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 Abstract—This study presents experimental measurements of the 
magnetization of ReBCO CORC cables in magnetic fields up to 30 
T at 4.2 K. Such data are relevant for accelerator, fusion, and other 
potential applications. The cable was comprised of 29 ReBCO 
tapes, with a cable OD of 3.63 mm and cable pitch of 7.16 mm. The 
tapes were 2 mm wide, had a substrate thickness of 30 µm, and a 
Cu plating thickness of 5 µm. The cable had an Ic of 1675 A at 77 
K and self-field. The CORC cable was received from Lawrence 
Berkeley National Laboratory (LBNL) with ID 170131-Berkeley. 
We used a susceptibility technique, with the NHMFL’s Bitter 
(resistive) magnet acting as the primary coil. We constructed a 
sample holder with a pick-up coil (secondary) as well as a 
compensation coil. The CORC cables were measured first as a 
single and then a three-stack CORC, placed with the field 
perpendicular to the conductor length. Magnetization (M) versus 
applied magnetic field (μ0H) was measured for field sweeps with 
amplitudes up to ± 30 T. Additionally, “accelerator-like” magnetic 
cycles were performed. Here, the field, initially at some low (1 T) 
“injection” field was increased to the maximum (“collision”) field, 
ramped back to some hold field near zero (Bh), and then increased 
to the nominal injection field again, mimicking operational 
conditions relevant to particle accelerators. The magnetization at 
injection (taken here as 1 T) was observed to be ≅ 1100 kA/m. 
Furthermore, the penetration field (Bp), which defines the point at 
which flux reaches the center of the conductor, was found to 
increase from 1.2 to 2 T when we moved from a single-stack to a 
three-stack of cables. These measurements are important for 
understanding the CORC cable’s implementation in high-field 
applications such as particle accelerators. 
 
Index Terms— CORC, HTS, Magnetization, and ReBCO. 

I. INTRODUCTION 
UPERCONDUCTING cables, such as Rare-earth 
Barium Copper Oxide  (ReBCO) Conductor on Round 
Core (CORC), are critical, enabling components of high-

field magnets for the next generation of particle accelerators 
[1], [2], fusion reactors [3-5], and other advanced applications. 
These cables, which utilize high-temperature superconducting 
(HTS) materials, offer high current-carrying capacities and 
have exciting potential for these applications because of their 
large upper critical fields and excellent high-field transport 
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properties [6-8]. However, the presence of magnetization 
effects poses significant challenges to their practical 
implementation, affecting the beam steering accuracy as well as 
the efficiency and stability of the systems they are employed in. 

As one example, we can consider a superconducting dipole 
magnet used for particle beam steering. For optimal steering, 
these should have a pure dipole field. However, such magnets 
will have multipolar distortion if the conductors have 
magnetization. Shielding or trapping currents within the wires 
generate this magnetization, and the resulting field errors 
depend on both the superconducting strand and cable properties 
and the overall coil particulars [9-11]. 

Previous studies have provided insights into the 
mechanisms of flux penetration and magnetization in CORC 
cables, particularly at the injection fields of accelerator magnets 
[12],[13]. Furthermore, modification of magnetization 
properties through pre-injection cycles has previously been 
explored, demonstrating the potential for optimizing cable 
performance [14]. M-H measurements for ReBCO tapes can, at 
least at some level, be performed using a PPMS or MPMS 
(SQUID) system, but such systems cannot be used for ReBCO 
cables because of sample size restrictions in these devices 
(typically, samples must be 5 mm or less in all dimensions). 
Such cables have been measured using a Hall probe technique 
with the applied field provided by a liquid cryogen-free, 12 T 
magnet located here at OSU [14], [15]. Some high field torque 
magnetometer measurements have been made on single tapes 
[16]. Our group has also used a susceptibility technique 
employing a ± 3 T superconducting dipole magnet in 
combination with a pickup and compensation coil to study the 
magnetization of ReBCO based Roebel and CORC cables [12]. 
However, the nominal design fields for ReBCO based high field 
magnet dipole inserts are in the 20 T range, and it is thus 
important to study the M-H behavior of these cables at higher 
fields. Other applications, e.g., fusion, are also impacted by the 
high field properties of these conductors. As will be seen below, 
it is also important to measure not only cables but stacks of 
cables to better understand the expected magnetization and 
penetration fields of these cables and cable stacks and their 
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impact on magnet performance. For this reason, we have 
developed an approach to measure the conductor properties up 
to 30 T in the resistive magnets of the NHMFL.  

II. EXPERIMENTAL 

A. Samples 
All samples measured in this work were cut from a CORC 

cable made up of 29 ReBCO tapes, cable OD 3.63 mm, and with 
a cable pitch of 7.16 mm. The ReBCO tapes were 2 mm wide 
and had a substrate thickness of 30 µm and a Cu plating 
thickness of 5 µm. The cable Ic was 1675 A at 77 K and self-
field [17]. The CORC cable was received from Lawrence 
Berkeley National Laboratory (LBNL) with ID 170131-
Berkeley. Two samples were measured; the first consisted of a 
single CORC cable 2.7 cm long (the single CORC sample), and 
the second sample had three 2.7 cm long segments of the cable. 
We used a diamond saw to cut the samples. In all cases, the field 
was perpendicular to the conductor length, and for the three-
stack cable, the wide dimension of the cable stack was along the 
field direction, as shown in Fig. 1.  

The single-stack CORC was measured first. Measurements on 
these samples were made with a magnetic field orthogonal to 
the cable's longitudinal axis in a LHe environment (4.2 K), 
using distinctive field cycles. The specifications of these CORC 
cables are listed in Table I, see also [17]. 

 

 
 
Fig. 1. Schematic of the applied field to the (a) single CORC and (b) three-

stack CORC. The yellow cylinders are the CORC, and the arrows represent the 
applied field. 
 

TABLE I 
CORC SAMPLE DETAILS 

Cable diameter 3.63 mm 
Diameter of Cu core 2.56 mm 
Number of tapes 29 
Tape width 2 mm 
Cu plating thickness 5 µm 
Substrate thickness 30 µm 
Cross sectional area 10.35 mm2 
Percentage of Cu area 55 % 
Cable pitch 7.16 mm 
Sample length  27 mm 
n-value @77K and self-Field 31.6 
Critical Current @77K and self-Field, Ic 1675 A 

 

B. Pickup Coil Development 
Fig. 2 shows a CAD drawing for the parts and an assembly 

drawing of the pick-up coil including (a) the top part that 
connects to the probe, (b) the bottom bit that presses on the 
sample keeping it in place, (c) the support rods, (d) the central 
region, containing the pick-up and compensation coils, and (e) 
the fully assembled sample holder. Fig. 3 shows the as-

fabricated components, including (a) top, (b) bottom, (c) 
support rods, (d) pickup and compensation coils, (e) full 
assembly, and (f) full sample rod with sample holder at the right 
end (bottom of probe). The sample holder was made from G10, 
and the pickup and compensation coils were wound with Cu 
AWG-34 Polyurethane/Nylon coated wire. Each coil consisted 
of 7 layers of windings, and each layer had ~165 turns. Further 
pickup coil specifications are listed in Table II. 

 
TABLE II 

PICK-UP COIL SPECIFICATIONS 
Shape Square cylinder type 
Dimensions 32.5 × 30 × 8 mm 
Number of turns per layer ~165 
Number of layers 7 
Wire material Cu with PUR/Nylon insulation 
Wire diameter 0.18 mm (AWG-34) 

 

 
Fig. 2. Pick-up coil CAD drawing: (a) the top part that connects to the probe, 

(b) the bottom bit that presses on the sample, keeping it in place, (c) the support 
rods, (d) the central region with the sample, containing the pick-up and 
compensation coils, and (e) the fully assembled sample holder. 
 

 
 

Fig. 3. Machined Pick-up coil with windings, including (a) top, (b) bottom, 
(c) support rods, (d) pickup and compensation coils, (e) full assembly, and (f) 
full sample rod with sample holder at the right end (bottom of probe). 

C. Measurement Procedure 
We utilized a Florida Bitter Magnet as the primary field 

source and a custom coil set from OSU for both the pickup and 
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compensation coils. Magnetic fields were induced in the 
secondary coil by ramping the field produced by the Bitter 
Magnet. The induced voltage, V, in the coil, can be calculated 
using Faraday’s law. In principle, a compensation coil, 
connected to the pickup coil in an anti-series configuration, 
nullifies the induced voltage signal in the absence of a sample. 
In practice, imperfect matching of the pickup and compensation 
coil are corrected by using a voltage divider network to select 
some fraction of the compensation coil voltage. The use of a 
variable resistor in this circuit allows us to carefully adjust the 
system so that the cancellation is optimized with no sample in 
the sample coil. Then when a sample is placed in the secondary 
coil, it disrupts the balance, causing a resultant voltage which 
can be integrated over time to determine the flux. This flux is 
then calibrated to get the magnetization, M, of the sample. In 
our case, calibration was achieved by measuring flux exclusion 
on the Meissner slope of the initial magnetization curve, 
assuming a cylindrical sample with a demagnetization factor of 
1/2. This procedure has been validated for a CORC sample in 
Ref [14], [15]. 

III. RESULTS 

A. M-H loops 
Our first M-H measurements were performed on the single-

stack CORC cable (at 4.2 K) using a field sweep of ± 10 T. A 
ramp rate of 10 T/min was used for these measurements. The 
results, with magnetization normalized to cable volume, are 
shown in Fig 4. This single-CORC shows a penetration field, 
Bp, of 1.2 T and a magnetization corresponding to full flux 
penetration, Mp, of 1300 kA/m. Some drift is observed in the 
magnetization signal, which prevents overlap of the initial and 
final branches.  

Fig. 5 shows the magnetization measurements for a three- 
stack of CORC cables with a maximum field sweep of ± 30 T. 
To our knowledge, this represents the first measurement of M-
H for a CORC cable out to such fields and we expect that these 
results are of significant interest to the particle accelerator 
magnet community, as well as the fusion community. We 
performed a few sweep cycles starting from ± 10 T and 
incrementing by 5 T up to ± 30 T. We observed an increase in 
Bp for the three-stack CORC as compared to the single CORC. 
The three-stack CORC shows a Bp = 2 T and a magnetization 
above penetration, Mp, of 1300 kA/m. Some small baseline 
curvature is seen for the M-H at highest fields, the origin of this 
is unclear.  

B. Accelerator Cycle  
Next, the M-H response of the CORC cable sample was 

studied by means of a series of steps that imitate the operational 
field cycling of a particle accelerator. The purpose of this 
experiment was to observe the magnetization at the injection 
field and how it changes with different accelerator field cycles  

 
Fig. 4. The measured M-H hysteresis loop at 4.2 K of a single CORC sample, 

subjected to a maximum field of 10 T, applied orthogonal to the cable's 
longitudinal axis. 

 
Fig. 5. The measured M-H hysteresis loop at 4.2 K of a three-stack CORC 

stack sample, subjected to a maximum field of 30 T, applied orthogonal to the 
cable's longitudinal axis. 

 
and low field “hold” values. The sequence involved: (1) 
ramping the magnetic field from 0 T to a peak field of from 9 
T-20 T, well above the injection field. (2) The field was then 
reduced to a lower “hold” field (Bh), below the injection field, 
(0-1 T). (3) Finally, the field was ramped back up to the 
injection field, set at 1 T in this case. Different hold fields of 0, 
0.2, 0.4, 0.6, 0.8, and 1 T were tested during the experiment. 
These steps allowed for the evaluation of the magnetization and 
its behavior as a function of the field cycle protocol. The overall 
goal was to see what cycles led to the lowest magnetization at 
injection, and how this would change for different cable 
stackings. The outcomes of the accelerator like cycle 
measurements are illustrated in Figures 6 and 7. 

Fig. 6 shows the accelerator cycles for the single CORC 
sample with different hold fields of 0, 0.2, 0.4, 0.6, 0.8, and 1 
T. These accelerator cycles were performed with the maximum 
field of 9 T. Fig. 7 shows the accelerator cycles for the three-
stack CORC sample with different hold fields of 0, 0.2, 0.4, 0.6, 
0.8, and 1 T and ramping up to a field of 20 T.  
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Fig. 6. Accelerator like M-H cycle measured at different hold fields of 0, 0.2, 

0.4, 0.6, 0.8, 1 T for single CORC sample, replicating the field cycling sequence 
of acceleration, collision, beam dump, and reinjection.  

 
Fig. 7. Accelerator like M-H cycle measured at different hold fields of 0, 0.2, 

0.4, 0.6, 0.8, 1 T for three-stack CORC sample, replicating the field cycling 
sequence of acceleration, collision, beam dump, and reinjection. 

C. Changes in Bp and M at Injection 
We evaluated the magnetization at the injection field (1 T) for 

both single and three-stack CORC cables under various hold 
fields, as shown in Fig. 8. The magnetization above penetration 
was essentially the same for the single CORC to the three- stack 
configuration. This is as expected, since in this regime, the 
magnetization per unit volume is just proportional to the flux 
excluded by the shielding (or trapping) currents, i.e., ∝ Jc deff, 
where deff is the length scale of the field gradient in the sample (the 
same for single or stacked cables). Magnetization in fact peaks at 
Mp (which occurs at Bp) since Jc drops with increasing field. On 
the other hand, the penetration field (Bp) for the single CORC was 
1.2 T, while for the three-stack CORC it increased to 2 T, marking 
a 60% rise due to stacking. This result is not very surprising, since 
it is known that stacking ReBCO conductors can increase the field 
at which flux penetration is achieved, and modifying loss and M-
H in low field regimes [18-21], although we are unaware of its 
previous demonstration in stacks of CORC cables.  

To minimize magnetization at injection in accelerator magnets, 
it is essential to find a field cycle that reduces magnetization as 
much as possible. The magnetization can remain too high if the 
field only cycles between injection and collision values. By 
ramping down to zero or a low hold field before returning to 
injection, the magnetization is reduced, minimizing field 

distortions. The magnetization at 1 T after cycling to high field,  
down to Bh, and then to 1 T, is different for the single CORC and 
the 3-stack because in this case Bh < Bp, thus we are in the low 
field regime at 1 T, and M at 1 T increases as Bp-Bh decreases (i.e., 
Mp occurs at Bp).  In our case, Fig. 8 shows that to minimize 
magnetization to near zero, a Bh value of 0.2 T is required for a 
single CORC while a Bh of 0.1 T is required for a three-stack 
CORC. The process may vary depending on the cable's structure, 
such as single versus multi-stack CORC. Indeed, for an actual 
magnet or magnet insert, it will be difficult to completely remove 
the magnetization (and associated field errors) because different 
portions of the winding will experience different fields at the same 
bore field (e.g., at injection). In any case, detailed studies and 
adjustment for different configurations will be required to 
optimize performance. 

 
Fig. 8. Magnetization at the hold field, Bh, for accelerator cycles. These 

values of Bh can be compared to the 1 T nominal “injection field” at which the 
y-axis magnetization is measured, as well as Bp (1.2 T for the 1 stack CORC 
sample, and 2 T for the 3 stack CORC sample).  

IV. CONCLUSION 
We measured M-H loops for CORC cables at fields up to 30 

T, utilizing a Bitter magnet as the primary and custom-
developed secondary and compensation coils. Our analysis 
focused on accelerator injection cycles using CORC and 
stacked CORC, where the penetration field varied with 
stacking, altering the magnetization at injection. The 
penetration field, Bp, for the single CORC, was 1.2 T while the 
penetration field, Bp, for the three-stack CORC was 2 T, which 
is a 60% increase due to stacking. The magnetization 
correlating to the penetration field, Mp, was 1300 kA/m for both 
samples.  

Magnetization in accelerator magnets is minimized by cycling 
the field to zero or a low hold value, reducing distortions. 
Notably, our results show that to minimize the magnetization to 
near zero the single CORC exhibits a hold field, Bh value 
approaching 0.2 T, whereas the three-stack CORC stack 
achieves a significantly lower Bh of approximately 0.1 T. We 
see that we can expect that the choice of ramping protocol to 
minimize magnetization at a given field (e.g. injection) depends 
on cable configuration, with single and multi-stack CORC 
stacks requiring tailored approaches. The results provide 
valuable insights for high-energy physics (HEP) dipole magnet 
applications and may also be of interest for fusion magnet 
applications. 
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