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The Korea Superconducting Tokamak Advanced Research (KSTAR) device consists of a superconducting magnet system that is operated in low temperature and high magnetic field environment.
We have designed local instruments for monitoring the status of the superconducting system during the period of operation including cool-down. Major functions of the local instruments are
mechanical, thermal, and electrical monitoring of the system. Strain sensor, temperature sensor,
displacement sensor, and voltage tap are installed. The installation method of the sensor, selection
of sensor type and design of cable routing in the KSTAR system should be considered to meet
electrical and thermal requirements. We present the design results of the local instruments for the
KSTAR system.
PACS numbers: 74.25.Fy, 74.25.Nf
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I. INTRODUCTION
To monitor the status of the KSTAR system, a variety
of sensors - strain, temperature, displacement, voltage
tap - are installed. These are classified as for low voltage
signals and high voltage signals. The low voltage signals are related to supporting structures such as Toroidal
Field (TF) coil structures, a Central Solenoid (CS) structure, Poloidal Field (PF) coil structures, thermal shields,
helium lines, etc. The high voltage signals come from
voltage taps for monitoring quench of the superconducting coils. A number of static and dynamic loads will increase the stress level of the structure during the period
of cool-down and plasma operation. After fabrication of
the structure, we need to design the instruments system
to monitor the structural safety. The types and numbers
of mechanical monitoring sensors in the KSTAR system
are indicated in Table 1. Each sensor measures a specific
physical parameter of the KSTAR structure. These sensors should be operated without malfunction in the environment of cryogenic temperatures up to 4.5 K (Kelvin)
and high magnetic field up to 8 T (Tesla). In order to do
this, the sensors should have thermally, electrically, and
mechanically suitable properties [1,2].
II. SENSOR MODULE DESIGN AND TEST
Before installing the local instruments of the KSTAR
structure, we need to decide the proper sensor type,
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the installation method for the sensor module, and the
compensation method. We choose an active-dummy
type strain sensor to compensate the effect of the lowtemperature and high magnetic-field environment. Also,
we choose temperature and displacement sensors suitable for the environment. Further to design the cable
routing we need to determine the optimum cable routing
path, cable type, and allocation of ports for the vacuum
feed-through installation.

1. Strain sensor

The ideal strain gage would change resistance only due
to the deformations of the surface to which the sensor is
attached. The bonding uses the adhesion method for
the strain gage supported by the sensor manufacturing
company but a gigantic structure such as KSTAR gives
rise to difficulty in curing so the sensor is adhered to
stainless steel foil of 0.1 mm thickness by the bond at
first and then it is attached to the main structure by a
spot welding method [1,4]. So, at this point, we need to
verify the response of the spot welded gage. Fig. 1 shows
a configuration of bonded gage and spot-welded gage for
a test.
The sensors are adhered to one side of the specimen by
bond and the opposite side by spot welding. Mechanical
load is 0.5σy (yield strength) 10 times and then 0.9σy 10
times as shown in Fig. 2.
Fig. 3 shows the output signal of the two kinds of
strain sensors. During a 0.5σy cycle, two the specimens
have approximately the hysteresis of 80 µε and the differ-
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Table 1. Sensor numbers in KSTAR tokamak.
Sub structure
CS structure
PF structure
Gravity support
Cryostat vessel
TF structure
Vacuum vessel
Leaf spring
ICB support
Thermal shield
Total

Strain
sensor
48
92
136
16
104
16
64
13
0
489

Temperature
sensor
12
36
28
0
82
16
0
13
64
251

Displacement
sensor
0
4
8
0
24
0
0
8
0
44

-S237Table 2. Composition of strain sensor module.
Composition
Gage
Terminal
Gage Foil
Terminal Foil
Dummy Plate
Protection Cap
Stud Bolt
Nut

Type/Unit (mm)
WK-09-250BG-350
CEG-50C
11 × 22
11 × 9.5
15 × 34 × 4
25 × 53.5 × 5.7
3φ × 4.5
3φ

Description
Micro-Measurement
Micro-Measurement
STS316, 0.1 T
STS316, 0.1 T
STS316
STS316, 0.1 T
STS316
STS316

Fig. 1. Bonded gage vs spot welded gage.
Fig. 3. Output signal of two specimens.

Fig. 2. Mechanical load for strain sensor test.

ence of output signal is small. During a 0.9σy cycle, the
two specimens have the hysteresis of 350 µε and 650 µε
respectively due to plastic deformation of the specimen.
In this test, we could verify that the signal of the spot
welded strain gage had reasonable response to measure
the stress of the structure.
Resistance of the strain gage is affected by temperature
(∆R(T)/R) and magnetic field(∆R(B)/R) [3]. Namely,
strain gages in high magnetic fields and at cryogenic
temperature are sensitive to the appearance of a noninformative signal
(∆R Σ /R) = (∆R(T)/R) + (∆R(B)/R) + (∆R(ε)/R)
(∆R Σ /R) is the measured signal, and
(∆R(ε)/R) = k(T) is the Useful signal
where ε is the object strain, and k(T )is the gage factor
at measuring temperature.
To eliminate the non-informative signal, the active
gage and compensating gage are connected in half-bridge
configuration. The non-informative signal will be subtracted with the compensation gage. The compensation

strain gage is attached to a free plate of 2.0 mm thickness by using the same material as the object material
and placed under the active strain gage. The compensating strain gage, which is called the dummy strain gage,
does not react to the object deformation.
The first step of the installation is to weld the stud
bolt on the surface [1]. Then, stainless foil where the
strain gage is attached by bond is adhered to the dummy
plate and object structure, respectively, by spot welding.
And dummy plate is tightened by nut. Finally stainless
steel foil cap is installed on the surface by spot welding
to protect the sensor from mechanical disturbance. A
picture of a strain sensor module is shown in Fig. 4, and
the composition of a strain sensor module is shown in
Table 2.

2. Temperature Sensor

The temperature sensor adhered to the KSTAR structure which is operated near liquid helium temperature,
should be of negative temperature coefficient (dR/dT <
0) for accurate temperature measurement [1].
A point to be considered in selecting the temperature
sensor for KSTAR is the fact that the superconducting
tokamak is operated in a high alternating magnetic field.
Therefore, it is important to select a sensor having low
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Table 3. Composition of temperature sensor module.
Composition
Gage
Terminal
Terminal Foil
Protection Cap
Stud Bolt
Nut

Type/Unit (mm)
CX-1050-CU
CEG-50C
13 × 9.5
29 × 42.5 × 8.2
3φ × 4.5
3φ

Description
Lake Shore
Micro-Measurement
STS316, 0.1 T
STS316, 0.2 T
STS316
STS316

Fig. 4. Strain sensor module.

Fig. 5. Magnetic field dependence of temperature sensor.

magnet resistance in high magnetic field (max. 7 or 8
Tesla) because the temperature sensor is exposed to a
high magnetic field.
A notable point at the time of adhering the temperature sensor to the KSTAR structure is to ensure durability of the temperature sensor during the period of operation of KSTAR; safe operation of KSTAR is possible
when the temperature sensors respond reliably without
any time delay [5].
Fig. 5 shows a typical temperature error range for
operation of a Cernox sensor in a magnetic field at temperatures from 2.03 K to 286 K. The value of ∆T /T can
reach 0.4 % at B = 8 T and T = 10 K. The value of
∆T /T is equal to only 4 mK when it is converted to
Kelvin temperature.
The installation of this sensor on the surface of the
structure requires special attention. One relevant point
is good thermal contact between sensor and object structure; another is good thermal anchoring of the connecting wire to ensure that heat is not conducted through
the leads to the sensor.
The first step of the installation is to weld a stud bolt
on the surface [1]. Next, the Cernox sensor is attached

Fig. 6. Temperature sensor module.

Fig. 7. Test of displacement sensor.

to the surface by Stycast-2850FT, which can improve
thermal contact and mechanical durability. Finally, the
sensor is tightened by a nut, and the stainless steel foil
cap is installed on the surface by spot welding to protect
this sensor. A picture of the temperature sensor module
is shown in Fig. 6, and the composition of the temperature sensor module is listed in Table 3.
A Cernox-type four-wire scheme of connection is recommended. This allows elimination of the error caused
by lead- wire resistance. Cernox leads named I+ and I−
are connected to a current source, I = 10 µA, and leads
named V + and V − are connected to a voltage measuring
instrument.

3. Displacement sensor

To use a displacement sensor for the KSTAR structure
we need to confirm how the KSTAR system operates at
cryogenic temperatures near liquid-helium temperature.
Further, a sensor calibration procedure which seeks for
a low temperature coefficient is needed to measure the
absolute displacement by using a displacement sensor.
For this test, a servo motor having 30 nm maximum
precision was used to control displacement [6].
Because the displacement sensor operated by a full
bridge method, no compensation work was necessary,
due to an offset caused in each case.
In this result of a test at cryogenic temperature, the
displacement sensor has a calibration factor of approximately 5500. This is similar to the calibration factor at
room temperature. The test is performed 10 times, and
the calibration factor has 0.02 % error range [1].
The calibration factor is
Calibration F actor =

30.6 nm/step
slope(V /step)/V in

.
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3. The high-voltage-signal cable is directly routed to
the feed-thru without a thermal anchoring path.
4. Separate the TF voltage tap signal from the PF
voltage tap signal.

Table 4. Port assignment.
Port
C-CbC-00
C-GbC-00
C-KbC-00
C-ObC-00
C-EuC-00
C-IuC-00
C-IlC-00

Object structure
TF01∼04 etc.
TF05∼08 etc.
TF09∼12 etc.
TF13∼16 etc.
TF Voltage Tap
PF Voltage Tap
PF Voltage Tap
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Low voltage

High Voltage

5. Cable routing is symmetrical at the quadrant base.
The designed sensor layout and cable routing are presented in Fig. 9, and the port assignment is presented in
Table 4.
All low-voltage-signal cables should be made of twisted
copper or silver-plated copper wire with cross section
not less than 0.2 mm2 . All cables should be in a braided
shield with insulation over the shield. Insulation material
is Teflon or of equivalent class.
High-voltage-signal cables are similar to low-voltagesignal wire, but these cables have a higher insulation
voltage level of approximately 20 kVDC.
IV. CONCLUSION

Fig. 8. Output characteristics of displacement sensor
based on the test result.

The objective of this paper is to verify the efficiency
of a cryogenic sensor for monitoring the behavior of the
structure in the KSTAR tokamak in real time and to
secure the durability of each sensor module. We have
determined the proper sensor type, installation scheme,
and routing path on the basis of test data. Some strain
sensors and temperature sensors are already installed in
the TF structure.
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Fig. 9. Cable routing path.
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