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Abstract

®

CrossMark

Large high field superconducting magnets often require high current superconducting cables. To
develop these cables, a facility capable of providing a high magnetic field with large sampling
area as well as electrical current of tens of kA is essential. A superconducting transformer (SCT)
is an energy-efficient and low-cost way to provide large current to superconducting cables.
Previously, we co-developed an SCT and successfully tested it to a maximum output current of
45 kA in zero magnetic field. In this work, this SCT is installed to the 12 T split solenoid magnet
at the National High Magnetic Field Laboratory (NHMFL). We calibrated it by using this
facility to measure the critical current of an NbTi Rutherford cable as a function of magnetic
field up to 10 T, and compared the results with those available in the literature. In addition, a
strand extracted from the NbTi cable was tested for critical current. The critical current of the
extracted strand is scaled and compared with the critical current of the cable. The accuracy of
the critical current measurement using this SCT is discussed in detail. This work concludes the
commissioning of this SCT, which combined with the 12 T split magnet will provide a unique
cable testing capability for future cable development for the NHMFL and its users.
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1. Introduction

A superconducting cable that carries tens of kA of electrical
current is usually used as the conductor for large supercon-
ducting magnets such as accelerator magnets and fusion mag-
nets. For the development of superconducting cables as well as
the quality assurance testing of these cables, critical currents
at their operating temperature and field need to be measured.
Measurement of the critical current of cables is usually per-
formed in specialized testing facilities, of which a key com-
ponent is a multi-kA DC current source. A superconducting
transformer (SCT) is an efficient way to provide very high DC
current at low temperatures for superconducting cable testing.
An SCT is a transformer with both primary and secondary
windings made of superconductors. As a result of the large
primary to secondary turn-ratio, a small primary current can
drive a very large secondary current as the output of the SCT.

1361-6668/21/085019+6$33.00

Compared with a conventional high current DC current source,
SCTs are preferred in superconducting cable testing facilities
due to their lower cost, higher energy efficiency and lower
liquid helium consumption. SCTs have been installed as the
current sources at a number of facilities, such as the Univer-
sity of Twente [1], the SULTAN facilities at the Centre de
Recherches en Physique des Plasma [2], and the FRESCA at
CERN [3, 4].

The National High Magnetic Field Laboratory (NHMFL)
has been developing an SCT in collaboration with the
Lawrence-Berkley National Laboratory (LBNL). The SCT
was designed and constructed initially at the LBNL [5].
To commission the SCT as an NHMFL user facility for
superconducting cables research for future large supercon-
ducting magnets, we designed a new electronic control sys-
tem for this SCT and tested it in zero magnetic field up to
45 kA [6].

© 2021 IOP Publishing Ltd  Printed in the UK
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In this work, we installed this SCT inside the NHMFL
12 T split solenoid magnet cryostat. The proper functioning
of the SCT is calibrated by measuring the critical current (/)
of a Large Hadron Collider (LHC) NbTi Rutherford cable as a
function of magnetic field from 2 to 10 T. The LHC NbTi cable
was chosen as the reference because its superconducting prop-
erty has been characterized and reported in the literature [7].
The results are corrected for self-field which is calculated by
the finite element method (FEM), and consistent with data in
the literature. The accuracy of the measurement will be dis-
cussed in detail.

2. Experimental methods

2.1. The SCT and its control

Figure 1(a) is a picture of the SCT which consists of a primary
coil of 10 464 turns of NbTi wire and a secondary coil of 6.5
turns of NbTi Rutherford cable [5]. Two Rogowski coils are
installed as an integrated part of the SCT for output current
measurement. In addition, two Hall sensors are attached to a
demountable part near the output of the SCT. The Hall sensors
are HZ-312C made by the Asahi Kasei Corporation. Each of
them is positioned at the center of each output lead, sensing
the transverse field which is correlated with output current as
shown in figure 1(b). The Hall sensors were calibrated at room
temperature and 4.2 K using a Quantum Design PPMS. The
current measurement by the Hall sensors are verified at room
temperature at about 200 A using a DC power supply. The cur-
rent measured by Hall sensors were also calibrated at 4.2 K
in zero field by the Rogowski coil which was in turn calib-
rated by a DC power supply up to 4 kA. These carefully calib-
rated Hall sensors provide an additional mean of output current
measurement.

A model 4G four-quadrant magnet power supply made
by Cryomagnetics was used to control the primary current.
This power supply also provides the detection and protec-
tion against an SCT or sample quench. For maximum stored
magnetic energy of 45 kJ, no additional quench protection is
needed as confirmed by our previous tests [6]. The data acquis-
ition system includes National Instruments SCXI-1000. The
signals from the Rogowski coils, Hall sensors, and voltage taps
on the sample are digitized by NI SCXI-1125 data input mod-
ule and recorded by a LabVIEW program at a rate of 500 data
points per second.

2.2. The sample

The sample is an LHC type-01 NbTi Rutherford cable. The
geometric dimensions of this cable are listed in table 1 [7].
The strands in the cable are soldered together.

2.3. Design of the test probe and preparation of the joints to
SCT

The critical current of the sample may be measured in one
of two configurations, namely an applied field parallel or

Output leads =

=

Primary and
. secondary coils
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Rogowski coil :

r‘aB

all sensor

Figure 1. (a) SCT used in this research, and (b) a schematic of the
Hall sensor location and orientation.

Table 1. Dimensions of the LHC type-01 Rutherford cable [7].

Dimensions Value
Width 15.0 mm
Thin edge 1.72 mm
Thick edge 2.06 mm
Number of strands 28

Strand diameter 1.065 mm
Transposition pitch 110 mm

perpendicular to the broad face of the cable. We decided to use
the latter configuration because it tends to give a more conser-
vative I, value. A test probe was designed and constructed for
this experiment as shown in figure 2.

The probe is made of G-10 with machined grooves
where the sample is glued by Stycast 2850FT. The sample
has a V-shaped sharp bend at the return outside the high
field region. Our experiment proved that this sharp bend
in low field did not cause any degradation that would pre-
vent good I. measurements. When the probe cover (not
shown) is glued with Stycast and bolted, the sample is
completely fixed in the probe. This minimizes the possible
movement of the sample due to electromagnetic force dur-
ing an /. measurement, therefore minimizing the probabil-
ity of a sample quench. The cross-section of the probe is
30 mm x 70 mm.

A soldering fixture and a soldering procedure have been
developed to make the solder lap join between the sample and
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Figure 2. The test probe. The Rutherford cable sample with its
broad face glued down in a groove by Stycast 2850 FT. The voltage
tap distance is 15 cm, consistent with the bore size of the split
magnet used for the experiment. The applied magnetic field is
perpendicular to the broad face of the sample.

Figure 3. (a) The probe joined to SCT which is attached to a
supporting structure and the top flange to be inserted into the split
magnet, and (b) SCT and the probe inside the split magnet assembly
with 15 cm bore size.

the SCT output. The solder is eutectic Sng3Pbs; and the joint
region is about 5 cm long. Subsequently the assembly of the
sample probe and the SCT was installed into the split magnet
assembly as shown in figure 3.

2.4. The critical current measurement

The magnetic field is provided by the NHMFL 12 T split mag-
net that has a high field region15 cm in diameter and allows

maximum probe cross-section of 30 x 70 mm?”. The mag-
net has a homogeneity of 0.2% over 6 cm diameter spher-
ical volume. The applied magnetic field and electrical current
polarity is such that the electromagnetic force pushes the two
sides of the sample together. A 15 cm long voltage tap was
attached to each leg of the sample, utilizing the entire high field
region which is greater than the cable’s transposition pitch of
11 cm.

In the experiment, both the sample probe and SCT were
immersed in liquid helium. The experiment began with ramp-
ing the SCT primary current to 20 A (which corresponds to
SCT output of about 20 kA) in zero field. This is to check the
SCT output current measurement to verify the proper func-
tioning of the system. Subsequently, the magnet was ramped
to different fields for /. testing with a ramp rate of typically
0.025-0.168 T min~'. Before each /. measurement in field,
the SCT was quenched by energizing quench heaters located
on the secondary coil of the SCT to eliminate the induced
residual current due to the field ramp. Then the primary current
was ramped at 0.1 A s~! while the output current and voltage
in the sample high field region are monitored until it reaches
the critical point. In this fashion, the V-I curves were meas-
ured for applied fields from 2 T to 10 T. The critical currents
and n values were determined by fitting the E-I curves with
the exponential function

E=E.(I/L.)" (H

where E_ is the criterion of 0.1 zV cm™!.

Furthermore, to compare the performance of the cable with
one of its strands. A 1.5 m long strand was extracted from the
same LHC cable. The extracted strand was wound on a stand-
ard ITER barrel, and its /. was tested at 4.2 K in a wire test
facility designed for ITER strand verification testing [8].

3. Results and discussions

3.1 The electric field vs. current (E-|) traces

The total resistance of the two solder joints between the SCT
and the sample is 2.0 n{2 obtained by fitting the linear part
of the E-I traces taken prior to superconducting-to-normal
transition. This joint resistance value is sufficiently low that
the decay time constant is much longer than the time taken
for the critical current measurement of a few minutes. At this
level of joint resistance, no significant additional primary cur-
rent is needed to compensate for the energy dissipated at the
joints.

E-I curves up to the superconducting-to-normal transitions
in magnetic field were obtained between 4 and 10 T, as shown
in figure 4. The E-I curves at 4 T and above show clear
superconducting-to-normal transitions. While at 2 T and 3 T,
the sample quenched before reaching the transition. The /. and
n values determined by fitting with equation (1) are plotted in
figure 5 as a function of applied field.
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Figure 4. E-I curves of the sample obtained in 2-10 T magnetic
field. A constant background is removed from each curve. The
current was measured by one of the two Hall sensors.
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Figure 5. The measured /. and n value versus applied magnetic
field. The solid line are guides to the eye. Two empty points at the
low fields side are the current values at which the sample quenched
without transitions.

3.2. Self-field correction

For a high current density cable at relatively low magnetic
fields such as NbTi Rutherford cable, the effect of the self-
field is significant. For the cable geometrical configuration of
our sample (figure 2), the self-field effect is more prominent.
So, the self-field calculation by FEM is necessary.

Figure 6(a) plots ANSYS calculated self-field B magnitude
distribution in the cross-sectional area of our cable, assuming
transport current of 10 kA. The magnetic field B experienced
by a cable is a vector sum of the applied field B, and the self-
field B;. As depicted in the figure, the applied field B, is in
the y direction. For B, of 4 T or above, the x-component of
B, makes a small contribution to the total B. When consid-
ering the self-field effect on /., only the y-component of B is

important, which is shown in figure 6(b). In the case of distrib-
uted self-field in the Rutherford cable, it can be assumed that
I, is determined by the peak field experienced by the cable
[9]. Figure 6(b) clearly indicates that the peak self-field in y
direction located at one of the edges of the cable.

Since the self-field is proportional to the transport current,
so the y-component of the peak self-field By, at critical current
I can be expressed as

By =K xI, 2

where K is a constant. Our calculation results in
Kmax = 0.0385 T kA~' for the cable with its board face
perpendicular to the applied field.

The self-field in extract strand test was also calculated as
shown in figure 7. For the ITER barrel, in our calculation, B,
is parallel to the z direction, so K, = 0.582 T kA~! is used for
each critical current at each field for self-field correction.

Based on the above FEM analysis, the applied magnetic
fields are corrected by adding the calculated maximum self-
field in the y direction. After self-field correction, data in
figure 5 are replotted in figure 8. The critical current of the
extracted strand, also corrected for self-field, are scaled by
multiplying by 28, the number of strands in the cable, also
presented in figure 8 for comparison. It should be noted
that at 7 T, the critical current is 14 kA and n value is
36.1, consistent with the values for LHC type 01 cable in
the literature [7, 10]. A very good correlation between the
cable critical current and the sum of the critical current of
the extracted strand was observed at CERN [10]. But our
difference between the cable I. and 28 x strand I. seems
to be more significant. This may suggest that the extracted
strand has better performance than most other strands in the
cable.

3.3. Other uncertainties in critical current measurement

The inductive signal from the Rogowski coil is usually integ-
rated to measure output current. However, in this experiment,
the digital integration of the Rogowski coil signal is noisy.
Therefore, this experiment relies on a carefully calibrated Hall
sensor which is robust against electromagnetic noises. To fur-
ther verify the secondary current, the primary current was mul-
tiplied by 1000, the transformer ratio. Since the deviation due
to energy dissipation at the joints is relatively small, this cal-
culated output current should be very close to the actual out-
put current. Indeed, this calculated output based on primary
current agrees very well with measured output by the Hall
Sensor.

A possible source of error is from the stray field from the
magnet at the Hall sensors. However, in our experimental con-
figuration, the stray field of the magnet coil is mostly paral-
lel to the sensor which produce negligible Hall signal. This is
confirmed by our experiment, in that the Hall signal is zero
regardless of the applied magnetic field value when the output
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Figure 6. Self-field B distribution in tesla in cable cross-sectional area assuming 10 kA transport current (a) the magnitude (scalar) of the

self-field, and (b) the y-component of the self-field.
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Figure 7. Calculated z-component of the self-field for the extracted
strand in its critical current test using an ITER barrel assuming
500 A transport current.

current is zero (quenched). The uncertainty of measured crit-
ical current is mainly from the uncertainties of the Hall sensors
calibration, of the distance between the Hall sensors and the
output leads, and of the fitting process of V-I curves. Sum of
these three errors are displayed as error bars in figure 8. The
estimated error at 7 T is about 5%.

3.4. Current induced by field ramp

In our test configuration the superconducting cable forms
a loop in the high magnetic field region, it is expected
that inductive current is significant during a field ramp. As
observed, this inductive current is in the order of a few kA,
which could introduce a significant error in critical current

30
q (o]
25
20
<
=3
§ 15
3 10 Extracted strand Ic x 28
—e—Cable Ic
> O Cable quench current
0

2 3 4 5 6 7 8 9 10 11
Magnetic field (T)

Figure 8. Comparison of critical currents between the cable and the
strand for after self-field correction.

if the sample current is measured by integration of inductive
voltage (Rogowski coil). Therefore, before each critical cur-
rent test the inductive current was quenched by the quench
heaters. Interestingly at high field, this inductive current is
comparable with the critical current of our sample, so a
superconducting to normal transition could occur due to the
inductive current. Figure 9 is an interesting example of this
effect. It displays the induced secondary current by applied
field ramp from 9 T to 10.8 T. The induced secondary cur-
rent causes superconducting-to-normal transitions at roughly
2, 1.2, and 0.8 kA at respective magnetic field of 9.64,
9.9 and 10.1 T, consistent with critical currents at these
fields.
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Figure 9. Induced secondary current by magnetic field ramp from
9 T to 10.8 T. Once the induced current reaches I, it is
self-quenched. The next current ramp starts automatically. As
expected, the quench current decreases with increasing magnetic
field.

4. Conclusion

The critical current of an LHC type 01 NbTi Rutherford cable
is successfully measured in high magnetic field using the SCT
as the high current source. This verifies the correct operation of
this 50 kA grade SCT in high magnetic fields. Both Rogowski
inductive coils and Hall sensors are used to measure the SCT
output current. FEM modeling was performed to calculate the
self-field of these high current measurements. Our measured
critical current agrees with what in the literature. In addition,
the critical current of a strand extracted from the test cable
was measured and compared with that of the cable. The reas-
onable agreement between the two also confirmed the proper
functioning of the SCT.
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