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A B S T R A C T

A conceptual design study for a steady-state Korean fusion demonstration reactor (K-DEMO) was initiated in
2012. The superconducting magnet system is one of the key components of the K-DEMO and the preliminary
study on superconducting magnet system has been done in 2015. The superconducting magnet system of K-
DEMO consists of 16 TF (Toroidal Field), 8 CS (Central Solenoid) and 12 PF (Poloidal Field) coils. All of the TF,
CS and PF coils use internally-cooled Cable-In-Conduit Conductors (CICC). A high performance Nb3Sn-based
conductor, an ITER-type Nb3Sn and NbTi conductor will be used for the magnet. Based on the preliminary
design, continuous design study is being performed and the K-DEMO magnet system has been evolved mainly for
solving engineering issues. Two issues were considered for the TF, the reinforcement of the low field TF CICC
structure and the fabrication stability of the high field TF CICC. In the CS magnet, reducing the number of
Helium feed-throughs was a main issue. A small change has been made for the PF magnets for keeping a void
fraction of the PF conductor. In this work, the major parameters and design updates of the K-DEMO magnet
system is presented.

1. Introduction

Based on the Korean Fusion Energy Development Promotion Law
(FEDPL), which was enacted in 2007, the conceptual design study of a
Korean fusion demonstration reactor (K-DEMO) was started on 2012. K-
DEMO has a two-staged development plan. At the first stage, K-DEMO is
planning to demonstrate a net electricity generation (Qeng> 1) and a
self-sustained tritium cycle (Tritium breeding ratio, TBR > 1.05). Also
it will be used as a component test facility with steady state operation
exercise. At the second stage, in-vessel components will be upgraded to
show over 500 MWe net electricity generation.

After the preliminary design, 6.8m and 2.1 m were chosen for the
major radius and minor radius, respectively [1]. In order to minimize
the defection of electron cyclotron current drive (ECCD), a high fre-
quency (> 200 GHz) ECCD system is considered as a main candidate for
the current profile control. Accordingly, for matching the high fre-
quency ECCD, a high magnetic field is essential.

The superconducting magnet system of the K-DEMO consists of
16 TF, 8 CS and 12 PF coils. All of the TF, CS and PF coils use internally-
cooled CICCs. By using a high critical current Nb3Sn strand, the TF coil
system provides a field of 7.4 T at plasma center with a peak field of

16 T [2]. The advantage of using high magnetic fields is that it allows a
higher plasma current and density which results in a higher fusion
power operation. The K-DEMO magnet system is characterized by the
use of two different TF coil winding packs, low field (LF) coil and high
field (HF) coil to save construction costs and space [3]. Vertical
maintenance considerations affect the magnet configuration [4]. In
order to remove the in-vessel components, a larger upper vacuum ports
are required and therefore a large TF coils and a wide spacing PF coils
are required [5].

The fabrication test of each type of TF, PF, and CS CICCs was also
performed to check the manufacturing feasibility. The K-DEMO magnet
system has been evolved mainly for solving engineering issues. In this
work, the design updates from the previous magnet design study for the
K-DEMO are presented. The main features of the K DEMO tokamak are
shown in Fig. 1.

2. Magnet system updates

After a preliminary conceptual design study of the K-DEMO magnet
[3], continuous design study has been performed. The K-DEMO magnet
system is modified to solve several engineering design issues. For the TF
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magnet, two issues were considered. The jacket thickness of low field
TF CICC is increased to reinforce the inboard TF CICC structure and the
number and the size of helical cooling spiral of high field TF CICC is
changed for a fabrication feasibility. In the CS magnet, the shape of
CICC is changed from rectangular to square in order to introduce a
central cooling spiral. It helps to lengthen the cooling channel length
and reduces the number of Helium feed-through in CS magnet. A small
change has been made for the PF magnets. The corner radii of PF
conductors are increased and the size of PF CICCs and cooling spirals
are modified accordingly. The overall K-DEMO magnet system config-
uration is shown in Fig. 2. Fig. 3 shows the dimension of each K-DEMO
CICCs and parameters of CICCs are summarized in Table 1. Fabrication
samples of CICCs are shown later in Fig. 6.

2.1. TF magnet

The number of helical cooling spiral in high field TF CICC is
changed from a large cooling spiral to two smaller spirals because a
large cooling spiral had been squeezed after a few test compaction
procedure in jacketing process. The jacket thickness of low field TF
conductor is increased from 5mm to 6mm. Since the K-DEMO TF CICC

does not have the same support structure as the radial plate of the ITER
TF coil, the thickness of the jacket is designed to able to support more
than 80% of the force applied to the conductor. A special design point
of K-DEMO TF magnet is the graded coil configuration. A LF coil and a
HF coil constitute TF coil and this dual winding pack with two types of

Fig. 1. Overview of K-DEMO configuration.

Fig. 2. Overall magnet system configuration.

Fig. 3. Dimension of each K-DEMO CICCs in mm unit, low field TF (upper left),
high field TF (upper right), PF (lower left) and CS (lower right).
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CICC design can save more than 1,200 tons of superconductor and a
space for the magnet structure [2]. One LF coil consist of 9 CICC units of
˜1030m length and has 18 layers with 10 turns/layer. One HF coil
consist of 3 CICC units of ˜1010m length and has 12 layers with 5 turn/
layer. Total ˜320 tons and ˜510 tons of a high current density Nb3Sn
strands [6] are required for LF and HF coils respectively. The space
between LF and HF coil at outboard side will be used for joints, turn
transition, current leads and Helium feed-throughs [3]. Fig. 4 shows the
configuration of TF magnet and the space between two winding packs.
The coils will be connected in series and normal operation current of
the magnet is about 65 kA. The magnetic field at the plasma center is
7.4 T and the peak field is up to 16 T for HFTF and 12.1 T for LFTF.
Estimated stored energy of the TF magnet is over 100 GJ.

Since the total current and the envelope of TF structure did not
changed, the structural analysis is almost same with the Reference [2].

2.2. CS magnet

A central cooling spiral is applied to CS magnet to lengthen the
cooling channel lengths and it has permitted a pressure drop decrease
and thus the reduction of the number of He-inlets from 128 to 41. In
order to introduce a central cooling spiral, the shape of conductor has
been changed from rectangular to square. Total 8 of CS modules are
stacked in vertical with a 50mm gap between each module. One CS
module consist of 6 CICC units of ˜740m length and has 30 layers with
12 turns/layer. An ITER-type Nb3Sn strand will be used to manu-
facturing a CS magnet and ˜160 tons of the superconducting strands are
required. Because of changing the conductor shape, a simple 2D mag-
netic field simulation was performed to check magnetic field distribu-
tion of the CS magnet. A precise local meshing was applied to conductor
regions and turn transition was considered to calculate correct current
density. Fig. 5 shows the simulation model of CS magnet and its analysis
result. The magnetic field at CS center is 13.3 T and the peak field is

13.6 T with a nominal current of 43 kA. The half flux swing of the
magnet is up to 82Wb (Fig. 6).

2.3. PF magnet

Corner radius of the PF conductor was changed from 3mm to 6mm
to have an easy compaction scenario for the manufacturing of PF CICC.
As a result, the widths of PF CICCs are increased by 1mm and the
diameters of central cooling spirals are also increased by 1mm to
maintain the void fraction of the PF conductors accordingly. The PF
magnets consist of 6 pairs of solenoids. Each PF1-4 coil consists of 10
CICC units of 620, 755, 890 and 1030m length each having 20 layers
with 8 turns/layer. An ITER-type low AC loss Nb3Sn strand is selected
for the PF1-4 coils and ˜180 tons of the superconducting strands are
required. PF5 magnet has two modules because of the limitation of unit
CICC length. Each PF5 module has 36 layers with 6 turns/layer and
consist of 18 CICC units of 980 and 1010m. PF6 coils consist of a single
CICC unit of 770m length having 4 layers with 2 turns/layer. An NbTi
strand is adopted for the PF5 and PF6 magnets and ˜180 tons of NbTi
strands will be used. As studied in a preliminary design of the K-DEMO
magnet, concept of horizontally assisted vertical maintenance is
adopted [3]. Because of this maintenance concept, the location of PF5
and PF6 magnets is about 7m away from the PF4 magnet. The locations
of PF magnets are described in Fig. 2.

2.4. Minimum quench energy of magnets

MQE(minimum quench energy), which is one of the assessment for
the conductor design, has been calculated by using the 1-dimensional
quench simulation code GANDALF [7]. Square heat pulse was applied
to 2m at the center of the conductor for 10ms, while varying the op-
eration current for parametric study. The properties of superconducting
strands conformed to the ITER’s one and the background magnetic

Table 1
Design parameters of K-DEMO CICCs.

Parameter TF HF TF LF CS PF 1-4 PF 5-6

• Cable pattern (3SC)×4×5×6×5 + 2 Helical
Spirals

(((2SC+2Cu) ×5) ×6+7Cu)
×6 + Central Spiral

(2SC+1Cu)
×3×4×4×6
+ Central Spiral

(2SC+1Cu)×3×4×4×5+Central Spiral

No. of SC strand 1800 360 576 480
No. of copper strand - 432 288 240
Spiral dimension (mm) ID 5 / OD 8 ID 5 / OD 8 ID 9 / OD 11 ID 8 / OD 10
Void fraction (%) 29.68 27.58 35.85 33.86
• No. of turns 5 10 12 8 12 2
• No. of layers 12 18 30 20 36 4
• Nominal current (kA) 65.52 65.52 43 36 50 50 44 37 28
• Strand type High Jc (> 2600 A/mm2)

Nb3Sn Strand
0.82mm diameter
(˜510 ton + ˜320 ton)

ITER type (Jc ˜ 1000 A/mm2)
Nb3Sn Strand
0.82mm diameter
(˜160 ton + ˜180 ton)

NbTi Strand
0.82mm diameter
(˜180 ton)

• Cu/non-Cu ratio 1.0
• Insulation 1.6mm (including Voltage Tap)

(0.1mm Kapton 400% +
0.3mm S glass 400%)

2.0mm (including Voltage Tap)
(0.1mm Kapton 400% +
0.4mm S glass 400%)

• Jacket thickness
(mm)

5.0 6.0 5.0 5.0 5.0

• Twist pitch (mm)
1 st stage
2nd stage
3rd stage
4th stage
5th stage

80 ± 5
140 ± 10
190 ± 10
245 ± 15
415 ± 20

80 ± 5
140 ± 10
190 ± 10
300 ± 15
-

27 ± 5
45 ± 10
85 ± 10
150 ± 15
420 ± 20

35 ± 5
75 ± 10
135 ± 10
285 ± 15
410 ± 20

35 ± 5
75 ± 10
135 ± 10
285 ± 15
410 ± 20

• Wrapping Tape
Sub-cable wrap
width

0.08mm, 40% coverage

Cable wrap thickness 15mm
Cable wrap thickness 0.4mm, 50% coverage
Final wrap width 7mm
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fields are quoted from the results of previous section. The boundary
conditions an inlet pressure (temperature) of 0.6 MPa (4.5 K) and a
mass flow rate 8 g/s. For all CICC types, the energy margins are com-
pliant with the minimum design value (500mJ/cc) at the operating
current, as shown in Fig. 7. Nevertheless, the thermo-hydraulic effect of
two spiral hole at the high field conductor of TF has to be studied more
for in terms of stability according as the design update.

3. Summary

Design updates of the K-DEMO superconducting magnet has been
carried out. The jacket thickness of low field TF CICC is increased and
the helical cooling spiral of high field TF CICC is changed. In the CS

Fig. 4. Quarter section view (top) and hydraulic and electric schemes of the
magnet (bottom).

Fig. 5. 2-D magnetic field analysis of the CS magnet model.

Fig. 6. Test fabrication of K-DEMO CICCs, low field TF (upper left), high field
TF (upper right), PF (lower left) and CS (lower right).

Fig. 7. Minimum quench energies of the K-DEMO CS, TFHF, TFLF conductors
are simulated by GANDALF code under the conditions (Pin= 6.0 bar,
Tin= 4.5 K, mass flow rate= 8.0 g/s, back ground field= quoted the previous
results).
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magnet, a central cooling spiral is adopted and the shape of CICC is
changed from rectangular to square. The widths of PF CICCs and the
diameters of central cooling spirals are also increased. From this design
update, thermo-hydraulic analysis and stress analysis will be done in
next step. In parallel with the K-DEMO magnet, a conceptual design
study for the relevant test facility is being carried on. Both the U-shaped
joint-less sample and SULTAN like sample tests will be performed to-
gether [8].
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