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Simulation on Electrical Field Generation by Hall
Effect in No-Insulation REBCO Pancake Coils

So Noguchi

Abstract—The no-insulation (NI) winding technique is one of
the most promising high-temperature superconducting (HTS) coil
protection methods to realize the practical use of HTS magnets.
Many NI REBa, Cu; O;_, (REBCO, RE = Rare Earth) magnets
have been developed to generate ultrahigh magnetic fields for NMR
or MRI magnets. When NI REBCO magnets are operated in a high
magnetic field, uncommon phenomena can be observed, because
the NI REBCO magnets have multicomplicated current paths. An
unexpected voltage rise was experimentally observed during charg-
ing NI coils or after quench. The cause of such a voltage rise can-
not be explained by means of a partial element equivalent circuit
method, which was proposed to clarify such complicated current
behavior. We think one of causes is an electric field generation by
Hall effect. In this paper, therefore, we will investigate the electri-
cal field behavior of NI REBCO coils by Hall effect. An unforeseen
voltage would appear between terminals.

Index Terms—Hall effect, high magnetic field magnets, no-
insulation REBCO coils, quench analysis.

I. INTRODUCTION

LTRA high magnetic field has been applied to NMR, MRI,
U and accelerator applications. REBas; Cus O7_, (REBCO,
RE = Rare Earth) coils are indispensable to generate such ultra
high magnetic fields. A REBCO coil protection is one of seri-
ous problems in practical applications. The No-Insulation (NI)
winding technique proposed by Hahn et al. [1] is a solution to
escape REBCO magnets from burning-out after quench. The
NI winding technique has greatly enhanced the thermal stabil-
ity of REBCO magnets, as shown in experiments [1]-[3] and
simulations [4], [5].
When an NI REBCO pancake coil transitions into a normal
state, an operating current radially bypasses between terminal
joints across winding turns. The bypassing current enhances the
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thermal stability of NI REBCO pancake coils, and it avoids the
coils from burning-out, often called “self-protecting.” However,
since the bypassing current flows in a high magnetic field, there
is a possibility that an expected electrical field is generated
in the circumferential direction, according to the Hall effect
(61, [71.

The electrical field generated by the Hall effect is linearly
proportional to a current density and a magnetic field. The ra-
dial bypassing current flows through the stabilizer edges of RE-
BCO tape [8] so that the current density in the radial direction
increases under a high magnetic field of the axis direction. Con-
sequently, a high electrical field is generated along the REBCO
tape winding. When an NI REBCO magnet is operated under
a high background field, the electrical Hall-effect field would
be not negligible. Therefore, we try to estimate the electrical
Hall-effect field in simulations.

In this paper, we focus on a voltage rise during charging NI
double pancake coils. If the coil inductance and the contact resis-
tance between turns are constant, the voltage must be constant.
Indeed, a slight rise in voltage was observed in experiments.
It may be caused by the change of coil inductance or the con-
tact resistance. However, we try to explain it by Hall effect in
simulations. The Hall voltages are estimated during charging NI
REBCO double pancake coils, and the Hall voltage after quench
is also shown.

II. VOLTAGE RISE BY HALL EFFECT
A. Hall Effect on NI REBCO Pancake Coils

When a large amount of current flows in a high magnetic field,
charge carriers receive electromagnetic force, and it makes a
voltage difference. This phenomenon is well known as the Hall
effect, and it is expressed by the following equation [9]:

EH = —RHJ X B (1)

where Ey is the electrical field caused by the Hall effect, Ry
is the Hall coefficient, J is the current density, and B is the
magnetic flux density, respectively.

Some current carries from turn to turn during charging or after
quenching, as a radial current, because there is no insulation
between turns. The radial current flows through stabilizers at
the top and bottom edges of REBCO tapes, as shown in Fig. 1.
That is, the radial current concentrates into the 5—20-pm-thick
stabilizers [8], where the current density is extremely high.
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Fig. 1. Radial bypassing currents (/;) flow into copper stabilizer on the top

and bottom edges of REBCO tape. The Hall electrical field (Eyy) is generated
along tape-longitudinal direction under a high magnetic field (Bex ).

Lower pancake Upper pancake

Fig. 2.  For a double pancake coil, the circumferential current flows in the
same direction, but the radial current in the opposite direction. Therefore, the
Hall voltages in the opposite direction appear between upper and lower pancake
coils.

When the radial current I, passes through the REBCO tape
edges, the current density J; is given by

J— Ir
© 27r x 2d
where r and d are the coil radius and the stabilizer thickness

of REBCO tape edge, respectively. The voltage difference of
REBCO single pancake coil Vj; is obtained from (1) and (2):

@

r

I,
Vi = /EH -dl = —RHﬁBNt 3)
where [ and NV, are, respectively, the length of REBCO tape and
the number of turns.

B. Hall Voltage on NI REBCO Double Pancake Coil

For NI REBCO double pancake coils, since the upper and
lower pancake coils are winding in the opposite direction each
other, the radial currents on both the coils flow in the opposite
direction during charging or bypassing. As seen in Fig. 2, the
Hall electrical fields in the counter direction are generated on
the upper and lower pancake coils. Consequently, the following
equations are derived.

For upper pancake coil:

dly dly
coil,u — Lu M : ,uI u - u — c.uIr u
Ve 1, 1 + 1 + Ry 1o, Vi, R, ,
“4)
For lower pancake coil:
dI, dly .
Veoil] = Ll% +M doz; + Ri1lo)+ Vg = Reiliy ()
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Fig. 3. Equivalent circuit for a double pancake coil to take into account the
Hall voltage.
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Fig. 4. Schematic view of double pancake coil with parameters.

where Vi.oi1, L, M, Ry, R., and Iy are the coil voltage, the self
inductance, the mutual inductance, the composite resistance of
REBCO layer and stabilizer, the contact resistance (sometimes
called the characteristic resistance), and the circumferential cur-
rent, respectively, and the subscript ‘u” and ‘I’ mean the upper
and lower pancake coils. Fig. 3 shows the equivalent circuit for
NI REBCO double pancake coil as shown in Fig. 2. Here, the
composite resistance R; is given by

R = (Rgl+ RN (6)
El Iy "

Rsgc = — | ——— 7

=7, (IC(B,@) @

where Rsc, Rsi, Ee, ¢, I., B, ¢ and n are, respectively, the
resistance of REBCO layer and stabilizer, the electrical-field
criteria (1 ©V/cm), the tape length of coil, the critical current,
the magnetic field, its angle to the tape surface, and the power
index. In this paper, the n-power law is employed, and the critical
current I, is obtained from the equation presented in [10].

III. CHARGING SIMULATION RESULTS

To verify the Hall voltage, we compare the simulated voltage
with the measurements of two different NI REBCO double pan-
cake coils (DPs 1 and 2). In this paper, the Hall coefficient of
copper Ry is 0.55 x 1071 Qm/T [11]. The thickness of copper
stabilizer is 5 pm, and the coil is operated in a bath of liquid
nitrogen.

A. Charging Simulation on DP 1

Fig. 4 shows the schematic drawing of double pancake coil
with the parameters. Table I lists the specifications of DP 1, and
Table II shows the circuit parameter of DP 1, respectively. The
DP 1 was charged up to 54 A at a rate of 0.1 A/s in experiment.
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TABLE I
SPECIFICATIONS OF DP 1

Inner radius r; (mm) 30.93
Outer radius of upper pancake 7, ,, (mm) 57.53
Outer radius of lower pancake 7| (mm) 57.51

Tape width w (mm) 4.1

Space between pancakes d (mm) 0.14
No. of upper pancake (turn) 218
No. of lower pancake (turn) 217
Coil critical current (A) 53.7
Coil inductance (mH) (measured) 18.87
Characteristic resistance (mf2) (measured) 2.6

TABLE I
CIRCUIT PARAMETERS OF DP 1

Inductance of upper pancake L, (mH) 5.17
Inductance of lower pancake L; (mm) 5.21
Mutual inductance M (mH) 4.48
Contact resistivity (€-cm?) 65.5
Characteristic resistance of upper pancake R, , (m )  1.31
Characteristic resistance of lower pancake R, | (m (2) 1.30
Current sweep ratio (A/s) 0.1
3.5
—~ 3.0 /
2 /
£ 25
% 2.0 /
= 15l
- 1.0
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0.0 ; ; ;
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Fig. 5. Measured and simulated V-I curve of DP 1.
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Fig. 6. Simulated V-I curves with and without Hall voltage in DP 1.

The measured V-1 curve is shown in Fig. 5. Supposing that there
is no Hall voltage rise, the voltage must be constant after the
first large inductive voltage rise. However, the gradual voltage
rise of 0.09 mV was observed after the voltage went up to
approximately 1.8 mV.

The simulation result is also shown in Fig. 5. We can see the
good agreement between the measurement and the simulation.
Fig. 6 shows the simulation result without considering the Hall
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Fig. 7. Measured and simulated axial field as function of time in DP 1.
TABLE IIT
SPECIFICATIONS OF DP 2
Inner radius r; (mm) 28.90
Outer radius of upper pancake r, , (mm) 57.45
Outer radius of lower pancake 7] (mm) 57.39
Tape width w (mm) 7.1
Space between pancakes d (mm) 0.14
No. of upper pancake (turn) 238
No. of lower pancake (turn) 236
Coil critical current (A) 62.6
Coil inductance (mH) (measured) 18.93
Characteristic resistance (mf2) (measured) 2.5
TABLE IV
CIRCUIT PARAMETERS OF DP 2
Inductance of upper pancake L,, (mH) 5.52
Inductance of lower pancake L; (mm) 5.43
Mutual inductance M (mH) 4.42
Contact resistivity (€-cm?) 67.5
Characteristic resistance of upper pancake R. , (m ) 0.87
Characteristic resistance of lower pancake R, ; (m €2) 0.86
Current sweep ratio (A/s) 0.1
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Fig. 8. Measured and simulated V-I curve of DP 2.

voltage. The voltage rise V;,;, of 0.08 mV can be seen from
Fig. 6. It is very close to the measured voltage rise of 0.09 mV.

Fig. 7 shows the measured and simulated axial magnetic fields
at the magnet center. The simulation agrees with the measure-
ment well.

B. Charging Simulation on DP 2

Tables IIT and IV list the specifications and circuit parameter
of DP 2, respectively. The DP 2 went up to 63 A at a rate of
0.1 A/s. Fig. 8 shows the measured coil voltage V" as a function
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Fig. 9. Simulated VI curves with and without Hall voltage in DP 2.
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Fig. 10. Measured and simulated axial field as function of time in DP 2.

of the coil current I, together with the simulation result. The
simulated coil voltage is slightly larger than the measured one,
however the good agreement can be seen.

A voltage rise V;,, of 0.17 mV was observed in the experi-
ment, as can be seen in Fig. 8. The simulated coil voltage without
considering Hall effect is shown in Fig. 9. Comparing with the
results with/without the Hall effect, The simulated voltage rise
Vip 15 0.18 mV, which is very close to the experiment.

Fig. 10 shows the measured and simulated magnetic fields at
the magnet center for DP 2. There is no difference between the
experiment and the simulation.

IV. QUENCH SIMULATION RESULT
A. Hall Voltage Estimation

When the lower pancake coil of DP 1, which was operated
in an external magnetic field of 10 T, transitioned into a normal
state, a high Hall voltage would appear. All the operating current
in the lower pancake coil carries through the edges of REBCO
tape in the radial direction. The coil parameters are listed in
Table I. It is supposed that the operating temperature is 20 K.
According to (3), the Hall voltage is

—20

= (. 1710 e
VHJ 0.55 x 10 X2><5><10_6

x 10 x 217

=0.239V. ®)

Since the contact resistance R, is 1.30 m€2 shown in Table II,
the radial resistive voltage is 0.026 V (= I} X R¢) =20 A X
1.30 m£2). The Hall voltage (0.239 V) is much higher than the
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Fig. 11.  Coil voltage in DP 1 initially operated at 20 A, and the lower pancake
coil is transitioned into a normal state at ¢ = O s. The operating current goes
down to 0 in 1 s after the normal-state transition.
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Fig. 12.  Axial magnetic field generated in DP 1 after normal-state transition
of lower pancake coil and during current shutdown.

radial resistive voltage (0.026 V). Accordingly, a large Hall
voltage of an NI REBCO insert coil would be observed after
quench in a high external magnetic field generated by an outsert
magnet.

B. Circuit Simulation After Normal-State Transition

The Hall voltage is roughly estimated using (3) in the above
section. Next, the coil voltage is simulated with the equivalent
circuit as shown in Fig. 3. As the simulation condition, the
normal-station transition of lower pancake coils in DP 1 occurs
att = 0, when the DP 1 magnet is operated at 20 A. Att = 5's,
the operating current decreases to O in 1 s.

Fig. 11 plots the coil voltage with/without the Hall voltage
together with the operating current, as the equivalent circuit
simulation result. The coil voltage considering the Hall volt-
age is completely different from that without Hall voltage. The
simulated coil voltage is slightly higher than that of the above
estimation. Fig. 12 shows the axial magnetic filed generated by
DP 1 at the magnet center with/without the Hall effect. The pro-
files of the magnetic field are different each other. The magnetic
field decay without Hall effect is slightly slow.

From the simulation results, the coil voltage unexpectedly
rises up due to the Hall effect. When NI REBCO pancake coils
operates in a high magnetic field, a countermeasure would be
required against coil voltage rise after a normal-state transition.

V. CONCLUSION

When an NI REBCO pancake coil is charged or quenched,
a radial current flows in the radial direction. An expected
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electrical field would be generated along coil winding, since
the radial current flows in a high magnetic field. The measured
voltage rise during charging NI REBCO pancake coils can be
reproduced with the equivalent circuit simulation considering
the Hall effect. In addition, an unexpected voltage rise of NI
REBCO pancake coil is estimated after quench in a high mag-
netic field by the proposed equivalent circuit model. However,
a voltage rise by Hall effect has not been confirmed in experi-
ments. Therefore, we have to keep investigating the cause of the
voltage rise, such as the change of coil inductance and contact
resistance.

The equivalent circuit shown in this paper is modeled too
simply, and not precisely. In fact, the Hall-effect field must
appear on a small edge portion of REBCO tape. Therefore,
we have to simulate the Hall-effect field using a finite element
method in order to investigate more accurate behavior in NI
coils.
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