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The Korea Superconducting Tokamak Advanced Research (KSTAR) device is under construction
at the National Fusion Research Center (NFRC). The mission of the KSTAR project is developing a
steady-state capable advanced superconducting tokamak to establish the scientific and technological
bases for an attractive fusion reactor. The KSTAR device consists of in-vessel components, a vacuum
vessel, thermal shields, a toroidal field (TF) magnet system, a poloidal field (PF) magnet system,
a cryostat, and ancillary systems. At the present time (August 2005), 15 TF coils, 2 pairs of PF
coils, the vacuum vessel with thermal shields, and the cryostat for the KSTAR device have been
completed in their fabrication. Six TF coils have been installed by using an assembly tooling system
after installing the vacuum vessel, VV thermal shields, and lower PF coils. To verify the operational
reliability of SC coils, several SC coils have been tested at cryogenic temperature in a large coil test
facility in NFRC. The commissioning of the KSTAR device will be started by September 2007.
PACS numbers: 52.55.Fa, 82.25.L
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prototype vacuum vessel and a TF coil was done. The
building for the KSTAR tokamak was completed during
the period in National Fusion Research Center (NFRC).
Phase III, the phase of tokamak construction and assembly, was started in the middle of 2002. At the present
time, the fabrication of the vacuum vessel with thermal
shield, cryostat, and vacuum pumping system has been
completed. Fifteen TF coils and 2 pairs of PF coils have
been completed in their fabrication, and all of the TF
coils will be assembled by early 2005. The commissioning of the KSTAR device will be started by September
2007. Fig. 2 shows the schematic layout of the KSTAR
tokamak and ancillary systems such as neutral beam in-

I. INTRODUCTION
The mission of the Korea Superconducting Tokamak
Advanced Research (KSTAR) project is to develop a
steady-state-capable advanced superconducting tokamak
to establish a scientific and technological basis for an attractive fusion reactor [1]. The major parameters of the
tokamak are: major radius 1.8 m, minor radius 0.5 m,
toroidal field 3.5 T, and plasma current 2 MA with a
strongly shaped plasma cross section. The KSTAR device consists of in-vessel components, a vacuum vessel,
thermal shields, a superconducting (SC) magnet system,
a cryostat, and ancillary systems. Fig. 1 shows an elevation view of the KSTAR device. The KSTAR vacuum
vessel is a double-walled D-shaped structure. The vacuum vessel has been fabricated in the factory as two large
sectors (180◦ , 157.5◦ ) and one small sector of 22.5◦ span.
The vacuum vessel and thermal shield have been assembled into a full torus shape, except for 22.5 degrees for
the toroidal field (TF) coil assembly [2]. The magnet
system consists of 16 TF coils and 7 pairs of poloidal
field (PF) coils using internally cooled superconducting
(SC) cable-in-conduit conductors (CICC) [3].
The KSTAR project was started at the end of 1995,
and preliminary conceptual design and R&D work were
done during phase I up to 1998. During phase II up to
2002, the engineering design with the fabrication of a
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Fig. 1. Elevation view of the KSTAR device.
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Fig. 3. Vacuum vessel after sector 1 and 2 welding. Sector
3 of 22.5-degree span was not assembled for the TF magnet
assembly.
Fig. 2. Schematic layout of the KSTAR tokamak and ancillary systems.
2. Thermal Shield

jector (NBI) systems, RF heating systems, and a vacuum
pumping system.

II. VACUUM VESSEL AND THERMAL
SHIELD
1. Vacuum Vessel

The KSTAR vacuum vessel consists of inner and outer
shells, 72 ports with bellows, and leaf spring style supports. The vessel body is a double-walled, D-shaped
structure and is made of stainless steel 316LN. In the
inter-space between the inner and outer shells, there are
32 equally spaced poloidal ribs and 2 toroidal ribs. The
shells, port stub walls, and ribs form the flow passages
for vessel baking and cooling water. The KSTAR vacuum vessel was fabricated in three separate parts at the
manufacturing shop. The toroidal angles for the three
parts are 180◦ for sector 1, 157.5◦ for sector 2, and 22.5◦
for sector 3, respectively. Sectors 1 and 2 were welded
to each other to form a 337.5◦ sector in August 2004 in
the assembly hall. Because the on-site welding was expected to result in three-dimensional welding distortions
on sectors 1 and 2, several fixtures for preventing the
distortion were applied in the first and second welding
paths. Furthermore, two welders simultaneously welded
at symmetrical positions according to a welding procedure that was finally established through a 1/3 mock-up
test for the site welding. The welding result showed that
the major distortion was a horizontal shrinkage of 9 mm.
Because sectors 1 and 2 were set to have a larger gap for
sector 3 by 14 mm, the 337.5◦ sector after on-site welding had a gap wider by 5 mm, which is the provisional
margin for additional shrinkage in the final welding of
sector 3. Fig. 3 shows the vacuum vessel after the sector
1 and 2 assembly welding. An additional leak test of the
vacuum vessel was conducted after the welding.

Thermal shields are located inside of the cryostat and
cover the entire room temperature surface that faces the
4.5 K cold masses. They are cooled to 80 K, so that
they intercept the radiant heat from room temperature
components to the 4.5 K cold masses. This results in
cost-effective operation of the cryogenic refrigeration system. The shields are categorized into three groups; vacuum vessel thermal shield (VVTS), port thermal shield
(PTS), and cryostat thermal shield (CTS) [4]. The basic
shape of the thermal shields is tube-on-panel. There are
redundant cooling lines on the VVTS to mitigate the risk
of helium leak at the thermal shield where human access
is impossible. The VVTS is located in the narrow interspace between the TF coils and the vacuum vessel and
surrounds the vacuum vessel. The NEMA G11 epoxy
glass support structure of the VVTS is on the vacuum
vessel side so as not to disturb the TF coils. Due to the
narrow clearance with adjacent components, silver plating is applied instead of Multi-Layer Insulation for the
VVTS, although it increases the thermal loads on the
refrigeration system. A prototype of the VVTS has been
fabricated and installed on a vacuum vessel mock-up to
verify the manufacturing and installation feasibility. By
this prototype fabrication, a method of forming the panels with given tolerances and the welding of tubes on the
panels without distortion have been ensured and assembly tooling for the VVTS has been improved. The shield
panels have been fabricated in sectors and coated with
silver. They were installed on the vacuum vessel at the
site with electrical insulation between sectors to reduce
electromagnetic forces due to induced eddy currents from
plasma disruptions. It is, moreover, important to install
each panel at an exact location on the vacuum vessel.
To place the panels at the exact locations, the support
structures should be installed at the exact locations. After installation, the cooling tubes were connected and
leak tested. Fig. 4 shows the VVTS after installation.
There is a 22.5◦ opening in the vacuum vessel for the
TF coil assembly. The thermal shield for this opening
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Fig. 4. Vacuum vessel thermal shield installed on the vacuum vessel.

will be installed after the completion of the TF magnet
assembly.

3. Cryostat

The KSTAR cryostat is a large vacuum vessel surrounding the entire tokamak machine with a singlewalled cylindrical shell, a dome-shaped top lid, and a
flat bottom base. It provides feed-through penetrations
for all the connecting components inside and outside of
the cryostat [5]. Fig. 5 shows the cryostat after fabrication by Hyundai Heavy Industry (HHI). To support the
weight of the superconducting magnet system, a gravity support was fabricated. The gravity support consists of 8 pairs of supporting posts and a toroidal ring.
Each supporting post is made of carbon-fiber-reinforcedplastic (CFRP) plates and stainless steel structures for
heat conduction reduction from the cryostat to the magnet system. The toroidal ring has electrical insulation in
the toroidal direction and radial keys to give TF magnets rigidity in the toroidal direction and flexibility in
the radial direction. Since the toroidal ring provides the
principal reference for the superconducting magnet system, assembly tolerances of the toroidal ring have been
strictly controlled within +0.14 mm in level offset, 0.7
mm in flatness, 0.3 mm in center location, and −0.01◦
(counter-clockwise) in rotation along the toroidal direction, respectively. The bottom base of the cryostat and
the gravity support were completed in their assembly by
the end of February 2004.

Fig. 5. Cryostat after transportation and welding.

Nb3 Sn superconducting cable are used for the TF CICC.
The nominal current of the TF coil is 35.2 kA with all
the coils connected in series. The PF coil system, which
consists of 8 coils in the central solenoid (CS) coil system (PF1-4) and 6 outer PF coils (PF5-7), provides a
flux of 17 Vs and sustains the plasma current of 2 MA
for 20 s inductively. PF1-5 coils use Nb3 Sn CICC in
the Incoloy908 conduit and PF6-7 coils use NbTi CICC
in a modified stainless steel 316LN conduit. All of the
SC coils are cooled with forced flow supercritical helium.
The helium is supplied with an inlet temperature of 4.5
K and a pressure of about 5 bar.

5. Cable-in conduit Conductor

To minimize the joint loss in the coil, a continuous
winding scheme has been developed. So, all TF coils and
PF coils have no internal joints except for the PF6 coil.
The required CICC length without joint is about 610 m
for each TF coil and 1.7 km for coil PF7. The cabling
patterns of TF and PF CICC are 3 × 3 × 3 × 3 × 6 of 486
strands and 3 × 4 × 5 × 6 of 360 strands, respectively.
A continuous CICC jacketing system has been developed
for the tube-mill jacketing of more than 1.7 km [7]. By
June 2005, all of the TF CICC and about half of the
PF CICC were completed in their fabrication. To detect
CICC leaks after the CICC jacketing, a leak check was
performed in the water chamber with pressurized helium
gas inside CICC up to 50 bar.

4. SC MAGNET SYSTEM

The SC magnet system consists of 16 toroidal field
coils and 14 PF coils [6]. Both the TF and PF coil systems use internally cooled superconductors. The TF coil
system provides a magnetic field of 3.5 T at the plasma
center, with a peak flux density at the TF coil of 7.2 T,
and the stored energy is 470 MJ. Incoloy908 conduit and

6. TF Coil

The fabrication procedure of the TF coils is: (i) delivery of the CICC in spools, (ii) coil winding using a
three-dimensional continuous winding scheme, (iii) attachment of termination joints and helium stubs, (iv)
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Fig. 6. TF coil during fabrication. (a) TF coil in the
vacuum furnace for heat treatment; (b) TF coil winding pack
after vacuum pressure impregnation.

heat treatment in a vacuum furnace, (v) insulation taping on CICC and ground wrap, (vi) vacuum pressure impregnation (VPI), and (vii) final acceptance tests. The
termination joint of the TF coils is a strand-to-strand
joint with solder between Nb3 Sn cables of the TF coils
and NbTi cables of the busline.
Up to now a prototype TF coil and 15 TF coils have
been completed in their fabrication and 2 TF coils are
under fabrication, including a spare TF coil. Fig. 6
shows a TF coil during fabrication. To assure the quality of the coil fabrication, room temperature acceptance
tests were followed, for example, by dimensional measurements, high voltage insulation tests, and flow rate
uniformity tests.

7. PF Coil

The PF6-7 coils, which are made of NbTi conductor,
have been fabricated at the KSTAR building because of
the difficulties in transportation. Because the PF6-7 coils
do not require a heat treatment process, coil winding and
turn insulation have been accomplished simultaneously.
All the PF6-7 coils were completed in their fabrication
by the end of 2004 and the 2 lower PF coils have been
assembled [8]. Fig. 7 shows the large PF coils after
fabrication and during assembly.
The PF1-5 coils, which are made of Nb3 Sn conductor,
are under fabrication. One of the difficulties in the PF14 coil fabrication is making coil lead extensions up to
4 m to locate the terminal joints in a background field

Fig. 7. PF coil fabrication status. (a) Dimensional measurement of PF7 coil; (b) assembly of the PF6L and PF7L
coils.

of less than 0.5 T. As a quench detection sensor of the
PF1-5 coils, an external co-wound voltage tap, which is
made of conducting polymer tape, has been developed to
minimize the induced voltage noise from the stray field
due to the other coils during operation.

8. Magnet Structure

The KSTAR magnet structure consists of 16 TF structures, one CS structure, and 80 PF structures. Most of
the structures are made of stainless steel 316LN [9]. The
TF structure consists of the TF coil cases, the intercoil structure, and the auxiliary structure to hold the
PF coils. The TF structure is wedge shaped, to sustain
the strong centering force due to energizing the TF coil.
Each TF structure is bolted to the inter-coil structure
with shear keys and insulation. There are 18 cooling
tubes embedded inside of the structure around the coil
and an additional cooling tube on the TF structure surface. The CS coil structure is a pre-compression structure to absorb the axial coil compaction and to sustain
the repulsive forces during operation. The major fabrication procedure of the TF structures is: (i) fabrication
of the C-shaped coil case welded with the inter-coil structure, (ii) fabrication of the flat cover plate welded with
the inter-coil structure, (iii) coil encasing, (iv) final enclosure welding, (v) second vacuum pressure impregnation,
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Fig. 9. CS model coil after installation in a vacuum cryostat.

Fig. 8. TF magnet structure fabrication and assembly. (a)
TF coil case machining after the coil encasing; (b) TF magnet
system assembly.

(vi) final machining and delivery, and (vii) toroidal insulation attachment. Fig. 8 shows the final machining
process and assembly. Seven TF structures have been
completed in their fabrication, and the fabrication of the
remaining 9 TF structures will be finished by January
2006. PF structures are also under fabrication.

9. Current Feeders

The current feeder system consists of SC buslines with
joints, current leads with current lead boxes, and helium
lines with electrical isolators [10]. The superconductor of
the buslines is made of NbTi strands in circular CICC.
The current leads are vapor-cooled type leads, which are
made of brass to minimize the helium consumption during zero current. The current lead boxes have been fabricated and installed in the basement pit of the KSTAR
tokamak.

10. Coil Test

A large SC coil test facility has been constructed, and
the performance tests of the full size TF prototype coil,
TF00 coil, and a pair of CS model coils were carried out
in the test facility [11]. The major objective of the test

Fig. 10. Current charging experiment results of the CS
model coil. (a) Current excitation test results up to 20 kA, 8.6
T; (b) sinusoidal current test result for ac loss measurement
with offset current of 4 kA.

was to confirm the validity of the design and the fabrication process. The results of the cool-down and current
excitation test of the TF00 coil with more than 30 kA
showed that the TF coil design and fabrication procedure were acceptable. The CS model coil test has been
accomplished with similar procedures of cool-down and
current excitation to those of the TF00 coil. The peak
field measured at the coil inner surface was about 8.6 T
when energized up to 20 kA. Fig. 9 shows the CS model
coil installed in the coil test facility. The ac loss measurement of the CS model coil has been made because
the ac loss of the KSTAR CS coils is one of the critical issues to give high inductive plasma current up to 2
MA. The ac loss test has been conducted with triangular
current pulses and sinusoidal ac current according to the
frequency and peak current variation. Fig. 10 shows the
current energizing experiment results of the CS model
coil. The ac loss measurement results show that the cou-
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pling loss time constant of the CS model coil is less than
30 ms. This was satisfactory according to the KSTAR
requirement of ac loss less than 60 ms.

III. TOKAMAK ASSEMBLY
The KSTAR tokamak is in the assembly phase. The
assembly sequence is: (i) assembly tools preparation, (ii)
assembly of the cryostat base and the magnet gravity
support, (iii) assembly commissioning with the prototype TF coil rotation, (iv) lower PF6-7 coil assembly,
(v) assembly of the vacuum vessel and VVTS, (vi) TF
coil assembly, (vii) assembly of upper PF coils and CS
coils, (viii) assembly of the current feeders and helium
lines, (ix) assembly of the cryostat and CTS, and (x)
welding of the vacuum vessel and ports.
Special assembly tools have been developed to give
accurate system assembly. The site assembly of the
KSTAR tokamak started in January 2004. Up to now
the assembly of the cryostat base, magnet gravity support, vacuum vessel, and VVTS has been completed. Six
TF coil systems have been assembled and the entire TF
system assembly will be completed by March 2006.
The KSTAR ancillary systems consist of a magnet
power supply system, a cryo-facility, an NBI heating system, an RF heating system [13–15], diagnostic systems
and a control system. All the ancillary systems are under
construction in order to accomplish the KSTAR commissioning and operation milestone.

IV. CONCLUSION
The engineering design and prototype fabrication of
the major parts of KSTAR have been finished. The
project is in the phase of construction and assembly. The
overall progress of the device is about 86 % completed.
The vacuum vessel, VVTS, and cryostat have been completed in their fabrication and assembly. Most of the TF
coils have been completed in their fabrication. To verify
the SC coil performance, a performance test of a prototype TF coil and a CS model coil has been accomplished.
The site assembly of the KSTAR tokamak is being followed by using special assembly tools. By now, 6 TF coils
have been assembled and the entire TF magnet system
assembly is planned to be finished in March 2006. Acceleration not only in manufacturing and assembly but also
in quality assurance is planned to accomplish assembly
completion and commissioning in 2007.
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