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Abstract
The current densities flowing in high-temperature superconducting wires are mostly non-uniform during operations (caused 
by the screening current effect). This is a major challenge to high-field superconducting magnets based on (RE)Ba2Cu3O7-x 
(REBCO; RE, rare earth) tapes, as to cause (a) uncertainty of the field distribution and (b) concentrated uneven Lorentz 
force that damages the magnet. For no-insulation (NI) REBCO coils, the current distribution would be even complicated 
when external time-varying fields induce extra transport current circulating in NI coils. For this study, a numerical model is 
established, and the results are compared with hall sensor measurements for an NI coil sample. Different with conventional 
insulated coils, for NI coils, it was measured that the variation of axial fields (parallel to REBCO surface) could introduce 
remnant current densities persisting on REBCO tapes, which generate remnant fields. These remnant fields would cause the 
distortion of the spatial field distribution of a magnet, and were also measured to exhibit constant field decay with logarithmic 
time. These remnant fields pose extra concerns for NI coils for applications in NMR/MRI magnets in terms of threatening 
the spatial field homogeneity and temporal field stability of these magnets. Practical cases are simulated, i.e., NI coils are 
under time-varying fields generated by its adjacent NI coils or background magnets during quench/fault. The induced current 
(and the resulted Lorentz forces) concentrates on one-side edge of REBCO tapes that is adjacent to the quenched/fault coils; 
this observation helps understand and protect the mechanical damage observed in recent operations of NI REBCO magnets.
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1  Introduction

The copper-oxide-based high-temperature superconductor 
(HTS) (RE)Ba2Cu3O7-x (REBCO; RE is rare earth) coils 
have been widely applied in high-field magnets. Besides, 
since the no-insulation (NI) winding technique was intro-
duced [1], a number of high-field REBCO magnets have 
been designed and operated. Such magnets include the 
1.3 GHz nuclear magnetic resonance (NMR) magnet [2], 
the 32.5 T all-superconducting magnet [3], and the world-
record 45.5 T DC magnet [4]. The NI winding technique, 
due to the absence of the turn-to-turn insulation, makes the 

REBCO coil become compact, mechanically robust, and 
self-protecting [5–7].

For REBCO magnets, the non-uniform current distri-
bution (caused by the screening current effect) is widely 
regarded as a major challenge [2, 4, 8–11]. As seen in 
Fig. 1a, screening currents are induced by time-varying 
fields (external fields or coil self-fields) in the radial direc-
tion (Br) [10, 11]. For superconductors, due to the extremely 
low resistivity, the screening current would persistently cir-
culate on the conductor surface with little decay. Therefore, 
the current densities in superconductors are the superposi-
tion of transport currents (assumed to be uniformly distrib-
uted along coil axis) and screening currents, thus causing 
the current distribution usually non-uniform. The nega-
tive impacts of the non-uniform current distribution on the 
REBCO magnet involve two aspects. First, the combina-
tion of the high axial field and screening currents would 
cause excessive Lorentz forces (FL, see Fig. 1a), which poses 
threats to the mechanical strength of the REBCO magnet [9, 
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10, 12]. Second, the error field generated by the screening 
current (SCF) would cause the distortion of the spatial field 
distribution of a magnet [2, 13–17]. As shown in Eq. (1), 
the spatial field distribution ( �⃗B ) of a REBCO magnet is 
composed by the error field from screening current ( �⃗BSCF ) 
and the field from the transport current ( �⃗Btrans ) obtained by 
assuming the overall current distribution is uniform. The 
significant negative impact of screening current to the field 
quality of NMR magnets has been reported [2, 11, 16, 17].

The non-uniform current distribution of the conven-
tional insulated (INS) REBCO coils has been well studied 
[10–16]. However, different from conventional INS coils, 
for NI HTS coils, the variation of axial field (Bz) would fur-
ther reshape the current distribution. As shown in Fig. 1b, 
Bz would induce spiral current (Is) circulating in NI HTS 
coils through the non-insulated turn-to-turn contact [18, 19]. 
Note that this induced Is is a transport current, and should 
be distinguished from the screening current described in this 
work. This behavior complicates the local current distribu-
tion inside the HTS tape, which is still not clarified.

In real experimental operations, NI HTS coils, when used 
as insert magnets, could be under external time-varying fields 
from the quench/fault of background magnets (including low-
Tc superconducting (LTS) and resistive magnets) [20–24]. 
Besides, inside a multi-pancake NI HTS coil, quench in one 
NI pancake leads to almost total loss of its spiral current 
responsible for magnetic field generation [5]. Thus, during 
quench propagation, an NI pancake suffers time-varying 
fields when its adjacent NI pancake quenches [4, 5, 25–28]. 
These recent studies give the concern that strong Lorentz 
forces can be caused by the large induced current in NI 
HTS coils resulted from the field variation. This factor was 

(1)�⃗B= �⃗BSCF +
�⃗Btrans

considered to contribute to the irreversible mechanical dam-
age of many high-field NI HTS magnets [4, 20–23, 27–29]. 
Previous works have made the calculations of the overall val-
ues of the induced Is distributed among different pancakes/
turns based on the 1D circuit-grid models [26–30]. However, 
there are prevalent requirements for the calculations with 
the consideration of the screening current effect [20, 23, 29, 
30], which means to clarify the local non-uniform current 
distribution inside the conductor. This is important because 
the local concentration of the current densities (especially 
the concentration of the extra induced Is) would result in the 
substantial enlargement of the Lorentz forces and stress/strain 
[10, 12]. However, this pursuit is limited by the previous 
simulation technique [29] and little essential progress has 
been made until now.

The purpose of this work is to clarify the non-uniform 
current distribution in NI HTS coils under time-varying 
fields. Two aspects are concerned: (a) the impact of the 
change of non-uniform current distribution on the main 
field generated by the REBCO magnet; (b) the effect of the 
distribution of the induced current (shown in Fig. 1b) on the 
potential Lorentz force damage of the REBCO magnet. In 
Sect. 3, the finite-element model proposed by Mataira et al. 
[31] was improved to allow the calculation of more refined 
current distributions of NI HTS coils (i.e., the current pen-
etration depth could vary among different turns). In Sect. 4, 
the simulation and experiment results are presented to reveal 
the basic characteristics of current distribution, and its prac-
tical impact on REBCO magnet. In Sect. 5, simulations are 
conducted for several practical cases of NI REBCO coils 
under time-varying fields.

2 � Experimental Setup

The HTS tape was 180-μm thick and 6-mm wide, and com-
prised two 50-μm copper layers, one 80-μm Hastelloy layer, 
and one 1-μm-thick and 4.75-mm-width REBCO layer, pro-
vided by Shanghai Superconductor. The sample was a 2 × 28 
turn double-pancake (DP) NI coil. The length of the HTS 
tape was 10 m. In Fig. 2a, the measured V-I curve of the NI 
coil sample is shown by the black blocks, which is measured 
with the ramping rate of 0.2 A/s. Based on the criterion of 
1 μV/cm, the critical current (Ic) of this HTS coil was 84 A 
at 77 K. The in-plot shows the picture of the NI coil sample. 
Figure 2b shows the central field of the NI coil during the 
sudden discharge test. Then, the contact resistivity (ρt) is 
calculated by Eq. (2) to be 32.4 μΩ·cm2 [18]:

(2)Rc =

N∑
i=1

�t

2�riw
, �=

L

Rc

Fig. 1   a The overall current distribution of the superconductor is 
decomposed into transport currents (assumed to be uniformly dis-
tributed along coil axis) and screening currents. b For NI coils (not 
applicable for conventional insulated coils), the unexpected Bz during 
real operations would further change the current distribution by caus-
ing an induced current circulates in the coil through the non-insulated 
turn-to-turn contact
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where N is the overall turn of the DP coil, w is the width of 
the HTS tape, ri is the radius of each turn, τ is the time con-
stant of the field decay to be 1005 ms, and L is the induct-
ance of the NI coil to be 2.16 × 10−4 H.

The experimental setup is shown in Fig. 3a. Two copper 
coils represent the quenched NI HTS coils, or background 
magnets, applying time-varying fields to the NI coil sample. 
Hall sensors were arranged at positions P1–P4, in order to 
imply the current distribution. P4 was used to measure Bz, 
whereas P1–P3 were for measuring Br. Fields at P1 and P2 
are measured by the transverse-type hall sensor (HMCA-
3160-WN) and at P3 and P4 are measured by the axial-type 
hall sensor (HMCA-2560-WN) manufactured by Lakeshore. 
The hall sensors are attached to the Gauss meter of Lake-
shore Model 425. This arrangement was tested at 77 K with 
a liquid nitrogen cryostat. Figure 3b shows the equivalent 

circuit of the NI coil coupled with the copper coils. It can be 
seen that the induced current in the NI coil is introduced by 
the mutual inductance in the NI coil with the copper coils.

The experimental procedure is described as follows. 
Time-varying fields are applied by copper coils. The HTS 
coil was not connected to any power source. The applied 
field is predominantly Bz to give clear observations of only 
the fields generated by the induced current. This is testified 
by a very slow ramp-and-down of applied field (0.05 mT/s, 
thus Bz being unable to cause induced current), and Br was 
testified so weak to induce any measurable SCF at P1–P4. 
The hall sensors monitored the field variations during the 
entire process at a sampling rate of 100 Hz.

3 � Numerical Model

The finite-element method (FEM) model is based on the 
H-formulation using the rotated anisotropic resistivity 
method recently proposed by Mataira et al. [31–33]. The 
governing equation is the H-formulation [34] shown in 
Eq. (3) that is derived from the Maxwell equations. The 
H, E, J, ρcoil, and μ represent the magnetic field intensity, 

Fig. 2   a V-I curve of the NI coil sample measured with the ramping 
rate of 0.02 A/s. The black blocks are the measured points. The red 
lines are the simulated results. The in-plot shows the picture of the NI 
coil sample. b The field decay curve at the center of the NI coil dur-
ing the sudden discharge test

Fig. 3   a Sketch of the experimental setup; the positions of hall sen-
sors; the picture of the experimental setup. b Equivalent circuit dia-
gram of the experimental setup, showing the coupling between the NI 
coil and copper coils
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electrical field, current density, resistivity, and the perme-
ability of materials, respectively. To simulate the radial 
current (Jr) of NI coils, all three field components (Hr, Hz, 
and Hphi) are considered the independent variables in the 
H-formulation model.

Both the NI and INS coil have the geometry as Fig. 4a. 
The INS coil is usually simplified to be modeled as the 
concentric turns as Fig. 4b. Without the modeling of the 
power source and spiral geometry, the transport current 
of each turn of the INS coil is applied by artificially set-
ting the boundary condition. This is feasible for the INS 
coil because the transport current of each turn is a known 
variable equal to the operating current supplied by the 
power source. However, this simplification is commonly 
not applied for the NI coil, since the transport current of 
each turn is the unknown variable that can be different from 
the current supplied by power source (IPS). If the NI coil is 
modeled as Fig. 4b, the equivalent circuit model must be 
coupled to calculate the transport current of each turn [35]. 
In this pure FEM model without the coupling with circuit 
model, the real coil geometry and the power source shown 
in Fig. 4a must be modeled. The modeling of the spiral coil 
in the 2D axisymmetric model is achieved by setting the 
resistivity matrix (ρcoil) described as the following.

As seen from Fig. 4c, for the 2D axisymmetric model, 
the vectors in the governing equation (Eq. (3)) are in cylin-
drical coordinates in (r, ϕ, z). However, the direction of 
current flow of the coil is in (n, T, z), where n and T are 
the vectors that are normal and tangential to the surface 
of the superconductor tape, respectively. In Fig. 4c, α is 
the angle between the spiral winding direction (T) and 
circumferential direction (ϕ) of the cylindrical coordinate 
system, and is calculated by

(3)

⎧
⎪⎪⎨⎪⎪⎩

∇ × � = −� ⋅

��

�t

∇ ×� = �

E = �coil ⋅ �

.

where d is the thickness of the HTS tape, and r is the local 
radius inside the HTS coil. Then, according to Fig. 4c, the 
(Er, Eϕ, Ez) is expressed by (En, ET, Ez) as:

where ρn is the turn-to-turn contact resistivity in Ω·m. Gen-
erally, the contact resistivity extracted from the measure-
ment is the surface resistivity in μΩ·cm2 (signified as ρt). In 
this model, ρn in Ω·m is the bulk resistivity homogenized 
across the thickness between two superconducting layers. 
The derivation of ρn from ρt is given by ρn = ρt/t, where t is 
the thickness of the HTS tape.

The ρsc is the superconductor resistivity. The ρsc is 
described by the E-J power law [36] with Ec = 1 μV/cm 
and a measured n value of 21, shown in:

where Jsc is the current density flowing in the plane of the 
superconductor given by (JT

2 + Jz
2)1/2. The dependence of 

critical current density on magnetic field, Jc(Bper, Bpar), of 
HTS tapes is depicted by the Kim equation [37] shown in 
Eq. (7). The Bper and Bpar indicate the field perpendicular and 
parallel to the surface of HTS tapes, respectively. The Ic of 
the single HTS tape in its self-field is measured to be 160 
A. Therefore, the parameter Jc0 is 3.37 × 1010 A/m2, which 
is obtained by the Ic divided by the cross-section of the HTS 
tape. The other parameters k and b are set to be 0.29 and 0.8, 
respectively, which are typical values for the GdBCO tapes 
manufactured by Shanghai Superconductor at 77 K [38, 39]. 
The Bc was testified to be 0.061 T, since the simulated V-I 
curve based on this parameter (see red line in Fig. 2a) can 
be consistent with the measurement result (see black blocks 
in Fig. 2a).

Then, for Eq. (5), [JT Jn Jz]T is expressed by:

(4)� = ± tan−1
(

d

2πr

)
,

(5)
⎡⎢⎢⎣

Er

Eϕ

Ez

⎤⎥⎥⎦
=

⎡⎢⎢⎣

cos � sin � 0

− sin � cos � 0

0 0 1

⎤⎥⎥⎦

⎡⎢⎢⎣

�nJn
�scJT
�scJz

⎤⎥⎥⎦
,

(6)�sc =
Ec

Jc

(
Bper,Bpar

)
|||||

Jsc

Jc

(
Bper,Bpar

)
|||||

n−1

,

(7)Jc(Bper,Bpar) = Jc0∕

⎛⎜⎜⎜⎝
1 +

�
k2B2

par
+ B2

per

Bc

⎞⎟⎟⎟⎠

b

.

(8)
⎡⎢⎢⎣

Jn

JT

Jz

⎤⎥⎥⎦
=

⎡⎢⎢⎣

cos � − sin � 0

sin � cos � 0
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⎤⎥⎥⎦

⎡⎢⎢⎣
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Jϕ

Jz
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.

Fig. 4   a Real geometry of the HTS coil. b The traditional approxi-
mation of the HTS coil by the concentric turns. c Comparison of the 
spiral winding direction (n, T, z) to the cylindrical coordinate system 
(r, ϕ, z). n and T are the vectors that are normal and tangential to the 
surface of the superconductor tape, respectively
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Eventually, the resistivity matrix (ρcoil) that enabled the 
modeling of the real spiral geometry of HTS coils in the 
cylindrical coordination, is derived as:

where the parameters ρrr, ρrϕ, and ρϕr are:

In this simulation, both the HTS and copper coils are 
modeled. The detailed geometry is identical with Fig. 3a. 
The H-formulation model adopts the second-order element, 
in order to obtain the more refined current distribution.

4 � Results and Analysis

4.1 � Current Distribution

Figure 5a shows the field applied by copper coils at the 
center of the HTS coil (i.e., Bz at P4) measured in room 
temperature; the direction of the applied field was down-
ward in Fig. 5c as indicated by the hollow white arrows. 
The applied field was ramped up in 0.25 s and held for a 
while, and then decreased to zero in 0.25 s. Figure 5b shows 
the calculated average spiral current (Is) in the NI HTS coil. 
During the increase and decrease of external Bz (shown in 
Fig. 5a), spiral current Is can be induced in the NI HTS coil. 
As the Bz stabilizes, the Is decays to zero through the turn-to-
turn resistance. We also show the results calculated from the 
well-verified circuit-grid model [19] with four elements per 
turn, which examined the correctness of this finite-element 
model.

Figure 5c shows the calculated current (colors) and field 
(arrows) distributions in the cross-section of the HTS coil 
at the key moments (t1, t2, t3, t4). For each cross-section, the 
axis of the HTS coil is on the left. For better visibility of Br, 
the field distribution (the arrows) only shows the self-field of 
the HTS coil that excludes the large Bz from copper magnets. 
At t = t1, positive red currents are induced as the Is increases 
(see Fig. 5b). At t = t2, with the decay of the Is, the current 
density is essentially not decreased, but negative blue current 
densities are created. This resembles current distributions 
in HTS coils connected to current supply when the power 
source current is decreasing [12, 31]. The current distribu-
tions at (t3, t4) are similar to those at (t1, t2) but with current 

(9)�coil =

⎡
⎢⎢⎣

�rr �r� 0

��r ��� 0

0 0 �sc

⎤
⎥⎥⎦ r,�, z

,

(10)

⎧
⎪⎪⎨⎪⎪⎩

�rr = �n cos
2 (�) + �sc sin

2 (�)

�ϕϕ = �sc cos
2 (�) + �n sin

2 (�)

�rϕ = �ϕr =
1

2

�
�sc − �n

�
sin (2�) .

Fig. 5   Measured and calculated results. a The applied field by copper 
coils at the center of HTS coil (i.e., Bz at P4). b Calculated average 
Is of the NI HTS coil. c Current (colors) and field (arrows) distribu-
tions in the cross-section of the HTS coil at the key moments (t1, t2, 
t3, t4). For each cross-section, the axis of the HTS coil is on the left. 
The hollow arrows indicate the direction of applied external Bz. For 
better visibility of Br, the field distribution only shows the self-field of 
the HTS coil and excludes the large Bz from copper magnets. d–f The 
measured and calculated magnetic fields at P1–P4; the positions of 
P1–P4 are also roughly shown in Fig.  5c. Note that the time scales 
of (d–f) are different; thus, the t1–t4 are only general qualitative nota-
tions of time
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densities in reversed direction. At t2 and t4, although the inte-
grated transport current of the coil is zero, it is noteworthy 
that remnant current densities persist in the HTS coil. These 
generate a remnant magnetic field (see arrows).

The mechanism of the generation of the remnant current 
densities at t2 and t4 was studied. The current densities at 
t2 and t4 are all screening currents, because the integrated 
transport current of the coil (Is) is zero in these moments 
according to Fig. 5b. These remnant current densities (i.e., 
screening currents) were induced by the Br component of the 
coil self-field previously established by the induced Is (dur-
ing the time that the induced Is has not decayed to zero). So, 
the generated SCF (see arrows in Fig. 5c at t2 and t4) tends to 
keep the coil self-field previously established by the induced 
Is (see arrows in Fig. 5c at t1 and t3), respectively.

For conventional insulated HTS coils, only Br (perpen-
dicular to HTS tapes) could induce a screening current, as 
seen in Fig. 1a. However, for NI HTS coils, it was found that 
the variation of Bz (parallel to HTS tapes) would also induce 
a new screening current like shown in Fig. 5c at t2 and t4 by 
an indirect way mentioned in the above paragraph. In other 
words, the remnant current densities shown in Fig. 5c at t2 
and t4 would only exist in NI coils, while for conventional 
INS coils, the current density would be almost constantly 
zero (testified with simulation). These remnant current 
densities would generate additional error fields during later 
operations, as shown by arrows of Fig. 5c at t2 and t4. The 
spatial distribution of these remnant fields can introduce har-
monic errors to the spatial field distribution of the NMR and 
magnetic resonance imaging (MRI) magnets [2, 10, 16, 17], 
for which the excellent spatial field homogeneity is required. 
The measurement and analysis of the impact of these rem-
nant error fields on magnet applications are shown in the 
following Sects. 4.3 and 4.4.

4.2 � Magnetic Field Measurement

Figure 5d–f shows the measured magnetic fields at P1–P4 
(see solid black/blue lines) and the simulation results (see 
green dashed lines). The measurement is to validate the basic 
characteristics of the simulated current distributions. So, only 
qualitative comparison is required. The quantitative agree-
ment between simulation and experiment is not pursued in 
this work, which could be affected by many factors, such as 
(i) the field-dependent of the Ic of the HTS tape has not been 
precisely measured and then adopted in the simulation; (ii) 
the contact resistivity can be usually non-uniform [40]; and 
(iii) the location of the hall sensor at P1–P4 in the measure-
ment might have slight deviation. In addition, it can be seen 
that the simulation shows discrepancy with the measure-
ment for the slopes of the field curves. The slopes of the field 
curves, such as the field decay curves in Fig. 5d and f during 
(t1, t2) and (t3, t4), are dependent on the characteristic time 

constant of the NI coil [18], which is decided by the turn-
to-turn contact resistivity. In the simulation, the ρt is always 
set to be 32.4 μΩ·cm2. The measurement was conducted in 
the order of Fig. 5e → d → f, and after each measurement, 
the HTS coil is warmed to room temperature to erase the 
remained historical current densities, and then cooling down 
to 77 K to begin the next measurement. It has been widely 
reported that this thermal cycling enhances the turn-to-turn 
resistivity (ρt) [25, 41]. So, the ρt value of the NI coil might 
have changed during the measurement of Fig. 5d–f, thus devi-
ating from the initially measured ρt value of 32.4 μΩ·cm2.

Still, the basic characteristics of current distribution could 
be verified by the qualitative agreement between simulation 
and experiment, as analyzed below. In Fig. 5d, Br meas-
ured at P1 is much stronger than at P2, indicating that most 
induced Is concentrates on the edge of P1, whereas few cur-
rent densities are on the edge of P2. Between (t1, t2), at P1, 
it can be seen that Br decreases with the decay of induced 
Is (see Fig. 5b), but Br never approaches to zero. Remnant 
Br can be measured at t2. This verifies the existence of rem-
nant current densities shown in Fig. 5c at t = t2. In Fig. 5e, 
between (t1, t2), the Br at P3 decreases and then reverses to 
the negative direction. This indicates that a negative current 
density was created as shown in Fig. 5c at t = t2. For Fig. 5d 
and e, the analysis of the Br waveforms between (t3, t4) is 
similar with (t1, t2), thus not being presented.

Figure 5f shows the Bz at P4 (note that P4 is at the coil 
center which is much further away from the HTS region than 
that shown in Fig. 5c). The increase and decrease in the Bz 
exhibit a lag compared to the applied field (see Fig. 5a). This 
is because the induced Is in the NI HTS coil resists changes 
in the applied field. Especially, at t = t4, although the overall 
transport current of the coil is zero, the remnant Bz about 
0.22 mT could be measured, which is generated by the rem-
nant current densities.

4.3 � Remnant Magnetic Field

The remnant magnetic fields (marked as “remnant SCF” in 
Fig. 5d–f) are focused, since they would persistently change 
the main field generated by the magnet during the later 
operation. These remnant fields are all generated by screen-
ing currents, because the coil transport current is zero in 
these moments according to Fig. 5b at t2 and t4, and the coil 
current distribution is all screening currents. Especially, the 
remnant Bz at the coil center (at P4) would always be in 
the direction that resists the external Bz variation, like the 
remnant SCF marked in Fig. 5f and the arrows in Fig. 5c 
at t2 and t4. Thus, the central axial field generated by an 
NI REBCO magnet could be either enhanced or lowered 
depending on the direction of external Bz variation.

For NMR magnets, the NI REBCO coil design was 
favored as the insert magnet, and was operated in driven 
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mode [2, 17, 27, 42], rather than the persistent current mode 
[38, 39, 43]. For which, the field distribution was finely 
designed and regulated with field shims, in order to achieve 
the excellent spatial field homogeneity [2, 17]. However, the 
remnant error field (marked as “remnant SCF” in Fig. 5d–f 
and arrows in Fig. 5c at t2 and t4), which comes from the 
Bz variation, would make the field distribution of a magnet 
deviate from its design value, thus deteriorating the spatial 
field homogeneity of NMR magnets. The field quality is also 
crucial for the MRI and accelerator magnets in terms of the 
field precision, spatial homogeneity, and temporal stability 
[11, 44, 45]. Although the NMR/MRI magnets are working 
in stable magnetic field, one NI coil could feel Bz variation 
during the excitation/adjustment of the background magnet 
[22], non-synchronous excitation of HTS coils [42], or the 
typical quench-recovery process of an NI coil stacked in the 
insert magnet as shown later in Sect. 5.1.

4.4 � Temporal Field Stability

The screening current would slowly decay due to the resist-
ance of the superconductor (see Fig. 1a), leading to the 
variation of the magnetic field with time. However, for field 
quality-sensitive devices such as the NMR magnets, tempo-
ral field stabilities of the order of 10 ppb/h could be required 
[16]. For conventional INS coils, the field time variation 
due to the decay of screening currents induced by its self-
radial-field has been measured [11, 13, 16]. The temporal 
field variation could not satisfy the stability requirement of 
NMR magnets until hundreds of days’ relaxation [16], thus 
deteriorating the field quality of NMR magnets. In this work, 
it has been revealed in Sects. 4.2 and 4.3 that the Bz variation 
would cause remnant screening current densities on REBCO 
surfaces, which generate an additional field. The temporal 
stability of this field is measured.

Figure 6a shows the |Br| measured at P1 as a continua-
tion of Fig. 5d. The time is set to zero upon the end time 
of Fig. 5d. Considering that the integrated transport cur-
rent of the coil is zero at this instant, the measured field is 
contributed by only the screening current, and is regarded 
as the SCF. Figure 6a exhibits rapid field decay during the 
initial stage (i.e., the initial 10 s), and after which the field 
decay is much slower. After the exhaustion of liquid nitro-
gen, the SCF decays to zero quickly, since the resistance 
of the superconductor abruptly increases and the screening 
current decreases quickly.

Figure 6b shows the plot of Fig. 6a during (101 s, 104 s) in 
double logarithmic coordinates. It was found that the slope 
of field decay is constant in the double logarithmic plot. For 
the initial 10 s (not presented in Fig. 6b), the slope is not 
consistent with the following time shown in Fig. 6b. The 
reason might be the measurement error for the field decay 
rate during (100 s, 101 s) is much larger than during (103 s, 

104 s). The constant slope of the field decay plot could be 
well explained by the decay of the screening current due to 
the flux creep resistance of the superconductor, which has 
been reported to follow the constant decay rate in log–log 
plot as [15, 46]:

where J is the current density of screening current, and kB, 
T, and U0 were the Boltzmann’s constant, absolute tem-
perature, and the pinning potential of the superconductor, 
respectively. The decay of the field is expected to follow 
the same logarithmic time dependence as the current den-
sity [15]. Besides, the field (current) decay per decade (i.e., 
∂J(t)/ ∂lnt) could also be assumed to be constant according 
to Eq. (11), since the J(t) does not vary a lot during (101 s, 
104 s). By this way, the field decay rate was evaluated to be 
almost constantly 0.05 mT per decade of time. The field 
decay amplitude would be even greater for the real-scale 

(11)S =
� ln J(t)

� ln t
=

1

J(t)

�J(t)

� ln t
= −

kBT

U0

Fig. 6   Measured long-term transient variation of |Br| at P1 as a con-
tinuation of Fig. 5d after t4: a in linear coordinates, b in double loga-
rithmic coordinates within (101 s, 10.4 s)
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ultra-high-field magnets. For the NI REBCO coils that are 
usually adopted as the insert magnets of NMR [2, 17, 27, 
42], the axial field variations should be avoided considering 
that the temporal field variation would be caused by the new 
induced screening current.

5 � Discussion

The studies presented in the above sections, i.e., the NI mag-
net under time-varying fields, can occur in practical applica-
tions. For example, the NI coil is under time-varying fields 
when its adjacent NI coil quenches, or the background mag-
net goes through a quench or fault. In this section, simulation 
results are presented to illustrate these practical conditions. 
Compared with the previous calculations for the NI coil 
quench [5–7, 26–30], this work clarifies the detailed local 
non-uniform current distribution inside the superconductor.

In these simulations, the HTS coil is assumed to be oper-
ated in 4.2 K. The critical current parameters in Eq. (7), k, 
Bc, Jc0, and b, were set to be 9.1 × 10−3, 0.59 T, 2.65 × 1011 
A/m2, and 0.6, respectively. The ρt is set to be 54 μΩ·cm2. 
For the quench simulation, this work is focused on the NI 
pancake in the magnet that is affected by time-varying fields. 
Conversely, the NI pancake in the magnet that generates the 
time-varying fields, i.e., the quenched NI pancake, is not 
focused. During the occurrence of quench, the heat distur-
bance affects the NI pancake by reducing the critical current 
of the superconductor. In this work, the thermal simulation 
is not conducted. Instead, as shown in Fig. 7, the Jc0 of the 
whole quenched NI pancake is artificially set to decrease 
during the quench (i.e., t1-t2). It is assumed that the quench 
of the whole NI coil is achieved in 0.02 s, which is a com-
mon velocity of the quench propagation inside a single NI 
pancake [5]. Then, the pancake is recovered from the quench 
during (t2, t3), in which time the Jc0 is artificially set to come 
back to its initial value. Section 5.1 studies the whole pro-
cess of the quench-recovery (i.e., t1-t3), while Sect. 5.2 stud-
ies only the quench process (i.e., t1-t2).

5.1 � Current Distribution Inside a Double‑Pancake 
NI HTS Coil During Quench

The self-protecting characteristic makes NI coils highly 
attractive for magnet applications, in the sense that NI coils 
fully recovery after a quench without any external protec-
tion mechanism [5–7]. In this simulation, we present the 
current distribution inside a DP HTS coil during a typical 
quench-recovery process. For this case, the upper pancake 
is under time-varying fields from the quench-recovery of the 
lower pancake. The geometry of the DP HTS coil is identical 
with Fig. 3a. The HTS coil is connected to a power source 
that supplies the operating current IPS = 300 A during the 
entire process. The lower pancake suffers a quench-recovery 
process due to the heat disturbance. Again, this process is 
simulated by setting the critical current as in Fig. 7.

The results of current distributions are shown in Fig. 8a. 
The simulated Is of the lower pancake is shown in Fig. 8b, 
which indicates the waveform of the time-varying field expe-
rienced by the upper pancake. The Is result in Fig. 8b is 
similar with the results in previous simulation based on the 
circuit model [5, 6].

In Fig. 8a, at t = t2, as the lower pancake quenches, the 
average Is of the upper pancake increases from 300 to 451 
A. The increase of Is is contributed by the induced current 
that circulates in the HTS coil through the non-insulated 

Fig. 7   Setting of the critical current parameter, Jc0, of the quenched 
NI pancake

Fig. 8   a Distributions of current density of the HTS coil during 
quench-recovery at t1, t2, t3, respectively. For each sub-figure, the axis 
of HTS coil is on the left. The parameter Bz,P4 indicates the on-axis 
field (i.e., Bz at P4), and Is, upper indicates the average spiral current 
of the upper pancake. b Simulated average spiral current (Is) of the 
lower pancake during quench-recovery
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turn-to-turn contact. It is observed that the induced Is mainly 
concentrates on the lower tape edge of the upper pancake, 
which is the edge that faces the source of field variation (i.e., 
the quenched lower pancake). This phenomenon of current 
distribution is shaped by screening currents caused by Br, 
but is also a reflection of Lenz’s law.

At t = t3, the Is of both upper and lower pancakes has 
recovered to 300 A (= IPS). For the upper pancake, again, 
even after the complete recovery, remnant current densities 
could be observed on the lower tape edge. For the lower 
pancake, notably, the current density is almost uniform, 
which deviates from the critical-state Bean model for non-
ideal type-II superconductors [47]. The possible reason is 
that during the initial stage of recovery process, the spiral 
transport current of the lower pancake is always close to its 
critical current, leading to full penetration of current densi-
ties in HTS tapes.

In this case, the on-axis field (i.e., Bz at P4) is increased 
from 0.330 (before the quench-recovery at t = t1) to 0.334 T 
(after the quench-recovery at t = t3). Two factors attribute to 
the enhancement of the on-axis field: (1) the remnant cur-
rent densities on the lower edge of the upper pancake, which 
helps generate upward magnetic fields; (2) elimination of 
screening currents on the lower pancake that cause the main 
field reduction [10, 11]. So, the typical quench-recovery pro-
cess would cause the substantial change of the field distri-
bution, which would threaten the high precision and spatial 
homogeneity of the field distribution of a finely designed 
NMR/MRI magnet, and should be avoided.

5.2 � Current Distribution Inside a Multi‑Pancake NI 
HTS Coil During Quench

As reported [4, 27, 28, 42, 48, 49], induced currents in NI 
HTS coils during inductive quench propagation cause strong 
Lorentz forces. To help understand and avoid this issue, we 
present the current distribution with the consideration of 
screening current effect, then the local concentration of 
the induced current (and the resulted Lorentz forces) could 
be clarified. Several HTS pancakes mentioned in Sect. 5.1 
are stacked in series connections with the current supply 
IPS = 300 A, as shown in Fig. 9a. Then, the quench is initi-
ated in one pancake in this HTS magnet. Again, the setting 
of the critical current of the quenched pancake is as Fig. 7.

Figure 9b–e shows current distributions that different pan-
cakes (Pan8–Pan5) of the HTS magnet are fully quenched 
at the moment t = t2 (t2 is marked in Fig. 7), respectively. 
The basic rule of current distribution can be conducted: 
the induced current of one HTS pancake mainly concen-
trates on the one-side edge that faces the quenched HTS 
pancake. This characteristic results in two types of current 
distributions. First, in Fig. 9e, for Pan4 and Pan6, induced 
currents and original power source currents (IPS) concentrate 

on different edges of the HTS tape. Second, in Fig. 9b, for 
Pan7, induced currents and the original IPS concentrate on 
the same tape edge. The current distribution of the second 
case could cause substantially larger strain.

5.3 � Current Distribution Inside a Multi‑Pancake NI 
HTS Coil Under Background Magnet Fault

In recent experimental operations, NI HTS insert magnets 
are reported to be under time-varying fields from the quench 
of the LTS magnets [21–24], and the fault of resistive mag-
nets [20]. In above cases, the variations of external fields 
are fast enough to cause large induced currents in NI HTS 
coils, and mechanical damages are widely reported. This 
section shows the simulated current distributions of two 
types of magnets during the background magnet fault: (i) 
the magnet with NI coil as the insert magnet; (ii) the magnet 
with INS coil as the insert magnet. The geometry and mod-
eling parameters of the HTS coil are identical with which in 
Fig. 9. The real geometry of the background magnet is not 
modeled, and the field generated by the background magnet 
is simulated by artificially setting the Dirichlet boundary 
condition.

Figure 10a shows the magnetic field components at the 
center of the magnet contributed by the background mag-
net and HTS magnet during the background magnet fault, 
respectively. BBG is the magnetic field contributed by the 

Fig. 9   a Current distribution at the moment t = t1 that the multi-
stacked coil has been charged to 300 A with 0.1 A/s. b–e  Current 
distributions at the moment t = t2 that different pancakes (Pan8–Pan5) 
of the HTS magnet are fully quenched, respectively. Note that the 
moments (t1, t2) are marked in Fig. 7
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background magnet. The BBG is artificially set to decrease 
to simulate the fault of the background magnet. During this 
process, BINS and BNI are the field contributed by the HTS 
magnet based on the INS coil and NI coil, respectively. The 
dashed line and solid line indicate the central field of the 
magnets with the INS coil and NI coil as the insert magnet, 
respectively.

In the left half of Fig. 10a, the central field of the INS 
magnet (see dashed line) decreases synchronously with the 
reduction of background field, because the field generated 
by the INS magnet (BINS) is always constant. However, the 
central field of NI magnet (see solid line) hardly decreases, 
because the induced current generates a field (i.e., BNI-BINS, 
see the red color) that resists background field reduction.

Figure 10b shows the average Is of Pan1–Pan4 of the NI 
coil. The data of Pan5–Pan8 is not shown since it is identical 
with Pan4–Pan1, respectively. It is found that the bottom and 
top pancakes (Pan1 and Pan8) have much larger induced cur-
rent. Thus, the top and bottom pancakes have higher risk to 
be injured by Lorentz forces generated by induced currents. 
At t = t3, even though the induced current in the NI coil has 
decayed to zero, indicating that the transport current of the 
NI coil is identical with the INS coil, the field generated by 
the NI magnet is still 49 mT larger than the INS magnet (see 
Fig. 10a). This is caused by the difference in the current dis-
tributions of the NI coil and INS coil, which is subsequently 
analyzed by Fig. 11.

Figure 11 shows current distributions of HTS magnets at 
the key moments (t1, t2, t3) marked in Fig. 10b. Figure 11a–c 
shows the current distribution for the NI magnet; for each 
pancake, the induced current is more likely to concentrate 
on the edge that faces outwards towards the ends of the 
HTS magnet. This phenomenon once attaches importance 
on the protection of these edges, like arranging HTS tapes 

with un-silt edges to face the ends of HTS magnets [4], and 
epoxy impregnation [9] for these edges. In Fig. 11d–f, the 
current distribution of the INS magnet has no essential vari-
ation during the whole process. Comparing Fig. 11c and 
f, although the transport current of the NI and INS coil is 
identical, the current distributions are essentially different. 
Again, similar with Fig. 5, this is because that the variation 
of the axial field causes extra remnant current densities in 
the HTS tape of the NI coil.

6 � Conclusion

In summary, the current distribution of NI REBCO coils 
under time-varying fields was demonstrated in both simula-
tions and experiments. The FEM model for the current distri-
bution simulation of NI coils was improved for more refined 
current distribution, i.e., the current penetration depth could 
vary among different turns. Different from conventional INS 
coils, for NI coils, it was found that the external Bz varia-
tion would induce remnant current densities persisting on 
the REBCO surfaces, which generate a remnant field. The 
remnant error field would cause the distortion of the field 
distribution generated by a magnet, thus posing threat to 
the spatial field homogeneity of the finely designed NMR/
MRI magnets. Besides, it was measured that this remnant 
magnetic field, as the SCF, decays with time due to the decay 
of screening current caused by the resistance of the super-
conductor. The decay amplitude is constant with logarithmic 
time. It would pose threats to NMR/MRI magnets, which 
require the temporal field stability to be in order of 10 ppb/h. 
Based on the above, the remnant field induced by external 
Bz variation should be an additional concern for NI coils for 
applications in the magnets that require high field quality.

Several practical cases of NI HTS coils under time-varying 
fields are investigated. First, we studied the current distribution 

Fig. 10   a BBG, field contributed by the background magnet; BINS, 
field contributed by the INS HTS magnet; BNI, field contributed by 
the NI HTS magnet. b For the NI HTS magnet: average spiral current 
(Is) of Pan1–Pan4

Fig. 11   Current distributions at the key moments (t1, t2, t3) marked in 
Fig. 10b. Note that only the upper half of the HTS magnet is shown. 
a–c For NI magnets. d–f For INS magnets
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of a DP HTS coil when a typical quench-recovery process 
occurs on one NI pancake. For this case, the un-quenched pan-
cake is under time-varying fields generated by the quenched 
pancake. It was found that the typical quench-recovery process 
for NI coils would substantially change the current distribu-
tion, causing the central field generated by a DP coil increased 
for several milli-tesla compared to which before this process. 
The change of current distribution after the quench-recovery 
includes that the current distribution of the quenched pancake 
becomes almost uniform, which deviates from the critical-state 
Bean model; besides, remnant persistent current densities are 
induced on the un-quenched pancake. Second, the current 
distribution is studied for a multi-pancake NI HTS coil when 
quench is initiated on one pancake. The time-varying field due 
to the pancake quench would cause induced currents in its 
nearby pancake(s). On these pancakes with induced currents, 
the induced current (and the resulted Lorentz forces) mainly 
concentrates on the one-side edge of the REBCO tapes that 
face the quenched pancake. This phenomenon helps under-
stand and protect the mechanical damage usually observed in 
NI HTS magnets after inductive quench propagation. Third, a 
multi-pancake NI HTS coil under time-varying fields gener-
ated by the background magnet during fault was simulated. 
The induced current in each pancake mainly concentrates on 
the edges that face outwards towards the end of the magnet, 
which bring higher risk for these positions to be damaged by 
Lorentz forces.
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