down
and excitation tests of an IV coil is as fellows. (1) The total cool down time
was about 250 hours. (2) The coll contracted uniformly by the design value,
about 6 mm. {3) The relationship between the {ricticon factor and the Reynolds
number in the cool down phase agreed well with the results obtained by the R&D
coils previously tested. (4) The friction factor decreased by increasing the
operating current, which might be explained by the produced narrow gap Iinside
the conduit due to the electromagnetic force. (5} The coil was successfully en-
ergized up to the specified current in spite of the deformation of the strands
bundle. The conductor possessed the high stability margin. (8) The heat genera-
tion of a joint was 0.06 W at 20.8 kA, which was negligible for conductoer stabil-
ity. (7) The radial displacement and acoustic emissicn observed suggested that
the coil was mechanically stable,

2.3 SC BUS-LINE SYSTEM

A superconducting flexible bus-line has been developed for a current feed
system for the LHD. An aluminum stabilized NbTi/Cu compacted strand cable is
used to satisfy the requirement for the fully stabilized condition at the nomi-
nal current of 32 kA. We will utilize the SC bus-lines for both helical and
peoloidal coils. The bus~line system is shown in Fig. 6.

The design concepts for an SC current feeder system for the LHD are as
follows. (1) Fully stabilized SC propertiss should be satisfied for the nominal
current of 31.3 kA {(for OV coils}. (2) The breakdown voltage should be higher
than that of the SC coils. (3) The system should be able te maintain its rated
current carrying capacities for 30 minutes, even if the coolants supplied to
the current feeder system are stopped. The SC current feeder system is re-
quired to have enough safety margin exceeding those of the SC coils, because
the stored magnetic energy of the coils must be extracted through the SC
bus-lines when the coils quench. The SC bus-lines should be flexible since the
routes from coils to their power supplies have many corners. The minimum bend
radins is designed to be 1.3 m, because of the restriction on the height, and
width. The design specifications for the SC bus-lines are listed in Table 3.

We have manufactured a full scale model of a 20 m long SC bus-line which is
shown in Fig. 7% Performance tests of the full scale model were successfully
carried out. A minimum propagation current for the normal transition larger
than 32.5 kA was observed when a perturbation energy of 80 J was added. We al-
so successfully conducted an over-current operation up to 40 kA without any
quench. The current distribution among the SC strands was investigated for
ramp rates from 100 A/s to 2 kA/s, and the deviation of the distributed cur-
rents was less than 7%. The heat load into the returned celd helium gas in the
corrugated transfer line was 4.55 W/m.

The breakdown voltage between +/- cables was measured with test pieces of
R&D SC cables of 150 mm in length. Both ends of the test pieces were covered by
electrical Insulators. Tests were conducted over a wide range of the tem-
perature from 4.2 to 294K using helium gas. In the coil protecticn circuits of
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LHD, the maximum induced voltage of the coils is 1.9 kV in the case of the decay
time constant of 20 s. The imnsulation structure of the SC cables has a large
breakdown voltage margin more than 20 XV at the LHe temperature.

3. SUMMARY

Experiencing the R&Ds, the engineering design, and the construction of the
LHD, we have developed the various amount of SC magnet technologies which are
contributing to the development in the fusion technology area.

In the following, we briefly discuss further information on the major prog-
ress of the SC magnet technology during the LHD construction. (1) Helical coil
conductor joints; there are 32 joints, in which we could obtain enough low
value of the resistance of each joint less than 0.7 nQ (0.2 W at 17.3 kA). (2)
Evaluation of the AC loss in the helical coil conductor; the AC loss of the
helical coil conductor is evaluated by applying a time-varying magnetic field.
From the magnetization of the conductor, the time constant of 4.3 sec was ob-
tained. (3) Coil protection; the coil protection circuit for the helical and
poloidal coil system is an urgent subject for the LHED operation. A 30 kA range
of DC circuit breaker using a power fuse and an AC vacuum breaker has been de-
veloped for this circuit with a dump resistor. After the demonstration tests
using the practical circuit and dummy coils, the operation sequence and the
possibility of fault of less than 5xi10™= have been confirmed. {4) A supercritical
helium pump for the forced flow cooling; an SHe circutlating pump for poloidal
coils has been developed and tested during the IV coil test (50 g/s). The
mechanical performance with the high pressure drop between the inlet and the
outlet (1 atm) was confirmed.

In this year, 1998, the major activity of the LHD construction will move to
the finalizing phase at the Toki site. The completicn of the construction
schedule is at the end of 1997. We will keep continuing the necessary tasks for
the construction and the assembly of the LHD, which will be completed almost
within one and half a years from now, and then the first plasma experiment will
start.
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Table 1. Specgifications of LHD

Major Radius

Averaged Plasma Radius

£, m

Magnetic Field

Helical Coil Current
Coil Minor Radius
LEc Temperature

Poloidal Ceil Current
Inner Vertical Coil
Inner Shaping Ceoil
Outer Vertical Coil
LHe Temperature

Plasma Volume

fleating Power

Coil Energy

Refrigeration Power

{tems
Superconductor
Conductor Type
Ceooling Method
Conductor Size
Major Radius
Weight per Coil
Maximum Field in Coil
Siored Energy
Nominal Current

Coil Current Density
Magnetomotive Force
Hoop Force

Up-down Force
Diameter of Filament
Diameter of Strand
Number of Strands

Poloidai coil

3I9m
0.5~0.62m
2, 10

3(4) T
5.85(7.8) MA
0.975 m
4.4(1.8) K

5.0 MA
-4.5 MA
-4.5 MA
45K
20~30 m®
40 MW
0.9(1.8) GJ
H~15) k¥
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Table 3 Specifications of SC Bus-Line

Items
Number

Rated Current
Rated Voltage
Length

Min. Bending Radius
Heat Load

Type

Table 2 List of Coil Parameters

Helical Coil

NbTi/Cu

Compacted Strands CICC

Pool-Cooled

12.5x18.0 mm

3.9m
120 tons
8.2T
1.6 GJ
17.3 kA
53 A/mm2
7.8 MA
356 MN
240 MN
47Tpm
1.74mm
15

Lot N JL

IV Coil IS Coil
<—= <=
cee
Forced Flow  <—-
23.0x27.8 23.0x27.8
1.80 2.82
i6 23
6.5 3.4
0.16 0.22
20.8 21.6
29.8 31.5
5.0 -4.5
262 116
-60.2 95.6
15 i2
0.78 ¢.78
486 <o
Cryostat

%

L Plasma vacuum vessel

Fig. 1 Bird's Eye View of LHD

Specification

6 (Helical Ceoils)
3 (Peoloidal Coils)
32 kA

5.7 kv {80 K GHe)
45 ~ 65 m

(300-80 K)
Five Corrugated
Tubes

0V Coil

<-=

P

<=
27.5x31.8

5.55

Cryogenic

\ supporting post
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