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Abstract

The Large Helical Device (LHD) superconducting magnet system consists of two pairs of helical coils and three
pairs of poloidal coils. The poloidal coils use cable-in-conduit (CIC) conductors, which have now been adopted in
many fusion devices, with forced cooling by supercritical helium. The poloidal coils were first energized with the
helical coils on March 27, 1998. Since that time, the coils have experienced 54,600 h of steady cooling, 10,600 h
of excitation operation, and nineteen thermal cycles for twenty years. During this period, no superconducting-to-
normal transition of the conductors has been observed. The stable operation of the poloidal coils demonstrates that
a CIC conductor is suited to large-scale superconducting magnets. The AC loss has remained constant, even though
a slight decrease was observed in the early phase of operation. The hydraulic characteristics have been maintained
without obstruction over the entire period of steady cooling. The experience gained from twenty years of operation
has also provided lessons regarding malfunctions of peripheral equipment.
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1. Introduction

The Large Helical Device (LHD) superconducting magnet system consists of two pairs of helical
coils and three pairs of poloidal coils [ 1 |. The helical and poloidal coils use Nb-Ti composite conductors
with pool cooling by liquid helium at 3.2 K, and cable-in-conduit (CIC) conductors with forced cooling
by supercritical helium at 4.4 K, respectively. To our knowledge, this is the first time that a CIC
conductor has been applied to a magnet for a large-scale fusion device for creating plasmas.

The poloidal coil system consists of three pairs of circular solenoids called the inner vertical (IV)
coils, inner shaping (IS) coils, and outer vertical (OV) coils (Fig. 1). The main parameters of the poloidal
coils are listed in Table 1. To distinguish the lower and upper coils, the letters “-L.”” and “-U” are added
to the abbreviations. For example, the upper IV coil is referred to as [V-U coil. The coils are formed
from continuous conductors wound into two-layer coils, which are referred to as a double-pancake, and
are stacked as eight double-pancakes, molded, and electrically connected in series. The conductors are
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CIC type with 486 Nb-Ti/Cu composite wires. The surface of the wires is bare without any coating. The
strands are twisted in five stages to produce a cable. The cable is then covered with a rectangular conduit
made of stainless steel.

The poloidal coils have successfully contributed to plasma experiments for twenty years, together
with the helical coils. In this paper, we describe long-term changes in the electromagnetic and hydraulic
characteristics over these twenty years. Furthermore, the experiences gained from long-term operation
have provided several lessons for large-scale superconducting magnet systems. Here we introduce these
lessons and present the countermeasures taken to preclude future issues.

2. Operational history

The poloidal coils were first energized with the helical coils on March 27, 1998 [2]. The successful
manufacturing and initial stable operation of the poloidal coils demonstrated that a CIC conductor is
better suited to large-scale superconducting magnets than other conductor designs. The coils have since
experienced 54,600 h of steady cooling, 10,600 h of excitation operation, and nineteen thermal cycles
(Fig. 2). A series of continuous cooling operations is referred to as a campaign, and thus the LHD has
experienced nineteen campaigns. The number of excitations has reached 1,749. During the entire period,
no superconducting-to-normal transition of the conductors has been observed. The current, maximum
magnetic field, and temperature margins when operating at the highest load factor with various
operational conditions are listed in Table 2. These data demonstrate that superconducting coils with Nb-
Ti CIC conductors can be stably operated over a long period if the temperature margin is at least 2.4 K.

In 2008, additional pulse power supplies for the IV and IS coils were installed to enhance the output
voltage of the power supplies from 33 V to 213 V [3]. The maximum rate of field change increased to
0.06 T/s, which corresponds to a six-fold increase over previous operations. The pulse operation of the
poloidal coils was applied to magnetic axis swing experiments of the LHD, and the poloidal coils
operated stably, even though false detection events of the quench detection system have interrupted
experiments several times, as described in Section 5.

3. Long-term monitoring of AC loss

Long-term monitoring of the electromagnetic and hydraulic characteristics of the coils has been
performed. First, AC loss was monitored by measurement of the inlet and outlet coolant temperatures
during discharge of the coils after daily plasma experiments [3]. Fig. 3 shows the variation in AC loss
from the OV and IV coils over the period from the third to the nineteenth campaigns. The plots indicate
the average loss at several discharges from the same excitation conditions (Table 3). The sweep time AT
was set to 1,650 s during the third and the early part of the fourth campaigns, and was changed to 825 s
after the latter part of the fourth campaign. In the first and second campaigns during the first year, no
excitation with the same conditions was performed. Thus, there are no data for this period. The data for
the IS coils are also omitted because the power loss is much lower than that for the OV and IV coils,
and sufficient measurement accuracy was not obtained. The calculation shows that the loss may include
a hysteresis loss of 10.6 kJ and 7.5 kJ for the OV and IV coils, respectively [4]. The remaining loss
corresponds to interfilament and interstrand coupling losses. We have previously reported that the
interstrand coupling loss dominated the total coupling loss of the conductors in the LHD poloidal coils

[5].

Even though the AC loss decreased slightly until the fifth campaign, except for the IV-L coil, the
losses have since remained unchanged. The initial change was probably caused by a decrease in an
interstrand coupling loss due to electrical contact between strands. The remaining hysteresis and
interfilament coupling losses are unlikely to vary because they are dependent only on the structure of
the strand. Electromagnetic forces during excitation may move the strands and break electrical contacts
between them. Such contacts can be produced by plastic deformation of the strand surface during the
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cabling and jacketing processes. The maximum electromagnetic force did increase gradually during
trials aimed at high-field operation, and peaked in the fourth campaign. The maximum Lorentz forces
acting on the cable in the IV and OV coils are approximately 83 and 67 kN/m, respectively. We were
initially concerned that the AC loss may increase with the excitation number, as reported previously
[6,7]. However, our results demonstrate that there was no tendency for it to increase over a long period.
The increase reported previously was probably due to the influence of the coating on the strand surface,
which is not applied to the LHD poloidal coils, and larger Lorentz forces.

4. Long-term monitoring of the friction factor

An important issue for stable operation of forced-cooled coils is to maintain the hydraulic
characteristics for a long period. Coolant pressure drops were thus monitored by measuring the inlet and
outlet pressures during steady cooling [8]. Fig. 4 shows the variation in the average friction factor over
each campaign period for the six coils. There was little difference in the Reynolds number for each
campaign. The friction factor is dependent on the Reynolds number. Therefore, the average value can
be extrapolated to the value at a Reynolds number of 3,000, according to the empirical relationship
proposed by Katheder [9]. The friction factor showed a tendency to decrease over the campaigns. We
suggest that this was due to cleaning of the strand surfaces and the narrow cooling channels by the
forced-flow helium coolant. The sudden increase in the friction factor in the fifteenth campaign, which
had no effect on operation, was probably caused by tiny particles of solidified gasses in the helium
coolant. The impurity gases are considered to originate from the compressor oil of the helium
refrigerator, which was changed just before the fifteenth campaign. However, the friction factor
decreased at the sixteenth campaign and subsequently maintained a low level similar to that before the
fourteenth campaign.

The poloidal coils have two mesh filters with a mesh size of 5 um at the helium coolant inlet to
remove solidified gas and vapor. The filters can be switched when one of the two is clogged. The clogged
filter can be warmed up independently and evacuated to clear impurities. The mesh filters did become
clogged during cool-down in the first to the fourth campaigns and during the fifteenth campaign. The
friction factor during steady-cooling tended to be higher after clogging of the filters during cool-down.
This further confirms that impurity gasses affected the friction factor. In addition, the filters probably
played an important role in the removal of the impurity gasses. The results demonstrate that the hydraulic
characteristics can be maintained without obstruction over a long period of steady cooling if careful
attention is paid to impurity gases in helium.

5. Malfunction and false detection events of the quench detection system

Operation of the superconducting magnet system must always remain stable. However, a malfunction
of peripheral equipment can stop continuous operation. Even the poloidal coil system has experienced
events that have interrupted plasma experiments due to malfunctions. Here we introduce these
malfunctions, specifically false detection events of the quench detection system and a helium leak from
a cryogenic insulation break.

The quench detection system forces the coils into fast discharge to protect the conductors from
excessive temperature increase due to a superconducting-to-normal transition. However, fast discharge
involves the risk of electrical breakdown in the coil. Therefore, an unnecessary discharge due to
malfunction should be avoided. Table 4 lists the history of malfunctions and false detection events
experienced by the quench detection system for the poloidal coils. The system can send out signals that
demand slow (a time constant of 300 s) or fast (30 s) discharges, which correspond to the detected burst
voltage duration. The voltage threshold was set to 0.2 V in each case. The criterion for burst duration
was set initially to 1 s and 3 s for the slow and fast discharges, respectively. The criterion for burst
duration plays a role in the elimination of false detection events due to unexpected voltage spikes. A
detection delay of 3 s for the fast discharge is the upper permissible limit determined by a temperature
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rise during a quench, which is limited to 250 K. Therefore, the criterion for the fast discharge should
remain unchanged. In practice, when the excitation is turned off and the demand signal is sent out the
coils are not discharged.

In 2004, the system malfunctioned frequently and synchronously with the neutral beam injection
(NBI) pulse during conditioning (#2). At that time, the coils were not excited. The surge from the NBI
probably exceeded the threshold level for detection of an instrument fault (for example, 11 V), such as
breaking of a wire. A criterion for voltage pulse duration was then added to the instrument fault
detection. The malfunction stopped once, but subsequently occurred frequently again. The next
malfunction (#3) was caused by a surge into external wiring for remote operation. The function to
control the detector remotely was then removed. The malfunction related to the NBI was finally avoided
by these measures in advance of subsequent plasma experiments.

The slow discharges in 2005 (#6) and 2008 (#8) were caused by the coupling current, which is an
intrinsic property of a composite superconductor including a CIC conductor, during magnetic axis swing
experiments [ 10]. Fig. 5 shows the out-of-balance voltage between the upper and lower IS coils, which
compensates for the inductive terminal voltage using a balanced bridge circuit [11]. At that time, the
current in the IS coils decreased from 339 A to 218 A for 2 s. Voltage spikes with a peak of 0.6 V were
observed just after the start and end of the swing, even though the coils were fully superconductive. The
anomalous spikes were caused by the voltage due to the coupling current, which was not perfectly
compensated by the bridge circuit [11]. In addition, the difference in the time constants of the coupling
current between the two symmetric coils may have also had an effect. The plasma also induced an
additional voltage, and the out-of-balance voltage then exceeded the quench detection threshold (0.2 V)
for almost 1 s, which is the duration criterion. The slow discharges were triggered by the effect of both
the swing and the plasma. In this case, the quench detection system itself functioned normally.
Theoretical analyses indicated that the duration of the voltage spike is weakly dependent on the magnetic
field and sweep rate, and is strongly dependent on the time constant of the coupling currents [11]. This
dependency was also confirmed experimentally. For example, Fig. 6 shows the out-of-balance voltage
during magnetic axis swings for 1 s and 2 s. The data for 2 s is the same as those in Fig. 5. Although the
peak voltage increased twofold in proportion to the sweep rate, such an increase in the duration of the
voltage spike was not observed. The period during which the voltage exceeded the criterion of 0.2 V
was increased by 36%. Therefore, it was decided to increase the duration criterion from 1 sto 1.5 s. This
change enabled unnecessary discharges due to the coupling current to be avoided.

The malfunction in 2017 (#10) resulted in fast discharge during excitation for the first time. However,
the new detector that replaced one of the six detectors on trial was faulty. The preventive maintenance
finished with a poor result. We realized that preliminary operation checks of the new detector may have
been insufficient.

6. Helium leak from cryogenic insulation break

A cryogenic insulation break is an essential component for CIC conductors because both current and
coolant flow through the conductor. The poloidal coil system has 120 cryogenic insulating breaks made
of fiber-reinforced plastic (FRP). During the sixteenth cool-down of the coils in 2012, one of the breaks
suddenly leaked helium due to cracking of a plastic adhesive material between the FRP and the stainless-
steel pipes. The adhesive cracked simultaneously at both ends of the FRP pipe, as shown in Fig. 7. This
was unexpected, because all the breaks were cycled in the temperature range from room temperature to
77 K ten times for quality assurance before installation on the LHD, and because the break has a flexible
corrugated pipe at one side to absorb thermal stress (right side in the figure). Thus, it is unlikely that
only thermal stress caused the cracking. Further investigation is required to clarify the age degradation
and creep behavior of the plastic adhesive materials [12].

All of the breaks were replaced with new improved breaks after the sixteenth experimental campaign.
In the former break, an FRP pipe was inserted into a stainless steel pipe and the two pipes were adhered
together. In the new break, an additional outer FRP pipe was covered and adhered to the outside surface
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of the stainless steel and the inner FRP pipes, as shown in Fig. 8. The adhesive area was thus increased
by approximately 70%. A sudden helium leak carries a risk of electrical breakdown. Thus, insulation
breaks should be designed conservatively for future devices.

7. Conclusion

The LHD poloidal coils have been operated stably for twenty years and nineteen campaigns. Long-
term monitoring of the electromagnetic and hydraulic characteristics of the coils has been performed.
Even though the AC loss slightly decreased until the fifth campaign, the losses have since remained
unchanged. The friction factor showed a tendency to decrease over the campaigns, except for an increase
in the fifteenth campaign, which was considered to be induced by solidified impurity gases from the oil
compressor, although this was still acceptable and had no effect on stable operation. For future
superconducting magnet systems, long-term monitoring of the electromagnetic and hydraulic
characteristics will be necessary in order to provide dependable operation.

Even though the coils themselves have been electromagnetically and hydraulically stable,
malfunctions of the peripheral equipment have interrupted plasma experiments. The quench detection
system malfunctioned or generated false detection events ten times over the campaigns. The false
detection events were caused by out-of-balance voltages due to coupling currents, which is an intrinsic
property of a composite superconductor. This phenomenon should have been realized before operation
with a change of magnetic field. The malfunctions should also have been avoided by a stricter regimen
of preliminary operation checks. In the sixteenth campaign, one of the 120 cryogenic insulation breaks
suddenly leaked helium, due to cracking of the plastic adhesive material. The cryogenic insulation break
should have been designed to have a larger adhesive area. These lessons learned will help in the design
and maintenance of future superconducting magnet systems.
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Figure Captions

Fig. 1. LHD superconducting magnet system.

Fig. 2. Cumulative operating time for steady cooling and excitation.

Fig. 3. Interannual trends in AC losses from the OV and IV coils over the nineteen
campaigns.

Fig. 4. Interannual trends in friction factor over the nineteen campaigns for the six LHD
poloidal coils. The friction factor is extrapolated to that at a Reynolds number of 3,000.

Fig. 5. Out-of-balance voltage from the IS coils during magnetic axis swings for 2 s, with and
without plasma.

Fig. 6. Out-of-balance voltage from the IS coils during magnetic axis swings for 1 s (solid
line) and 2 s (dashed line) without plasma.

Fig. 7. Soap bubble testing for the cryogenic insulation break after a helium leak. Bubbles are
evident at both ends of the FRP pipe.

Fig. 8. New improved (upper) and former (lower) cryogenic insulation breaks. The new break
has an additional outer FRP pipe.



Table 1 Main parameters for the LHD poloidal coils.

ov IS v
Center diameter (m) 11.1 5.6 3.6
Height (m) 0.54 0.46 0.46
Weight® (ton) 45 25 16
Number of turns® 144 208 240
Inductance® (H) 0.52 0.45 0.31
Conductor dimension (mm?) 27.5x31.8 23.0x27.6 23.0x27.6

2Per coil

Table 2 Current, magnetic field, and temperature margins when operating at the highest load factor.
ov IS v
Current (kA) 20.6 162 15.6
Magnetic field (T) 329 344 534
Temperature margin (K) 3.1 3.0 2.4

Table 3 Excitation conditions for measurement of the AC loss.

Current Maximum
(kA) field (T)
Helical coils 11.0
OV coils 18.0 2.86
IS coils 3.0 1.44
IV coils 11.2 3.47




Table 4 History of malfunctions and false detection events of the quench detection system for the
LHD poloidal coils.

# Demand signal Excitation Cause Year/Month
1 Slow discharge ON Malfunction of timer circuit 2002/11
2 Fast discharge OFF Surge voltage from NBI conditioning 2004/4
(frequently)
3 Fast discharge OFF Surge voltage from NBI conditioning  2004/9
(frequently)
4 Slow discharge ON Unknown 2004/12
5 Fast discharge OFF Unknown 2005/6
6 Slow discharge ON False detection during magnetic axis 2005/11
swing operation
7 Slow discharge ON Malfunction of potentiometer 2008/10
8 Slow discharge (3 times) ON False detection during magnetic axis 2008/10
swing operation
9 Fast discharge OFF Lightning surge 2009/8
10 Fast discharge ON Malfunction of electronic substrate 2017/2
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Fig. 10. Soap bubble testing for the cryogenic insulation break after a helium leak. Bubbles are evident
at both ends of the FRP pipe.
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