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Abstract

The measurements of self-fields and voltages for the stacked tapes assembled in rigid structure
(STARS) conductor were carried out when the conductor immersed in liquid nitrogen was
energized. In the measurements, a 3 m straight line shaped STARS conductor, which is
composed of 45 REBCO tapes (15 tapes x 3 rows) embedded in a copper stabilizer, was used as
a conductor sample. The measurement results indicate that the ramp rate at the conductor
excitation and the one-time thermal cycle of the conductor do not affect the self-fields but the
voltages.

The current center position in the conductor cross-section during the conductor
excitation was analyzed from the measurement results of the self-fields. The current center
position always maintains the same position in the middle of the cross-section during the
excitation. The analysis indicates that the current distribution of the STARS conductor is stable
during the excitation. In addition, two-dimensional magnetic field calculations were conducted
using the various models for the cross-sectional configuration of the STARS conductor. As a

result, the calculation results agree with the measurement results regarding the self-fields.
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1. Introduction
In order to realize a higher magnetic field of fusion magnets and accelerator magnets, various
large current-carrying conductors composed of high temperature superconducting (HTS) tapes

have recently been proposed [1-8]. In the National Institute for Fusion Science, the HTS



conductor which is called, “stacked tapes assembled in rigid structure (STARS)” conductor, is
being developed for the fusion reactor based on the large helical device [7-10]. The STARS
conductor has arrays of simply stacked REBCO tapes embedded in a copper stabilizer and an
outer stainless steel (SUS) jacket. In this study, the measurements of self-fields and voltages for
the STARS conductor were conducted to investigate the current distribution of the STARS
conductor. The conductor sample is composed of 45 REBCO tapes whose length is
approximately 3 m and is in a straight shape. In addition, magnetic field calculations were
conducted by modeling the STARS conductor cross-section, and the calculation results were

compared with the measurement results regarding the self-fields.

2. Conductor sample

The conductor sample is composed of the STARS conductor, the cross-section of which is
shown in Fig. 1. In the conductor, the cable composed of 45 (15 tapesx3 rows) REBCO tapes is
covered with a copper jacket the material of which is C1100. The details of the REBCO tape are
listed in Table 1. Indium sheets are inserted between the cable and the copper jacket. And the
copper jacket is covered with a SUS jacket the material of which is SUS304. Fig. 2 shows the
schematic view of the conductor sample. The configuration of the sample is straight, and the
total length of the sample is 3200 mm. At the terminal, the cable and the copper shim were
connected through indium sheets so that all of the REBCO tapes were in contact with the copper

shim. The schematic view of the terminal is illustrated in Fig. 3.

3. Experimental setup

The conductor sample was set in a vessel, and the energization tests of the sample was
conducted while cooling the sample with liquid nitrogen (LN;). The terminals of the sample
were connected to a DC power supply. In the tests, the sample voltage was measured with the
voltage taps located at the conductor ends as shown in Fig. 2. The length between the voltage
taps was 2700 mm. Hall sensors were arranged on the sample to measure self-fields generated
by the sample, and the position of the sensors was at the middle of the sample in the
longitudinal direction. Self-fields in the x-direction were measured with the Hall sensors. Fig. 4
illustrates the layout of five Hall sensors B1, B2, B3, B4, and B5 with the cross-section of the
conductor sample. The model reference of the Hall sensors is F.W. BELL. BHT 921.

4. Measurements



4.1 Energization tests with trapezoidal current waveforms
When the conductor sample was energized with two different trapezoidal current waveforms,
self-fields and total voltage of the conductor sample were measured using the Hall sensors and
the voltage tapes, respectively. Fig. 5 shows the measurement results in the case that the
conductor sample was energized up to 4000 A with the ramp rate of 400 A/s, and was degaussed
with the ramp rate of 400 A/s after holding 4000 A for 120 sec. The self-fields were always
proportional to the sample current during the energization. The voltage increased rapidly up to
about 0.7 mV at the excitation of the sample conductor, and was kept at 0.7 mV while holding
4000 A. The voltage of 0.7 mV is slightly larger than 0.27 mV derived from the critical current
(Ic) criterion of 1x10* V/m.

Fig. 6 shows the measurement results with the other trapezoidal current waveforms. In
this measurement, the conductor sample was energized up to 4500 A with the ramp rate of 100
A/s , and was degaussed with the ramp rate of 100 A/s after holding 4500 A for 10 sec. The
self-fields were proportional to the sample current and always stable during the energization. On
the contrary, the voltage increased sharply after the current exceeded approximately 4000 A
during the conductor excitation. While holding the current of 4500 A, the voltage was still
increasing and finally reached to approximately 4 mV, which was about 15 times larger than the
voltage criterion described above. As the cause of the continuous increase in voltage, it is
considered that the heat generated by the flux-flow resistance of the conductor sample exceeded

the cooling by liquid nitrogen, and as a result, the conductor’s temperature continued to rise.

4.2 Influence of current ramp rate at the excitation

The self-fields and the total voltage of the conductor sample were measured at the excitation of
the sample with different ramp rates. In the measurements, the conductor sample was energized
up to 4500 A, and the ramp rates were set as 100 A/s and 500 A/s, respectively. Fig. 7 shows the
measurement results of the self-fields and the voltages at each ramp rate. The self-fields at the
ramp rate of 100 A/s agree completely with those at the ramp rate of 500 A/s. Hence, the ramp
rate of the excitation does not have an influence on the current distribution in the STARS
conductor.

Regarding the voltages, there are slight differences at each ramp data. At the beginning
of the excitation, the voltage at the ramp rate of 500 A/s is larger than that at the ramp rate of
100 A/s due to induced voltage. After that, as the conductor current increases, the voltage at the
ramp rate of 500 A/s increases while fluctuating. On the other hand, the voltage at the ramp rate

of 100 A/s increases smoothly. Finally, both voltages correspond at the current of 4500 A.



4.3 Excitation of the conductor sample before/after thermal cycle
To investigate the influence of a thermal cycling on the current distribution of the STARS
conductor, self-field measurements of the conductor were conducted before and after the
thermal cycling. In this measurement, the thermal cycling means warming a conductor sample
that had been cooled with LN, to room temperature and then cooling the conductor sample
again with LN,. Fig. 8 shows the results of the self-field measurements before and after the
thermal cycling for the conductor sample. The conductor sample was energized up to 4500 A
with the ramp rate of 100 A/s. The self-fields before the thermal cycling were in good
agreement with those after the thermal cycling. As a result, the measurement results indicate that
the thermal cycling does not influence the current distribution of the STARS conductor.
Regarding the voltages of the conductor sample, the voltages were different before and
after the thermal cycling when the conductor current reached approximately 4500 A. The
voltage after the thermal cycling was larger than the voltage before the thermal cycling, so that

the conductor sample might be degraded due to the thermal stress from the thermal cycling.

5. Discussion
5.1 Investigation of the current center position in the conductor cross-section
The current center position in the STARS conductor was investigated from the self-fields
measured in excitation tests in which the ramp rates of the conductor current are 100 A/s and
500 A/s. To identify the current center position, a line current model composed of one line
current with infinite length [11, 12] was used. The value of the one line current is equivalent to
the transport current of the STARS conductor, and the positions x and y are used as a parameter
for the current center position. The line current position was set as the position minimizing the
sum of the squared self-field difference ABn between the measurement result B, and the
calculation result B,* at each position of the five Hall sensors in the x-direction, which is
AB,=B,-B; (1)

where 7 is the number of the Hall sensors.

Figs. 9 and 10 show the position of the current center at the ramp rates of 100 A/s and
500 Al/s, respectively. In the case that the ramp rate is 100 A/s, the current centers at each time
hardly move and are always located in the middle of the conductor cross-section. When the
ramp rate is 500 A/s, the positions of the conductor center are almost the same as those of the
current center at 100 A/s. As a result, the current distribution of the sample conductor is stable
under the condition that the conductor is excited up to 4500 A with the ramp rate of either 100
A/s or 500 A/s.



5.2 Comparison between the measurement and the calculation regarding the self-fields

The self-field measurements were compared with the magnetic field calculation results under
the condition that the conductor sample was energized at 4000 A. In the calculations, two
different models for the cross-sections of the conductor sample were used. One is a uniform
current distribution in the stacked REBCO tapes simplifying the cross-sectional configuration.
The other is an FEM model reproducing the stacked REBCO tapes in the conductor sample in

details.

5.2.1 The model simplifying the stacked REBCO tapes

A two-dimensional magnetic field calculation was conducted analytically using the model
simplifying stacked REBCO tapes composed of 15 sheets x 3 rows, which is as shown in Fig. 1,
to a rectangular cross section whose configuration was 2 mm thickness x 12 mm width. In the
rectangular cross-section, the current distribution was set as uniform. Fig. 11 shows the
measurement and the calculation results of self-fields in the x-direction when the sample current
is 4000 A. Regarding the measurements, the plots in Fig. 11 are the self-fields at 100 sec in Fig.
5. The calculation results are the self-field distributions along the x direction at y = 17 mm. As
shown in Fig. 11, the measurements are in good agreement with the calculations in the middle
region of the conductor cross-section which is from -0.005 m to 0.005 m in the x-axis. However,
there are slight differences between the measurement and the calculation except for the middle

region.

5.2.2 FEM model

A two dimensional self-field of the sample conductor was calculated using the finite element
method (FEM) software which is COMSOL Multiphysics 5.5 with AC/DC module [13]. In this
calculation, the model is composed of an air region and stacked REBCO tapes assuming 45
REBCO tapes in three blocks, as illustrated in Fig. 12. The current distribution in the blocks is
set as uniform. For the magnetic field calculation, the equation of a static magnetic field

consisting of magnetic vector potential [14] is used:
1
Vx(;VxA)—] )

where A is magnetic vector potential, J is current density, and p is permeability. Regarding the
boundary condition of the calculation, Neuman boundary condition was used on the perimeter
of the air region. Fig. 13 shows the self-field distribution calculated by the FEM model when
the transport current is 4000 A. The maximum of the self-field is 0.226 T at the edge of the outer



stacked tapes. Regarding the self-field in the x direction at y = 17 mm, Fig. 14 shows the
calculation result using the FEM model at 4000 A, together with the measured result and the
calculation result simplifying the stacked tapes. The calculation result agrees with the measured
result, especially in the middle region of the conductor cross-section. Similar to the calculation
result from the model simplifying the REBCO tapes as shown in Fig. 11, there is a small
difference between the measured result and the calculation result from the FEM model except

for the middle region.

5.2.3 FEM model including E-J characteristics

To investigate the influence of the REBCO tape’s E-J characteristics on the self-fields generated
by the conductor sample, the FEM model described in Section 5.2.2. was improved and the
self-field was recalculated. In this calculation, the H-formulation including the E-J power law of
the REBCO tapes [15-21] was used. The H-formulation is composed of the following equations
[19]:

VxH=] (3)
VxE=-2 (@
B=uH &)
E=p] (6)

F=E(L) O

where H is the magnetic field intensity, J is the current density, E is the electric field, B is the
magnetic flux density, u is the permeability, p is the resistivity, E. is the critical electric field, J;
is the critical current, and # is the n-value.

Regarding the characteristics of the REBCO tapes, the parameters are set as follows: J;
is 160 A/mm? and n-value is 30. In this model, the magnetic field dependence of J. is not
considered. The model configuration and the boundary condition of this calculation is the same
as those of the calculation described in the Section 5.2.2. The H-formulation includes the
time-dependent equation which is Eq. 4, so that the self-field was calculated from the transport
current 0 A to 4000 A at the ramp-rate of 100 A/s. Fig. 15 shows the calculation results of the
self-field distribution generated by the FEM model with the E-J characteristic when the
transport current is 4000 A. The self-field distribution of the FEM model with the E-J
characteristics is almost the same as that of the FEM model without the E-J characteristic.

Regarding the self-fields in the x direction on the axis where the Hall sensors are arranged, Fig.



16 shows the calculation result of the FEM model with the measurement result and the
calculation results of the other models when the transport current is 4000 A. The calculation
result of the FEM model with the E-J characteristics agrees with the measurement result and is
in good agreement with the other calculation results. As a result, the E-J characteristics of the
HTS does not have an influence on the self-field of the conductor sample.

Through the calculation results described in Section 5.2, the calculation results agree
fairly with the measurements in the middle of the conductor cross-section, but there is a slight
difference between the calculation and the measurement except for the middle region. As a
cause of the difference, it is considered that the arrangement of the REBCO tapes in the
conductor cross-section shown in Fig. 1 may be different from the actual arrangement. In the
future, it is necessary to cut the sample conductor and confirm the placement of the stacked

REBCO tapes inside the conductor cross-section.

6. Conclusion

The measurements of self-fieclds and voltages for the STARS conductor immersed in LN, were
conducted when the conductor was energized under various conditions. As a result, the
self-fields were not influenced by the variation of the ramp-rate for the excitation and the
one-time thermal cycle of the conductor. On the other hand, these events had an influence on the
voltage of the conductor.

From the results of the self-field measurements, the current center position in the
conductor cross-section was analyzed. The analysis indicates that the current center always
keeps the same position in the middle of the cross-section during the conductor excitation.
Hence, the current distribution in the conductor cross-section is considered stable at the
excitation.

Two-dimensional magnetic field calculations were conducted using various models for
the STARS conductor, and the calculation results were compared with the measurements
regarding the self-fields. The calculation results agreed with the measurement results, provided
that there was slight difference between the calculation and the measurement except for the
middle region of the conductor cross-section. The misalignment of the stacked HTS tapes inside

the conductor is considered as a cause of the difference.
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Table 1 Details of REBCO tape.

Model number Fujikura FESC-SCH04
Width 4 mm

Substrate material Nickel-based alloy
Thickness of substrate 50 um

Surround copper layer 20 pum per side

Minimum Ic at 77 K, s.f? 85A
agf: self-field
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Fig. 2 The schematic view of the STARS conductor sample from the top view.



/Copper shim SUS plate

7 e
r—-_
f N k\

Stacked REBCO tapes \ SUS plate \Copper stepped shim

Z

Fig. 3 The schematic view of the terminal in the conductor sample from the side view.

Bl B2 B3 B4 BS
Ay
\ | 1 1 :
5 5 5 4
17

‘ X \ Stacked REBCO tapes

Unit: mm Perimeter of the SUS jacket

Fig. 4 The layout of Hall sensors with the cross-section of the STARS conductor

sample.



3 F |~ Voltage

Voltage [mV]

: : } : 110
| —@—BI
0.05 -| ——B2 |
| ep3| [T " {8000
004F ¥ B4 (o u » = = = |
| ——B5 .
0.3 | 1 6000

[v]uonn)

0.02 |

4000

Magnetic field [T]

0.01 :

2000

— Current

-0.01 L
0

1 1 0
50 100 150 200

Time [s]

Fig. 5 The measurement results of the self-field and the voltage of the conductor

sample at the trapezoidal current waveform whose maximum current is 4000 A.
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sample at the trapezoidal current waveform whose maximum current is 4500 A.
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Fig. 7 The measurement results of the self-field and the voltage of the conductor

sample at the excitation with the ramp rates of 100 A/s and 500 A/s.
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cross-sectional size (22.5 mmx10 mm).
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Fig. 15 The calculation result of the self-field distribution generated by the conductor
sample using the FEM model with the E-J characteristics when the transport current is
4000 A.
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