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ABSTRACT

The construction of the Large Helical Device (LHD) is progressing as a7
year project in Japan which began in 1990. This year, necessary research
and development programs are nearly reaching the final goal of the original
schedule and we have started the construction of the basic parts of LHD. We
report on the results of the physics and engineering design studies, and the

recent status of the construction of LHD.
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1. Introduction

The Large Helical Device (LHD) is a toroidal magnetic fusion experimental
apparatus which will contribute to the physics understanding of
currentless, steady-state and non-axisymmetric toroidal plasmas with high
temperature and high beta values being extrapolatable to the reactor regime
[11,12],[3). This project also aims to contribute to the development of
several fusion technology areas, primarily superconductivity, mechanics and
materials research. LHD has the prospect of providing an alternative and
complementary method to the general fusion approach by tokamak devices.

The superconducting (SC} coll system is composed of ¢ =2 helical coils
and three sets of poloidal coils with a total stored magnetic energy of 1.83
GJ. The main machine parameters, m number, ¢ number, major radius, coil
minor radius, magnetic field, plasma minor radius, and piasma volume are 18,
2,39m 0.975m 4 T, 0.65 m, and 30 n°, respectively. The specifications are
listed in Table 1. These basic parameters were decided based on the
detailed physics analyses and optimization studies on the transport, MHD,
high energy particle orbit containment, divertor effect, etc. trying to
maximize the surpassing properties of LHD [4]. A view of the experimental
rooms and the cross-section of LIOD are shown in Fig. 1. The most remarkable
difference from tokamak plasmas is the availability of currentless
steady-state operation, which explores new pPhysics issues, especially
gaining the freedom from the current profile constraint and the probability
of the current disruptions. It is eventually a final goal of LAD project to
demonstrate these issues. From the engineering view point, the property of
the steady-state operation and the absence of the plasma current and the
disruption contribute to reduce the requirements or the constraints on the
technological specifications. These are the primary factors which have
directed the LHD construction to be a superconducting machine.

Three sets of heating systems, gyrotrens, NBI, and ICRF will be con-
structed. The total amount of the power absorbed is expected to be more
than 20 MW. The currentless plasma will be initiated by microwave power (84
GHz, 10 MW). According to the neoclassical heating scenario, an electron
root condition obtained by the specific electron heating is expected to
increase the ion temperature subsequently with the combination of large NBI

heating power (125 kV, 15 MW) [5],[6]. The highest ion temperature expected




is around 10 keV. The longest confinement is obtained by increasing the
density and getting an ion root condition. These investigations of the
confinement properties and heating efficiency are very important in
establishing the reactor ignition scenario by helical systems. As for the
experiment to produce a steady-state plasma, a maximum power level of 3 MW
is injected into the vacuum vessel.

High beta experiments are another highlight of the program. The
expected maximum volume averaged beta value is 5 %, which is the necessary
value for future fusion reactors. This is the result of new physics findings
which conclude that it is possible to maintain the magnetic well which is
effective for obtaining a stable high beta plasma even in the case that the
magnetic axis was shifted inside the torus where the orbit loss of high
energy ions is remarkably reduced [7]. The expected plasma parameters are
listed in Table 2 and the objective parameter range is shown in Fig. 2, which
is the Lawson diagram with the present tokamak data-base.

The material of the superconductor is NbTi, and the cooling systems are
pool-boiling for the helical coils and forced-flow for the poloidal coils.
Conductors with large currents up to 30 kA have been newly developed using
an aluminum stabilizer in addition to the copper matrix. LHD has a divertor
tc control the steady-state particle recycling and to improve the
confinement by almost twice (H-mode production). The vacuum vessel has a
dumbbell-shaped poloidal cross-section making it possible to install a
closed divertor chamber. We have recognized the importance of the studies
on the boundary plasma, i.e., effects of magnetic shear, density gradient and
electric field, ete. These considerations have been taken into account in
the design criteria to increase the flexibility of LHD as an experimental
device for physics research. 7

The construction schedule is shown in Table 3. In 1991, we have started
the construction of the Iinner vertical field coil, the helical coil
fabrication machine, and the cryostat. The latter two will be completed in
1993. The main experimental building will alsc be completed at the end of
1993. Immediately after the completions of the building and facilities, we
will be able to begin manufacturing the helical coils in the Toki site in 193%4.
it takes one year and a half. The vacuum vessel will then be assembled which

takes about one year. Therefore LHD will be completed in 1997.



In the following sections, we summarize the results of physics and
engineering design studies of the Large Helical Device which occupies an
important role for fusion research. We then report on the present status of

progressing R&D, engineering design and construction of LED.

2. Objectives of LHD and the Results of Physics Design Studies

Recent fusion experiments by large tokamak devices have shown remark-
able progress which provided the achievement getting close to the break
even condition of Q=1 [8]. In the Joint European Tokamak (JET) device,
tritium was first brought into deuterium plasmas and this experiment
attracted a lot of attention in the world [9]. In such a setting of fusion
research, LHD approach is considered to increase in importance, since it is a
major alternative approach to provide the currentless steady-state plasmas
[1].

The major missions of LHD are; (1} to study transport for a wide range of
plasma parameters (T(0)< 10 keV, and n r T=2~10x 10'¥ keV-5/85), (2) tc pro-
duce a high beta value of 5 %, and (3) to attain guasi-steady-state operation
using a helical divertor [10]. These parameters are thought to constitute a
least necessary minimum to extrapolate the experimental data base obtained
by LHDP to the reacting plasma regime in order to develop future plasma
physics studies [11][12]. The cbjective area is already shown in Fig. 2. We
will use hydrogen or deuterium gas and neutral beams. The experimental
schedule has been carefully chosen to be complementary to the tokamak
approaches. We now have to recognize the long term perspective of fusion
research., In the end of this decade, fusion research will be directed to go
through the construction of a demonstration reactor after compiling enough
data sets from the on-going experiments. To exploit a new approach and to
supply the complementary data base for the existing tokamaks, LHD should be
completed within several years. Therefore, the completion of LEHD is
scheduled for 1997. This timing coincides with the completion of the ITER
EDA phase [13].

LHD has a magnetic configuration with medium rotational transform, shear
and well. LHD utilizes continuous helical windings which is called the
heliotron/torsatron type. In Japan, we have developed this type of field

configuration over many years which is called heliotron series [14]. Namely,



we have the typical originality and historical background of this research.
This is one of the major reasons why National Institute for Fusion Science
(NIFS) was established and the LHD project was born in 1989 in Japan. As is
well known, there is a wide variety of helical field configurations. Looking
around the world-wide research activities on helical systems, it is necessary
to describe the modular stellarator approach pursued by Germany with
Wendelstein VII-AS [15]. As is shown in Fig. 2, after the proof of principal
experiment on the helical system producing the temperature of 1,000 eV,
plans for the next step were proposed by Japan and Germany. The former is
LHD and the latter is Wendelstein VII-X (W VII-X) [18]. Since W VII-X utilizes
a modular coil system, the magnetic field configuration is extremely
different from that of LHD. These two devices are complementary to each
other. Moreover the independent approaches are viable to develop the
present research of helical systems extending further toward the fusion
condition.

Design efforts have been concentrated on the optimization of machine
parameters seclf-consistently satisfying the physics requirements and
engineering constraints [17]. It was necessary for the LHD engineering
design to bring out good physics properties of confinement and MHED, and
long confinement capability for high energy particles. The magnetic sur-
faces should have the following features: enough distance between the wall
and plasma boundary, good mod-B structure (shape of the constant-magnetic-
field structure), enough magnetic shear 6 (up to~0.4), magnetic wells (up to
1.5%) and large connection length of the magnetic field lines for typical
divertor field lines (L~3-2z R). There are three major criteria for the LHD
designing tasks, i.e.,

(1) loss rate of the high energy particle (7 10ss) is small ercugh to attain
the heating efficiency (# n) greater than 70 %,
(2) B>5 %,
and
(3) waw> 3 cm {distance between plasma boundary and first wall).
The results of pitch number (m) optimization is shown in Fig. 3. There are
three limiting lines i.e., stability and equilibrium £, and divertor criteria,
which correspond to the above criteria of (2) and (3). To satisfy the cri-

teria (1) and (2), we found that the shift of the plasma axis inwards by about



15 cm works preferably. In this case, the stability g value is improved a
lot, since LHD is a fat and low aspect ratio helical device. Here, the
requirement for the low aspect ratio is inevitable for advanced commercial
reactors. This property makes it possible to install a large tangential
injection port for NBI. In the case of tangential NBI, it was made clear that
the heating efficiency is much better than 70 % [3]. The value of 70 % is a
criterion for the perpendicular heating method, i.e., ICRF.

As shown in Fig. 1, there are three pairs of poloidal coils. These
poleidal coils produce primarily the dipole field and quadrupole field [12].
Their positions are optimized to minimize the stray field from LHD. The
Tformer is used for the shift of the magnetic axis which is effective to change
the MHD properties and the confinement of the high energy particle orbit.
The shift of the axis varies the plasma performance widely. The dynamic
range of the shift is +30 cm at a magnetic field strength of 4 T. The typical
results are shown in Fig. 4 as a summarized form which was obtained by
Todoroki and his co-workers [18]. Shifting the axis Inwards, the beta value
of 5 % is obtained and the loss rate of the high energy particles is reduced
to be less than 10 %. The latter is used to control the ellipticity which is
thought effective to improve the neoclassical transport and to reduce the
bootstrap current. Since the LHD project aims to produce currentless
plasmas, we are sensitive to control the bootstrap current. Nakajima and
Okamoto [19] predicted that the wvertical elongation carries out the
reduction of the bootstrap current. When an excess amount of the bootstrap
current is excited, In the extreme case, we have to adopt the inverse
current drive technique. Our design criterion for the bootstrap current is
300 kA supposing a 10 ms disruption which is equivalent to 150 kA and a 1 ms
disruption. These criteria primarily come out from preventing the
destruction of the vacuum vessel due to the magnetic forces by eddy current
induced by the disruption. Another important role of the poloidal coils is
the real time control of the coil current, because LHD is an experimental
device. The maximum design value of the field changing rate is less than 0.5
T/s at 6 T which is much smaller than in tokamak devices. The real time
control of the poloidal coil current requires further engineering solutions
and an Increase of the construction costs. However, this scenario is

thought necessary to expand the dynamic range of the LHD experiment.




One more important technique to increase the feasibility of the physics
experiment is the current profile control of the helical coil. This is at-
tained dividing the helical coil package into three sub-coils, which is shown
in Fig. 5 (H1-I, M, and 0). This is a new idea proposed for the LHD [1l.
Varying the current ratio of three layers of the helical coil, we can widely
change the basic magnetic parameters. Especially it is important that 7y ¢ is
varied from 1.1 to 1.4. The available range is shown in Fig. 3 with a box.
The extended range of v o is wide enough to cover the various magnetic
parameters which bring experimentalists a wide flexibility. For example, we
can vary the boundary ¢ value from 0.8 to 1.5. This is almost eguivalent to
install toroidal coils in LHD 1like in the Heliotron E device in Kyoto
University [141].

3. Engineering Design of LHD

From the engineering viewpoint, much attention has been paid to the
following areas;{1}) superconducting helical coils, (2) superconducting
poloidal coils, {3) vacuum vessel with divertor, (4) power supply and coil
protection cireuit, {(5) control system, and (6) refrigeration system. In this
section, the engineering aspects of LHD are described.

The outer diameter of LHD is ~13 m and the total weight is ~ 1,500 t,
whereof helium cooled weight is 910 t (helical coils: 140 t, poloidal coils:
120 t, support structure: 600 t and other components: 50 t). Helical coils,
poloidal coils and supporting structure are combined together and cooled
down to the helium temperature in the toroidal cryostat. The necessary
cooling-down time is about two weeks. There is an extra-vacuum boundary
inside the cryostat, i.e. the plasma vacuum vessel which has a shape like a
dumbbell and is installed between helical coils and the plasma. Since the
total amount of the hoop and vertical magnetic force exceeds 350 kt and 240
kt, respectively, which corresponds to the peak value of 1,000~ 1,500 t/m,
the design effort to develop the solid structural support configuration is
very important. A major part of the support is composed of the coil vessel,
shell arm, shell and rib structure. These are shown in Fig. 6. Consistent
design was required to compromise the different conditions or criterions,

i.e., deformation during coil cooling-down phase and magnetic field



excitation, accuracy for manufacturing and setting, rigidity of coil package,
mutual movement of conductor, etc. The major part of the magnetic force is
supported by the LHe cooled shell. The material is SUS with low
permeability (less than 1.02). The advantage of LHD as a steady-state
machine was exploited extremely. One typical result is that it is not
necessary to install any toroidal electric break in the support and the vac-
uum vessel. This certainly made the engineering design more feasible com-

pared to SC tokamak devices.

3.1 Helical Ceil

The helical coil is designed using pool boiling type conductors with
enough aluminum and copper as stabilizers to realize a high current density.
The reguirement on the current density from the physics side was very
strict. Increasing the current density, the harmonics of the current dis-
tribution become more preferable. It becomes possible to get a clear bound-
ary and encugh distance between plasma and coil surface if we are able to
select the harmonics appropriately. Eventually, the target value for the
package current density is 53.3 A/mm® at 9.2 T.

During the evaluation of selecting the superconducting material and the
cooling system, we decided to use the abundant experience to manufacture
superconducting coils with NbTi. Historically, it helped this decision that
the initial physics concept definition study decided the maximum field
strength at the plasma center to be 4 T corresponding to the value of about
9 T on the coil surface. Tt was also necessary to avoid degradation of the
critical current (I,) due to the strain effect during the helical coil
fabrication. Therefore, the material NbsSn could not be the candidate.

Required accuracy is = 2 mm for the helical coils. The deformation due
to the magnetic force should be suppressed to less than +3.5 mm in the case
of 4 T operationr. Since the dangerous components of the error field are the
lower harmonics of toroidal (n) and poloidal (m) directions, joint, turn over
and feed through sections are carefully designed and distributed cal-
culating the effect of the error field caused by the deviation of coil
current from the original place. The welding procedure of the coil vessel,
arm support and shell support is the eritical path to attain the above

criterion.




The magnetic field strength will be increased by two steps. The magnetic
field at the conductor is initially 6.9 T (central field 3 T, phase 1) and
then increased to 9.2 T (4 T, phase 1 ). Therefore, the temperature of the
coil is planned to be decreased from 4.4 K to 1.8 K in the phase H experiment
using superfluid He I. The coil is fully stabilized during the phase 1
experiment satisfying Maddock's criterion, and will be dynamically stabilized
during the phase @ experiment enhancing the heat transition rate through
the coil surface by means of Helium II. The smooth transition of LHD program
from phase 1 to phase 1 experiments will establish a new engineering
consequence for superconductivity. We have newly started the R & D
programs for developing the scenaric of the He @I cooling. The most dif-
ficult engineering issue recognized in this transition is the feasibility of
imposing a further temperature gradient between the 4.2 K shell support and
the 1.8 K helical coil in a limited space. The extra thermal shield cooled by
Lie will be necessarily installed between the helical coll vessel and LNz

shield which is shown in Fig. 5.

3.2 Poloidal Coil

The poloidal coil is cooled by forced flow of supercritical helium. The
type of conductor is the so-called cable-in-conduit one. Inlet and outlet
temperatures of the coclant are 4.5 K and 4.8 K, respectively. The current
of the three sets of poloidal coils (IV, IS, and OV) are 5.0 MA, -4.5 MA, and
-4.5 MA, respectively. Though the poloidal ccils compose an additional coil
system against the helical coils, the magnetic force on the poloidal coil is
comparable to the helical coil. This means that scrupulous R & D was also
necessary for poloidal coil construction. Their shape is simpler than that
of the helical coil. However, the diameter of the biggest 0V coil is large
enough to require new techmnological development. This may be understood
from the fact that the total stored energy of the poloidal coil set reaches
0.7 GJ. Since the peak magnetic force level also reaches 1,000 t/m, we have
initially developed an idea of the sliding support to attach the poloidal
coils to the shell support. The major reason was that the poloidal coil has
more mechanical rigidity than the helical coil. Since the estimated
equivalent Young's moduli of the coil package are 8,000 kg/mm® and 2,000

kg/mn® in hoop and vertical directions, respectively, it was considered



possiblie that the hoop stress could be supported by the poloidal coils
themselves. However, the estimated heat produced by friction was so large
(10 k¥ in total, friction constant 0.3) that we abandoned this direction.

They will be attached directly to the shell support increasing its stiffness.

3.3 Conductor Development

The most urgent subject to be sclved in a superconducting coil design is
the development of a viable superconductor which carries a large current of
around 30 kA [1]. From the point of view of large magnetic force (1,000~
1,500 t/m) and torsional angle (Max~50" /m), a NDTi conductor was selected.
We are developing several candidates of the conductor, in which aluminum is
used to satisfy the improved stability criterion. In Fig. 7(a), the
cross-sections of two major candidates of the conductor are shown. The lo-
cation and amount of aluminum and distribution of NbTi strands are different
in each design. First of all, it was necessary to study the uniformity of the
current distribution in the conductor. We have investigated this point de-
veloping several kinds of conductors with different strand distributions,
i.e. uniform distribution type, multi-layer distribution type, and transposed
structure type [20]. The critical current of the conductors has been
successfully confirmed, and no difference was found on the conductor
capability due to the difference of the location of the aluminum stabilizer.
Anisotropic current distribution has not been observed.

To evaluate the performance of conductors and to make the final
selection, I., the recovery current, etc. has been investigated in detail
concentrating our efforts on the two conductors shown in Fig. 7(a}. In Fig.
7(b), one of the results is shown [20]. The specification of the conductor is
shown in Table 4. The recent results suggested that the combination of
aluminum and copper requires an understanding of the microstructure of the
current path, i.e. the current redistribution appears when the quench
occurs. The stiffness of the conductor is also an important subject. It was
investigated with a 500 t mechanical stress test machine. Since the stress
level of the insulation between layers or turns of conductors exceeds 15
kg/mm”, the selection of the material requires a careful design effort. The
coverage ratio of the insulator to the conductor surface should be more
than 50%. The candidate of the material of the stiff insulator is GFRP with



three dimensional glass cloth which is newly developed. We have a plan to
spend at least one year in selecting the insulating material carrying out the
careful evaluation tests from now. -
Feasibility research of the coil fabrication is investigated from several
kinds of the practical R & D small model coils (R~1 m, B~2T, m=3~4). They
are listed in Table 5. The necessary data base for the coil fabrication has
been already obtained and now, the test coils are just before the cooling

down test.

3.4 Support Configuration

Here, we present the results of the stress analysis. The deformation and
the stress/strain of helical coils and support structures have been analyzed
with a finite element method (FEM) code. The critical issue for designing the
support structure is to develop a reasonable structural design which ascer-
tains the necessary and high accuracy of the helical ccils, because the
stress level and the degree of the deformation stromrgly depend on the idea
of the structural design. In Fig. 8, the typical results of the deformation
with the FEM code (ANSYS) are presented for the structural shell, where the
averaged thicknesses of the helical coil vessel and structural shell are 50
mm and 100 mm, respectively. Spatial restrictions by ports are taken into
account in the calculation. From this figure, we can find the deformation of
each mesh point from the original position. Although we chose a typical ex-
ample to show the tendency of the deformation simply in this figure, the rib
support was not taken into account In the calculation. Therefore, the
maximum deformation of the helical coils reaches about 6 mm. However, we
finally reduced the deformation of the shell support to 3.5 mm by increas-
ing the rigidity by the rib support. This calculation confirmed the
consistent supporting design. The maximum stress appears on the inside
surface of the helical coil vessel and reaches 35 kg/mn“. The maximum stress
level of the shell support is also about 35 kg/mm®= These values are

acceptable for the structural material stainless steel.
3.5 Vacuum Vessel

The complicated three dimensional shape of the vacuum vessel is required

to supply sufficient room for the closed divertor system. Since LHD is an



experimental device for plasma physics research, more than 40 ports are
installed on the vacuum vessel. The shape of the vacuum vessel is
understandable with Fig. 1(b) and Fig. 6. The distance between the surface
of the plasma and port flanges is only 1.5 m which may be less than the
radial thickness of the toroidal coils of big tokamak devices and provides a
lot of accessibility to the experimentalists. The biggest one with a lozenge
shape is located on the outer equatcrial plane. The size is 1.2 m x 1.1 m.
The total amount of the port area reaches ~ 20 m=, which accounts to ~10 %
of the total vessel surface. The baking temperature of the vacuum vessel is
about 100 °C, and that of the divertor carbon tiles is 350 °C. The expected
heat flux on the divertor plate is 1 kW/cm® for a 5 s discharge with 30 MW of
heating power input. This value is comparable to the output of the tokamak
engineering reactor design. The cooling water pipes of the vacuum vessel
are fabricated on the inner surface (plasma side) allowing the necessary
maintenance.

We have developed an R & D model for the vacuum vessel of LHD. It is a
full size model to explore the fabrication technique of the vacuum vessel.
The vacuum vessel will be fabricated after completing the helical coils.
Therefore the procedure to construct the vacuum vessel is specially planned
and developed.

As shown in Fig. 3, one of the critical issues of the vacuum vessel design
is that the gap between the helical coil and plasma is limited, especially on
the inboard side of the torus. The available distance between the helical
coil and first wall including the coil vessel must be less than 15 cm to leave
enough distance between the first wall and the plasma and to avoid severe
plasma-wall interaction. This is shown in Fig. 5. It means that an accurate
fabrication and assembly of the vessel (~= 5 mm) are required.

We have considered two types of mechanical loading on the vessel, which
are atmospheric and magnetic ones. The latter is produced when the poloidal
fields are changed with time or the bootstrap current disappears in a short
time period. The FEM was also adopted to evaluate the stress level and
deformation of the vacuum vessel. The most severe stress due to the
atmospheric force appears near the largest port in the equatorial plane. It
is close to the value of 15 kg/mm® The magnetic loading appears when a

large eddy current is induced by a sudden disruption of the induced plasma



current. In our LHD design, we suppose a finite probability of the current
disruption when some residual current exists. One typical case is the
disruption triggered by the drop of a graphite tile from the top of the
vacuum vessel. The design criterion is based on the condition to withstand
the magnetic loading due to 150 kA/1 ms (or 300 kA/10 ms) current disruption.
In the high n ¢ T plasma production, in which the bootstrap current becomes
maximum and its flow in the direction increases the vacuum rotational
transform angle, the direction of the magnetic force is outward which is the
same as that of the atmospheric force. It is concluded from the FEM
analysis that the thickness of 15 mm is sufficient for the vacuum vessel to
satisfy the design criterion. This value is close to the limiting thickness
for reliable fabrication of the vacuum vessel after the completion of the

helical coil fabrication.

4, Summary

The LHD project is now progressing on schedule. The necessary R & D
programs are reaching the final goal of the original schedule and producing
the necessary and useful data base which contributes to the development of
fusion technology. During both the physics and engineering design and R &
D, we have already developed new ideas and subsequent results which are the
major issues of this paper. Here in Fig. 9, we try teo summarize the possible
areas covering both plasma physics and fusion technology, where the major
contributions of the LHD project primarily appear. The LHD project is
contributing to plasma physics knowledge and fusion technology development

which are indispensable in accelerating world-wide fusion research.
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FIGURE CAPTIONS
Fig. 1 (a} A bird's-eye view of the main experimental building
{b) The poloidal cross-section and the side view of LHD
Fig. 2 Objective parameter range of LHD and data points obtained
Fig. 3 Results of physics optimization
7 o» Coil pitch parameter, m: Pitch number of the helical coil
Ap: Coil aspect ratio Ro/a.
There are three important criteria: equilibrium, stability 2, and
divertor clearance A gw.
Fig. 4 Parameter dependence versus the axis shift
a.: Plasma mincr radius , A: Plasma beta value, ; (0): Magnetic

rotational transform angle of the field line on the axis,

7 «: Loss rate of the high energy particles
Fig. b Cross-section of the helical coil package
Fig. 6 Structure of the support and the vacuum vessel
Fig. 7 {a) Cross-sections of the newly developed conductors
(b) Result of conductor R & D on the critical current
Fig. 8 Deformation of the shell support by the FEM calculation
Fig. 8 Summary of the possible contribution of LHD on plasma physics and

fusion technology



Table 1 SPECIFICATIONS

PHASE 1

PHASE 11
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Table 2 TARGET PLASMA PARAMETERS

HIGH n 7 T MODE

T=3~4 keV, n=10"cem*
tg=0.1~0.3 s

B=4 T

HIGH T ; MODE
T:(0) =10 keV. n=2x10"% cm™
B=4T

HIGH B8 MODE
B>5%. B=1~2T




Table 3

Consfruction Schedule of LHD
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Table 4 Paraseters of Conductors for LHD Helical Coils

Ki1S0-4B-R Design-M
Superconductor NbTi1 -
Fominal current
Phase I (6.9 T, 4.4 K) 21.2 kKA -
Phase IT1 (9.2 T, 1.8 K) 28.3 kA -
Overall current density
Phase I (6.9 7T, 4.4 K) 58.7 A/mm= —
Phase ¥I (9.2 T, 1.8 K) 78.4 A/um® -
Size 19.0 em X 19.0 mm <
Surface treatment Copper oxide -—
Critical current 43 kA 38 kA
(8 T*, 4.2 K)
Critical current density 1100 A/mm= 1070 A/um®
of NbTi (8 T*, 4.2 K)
Number of strands 84 58
Diameter of strand 1.05 am 1.22 mm
Cu/SC ratio in strand 0.9 1.0
Diameter of filament 28,5 gm 25 gm
Number of filaments 726 1213
Twist pitch of filament 20 =m 17.0 =m
Twist direction inpner right left
of filament outer left for all layers
Number of cable layers 2 5
Twist pitch of cable inner 232 mm 127 mm
outer 254 mm for all layers
Twist direction inner left right
outer right for all layers
Cross section Total 361.0 mw=(100%) 361.0 mm={100%)
Al 83.4 == {23%) 83.0 ma® (23%)
NbTi 38.9 mm= {10%) 36.1 ma= {10%)
Cu 216.9 mm® (60%) 223.8 mm= {62%)
PbSn 25.6 mm= (7%) 18.1 ww® (5%)

# Total field including conductor self-field



Table 5 R&D Devices

TYPE COOLING SPECIFICATIONS

(1) HELICAL POOL- R=0.3 m, a-=0.063 m

§=2,m=16 BOILING B=2.0 T, I=0.775 kA
(2) HELICAL POOL- R=0.8 m, ac=0.2 m

§=1,m=3 BOILING B=3.0 T, 1-8.93 kA
(3) BELICAL FORCED- R=0.9 m, ac=0.25m

g=1, m=4 FLOW B=2.77 T, 1=8.08 kA
{4) TWO DOUBLE FORCED- R=0.82 m

PANCAKES FLOW B=2.76 T, I=25 kA
(5) S-SHAPED POOL- R=1.4m

MODULE BOILING B=7.5T, 1=20 kA
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Poloidal Coil Support
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