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The maximum current, the self inductance and the lap joint resistance of a split-pair superconducting pulse magnet were experimentally inspected. The pulse magnet mainly consists of two
KSTAR central solenoid (CS) model coils, which are wound, continuous Nb3 Sn cable-in-conduit
conductors (CICC) with Incoloy 908 jackets. The pulse magnet initially could not achieve its rated
current over several days whereas the temperature of the magnet surfaces and coolant outlets stayed
at 5  8 K. A training e ect and a ramp rate limitation were suspected of being the cause at the
beginning. However the magnet's supporting structure was found to have been exceedingly warm in
that period, and the maximum current clearly corresponded to the temperature of the supporting
structure. The self inductance of the pulse magnet was measured with an LCR meter at 0.1  1 kHz
at room temperature, but the inductance was nearly double the design value. The self inductance
was also measured by means of a decay time constant method at 5 K and, at values of current
above 200 A, was found to be originally the same as the design value, however, it dynamically increased below that current. Supplemental calculation showed that the permeability of Incoloy 908
could have a detrimental impact upon the dynamic variation of the self inductance. The lap joint
resistance was successfully obtained by measuring the voltage drops between two CICCs at 5 K.
Another trial measuring the voltage drops between the two outer surfaces of the lap joint resulted
in a nonphysical result that violated Ohm's law.
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the magnet temperature had become steady at 5 K with
supercritical helium (SHe) cooling. However, the pulse
magnet could not achieve its rated current, and the maximum current gradually increased up to the rated current
over several days. At the beginning, a training e ect and
a ramp rate limitation were suspected of being the cause
of the situation. A training e ect could be the cause
if iterative chargings at more current simply improved
the maximum current, but it was found that repetition
at several-hour intervals sometimes brought no apparent
resolution to the situation whereas magnet temperature
recovered within some tens of minutes after discharge
due to quench. On the other hand, a ramp rate limitation could be the cause if the pulse magnet achieved a
larger current at slower ramp rate, but the pulse magnet
nally achieved its rated current at much faster ramp
rates than early quench events at low current. As a result, the maximum current seemed to rise simply as time
passed.
The self inductance of most superconducting magnets
is believed to be constant if the magnets have air cores.
In past operation, the actual self inductance of the pulse
magnet was roughly estimated from the average induced
voltage during chargings at 5 K and was consistent with
the design value. On the other hand, the self inductance

I. INTRODUCTION

The central solenoid model coil (CSMC) of the
Korea Superconducting Tokamak Advanced Research
(KSTAR) is a superconducting split coil, which has an
internally-cooled continuous winding of a Nb3 Sn superconducting cable-in-conduit conductor (CICC) with an
Incoloy 908 jacket. Two CSMCs were manufactured and
electromagnetically coupled in order to form a split-pair
superconducting pulse magnet. The pulse magnet is the
so-called background magnet and is a principle component of a high-magnetic- eld facility of 8 T with a blip of
20 T/s for 50 ms at the National Fusion Research Institute (NFRI) [1]. The pulse magnet was also utilized as a
large superconducting load for the power supply system
and the quench detection system developments [2] in the
KSTAR project. The pulse magnet demonstrated its full
function, but some electric properties were not clear.
It is desirable that superconducting magnet operation
at rated current be ready as soon as the magnet is refrigerated. In the past operation of the pulse magnet, the
charging of the pulse magnet started immediately after
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Table 1. Major design parameters of the split-pair pulse
magnet.
Parameters
SC/conduit
Strand diameter
Cu ratio in SC strand
Strands in CICC
Conduit dimension
Turns in coil
Coil dimension
Gap between coils
Self inductance
(coupled coils)
Central eld
Peak eld
Current sharing temp.

Values
Nb3 Sn/Incoloy 908
0.78 mm, Cr plated
1.5
360 (SC 240, Cu 120)
22.3 mm (h), 22.3
mm (w), 2.41 mm (t)
8  15 turns
(8 double-pancakes)
740 mm (i.d.), 1488
mm (o.d.), 398 mm (h)
240 mm
136 mH
8.0 T at 22.6 kA
9.75 T at 22.6 kA
8.4 K at 22.4 kA, 0.3 % strain

was also measured with an LCR meter at 0.1  1 kHz at
room temperature, but it was nearly double the design
value. The self inductance certainly could increase if
nearby conductors, such as the SS316 cryostat, exhibited
mutual induction caused by eddy currents. However, by
using the LCR meter, we found the self inductance was
still double outside the cryostat. As a consequence, the
self inductance actually appeared to be variable due to
some magnetic material, such as Incoloy 908.
Electric joints made of normal conductors are widely
used to connect superconducting cables because their
manufacture is less dicult. The resistance of the
joints should be in nitesimal in order to reduce Joule
heat transferring to the superconducting cables and its
coolant. The resistance of the lap joints for the KSTAR's
superconducting bus lines was measured at a small experimental facility and was within an acceptable value of
2 n at 4.2 K [3]. In past operation, similar lap joints
were installed in the pulse magnet and superconducting
bus lines. However, joint resistance measurements rarely
succeeded when using voltage taps, which were installed
on lap joint surfaces for the quench detection system.
The above three issues were experimentally examined
as follows: As to the decrease of the initial maximum
current, cryogenic temperature sensors were installed on
peripheral components of the pulse magnet, and the temporal variation of the temperature was monitored during
magnet operation. As to the di erence between the measured values of the self inductance, the self inductance
was estimated from the decay time constants of magnet
current while the magnet current was dumped through a
resistor. As to the measurement method of the lap joint
resistance, voltage taps of two installation types were
prepared, and the lap joint resistance was measured us-

Fig. 1. Hysteresis curve of typical annealed Incoloy 908.

ing the four-wire method at 5 K.
II. EXPERIMENTAL SETUP

The split-pair superconducting pulse magnet is
internally-cooled by SHe at 5 K, and its current achieves
22.6 kA. The pulse magnet mainly consists of two
CSMCs, which are wound, continuous Nb3 Sn CICCs
with Incoloy 908 jackets. The major design parameters of
the CSMC are summarized in Table 1. Five He inlets and
four He outlets are welded alternately onto each winding, and two inlets of the ve are located at either end of
the lap joints. The Nb3 Sn windings after heat treatment
are wrapped with Kapton and S-grass tapes for turnto-turn/ground insulation; then they are impregnated
with Epoxy. The CSMC is sandwiched by wide glassber-reinforced-plastic (GFRP) plates for a supporting
structure. Finally, a GFRP spacer of 240 mm in thickness is put between the two CSMCs to form a split pair.
These CSMCs are electrically jointed in series through
a NbTi CICC, the so-called inter-coil bus line, by using
lap joints. The jointed end of the 2nd CSMC is supplied
with SHe through the inter-coil bus line. A hysteresis
curve of typical annealed Incoloy 908 is shown in Figure
1 [4, 5]. It should be noted that there was an error in
labeling of \H (kA/m)" in Ref. 4, which should be \H
(MA/m)" as pointed out in Ref. 5.
One side of the lap joint consists of a stainless-steel
(SS) body, a Cu block of 300  500 mm in length, a SS
piston, and a superconducting cable. Its cross-sectional
view is shown in Figure 2 [3]. The Cu block and the
SS body were welded by using an e-beam. The inside
surface of the Cu block is plated with Ag and is coated
by pre-tinning with a 96.5Sn-3.0Ag-0.5Cu alloy in order
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Fig. 4. On-lap-joint voltage tap installed. A lug was fastened with a stainless-steel bolt.
Fig. 2. Cross-sectional view of the lap joint.

Fig. 5. On-CICC voltage tap installed. A stainless-steel
bolt was welded onto a CICC surface.

Fig. 3. Layout in the large vacuum cryostat. The supporting structure was thermally anchored to the stage cooled
with SHe.

to improve the contact resistance. The superconducting
cable is a stripped portion of a CICC. The Cr plating
of the superconducting cable is removed, and the strand
surfaces of the cable are coated by pre-tinning over Ag
plating. Solder sheets are placed between the superconducting cable and the Cu block inside, and they are compressed by the SS piston at 60 tons. They are soldered
by heating, and nally the SS piston and the SS body
are welded. Indium sheets are sandwiched between the
two completed sides of the lap joint, which are fastened
by SS bolts.
The pulse magnet is installed in a stage of a large
vacuum cryostat (LVC) by using a sturdy SS frame of
the supporting structure. The stage has a cooling line
with SHe, and the supporting structure is thermally anchored to the stage, so the stage is ill-cooled as a result.
The pulse magnet and the two vapor-cooled current leads
with gaseous He are electrically interconnected through
two superconducting bus lines made of NbTi CICC by

using lap joints. A layout in the LVC is schematically
shown in Figure 3. Reservoirs in the current leads are
supplied LHe through the bus lines. A 1-kW helium
refrigerator/lique er supplies SHe and LHe. The warm
ends of the current leads are electrically connected to a
DC power supply of 40 kA/28 V, which has a magnet
protection circuit with a dump resistor of 40 m . Magnet protection is triggered by a quench detection system
with balance bridge circuits for the pulse magnet and the
superconducting bus lines.
Monitoring of the experiment was automated by using a data acquisition system with Experimental Physics
and Industrial Control System (EPICS) and LabVIEW.
Cernox temperature sensors are installed in the pulse
magnet, the supporting structure, the magnet stage, the
superconducting bus lines, and the SHe/LHe lines. PT100 temperature sensors are installed inside the LVC.
Pressure and ori ce ow meters are also installed in the
SHe/LHe lines. Voltage taps (VTs) of two types are
installed in the pulse magnet and the bus lines. On-lapjoint VTs are fastened onto lap joint surfaces with SS
bolts whereas on-CICC VTs are welded onto CICC surfaces nearby the lap joints, as shown in Figures 4 and
5. A DCCT-type current meter is installed in the DC
power supply.

Measurement of the Electric Properties of the   { H. Yonekawa et

Fig. 6. Measured peripheral temperature for maximum
current examination. The supporting structure's temperature gradually converged to the magnet-stage's temperature.
III. RESULT
1. Maximum Current

The maximum current was de ned as the largest current until the pulse magnet was quenched in a charging.
Quench was judged from the conductor voltage and the
return-coolant temperature. The thresholds of the conductor voltage on the magnet and the bus lines were
approximately 100 mV for 0.1 s and some tens of mV for
0.1 s, respectively. The thresholds of the return-coolant
temperature from the magnet and the bus lines were approximately 9 K and 7 K, respectively. Quench origins
were found with the voltage and the temperature. The
charging of the pulse magnet started immediately after
the magnet temperature had stably achieved 5 K with
SHe cooling whereas the supporting structure and the
magnet stage were still much warmer than the magnet.
The measured peripheral temperature is shown in Figure 6. As a result, the temperature of the supporting
structure was initially about 90 K and converged gradually to 38 K after eleven days. All the quench events
occurred on the positive side of the 2nd CSMC during the
examination. The measured maximum current is summarized as a function of the supporting structure temperature in Figure 7. The initial maximum current was
signi cantly smaller than the rated current of the pulse
magnet, and the maximum current gradually increased
over 7 days. On the 1st day, there were two quench
events, one at 7 kA and the other at 7.5 kA with the
slowest ramp rate of 20 A/s, so that the maximum current rose slightly. On the 5th day, there were two more
quench events, one at 13 kA with a faster ramp rate of
50 A/s and the other at 15 kA with the fastest ramp rate
of 100 A/s. It should be noted that the former quench at
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Fig. 7. Measured maximum current as a function of the
supporting structure's temperature. The maximum current
seemed to be limited by the supporting structure's temperature.

13 kA might have been an earlier stage of quench so that
its maximum current perhaps could be larger. On the
6th day, there was a nal quench event at 17 kA with 50
A/s. On the 7th day, the magnet current achieved a DC
value 20 kA with 50 A/s and was stable for more than 8
hours.
The maximum current had an obvious correlation to
the supporting structure temperature, as shown in Figure 7, whereas the temperature of the 2nd CSMC surface
was almost stable at 8 K before quench, as shown in Figure 6. Also, the correlation seems to be quite reasonable;
i.e., the maximum current was decreasing as the supporting structure temperature was increasing. A ramp
rate limitation and a training e ect had been suspected
of causing this situation in past operations. A ramp
rate limitation could be the cause if the pulse magnet
achieved a larger current at a slower ramp rate, but the
pulse magnet initially quenched at the smallest current
at the slowest ramp rate, after while a much large current was charged even at a 2  4 times faster ramp rate.
On the other hand, a training e ect could be the cause if
iterative chargings at more current simply improved the
maximum current. However, the 1st and the 2nd quench
events with several-hour interval resulted in an obscure
change of the maximum current even though the other
quench events appeared to accompany a large change in
the maximum current whereas magnet temperature recovered within some tens of minutes after discharge due
to quench. As a result, the training e ect was likely to
improve the maximum current up to a limit, but the
limit seemed to be decreased by the supporting structure's temperature.
It is certainly only natural that the pulse magnet be
always at high risk of quench even at small current when
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Fig. 8. Self inductance at di erent currents. The measured
or equivalent current decay time constants are presented in
parentheses. The self inductance dynamically increased at
currents below 200 A whereas it was constant at currents
above 200 A.

its operation is independent of peripheral temperature;
however, the result would be meaningful in terms of large
magnet operation. The pulse magnet cooling was so
strong as to keep the magnet's surface temperature at
8 K over 12 days, except for the quench events, as shown
in Figure 6. Steady hot spots produced by the warm
supporting structure on the pulse magnet were too tiny
to change the monitored temperature of the pulse magnet and coolant outlets. However, steady hot spots were
sucient to quench the pulse magnet due to Joule heat
at small current. The concentration of the quench origins on the 2nd CSMC's positive side could be caused by
the highest magnetic eld occurring there and slightly
warmer coolant supplied throughout the three sides of
lap joints.
2. Self Inductance

The self inductance of the pulse magnet was measured
by means of two methods. In the 1st method, an LCR
meter of Agilent 4263B was wired to the ends of the bus
lines in the cryostat; then, the self inductance was measured at 100 Hz and 1 kHz at room temperature. In the
2nd method, the self inductance was estimated from the
decay time constant of the magnet current during a discharge at 5 K. The pulse magnet was initially charged to
DC 7 kA; then, the magnet current was dumped through
a large-wattage resistor of 40 m . The measured waveform of the magnet current was split into short sections
that covered a variation of some hundred amperes. The
decay time constants in these short sections were found
by ttings with exponential functions. The time constant,  (s), is expressed as  = L=R, where L is the
self inductance of the magnet in henrys and R is the
resistance of the dump resistor in ohms.

Fig. 9. Pulsed induced-voltage on the split coil during
current ramp. The voltage was linearly scaled by using a
quench detector with a balance bridge. The pulse was probably caused by the permeability of Incoloy 908 at low magnetic
eld.

The measured self inductance and time constants are
summarized in Figure 8. The self inductance obtained
by using the 1st method was 240 mH at 100 Hz and
216 mH at 1 kH, which were nearly double the design
value of 136 mH. The self inductance obtained by using
the 2nd method varied between 132 mH and 176 mH
according to the magnet current. The self inductance
was constant above 200 A, and it was 132 mH, which
was slightly smaller than the design value. On the other
hand, the self inductance increased rapidly below 200 A,
and its average was 176 mH, which was midway between
the design value and the value obtained by using the 1st
method.
The turning point at 200 A roughly matches the magnetic property of typical annealed Incoloy 908 shown
in Figure 1. Magnetic saturation of Incoloy 908 starts
around an external magnetic eld of 0.06 MA/m (0.075
T.) Since the peak eld of 9.75 T is generated on the
pulse magnet surface at a magnet current of 22.6 kA
according to Table 1, magnetic saturation in the pulse
magnet should start around 175 A.
A supplemental calculation was done for the KSTAR
CS1 magnet by taking into account of the permeability of Incoloy 908 [6]. Its inductance measured with an
LCR meter at 100 Hz was 55.8 mH at room temperature. As a result of the calculation, the calculated self
inductance with Incoloy 908 was 53.8 mH, and that without Incoloy 908 was 33.5 mH. In addition, the magnet
current at which saturation of Incoloy 908 started was
approximately 316 A. Therefore, the supplemental calculation resulted in a trend very similar to that of the
pulse-magnet's test result. It should be noted that Incoloy 908 magnets may generate the pulses of the induced
voltage due to the variation of the self inductance while
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ect these voltage drops in the Cu block and should have
a spatial distribution. In addition, it may be supposed
that current distribution in the superconducting cable is
neither geometrically uniform nor constant. Since the
superconducting cable is twisted sub-stage cables, more
complex voltage drops in the Cu block could accelerate
the situation. In one view point, voltage measurements
on lap joint surfaces would be useful to non-destructively
inspect the electrical condition of the lap joint and the
superconducting cable.
IV. CONCLUSION

Fig. 10. Lap joint resistance measured with on-CICC voltage taps at 5 K and DC 7 kA. The resistance agreed with the
values from other short sample tests.

the magnets are being charged at constant ramp rates.
Since their self inductance becomes much larger in the
peculiar range, power supplies and quench detectors may
be exposed to higher induced voltages than expected. In
the pulse magnet test, a large pulse was clearly observed
during a charging as shown in Figure 9. The induced
voltage on the plot was measured by using a quench detector with a balance bridge.
3. Lap Joint Resistance

The lap joint resistance was de ned as the total resistance between two CICCs connected electrically with
a lap joint. The resistance of six lap joints was measured at 5 K by using a four-wire method with VTs of
two types, on-lap-joint and on-CICC types. The magnet
current was stepped up to DC 7 kA.
The voltage drops with the on-lap-joint VTs were quite
strange and totally de ed direct proportionality to the
magnet current. The voltage drops with the on-CICC
VTs were almost proportional to the magnet current,
and the measured lap joint resistance was normally, as
shown in Figure 10. The measured joint resistance was
between 1 n and 4 n as expected, and the result agreed
with the results for similar lap joints of KSTAR [3].
The electric potential on the lap joints' surfaces was
inappropriate to measure the lap joint resistance. According to a cross section of the lap joint shown in Figure
2, the Cu block generates voltage drops almost vertically
in the drawing while the superconducting cable current
ows through the Cu block to the other side of the lap
joint. The surface potential of the lap joint should re-

Three electric properties of a split-pair Nb3 Sn superconducting pulse magnet with Incoloy 908 conduits were
experimentally investigated. An ill-cooled supporting
structure of the pulse magnet caused a serious decrease in
the maximum current as long as the supporting structure
stayed warm whereas the pulse magnet itself seemed to
be well refrigerated at 5 K. The warm supporting structure generated steady hot spots in the pulse magnet,
which were too tiny to change the monitored temperatures of the pulse magnet and coolant outlets. However,
such steady hot spots were sucient to quench the pulse
magnet due to Joule heat at small currents.
Incoloy 908 jackets in the pulse magnet caused a dynamic variation of the self inductance, especially at currents below 200 A, due to magnetization, and the self
inductance was nearly double at micro currents. Supplemental numerical analysis under similar conditions resulted in the same trend. The result clearly shows that
the Incoloy 908 conduits of the pulse magnet have negative implications for the electromagnetic properties at
low currents or low magnetic elds.
The resistances of six lap joints were successfully measured with on-CICC voltage taps, and the values were
between 1 n and 4 n . To the contrary, on-lap-joint
voltage taps were inappropriate for measuring the lap
joint resistance because the surface potential of the lap
joint should re ect the time-varying spatial distribution
of internal voltage drops.
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