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We have developed a lap joint for KSTAR CS coils. CS coils use Nb3 Sn strand and require a
heat-treatment process. Before heat-treatment of the coil, the chrome coating of the cable surface
was removed, and the cable of a superconductor was compacted by 60-ton force in a stainless steel
housing. After heat-treatment, the housing was removed and the cable was soldered with the copper
block of the CS coil joint. We completely filled the lap joint with solder and made additional helium
paths in the joint block. We manufactured full-size lap joint samples for the CS coil by this process
and tested them at liquid helium temperature. The DC resistance of the joint is below 2 nΩ, so it
satisfies the DC design requirement of KSTAR, which is 5 nΩ.
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I. INTRODUCTION
The KSTAR (Korea Superconducting Tokamak Advanced Research) device is a tokamak with a fully superconducting magnet system, which enables advanced
quasi-steady-state operation. The major radius of the
tokamak is 1.8 m and the minor radius is 0.5 m. The
KSTAR superconducting magnet system consists of 16
TF (toroidal field) coils and 14 PF (poloidal field) coils.
Both the TF and PF coil systems use superconductors,
which are cooled internally by supercritical helium. The
TF coil system provides a field of 3.5 T at the plasma
center, with a peak flux density at the TF coils of 7.5
T, and the stored energy is 470 MJ [1,2]. The nominal
current of the TF coils is 35.2 kA with all coils in series. The PF coil system provides 17 V-sec and sustains
the plasma current of 2 MA for 20 seconds inductively,
it consists of 8 coils in the CS (Central Solenoid) coil
system and 6 outer PF coils [3,4].
The configuration of CS coils is shown in Fig. 1. Parameters of the CS coils are shown in Table 1 [5]. Jacket
material of the CS coil is Incoloy 908 and the superconductor is Nb3 Sn. The conductor of the CS coil is made
from CICC (cable-in-conduit conductor), and its size is
22.3 mm by 22.3 mm. The void fraction of the conductor
is 35 %. Total weight of the CS coil system is 13 Tons.
The maximum operating current is about 20 kA.
The CS coils are made by a continuous winding scheme
without internal joints, to reduce joint losses. CS coils
use Nb3 Sn strand and require a heat-treatment process.
After the heat-treatment process, CICC is insulated with
50 % overlapped layers of Kapton and S2-glass tapes.
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The coil bundle is ground-wrapped and finally vacuum
pressure impregnated.
The conductor joint is one of the key technologies for
the superconducting coils. We designed a new joint for
CS coils to have a low DC resistance and a high mechanical bonding strength between strand and copper block of
the joint. The key features of the joint are: (1) Strands
of coil contact at the three faces of the copper block;
(2) Copper block and strands are soldered together. A
new full-size joint was fabricated and tested. Details of
design, fabrication, and results of tests are described in
this paper.

II. DESIGN OF LAP JOINT FOR CS COIL
We designed a lap joint for CS coils. Fig. 2 shows the
design of this lap joint. CS coil joints consist of piston,
stainless steel block, copper block and cooling channel.
Copper block and strands are connected by solder. We
completely filled the lap joint with solder. We made an
additional cooling channel at the piston in order to have
a sufficient cooling path to remove heat generated in it.
Copper block and stainless steel block are welded by an
e-beam welding method. The leak rate after welding
was below 1 × 10−9 mbar l/s. The special shape of the
welding point between piston and stainless steel block is
designed to prevent deformation of the joint during the
welding process.
The copper block is designed to be in contact with
strands at the three faces. It is improved in comparison
with the old design of KSTAR lap joint. The length of
the joint is 340 mm and the effective length of contact
between coil strand and copper block is about 300 mm.
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Table 1. The CICC fabrication procedure (unit: mm).
Tube mill
procedures
Strip

TF CICC

PF CICC

2.86 T × 94.54 W

2.41 T × 82.1 W

Welding

Outer dia.: 31.85
Inner dia.: 26.25
Sizing
Outer dia.: 29.3
(4 % reduction) Inner dia.: 23.7

Outer dia.: 27.6
Inner dia.: 22.6
Outer dia.: 26.5
Inner dia.: 21.5

Squaring
(conduit size)

Outer sqr.:
22.3 × 22.3 × 2.41 T
Inner sqr.:
17.3 × 17.3

Outer sqr.:
25.6 × 25.6 × 2.86 T
Inner sqr.:
19.8 × 19.8

Fig. 2. Design of lap joint for CS coils.

ment process, so special care must be taken to remove
oxidation on the strands and not to damage the strand.

1. Before heat-treatment

Fig. 1. KSTAR CS coil configuration.

Maximum twisting pitch of CS coil strand is 237 mm.
So, all superconducting strands and copper strands of
the coil are in contact with the copper block of the joint.
The dimensions of the cooling channel are designed to
be enough for supercritical helium to remove the heat
which is generated at the joint during coil operation. The
copper material is OFHC (oxygen free high conductivity
copper) and its purity is above 99.96 %. The oxygen
concentration in the OFHC must be below 10 ppm. RRR
(residual resistivity ratio) of OFHC is above 50 at 4.2 K.
The composition of the solder is Sn 64 %, Pb 36.65 %,
Sb 0.35 %.

III. FABRICATION OF LAP JOINT
We developed the process for fabricating the newly designed lap joint and fabricated several full-size joints by
that process. The procedure of the lap-joint fabrication
is as follows: (i) assembly of heat-treatment jig; (ii) stripping of CICC jacket; (iii) removal of strand chrome plating; (iv) assembly of heat-treatment case for lap joint;
(v) coil heat-treatment; (vi) removal of strand oxidation;
(vii) soldering; (viii) lap joint piston welding; (ix) inspection.
The strand becomes very brittle after the heat- treat-

We assembled the coil with the heat-treatment jig after
the winding process. We stripped the CICC jacket with
a stripping device and removed the chrome plating on
the surface of the strand by using hydrochloric acid and
nitric acid; this is shown in Fig. 3. The concentration of
hydrochloric acid is 17 ∼ 18 %, and we mixed 60 % nitric
acid and alcohol before use. The reaction time for nitric
acid is about five minutes. After removing the chrome
plating on the strands, we washed the strands with water
and detergent in an ultrasonic device for thirty minutes
to prevent corrosion due to the chemicals [6].
We assembled a heat-treatment case for the lap joint
after removing the chrome plating. The heat-treatment
case is designed to keep the shape of the strands during
the heat-treatment process, and it is made of stainless
steel. The assembly procedure for the heat-treatment
case is as follows: (i) welding of a bushing in the CICC;
(ii) fixing of adapter; (iii) assembly of inner case; (iv)
compression of piston; (v) assembly of piston cover; (vi)
assembly of outer case; (vii) welding of a tube in the
case for purging argon. We compressed the strands by
60-Ton force. Fig. 4 shows the compressing device and
joint. The void fraction of the cable was changed from
35 % to 27 % by this compaction process, and there
was no damage to the strands after compaction. After
assembling the heat-treatment case of the lap joint, it
was tested for vacuum and pressure. During the heattreatment process, we purged argon gas inside of the coil
with 8 ∼ 10 bar to prevent SAGBO (stress accumulated
grain boundary oxidation) of the Incoloy 908 jacket in the
coil heat-treatment process. Thus, the heat-treatment
case must be vacuum-sealed and rigid enough not to be
deformed by that pressure. Fig. 5 shows the assembly
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Fig. 3. Removal of Cr plating on the surface of strand.

Fig. 5. Assembly of heat-treatment case for the lap joint.

Fig. 4. Compressing strands by 60-Ton force.

Fig. 6. Heat-treatment of CS coil.

of the heat-treatment case for the lap joint. There was
no leak in the vacuum test and no deformation in the
pressure test.
CS coils use Nb3 Sn strand and require a reaction heattreatment process. It takes about one month to complete
coil heat-treatment. A vacuum furnace of diameter 5.8
m is used. The temperature ramp rate during the heattreatment is 6 ◦ C/hour and there are three plateaus: 460
◦
C, 100 hours to remove oxygen and contaminants from
the cable; 570 ◦ C, 200 hours, to enhance the diffusion
of Sn to Nb filament; and 660 ◦ C, 240 hours, for the
A15 reaction of Nb3 Sn. An argon gas purging system is
operated during the baking process to prevent SAGBO
of Incoloy 908, and the oxygen content is maintained
below 0.1 ppm. Two CS coils are in the process of heattreatment, and we applied the developed joint in these
coils; this is shown in Fig. 6.

2. After heat-treatment

After heat-treatment, the heat-treatment case of the
lap joint must be disassembled carefully, because the
strand becomes very brittle. The disassembly procedure
of the heat-treatment case is as follows: (i) disassembling

the outer case by grinding machine; (ii) disassembling the
piston cover; (iii) disassembling the inner case.
After disassembling the heat-treatment case, we removed the oxidation on the strands by using nitric acid
and phosphoric acid. The cleaning process using phosphoric acid must continue for thirty minutes to remove
all the oxidation on strands. We washed the strands with
water and detergent for ten minutes in an ultrasonic device to prevent corrosion due to the chemicals. After finishing the process of removing oxidation on the strands,
we purged nitrogen gas on the strands until we started
soldering on the strands to prevent further oxidation.
Solder was coated on the surface of the lap joint copper block for making good soldering conditions. We used
paste before soldering. We placed about fifty sets of solder wires on the top of the strand cable, and solder sheet
of thickness 0.2 mm was placed at the interface of strand
cable and copper block. Nitrogen gas was purged during
the whole soldering process to prevent oxidation of the
strands.
Fig. 7 shows the soldering process of the lap joint.
The whole assembly of the joint was placed on a heater
system. The heating device for soldering was specially
designed to control the temperature during the soldering process and to heat the joint block uniformly. The
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Fig. 7. . Soldering process.
Fig. 9. Test for DC resistance of lap joint.

IV. CONCLUSION

Fig. 8. Final product of lap joint.

temperature for soldering is 200 ◦ C. At a temperature of
200 ◦ C, all solder wires were melted and sank into the
strand cable. The flux flowed out and was removed. The
piston of the joint was inserted and pressed manually to
contact the copper block and strand. Thus the cable was
soldered to the copper block by melting the solder material while a load was applied. After cool-down of the
joint block, the piston was welded at the stainless steel
block.
The final product of the lap joint after welding is
shown in Fig. 8. We checked the welding part by helium leak tester; the leak rate was below criterion, which
is 1.0 × 10−9 mbar l/s.

3. DC resistance test of lap joint

To evaluate the DC performance of the designed joint
for CS coil, several full-size samples were fabricated by
the developed process and tested at liquid helium temperature. Fig. 9 shows the assembly of the lap joint for
the DC resistance test.
The DC resistance of the sample joint was below 2
nΩ, so it satisfies the DC design requirement of KSTAR,
which is 5 nΩ.

We developed a lap joint for KSTAR CS coils. We
manufactured full-size lap joint samples for the CS coil
and tested them at liquid helium temperature. The DC
resistance of the sample joint is below 2 nΩ, so it satisfies
the DC design requirement of KSTAR, which is 5 nΩ.
Finally, we applied the process to fabricate lap joints for
KSTAR CS coils, and these are in the process of heattreatment.
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