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Abstract. The screening current induced in rare-earth barium copper oxide (REBCO) tape
generates an unwanted irregular magnetic field. The screening current-induced field (SCIF) is a
challenging issue for MRI, NMR, and accelerators magnet composed of REBCO coils. A few
FEM-based simulation methods have been proposed to estimate the SCIF; however, they require
a long computation time.

Recently, we have proposed a simple SCIF computation method based on the self and mutual
inductances of REBCO pancake coil and screening current radial paths on the top and bottom of
pancake coils. Accuracy of the proposed method is not excellent; however, computation time is
quite short. In this paper, we report an equivalent circuit model that includes the self and mutual
inductances of a REBCO pancake coil and screening current radial path. Moreover, with this
proposed method, we can compute SCIF of no-insulation (NI) REBCO pancake coils, while it is
not the case with the previously proposed FEM-based simulation method. The proposed method
has been validated by experiment. The proposed method is available online.

1. Introduction
Recent years, the second generation high-temperature superconducting [(RE)Ba,Cu;O, (RE = Rare
Earth, REBCO)] coated conductors are used for some high-field magnet applications, such as magnetic
resonance imaging (MRI) [1-3], nuclear magnetic resonance (NMR) [4, 5], and particle accelerators [6,
7]. Although such applications require an accurate magnetic field, a screening current induced in
REBCO tape degrade field quality [8—10]. A few simulation methods based on finite element method
(FEM) coupling with thin approximation method [11, 12] have been developed in order to estimate the
screening current-induced field (SCIF). However, the FEM-based simulation method is complicated and
difficult to be applied. Unless a special technique, such as the fast multipole method [13-15], is
employed, an enormous size of PC memory and an inordinately long computation time are required.

To shorten a computation time and reduce the required PC memory without special technique, we
have developed a simple SCIF computation method [16] that can easily give SCIF from the coil
configurations. Although our crude model does not result SCIF as accurate as those by FEM-based
methods. It takes a very short time to simulate an SCIF, and the method is very simple.

In this paper, we have improved the previously proposed method to simulate SCIF under various
conditions, including for no-insulation (NI) REBCO pancake coils [17]. The current FEM-based SCIF
simulation method cannot be applied to NI REBCO pancake coils: to make it applicable the



circumferential current must be known. Despite the screening current is computed from the
circumferential current, the currents in the circumferential and radial directions are not simulated in the
current FEM-based SCIF simulation method. In our method, to simultaneously compute the
circumferential and radial currents and the screening current, the screening current inductance derived
in [16] is directly coupled to the equivalent electric circuits of NI REBCO pancake coil [17, 18]. The
time-varying SCIF can be obtained even while NI REBCO pancake coils are being charged. To confirm
the validity of our proposed method, we compared three SCIF results, those computed by our method,
FEM, and measurement. Our SCIF simulation tool is provided online.

2. Screening Current-Induced Magnetic Field Simulation Method
Figure 1 shows the proposed equivalent electric circuit of the ith (top) and the jth (bottom) pancake coils
that includes an equivalent screening current circuit. Here, the screening current inductance is given by
[16]

N2$

L. = Ho (D

where u, and N are the magnetic permeability of free space, the number of turns. As indicated in figure
2, § is the average r-directed REBCO tape surface area per turn and d is REBCO single pancake coil
thickness; § is given by:

S = 2nfw 2)
where 7 and w are the average coil radius and the tape width, respectively.

Next, the mutual inductance between the screening currents I ; and Isc;j is
Nid)sci,scj _ 3

Msci,scj = - = _bsci,scjﬁiNi (3)

Iscj
where @sc;sc; and by sc; are the magnetic flux penetrating to the REBCO tape surface of pancake coil i
generated from screening current Is¢; and the average radial field on pancake coil i generated by Isc; =
1 A, respectively. With the screening current assumed to flow only along the REBCO tape edges as
shown in figure 3, byc;sc ; 1s obtained as follows:

- Uo (7Y (2T 2i— 2y % — Zo;
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Referring all parameters in equation 4 to the ith pancake coil, we have: p; and 7y, the inner and outer

radii; zy; and z,;, the bottom and top z-positions; and z; the average z-position. We have:
N:
]scj =—- (5)

T1j = Toj
D(z) = (#; — rcos6,—rsinb, 2; — z). (6)
Finally we compute bg; ; using numerical integration technique.
Similarly, the mutual inductance between the screening currents Is.; and the coil current Ig; (as
shown in figure 4) is represented by

Nibsioj -
Mgeipj = —% = —bsci0;5:iN; 7

where @ g; is the magnetic flux penetrating to the REBCO tape surface of ith pancake coil generated
from the pancake coil Iy, and

R Uo z1j (T1j (2m 2i—Z
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Finally, to decide the resistance on the screening current circuit Ry., we suppose the followings in
this analysis:
e The screening current direction are opposite on the both REBCO tape edges.



e The resistance on the screening current flowing in the same direction as that of transport current
is Ryc;
e The resistance on the screening current in the opposite direction as that of the transport current is
ignored.
Therefore, considering the right half tape in figure 5, a current of 0.51, + I, flows there. Supposing that
the resistance of left side is zero, R, is twice longitudinal tape resistance:
Rsc = 2Ry (10)
where, according to the n-power law, Ry, is obtained from
R, = Ec (19 + 215C>”_1

I I 1n)

where ¢, I., and E. are the pancake coil REBCO tape length of pancake coil, the critical current, and the
electric field at the critical current, respectively.

The other parameters, L, Ry, and Ry in figure 1, are obtained from the magnet shape, the tape
configuration [19] or experiments.

3. SCIF Simulation results

To investigate the validity of the proposed SCIF simulation method, the SCIF results are compared,
FEM-based simulation vs. experiment. Three magnets are tested: 1) composed of two double-pancake
and four single pancake coils [16, 20]; 2) LBC3 insert magnet; and 3) Coil 2 of a 3-coil HTS insert of
the MIT 1.3-GHz NMR magnet.

3.1. Two double-pancake and four single pancake coils (All turns insulated)
We compared the simulation and measurement results of the magnet composed of two double-pancake
and four single pancake (2D+4S) coils [16, 20] with those of a FEM simulation, which is a 2D finite
element method with thin approximation method (FEM+TAM) [11, 12]. Table 2 and figure 6(a) show
the magnet configuration, in which turns of all pancake coils are insulated between turns. In our
experiments, we energized the magnet to 30 A in 10 min., with its coils charged in 3 ways, as shown in
figure 6(b)-(d): Case I [figure 6(b)], all coils (DPs 1 & 2 + SPs 1-4); Case II [figure 6(c)], DPs 1 & 2
and SPs 1 & 2; Case III [figure 6(d)] DPs 3 & 4.

Figure 7 shows the simulation and measurement, and FEM+TAM results. Here, the SCIF B is
defined as follows:

By = ngp - Bgim (12)
where B;™? and B§'™ are both center magnetic fields: B, ", measured; B§™, computed without screening
current contribution. In each case, simulation results of our proposed method and FEM+TAM agree
well, but they differ from measurement, particularly for Case II. Due to a small SCIF signal level, we
could not measure SCIF accurate enough to definitely compare simulation and measurement results.
Good agreement between our proposed method and FEM+TAM indicates despite its simple
computation, thus a significantly shorter computation time, our proposed method is as accurate as
FEM+TAM method.

3.2. LBC3 magnet (No-insulation coil)

The LBC3 magnet is the insert of a magnet that generated a center magnetic field of 45.5 T at National
High Magnetic Field Lab, USA [21]. Figure 8 shows a schematic drawing of the LBC3 magnet that
consists of 12 no-insulation REBCO single pancake coils; table 3 lists its specifications.

Table 4 lists the SCIFs computed by the proposed method and the FEM+TAM simulation together
with the measurements. The results of the proposed method do not agree with the measurement well.
However, the accuracy is almost the same as the FEM+TAM simulation. Although the accuracy of the
proposed method is not so high due to rough modelling, it is possible to know the level of the SCIF. The
validity of the proposed method is confirmed.

Figure 9 gives the magnetic field graph, which is the screen copy of online service “SCIFweb service”
as described in Appendix, when the test coil charges up to 50 A with 500 mA/s at 4.2 K. In figure 9, /op,



Bideal, Bsc, and Bl mean the transport current, the magnetic field without screening current, the
screening current-induced field, and the magnetic field with screening current, respectively. The LBC3
magnet has no insulation between turns, and it is supposed that the turn-to-turn contact resistivity is 7
uQ-cm? in simulations. Not only the difference between the ideal and real magnetic field but the
charging delay of magnetic field are observable. Since the FEM+TAM simulation method cannot take
into account the contact resistance of NI REBCO pancake coils, only the proposed method can deal with
NI REBCO pancake coils so far.

3.3. Coil 2 of 3-nested 800-MHz REBCO insert of the MIT 1.3-GHz NMR magnet (No-insulation coil)
The Francis Bitter Magnet Laboratory (FBML) of MIT built and tested the 800-MHz NI REBCO insert
(H800) for the MIT 1.3-GHz LTS/HTS NMR magnet [4] H800 was unexpectedly quenched and
damaged during operation, and the new designed REBCO insert, in which unanticipated flaws of H800
are eliminated, is under development [22, 23]. H800 consists of 3 nested coils, Coils 1, 2, and 3. Here,
the SCIF of Coil 2 was simulated and compared with the measurement [24]. The specifications of Coil
2 are shown in table 5.

Figure 10 shows the magnetic field transition energized up to 251.3 A with 2 A/min. The measured
center field was approximately 5.58 T at a temperature of 4.2 K. The simulated fields with/without the
screening current are 5.594 T and 5.635 T, respectively. The field with screening current is closer to the
measurements. Figure 11 represents the simulated field distribution on z-axis, and it well agrees with
the measured distribution shown in [24]. From the comparison between the simulation results and the
measurement, the validity of the proposed simulation method is confirmed.

4. Conclusion

In this paper, we present a simple screening current-induced field (SCIF) computation method by using
a circuit model composed of the circuit elements of pancake coils and screening current radial paths.
Having derived coil inductances required in the proposed method [19], we derive in this paper the
inductance and resistance of the screening current radial paths. Although our assumption of screening
current paths is crude, our simulation results are sufficiently accurate, and equally important, its
computation time is notably shorter than the FEM-based computation [11, 12].

To check the accuracy of our proposed method, the SCIF of three different magnets, 4D+2S, LBC3,
and Coil 2 of a 3-coil 800-MHz insert of a 1.3-GHz LTS/HTS magnet, were computed and compared
with the measurement and the FEM-based simulation results. The proposed method has a sufficient
accuracy, but not accurate enough as a design tool for MRI/NMR magnet. Because SCIF results by
measurement and simulation agree well enough, and requires short computation time, our proposed
method is suitable for first-cut design phase. For higher accuracy, we need to use more realistic REBCO
tape properties and subdivide pancake coils in the radial direction as was done in a moderate model [19].

The proposed SCIF computation system is posted online. In the near future, we will build on this
model by adding temperature and stress functions.
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Appendix

The developed system is provided on a web site, named “SCIFweb service”, at
https://hbd.ist.hokudai.ac.jp/scifweb/. In the simulation system, the specifications of REBCO tape are
referred by [25]. Since the paper [25] gives the specifications from 30 to 77 K, the critical current is
extrapolated below 30 K. The system produces the simulation data as CSV data.
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Figure 1. Equivalent electric circuit of the ith (top) and the jth (bottom) pancake that includes an equivalent
screening current circuits. The symbols are listed in table 1.
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Figure 3. Pancake coil parameters necessary for derivation of screening current inductance.
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Figure 4. Pancake coil parameters necessary for derivation of screening current inductance and pancake coil.

Current: 0.519+1sc
Resistance for

Screening Current: 2x Rgu
1

Iy

< >
REBCO tape width

Figure 5. Current flowing illustration, considering operating current and screening current. On right half side, a
current of 0.5 Ig + I carries.
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patterns for measuring the SCIF.
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Table 1. Symbols in equivalent circuit

I; Transport current

I Azimuthal coil current

I Radial current in case of NI coil
L Coil self-inductance

sc Screening current self-inductance

L
Mo Mutual inductance between azimuthal coil current

and screening current

M.«  Mutual inductance between screening currents
Ra Equivalent resistance of superconducting layer
Rt Resistance of matrix metal
Ry Resistance for screening current
Rt Turn-to-turn contact resistance in case of NI

Table 2. 2 DP and 4 SP coil specifications

DP 1 DP 2 SP 1 SP2 SP3 SP 4
REBCO tape width [mm] 4.0 4.0 4.0 4.0 4.0 4.0
REBCO tape thickness [mm] 0.1 0.1 0.1 0.1 0.1 0.1
Inner radius [mm] 50.0 50.0 50.0 50.0 50.0 50.0
Outer radius [mm] 63.8 63.6 62.8 63.4 63.0 62.9
Coil height [mm] 16.5 16.5 9.3 9.3 9.3 9.3
Number of turns [turn] 110 110 111 111 111 110
REBCO tape I. [A] at 77 K, s.f. 118.0 119.9 91.0 64.0 65.0 65.1
n-value 26.05 28.80 23.46 23.11 22.04 25.43
Turn-to-turn insulation Co-winding with Kapton® 25 pm
Cooling condition Immersion in liquid nitrogen
Table 3. LBC3 magnet specifications

Number of single pancake coils 6

Tape width [mm] 4.03

Inner radius [mm] 7

Average outer radius [mm] 17

Total number of turns [turn] 2,658

Cooling condition Liquid helium

Table 4. Screening Current-Induced Field of LBC3 magnet
Operating Measured Measured Simulated Simulated = FEM+TAM
current [A] field [T] SCIF [T] field [T] SCIF [T] SCIF [T]
8.96 0.51 -0.013 0.49 —-0.035 —-0.023
48.9 2.59 —0.266 2.69 —0.190 —0.095




Table 5. Specifications of Coil 2 of 800-MHz REBCO insert

Total number of DP coils 32
Number of inside-notched DP coils 10
Number of turns per pancake (regular / notched) 120/ 118
Inner diameter of DP (regular / notched) [mm] 150.8/151.4
Outer diameter average [mm] 169.2
Overall height [mm)] 393.9
Average turn-to-turn resistivity [uQ-cm?] 75.4

1(B1, 42 K) / I(77K, 5.f.) >3




