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Abstract—Here we report the effect of field-dependent index
value (B, 0) on screening current and consequential NI REBCO
coil behavior. Through the ‘Little Big Coil (LBC)’ framework, an
unexpected voltage behavior has been observed at the top and bot-
tom coils in the fourth mini magnet LBC4 during the self-field oper-
ation at 77 K. The measurement demonstrates that the top/bottom
coil voltage is temporarily decreased and then increased. However,
this anomaly cannot be reproduced if the conventional simulation
model uses the power-law E —J model with a constant n-value.
Hence, we have revisited a property of the REBCO-coated con-
ductor and, as a result, found that the field dependency of n is
necessary to elucidate the behavior. This paper will provide the
77 K self-field operation results, e.g., module coil voltages and
the central magnetic field. A numerical simulation considering
the field dependency investigates unexpected coil voltage behavior.
The comparison between simulation results if the dependency is
included and if not will be discussed.

Index Terms—Coil modeling, field dependency, magnetic field
hysteresis, REBCO-coated conductor, screening current.

1. INTRODUCTION

CREENING current of REBCO-coated conductor causes
S excessive magnetic stress, thus probably constraining the
design versatility of high-field REBCO magnet. Hence, re-
searchers have made numerous research and development en-
deavors regarding practical technologies to break through the
magnet design issue. For this, the numerical simulation of
screening current-induced stress (SCS) on REBCO applications
has been widely used, and indeed, the results have offered
intriguing ideas and reasonable conclusions [1], [2], [3], [4],

[51. [6], [71, [8], [9].
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The power-law E'—.J model of REBCO-coated conductor
(CQO) [10] is essential in the screening current simulation [11],
[12], [13], [14], [15], [16]. The law is derived from the I — V'
curve, the current and Voltage measurement results, where the
key parameters are critical current /. and index value n. They
depend on fields and temperatures, thus investigated in various
field environments, e.g., field intensity B and angle 6 [17], [18],
[19]. Accordingly, the recent simulations consider the field-
dependent critical current I.(B, ). However, few simulations
have considered n(B,#), so the effect has been insufficiently
discussed [20], [21].

Through the ‘Little Big Coil (LBC)’ framework [22], [23], we
have recently confirmed that the use of a constant n-value may
be deficient in the screening current analysis. Last late March,
the fourth mini magnet LBC4, a stack of twelve no-insulation
(NI) REBCO caoils, operated in self-field at 77 K, self-field at
4.2 K, and 31.1 T in-field at 4.2 K. An unexpected voltage
behavior at the top and bottom coils was observed in the self-field
operation at 77 K. The measurement demonstrates that the
top/bottom module coil voltage is temporarily decreased and
then increased, which cannot be reproduced by the conventional
simulations [24] if the power-law F'—.J model with a constant
n-value is used. Hence, we have revisited a property of the
REBCO-coated conductor and, as a result, confirmed that the
field-dependent index value n (B, 6) is necessary to elucidate
the behavior.

This paper provides the 77 K self-field operation results, e.g.,
module coil voltages and hysteresis of the central magnetic
field. A numerical simulation considering the field dependency
investigates unexpected coil voltage behavior. The comparison
between simulation results is discussed if the dependency is
included and if not. Finally, we conclude that n(B, §) should be
considered in the numerical simulation for estimating screening
current induction to a reasonable extent.

II. MATERIALS AND METHODS

Table I shows the key parameters used for this work. Su-
perPower AP tape is used for the fabrication. LBC4 almost
replicates the geometry specifications of its antecedent mini
magnet LBC3 that was used to explore the record-high 45.5 T
with 31.1 T Bitter-plate resistive background magnet [22].

Fig. 1 presents measured I.(B,0) and n(B,0) at 77 K.
From the in-field measurement results, the correlation between
1.(B, 0) and n(B, 0) is obtained by a linear regression approach
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TABLE I
KEY PARAMETERS OF A SOLENOID MAGNET

Conductor parameters Unit
Manufacturer SuperPower
Conductor width [mm] 4.0
Conductor thickness [um] 45
Magnet parameters
Number of single pancake 12
Number of turns per pancake 220
Inner and outer diameter  [mm] 14.0;34.0
Total height [mm] 50.0
Inductance [mH] 48.5
Magnet constant [mTA™ ) 60.3
Operation parameters
Operating temperature [K] 77 (LN2)
Operating current [A] 20
Ramp rate [As™1] 0.05
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Fig. 1. Measurement results of field-dependent critical current I.(B, ) and
index value n(B, #), and the correlation between them.

regardless of the field intensity B and angle 6. The result is
described with:

n(B,0) ~ I.(B,0) x 0.2 +T. (1

Therefore, the power-law IZ—.J model of Ohm’s law for the
screening current simulation is expressed with:

1.(B,0)x0.247-1
B= o L@
J.(B,0) J.(B,0)

where E., J., E, and J indicate, respectively, critical electric
field (usually 1 p V/cm assumed), critical current density, elec-
tric field, and current density.

In this work, we adopt the finite element analysis using
H-formulation for non-linear electromagnetic simulation to in-
vestigate screening current and compare simulated results with
measured ones regarding coil voltages and the central magnetic
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Fig. 2. Modified lumped-circuit model for module coil voltage simulation.

(a) T T T r T T r
3 4
€
o ]
5
o

0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

(b) : : : . T T ]
£ ]
o
[7) 4
&

o
= ]
=
o
2 ]
s
0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)
(c) T T T T T DP1
04Fh ‘ ‘ “ “ DP2
— i ‘ ‘ | I -~ DP3|
S L DP4
E 0.2 ‘ L — ops
o ——DP§|
o
g 00F L L L 1
5 (‘ T
>
02} ‘ ‘ 1
. -
0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)
Fig. 3. Measurement results of (a) Operating current. (b) Coil central field.

(c) Module coil voltages.

field. Especially for the voltage comparison, a modified lumped
circuit model provided in Fig. 2 is used. Each double pancake
(DP) coil consisting of two single pancake coils is illustrated
with one induced voltage source by flux linkage (§V3) and two
resistances (superconductor and characteristic, Ry, and R.).
Here, 6§V} ; is calculated with:

d i"ffB ds;] dw

dha;
— Aoi_
TR W +

dt’
(3
o and wo;_1 stand for, respectively, the
index of DP, the average of total flux linkage of 2i — 1" SP,
the number of turns, and conductor width. Note that we have
discussed a deficiency of the conventional lumped circuit model
using a constant inductance [25] through our previous work [26];

Vi =

where 7, Aoj_1, Nt2
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Fig. 4. Overview of comparison results of module coil voltages between
simulation and measurement.

it investigated inductance variation by screening current [26],
[27], [28], [29], thus proposing a modified model.

III. RESULT AND DISCUSSION

Fig. 3 presents measurement results of operating current, the
coil central field, and module coil voltages. LBC4 was charged
up to 20 A with a constant ramp rate of 0.05 A/s. The first charge
consisted of four charge-hold steps to investigate the charac-
teristics, e.g., outer joint resistance, inner joint resistance, and
others. After this operation, an identical operation protocol was
applied twice as a supplementary experiment for reproducibility
confirmation. The peak magnetic field at the peak current is
about 1.2 T, which is slightly smaller than the calculated value of
60.3 mT/A~! x 20 A (probably due to screening current-induced
field). Measured module coil voltages, except DP1 and DP6,
present the inductive voltage increase from 0.4 mV to 0.5 mV.
This agrees well with the expectation that inductance increases
due to the flux penetration by screening current relaxation [26].
The deviation of DP1 and DP6 is discussed with comparison
results.

Figs. 4-6 compare measurement and simulation results; Sim-
ulation I considers I.(B, #) and a constant n, while Simulation
II considers both I.(B, #) and n(B, 0).

Fig. 4 confirms that Simulation I and II are able to reproduce
most coil voltages, but Fig. 5 provides the difference between
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Fig.5. Enlarged view of voltage comparison results of (a) top and (b) bottom
coils. The blue line, the simulation result considering I.(B, 0) and n(B,0),
traces the measured results, whereas notable discrepancy in the red line, the
simulation result considering I.(B, ).
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Fig. 6. Comparison of magnetic field between measurement and simulations.
(a) Overview. (b)—(c) Enlarged view at the beginning of charge and discharge.

them. In DP1 and DP6, an unexpected voltage increase happens
during the charge, which is not reproduced with Simulation I;
meanwhile, we have confirmed little difference in simulation re-
sults (within a 5% error range) if an arbitrary constant n in arange
of 2040 is chosen. On the other hand, Simulation II reproduces
this unexpected behavior well. This comparison clarifies that the
proposed simulation approach considering n(B, €) described in
the previous section is practical for replicating measurement
results, emphasizing a better agreement between Simulation II
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and measurement results. Fig. 6 supplements this argument in
terms of magnetic field simulation. As shown in Fig. 6(a)—(b),
Simulation I and II both seem to be practical in the magnetic
field simulation. However, Fig. 6(c) shows the limit of using
a constant n-value in simulating screening current if the coil
current is low.

In conclusion, from this analysis, we confirm that n-value
affects the amount of screening current induction and relaxation
during the coil operation, as shown in Fig. 4 and Fig. 6. In addi-
tion, it is also confirmed that the remnant amount of screening
current after the discharge is affected by n-value, as provided
in Fig. 6(c). For further analysis of the effect of n(B,#) on
screening current, we have investigated current density, electric
field, and n-value distributions in LBC4 at selected operating
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Fig. 8. Further current density analysis results to investigate the correlation
between the n degradation and the screening current relaxation. (a) Field-
dependent n behavior during the charge. (b) Peak-normalized current density
change by screening current relaxation.

currents during the first charge in Fig. 3(a). Fig. 7 presents the
investigation results.

This investigation explains that a low n-value is distributed
at the edges of individual turns in each SP of LBC4, probably
due to radial field concentration. Therefore, it concludes that a
partially concentrated electric field induces a consequential volt-
age increase, as presented in Fig. 5. In addition, the conclusion
obtained from further current density analysis is twofold. First,
the screening current induction near the coil surfaces would
be less than the simulation results using a constant n-value in
20-40. Second, its relaxation speed is faster than the simulated
ones. To clarify the second argument, Fig. 8 summarizes the
average value of n-value and peak-normalized current density
at the selected top surfaces of SP1-6 in the upper half of LBC4
during the charge operation shown in Fig. 7(a). It indicates that
the faster n degradation, the faster current density relaxation,
and correspondingly, provides direct evidence for the second
argument.

IV. CONCLUSION

This paper has reported the effect of field-dependent n-value
on screening current and consequential NI REBCO coil behav-
ior. The significance of this work is fourfold. First, the correlation
between I.(B,0) and n(B, ) has been formalized from the
corresponding measurements with the linear regression, applied
to the screening current simulation, and finally, evaluated for
its necessity. Second, we have confirmed that the consideration
of n(B, 0) can address some discrepancies between simulation
and measurement in terms of coil voltages and the magnetic field
hysteresis. Next, the electrical vulnerability near the top and bot-
tom coil in a coil stack has been confirmed by simulation results
that the electric field induction is concentrated near the top and
bottom coils due to an intense radial field and consequential a
low n-value. Last, a low n-value affects the screening current
induction and its relaxation.
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