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Screening current is recognized as one of the critical elements limiting the progression of superconducting magnets toward
achieving higher magnetic fields. Currently, most non-insulated (NI) superconducting magnets consider the magnet as insulated
when addressing the issue of screening current. However, the bypass current in the NI magnet can modify the actual history of
magnetization, so the screening current in NI magnet will be different from that in the insulated magnet. This paper presents a
novel method based on the homogenized T-A formulation (T is the current vector potential, and A is the magnetic vector
potential), which enables real-time simulation of both the bypass current behavior and the implications of screening current in NI
superconducting magnets, even when these magnets contain tens of thousands of turns. We have developed a 32 T NI hybrid
superconducting magnet and validated the effectiveness of this method through experiments. Employing this efficacious method,
we conducted a comprehensive calculation of screening current in NI magnets, comparing them with insulated magnets in terms
of screening current-induced stress (SCIS), screening current-induced field (SCIF), and losses. The results indicate that in the NI
insert coils, the sequential excitation of background coils and insert coils induces a reverse screening current, resulting in slightly
lower SCIF and SCIS compared to those in the insulated magnets. The method and results can contribute to the enhancement of
magnet design and provide valuable insights for the development of ultra-high fields (UHF) NI magnets.
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1 Introduction

Superconducting magnets are highly prized in the realm of
applications necessitating strong magnetic fields, including
magnetic resonance imaging (MRI), nuclear magnetic re-
sonance (NMR), and particle accelerators [1]. This pre-
ference is due to their characteristic high homogeneity,
robust stability, low noise level, compact physical dimen-
sions, and low power dissipation. Research in these appli-
cation fields continually demands higher magnetic fields.

The rare earth barium copper oxide (REBCO) coated con-
ductors have emerged as the ideal choice for fabricating ul-
tra-high-field superconducting magnets due to their excellent
mechanical strength and high critical current density in high
fields [2]. However, the large aspect ratio of REBCO coated
conductors results in an increased screening current.
Screening current not only diminishes the central magnetic
field of the magnet but also induces spatial distortions and
temporal drifts in the magnetic field distribution [3,4]. Fur-
thermore, screening current exerts non-uniform Lorentz
forces on the REBCO tapes [5], potentially causing overs-
tress and irreversible damage [6], which presents a major
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obstacle to the progression of superconducting magnets to
higher magnetic fields. Various numerical methods have
been proposed for the screening current, among which the
finite element method (FEM) predicated on the T-A for-
mulation [7] and a power-law model [8] of the super-
conductor has become the most favored method. This
method can be easily implemented in commercial finite
element software and enables real-time simulation of the
entire magnet through enhanced multi-scale and homo-
genized variants [9]. Non-insulated (NI) technology [10]
stands as an effective approach to attaining ultra-high field
(UHF). NI coils do away with the insulation material be-
tween turns, enabling the current to bypass defects and
course through adjacent turns, thereby preventing local
hotspots that could potentially induce quenching. In addition,
the elimination of insulation between turns augments the
engineering current density and overall mechanical strength
of the coil. Recent studies have underscored the significant
potential of NI technology in UHF applications [11,12].
However, the introduction of a new dimension—bypass
current, brings complexity to the analysis of the electro-
magnetic response of NI coils, which is not present in in-
sulated coils. In recent years, researchers have put forth
several equivalent circuit models to depict the bypass current
behavior in NI coils, including lumped circuit models [10],
two-dimensional (2D) axisymmetric circuit grid models
[13], and partial element equivalent circuit models [14].
These models have successfully elucidated the self-protect-
ing capability of NI coils and offered robust simulations
of certain thermal stability and mechanical behaviors
[15,16].
The accurate depiction of current density distribution and

its variations proves crucial for NI high-field super-
conducting magnets, given its intimate relationship with
magnetic field quality [17], losses [18], stress, and strain
[19]. Nevertheless, research that simultaneously addresses
both bypass current and screening current in NI super-
conducting magnets remains scarce. Most studies on
screening current in NI superconducting magnets generally
utilize steady-state calculation models akin to those for in-
sulated magnets, predicated on the assumption that the by-
pass current has decayed to zero [20]. However, this
assumption has made an oversimplification. The well-es-
tablished fact that the screening current in a superconductor
carries a historical dependence on the excitation path [21,22],
while bypass currents can modify the actual excitation path
within the NI superconducting magnets, implies that the
screening current in NI superconducting magnets may differ
from that in insulated superconducting magnets. The com-
monly used approach is to initially calculate the azimuthal
current employing an equivalent circuit model for each turn,
and then harness the azimuthal current as a boundary con-
dition for the calculation of screening current. This metho-

dology, nonetheless, introduces some errors in the interplay
between screening current and bypass current. A few years
back, our research group grappled with the constraints of this
approach and proposed a refined circuit model [23]. Within
this model, each azimuthal element in the NI super-
conducting coil is superseded by a cluster of axially sub-
divided azimuthal elements to emulate the variation of
current along the width direction of the superconducting
tape. Similar refined circuit models have also been re-
commended in ref. [24] for simulating the screening current
in NI superconducting coils. However, these methods ne-
cessitate substantial computational time to compute the ac-
curate dynamic inductance matrix and involve bespoke
programming, rendering it inconvenient for coupling ana-
lysis with other fields such as stress and temperature fields.
FEMs offer convenient multi-physics analysis in commercial
software. Lately, an FEM based on the H-formulation and
rotated anisotropic resistivity has been proposed [25], facili-
tating simultaneous analysis of screening current and bypass
current in the NI superconducting coil. However, for ultra-
high-field NI superconducting magnets comprising tens of
thousands of turns, this method still encounters difficulties in
applying external constraints via an external power source,
and the computational time remains a challenge to satisfy. It
may take tens of days even if acceleration methods such as
homogenization or iterative multi-scale are used [26].
Otten et al. [27] initially simplified a partially coupled
Roebel cable to compute its alternating current (AC) losses,
treating it as an anisotropic single block. They then adopted
common integration methods and certain constraint condi-
tions to determine one component of the current density Jx.
The correlation between the two components of the current
density, Jx and Jz, was established, enabling the ascertain-
ment of the entire current density. Based on this idea, this
study presents a method for calculating screening current in
NI superconducting coils. This method also treats NI su-
perconducting coils as anisotropic single blocks with the
transformation method [25]. Subsequently, we derive an
expression for the relationship between radial current density
and azimuth current density by using Faraday’s law of
electromagnetic induction when the coil structure is trans-
formed. Consequently, the boundary conditions including
radial current density in the T-A formulation are deduced.
Partial differential equations (PDEs) relating to current
vector potential T and magnetic vector potential A are es-
tablished using the commercial finite element software
COMSOL Multiphysics, which enables the simultaneous
simulation of bypass current behavior and the effects of
screening current. This novel method provides a more pre-
cise depiction of the current density distribution in NI UHF
superconducting magnets, thereby serving as a significant
foundation for analyzing magnetic field quality, losses,
stress, and so on.
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2 Numerical model

2.1 Anisotropic monoblock model

High-field superconducting magnets are typically assembled
from an array of double-pancake (DP) coils. Each DP coil is
a complex 3D structure with nearly axisymmetric char-
acteristics, consisting of extremely thin REBCO tapes. These
REBCO tapes are spirally wound from the center, forming
two individual pancake coils with radial outward spirals—
one wound upward and the other downward. A continuous
transition region with lateral bending is formed at the inner
diameter connection where these two single pancake (SP)
coils connect. The REBCO tape is a multilayer composite
material composed of a Hastelloy alloy substrate, a buffer
layer, a silver layer, a copper stabilizer layer, and a super-
conducting layer. Each layer has distinct electromagnetic and
mechanical properties, but they can be considered periodi-
cally arranged in the coil. While the complex 3D structure
composed of thin-walled sections can be simplified using
quasi-3D modeling—a technique validated in racetrack coils
[28] and certain cables, the computational complexity re-
mains considerable for large-scale ultra-high-field super-
conducting magnets with tens of thousands of turns.
Consequently, further simplification to 2D modeling be-
comes necessary.
When simplifying the REBCO coil, the transition turns at

the inner diameter, and the joints at the outer diameter of the
DP coil are initially disregarded, thereby treating the DP coil
as two independent spiral SP coils. Then, the multilayer
material with isotropic resistivity is transformed into a single
material with anisotropic resistivity through homogeniza-
tion. Under normal operating conditions, the NI super-
conducting coils behave as a superconductor in the direction
parallel to the superconducting tapes and exhibit resistive
behavior in the direction perpendicular to the tapes. The
resistivity of the superconductor denoted as , adheres to
the E-J power-law relationship:

E
J B

J
J B= ( ) ( ) . (1)c

c c

n B( ) 1

The resistive behavior exhibited in the direction perpen-
dicular to the superconducting tapes is represented by . It
is related to the resistivity of the metal layers, the interface
resistivity, and the contact resistivity, all of which can be
determined through experimental measurements. Under
steady-state conditions, only currents parallel to the tape’s
plane exist. Due to the significantly lower resistance of the
thin superconducting layer compared to other parts (such as
the alloy substrate or copper stabilizer layer), parallel cur-
rents are confined to the thin superconducting layer and
cannot pass through other layers. However, in practical coils,
a phenomenon of parallel current shunting may occur. When
the parallel current surpasses the critical current, causing the

superconducting layer to transition to the normal state, it
begins to diffuse into nearby metal layers. If all the currents
were obliged to flow within the superconducting layer, the
electric field within the superconducting layer would be
much higher than the actual field. In this model, we postulate
that there is no parallel current shunting under steady-state
conditions. However, under non-steady-state conditions, all
bypass currents are regarded as perpendicular currents.
For any point in the actual spiral coil’s coordinate system,

a transformation into an axisymmetric coordinate system can
be achieved through a local rotation of the coordinates by a
specific angle. The relationship between the current density
and electric field in the original and transformed coordinate
systems is as follows:

J
J

J
J

=
cos( ) sin( )
sin( ) cos( )

, (2)
r

E
E

E
E

=
cos( ) sin( )
sin( ) cos( )

, (3)
r

where the subscripts and denote the tangential and normal
components in the coordinate system of the spiral model,
respectively, corresponding to the directions parallel and
perpendicular to the superconducting tapes in the spiral
single-pancake coil. In the axisymmetric coordinate system,
the directions of the parallel and perpendicular super-
conducting tapes correspond to the azimuth and radial di-
rections, respectively, and thus are denoted by subscripts
and r. The transformation of physical quantities remains
independent of the axial coordinate z.
We assume that the coil follows the form of an Archime-

dean spiral, which can be expressed by the following equa-
tion:

r r r r= + 2 , (4)1
2 1

where r1 denotes the inner radius, r2 represents the outer ra-
dius, and corresponds to the azimuthal direction. The angle
, necessary for the local coordinate rotation, is determined
by the dimensions of the coil as follows:

( )d
r= ±sin 2 , (5)1

where d is the thickness of the superconducting tape, r is the
radius at the specific position, and ± signifies the direction of
the spiral.
In the coordinate system of the spiral model, the con-

stitutive relation can be expressed as follows:

E
E

J
J

=
0

0
. (6)

In the 2D axisymmetric coordinate system, eqs. (2) and (3)
can be substituted into eq. (6) to obtain the constitutive re-
lation as follows:
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( )E J J=  cos ( ) + sin ( ) + ( )sin( )cos( ),r
2 2

(7)

( )E J J=  ( )sin( )cos( ) + cos ( ) + sin ( ) .r r
2 2

(8)
For computational convenience, we can define equivalent

azimuthal resistivity and equivalent radial resistivity r:
=  cos( )(cos( ) + sin( )) + sin( )(sin( ) cos( )),

(9)

=  cos( )(cos( ) sin( )) sin( )(cos( ) + sin( )).r

(10)

2.2 Homogenized T-A formulation

The calculation of the screening current within the super-
conducting coil employs the widely utilized homogenized T-
A formulation in the 2D axisymmetric coordinate system.
Within the superconducting domain, the current density J is
calculated using the current vector potential T as the vari-
able, while across the entire domain, the magnetic vector
potential A is employed to calculate the magnetic flux den-
sity B. In the 2D axisymmetric coordinate system, the
magnetic vector potential A possesses only an azimuthal
component A , and the superconducting layer is considered
as a 1D thin slice with negligible thickness. Therefore, T
possesses only one component Tr. The governing equations
for T and A are as follows:

A µ J= , (11)2
0

z
T
z

B
t= . (12)r r

The boundary condition for Tr at the edge of the 1D su-
perconducting layer can be deduced by integrating the azi-
muthal current density J across the cross-section, which
represents the current supplied by the power source:

I J S T S T l= d = × d = d , (13)
S S l

where S is the cross-section of the superconducting layer and
l is the boundary of the cross-section. Since the super-
conducting layer is considered 1D, eq. (13) can be written as

I T T= ( ) , (14)1 2

where is the actual thickness of the superconducting layer,
and T1 and T2 are the current vector potentials at their re-
spective edges. The boundary conditions for Tr are typically
written as

T I= , (15)1

T = 0. (16)2

Figure 1(c) shows the homogenized approach applied to a
small stack. The homogenized T-A formulation scales the
geometrical dimensions of multiple turns of the super-
conducting layer within the same coil to the dimensions of a
single superconducting tape in the radial direction, merging
all the superconducting layers into a 2D block. However, the
calculations do not consider the influence of Bz, and the
control equation for the 1D superconducting layer remains
the same. For each superconducting layer in the 2D block, its
current is consistent with the original 1D superconducting
tape. Hence, the boundary conditions eqs. (15) and (16) forTr

are applied to the top and bottom edges of the 2D block. As
the dimensions of the superconducting layers are scaled up, a
proportional relationship between the engineering azimuthal
current density Je used in the calculation of magnetic flux
density B and the actual azimuthal current density J in the
superconducting layer as follows:

J dJ= , (17)e

where d is the thickness of the superconducting tape. Ref.
[29] provides further detailed descriptions of the homo-
genized T-A formulation.

2.3 The constraint of radial current density Jr

In the 2D axisymmetric coordinate system, the current den-
sity in the NI coil consists of two components. However, the
homogenized T-A formulation solely solves for the com-
ponent J . Therefore, it is necessary to ascertain the re-
lationship between the component Jr and the component J
through constraint conditions. Since the magnet is driven by
external current sources, the total current density in each
series-connected single-pancake coil is governed by the ex-
ternal operating current. According to Faraday’s law of
electromagnetic induction, we get

t
A E= , (18)

where is the scalar potential.
Figure 1(a) illustrates the actual topology of an NI coil,

where for any turn, the potential difference along the path lacb

is equal to that along the path ladb. The simplified model alters
the topological structure of the subject being modeled. In the
2D axisymmetric coordinate system, an SP coil is re-
presented not as a spiral but as a series of radially connected
concentric circles, as demonstrated in Figure 1(b). This
model simplification maintains the electromagnetic re-
lationship intact. Therefore, we postulate that in the 2D ax-
isymmetric structure, the potential difference between any
two points along different paths remains the same, with the
radial and azimuthal directions selected as the paths. As the
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radial current does not generate a magnetic field, we can
derive the following relationship from eq. (18):

J
r A

t J

d=
2 +

. (19)r
r

Currently, Jr can be represented as a function of J . By
combining eqs. (15) and (19), we derive the Dirichlet
boundary conditions for the T-A formulation of the NI su-
perconducting coil as follows:

T
I r

r A
t J

d z
=

2
2 +

d
, (20)

op
z

z

r
1

1

2

T = 0, (21)2

where Iop is the operational current.
In the commercial finite element software like COMSOL

Multiphysics, two PDEs can be established for A and T, and
an additional PDE can be used to solve the spatial integration
present in the boundary conditions. Since it is impossible to
impose pointwise constraints on the time derivative of the
dependent variable at each grid node in COMSOL Multi-

physics, another PDE can be employed to solve
A
t . Hence,

computing the screening current in an NI superconducting
coil requires four PDEs. This approach, while easy to un-
derstand and implement, consumes more computational time
compared to the two PDEs required for insulated super-

conducting coils.
An alternative advanced approach employs the component

coupling operators and weak constraints. The domain can be
projected onto the boundary in the z-direction via a gen-
eralized projection operator to perform spatial integration in
the boundary conditions. Weak constraints are applied
through local averaging, utilizing shape functions as weights,
which permits the same variable as other terms in the cou-
pled equation system. Eq. (20) exhibits strong nonlinearity,
and the solution of the linearized sub-problems in each solver
step relies on the values of the Lagrange multiplier variables
from the preceding step. Through weak constraints, the va-
lues of the Lagrange multipliers can be maintained between
steps, fostering faster and more robust convergence. This
approach demands a deeper understanding of COMSOL
Multiphysics and involves more complex operations. How-
ever, it only necessitates the establishment of two PDEs. The
computational speed can be almost on par with the conven-
tional homogenized T-A formulation for insulated super-
conducting coils.

3 Experimental verification

3.1 Parameters of a 32 T hybrid high-low temperature
superconducting NI magnet

To validate the effectiveness of this model, a 32 T NI high-
low temperature hybrid superconducting magnet was de-
veloped and tested. Figure 2 presents the overall structure of

Figure 1 (Color online) The schematic diagram of the homogenized T-A formulation of the NI coil. (a), (b) The structural transformation of NI coil.
Without modifying the electromagnetic relationship within the NI coil, its structure in the 2D axisymmetric coordinate system transitions from a spiral shape
into a series of concentric circular rings. (c) T-A homogeneous approach.
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the magnet system and a photo of the insert magnet. The
background field magnet utilizes insulated low-temperature
superconducting (LTS) technology, featuring a central
magnetic field strength of 15 T and a diameter of 160 mm. It
consists of three internal Nb3Sn coils and four external NbTi
coils. Detailed parameters can be found in Table 1. The insert
magnet, on the other hand, is a 17 T NI REBCO high-tem-
perature superconducting (HTS) magnet with a diameter of
Ø35 mm. It is comprised of 56 DP coils arranged in inner and
outer layers, consisting of seven different types. The specific
parameters of the insert magnet refer to the reference [11].
A series of experiments were conducted on the NI REBCO

insert coils in liquid nitrogen, which were then followed by
experiments executed on the entire magnet system in liquid
helium. Simulations were performed to emulate the actual
excitation process, with the resultant data compared against
corresponding experimental findings. A parameter-free
method proposed in ref. [30] was employed to extract the
angle dependence of the critical current of the REBCO tapes
in liquid nitrogen based on experimental measurements.
A fitting formula from ref. [31] is utilized to describe the
angle dependence of the critical current at liquid helium
temperature. To facilitate the modeling process, the form of

I B( , )c was transformed to I B B( , )c and subsequently nor-
malized to the critical current of REBCO tape with a width of
4 mm. For the field angle dependence of the n-value, the n-
values at 77 K are sourced from the Robinson Institute’s
database. [32] At 4.2 K, the n-values in the range of 0–8 T
are also obtained from the Robinson Institute’s database,
while the n-value at 19 T is derived from ref. [33]. Limited
research or experimental data exist for n-values under con-
ditions other than 19 T. Consequently, in the simulations
presented in this paper, the n-values for higher magnetic
fields are extrapolated by interpolating the available data at
19 T. The data of the angle dependence of the critical current
and n-value are shown in Figure 3.

3.2 Individual experiments of NI REBCO insert coil at
77 K

We first tested the critical current of the NI REBCO insert
coil at 77 K. The insert coil was placed separately in liquid
nitrogen, and a series of ramp-hold operations were con-
ducted on the excitation current. During the ramp phase, the
ramping rate was set at 0.0107 A/s, which was then followed
by a one-hour hold phase. The excitation current was

Figure 2 (Color online) Schematic diagram of the 32 T high-low temperature hybrid superconductor magnet system and a photograph of the NI REBCO
insert coil.
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increased continuously, and the voltage signals of all DP
coils were measured until the terminal voltage of one of the
coils reached the critical current criterion of 0.1 μV/cm. The
test results indicated the critical current of the NI REBCO
insert coil is 28.2 A at 77 K.
Subsequently, two experiments were conducted at target

currents of 10 and 20 A, following the experimental proce-

dure outlined below: (1) The excitation current was gradu-
ally increased to the target current at a ramping rate of
0.0107 A/s; (2) the excitation current was maintained at the
target level for at least 1 h, waiting for the radial current to
completely decay; (3) the magnetic field distribution along
the central axis, from −150 to 150 mm, was measured using a
spatial field mapping system; (4) a sudden discharge was

Table 1 Paraments of the LTS background field magnet of the 32 T superconducting magnet

LTS background field coils

Parameter Unit Coil 1 Coil 2 Coil 3 Coil 4 Coil 5 Coil 6 Coil 7

Nb3Sn NbTi

Inner radius mm 92 110 124.2 142.8 158.2 175.2 190.9

Outer radius mm 108 120.6 141.1 154.87 174.2 187.2 221.3

Height mm 280 260 320 400 260 240 400

Engineering current density Je A/mm2 115.689 116.338 137.612 103.654 136.697 123.675 193.350

Central field T 15

Operating current A 215

Inductance H 111.93

Storage energy MJ 2.61

Figure 3 (Color online) The angle dependence of the critical current and n-value of the REBCO tape used in the simulation. (a) Ic
at 77 K; (b) Ic

at 4.2 K;
(c) n-value at 77 K; (d) n-value at 4.2 K.
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performed, and the time constant of the NI coil was mea-
sured; (5) the excitation current was maintained at 0 A for at
least 1 h, waiting for the radial current to completely decay;
(6) the remnant magnetic field distribution along the central
axis, from −150 to 150 mm, was measured using a spatial
field mapping system.
Throughout the entirety of the experiment process, the

central magnetic field and the voltage signals at the coil
terminals were continuously recorded. The inter-turn re-
sistivity of the REBCO insert coil in liquid nitrogen was
measured to be 11.7 μΩ cm2. It should be noted that before
conducting the critical current test, as well as the 10 and 20 A
experiments, the REBCO insert coil was restored to room
temperature and re-cooled to avoid any influence from the
remnant magnetic field on the initial magnetic field for
subsequent experiments.
Figure 4 presents the experimental data, as well as the

simulation results obtained from both the proposed NI coil’s
screening current calculation model and the axisymmetric

equivalent circuit model. It can be observed that both the
voltage and magnetic field simulated by the NI coil’s
screening current calculation model exhibit similar delayed
effects as those simulated by the axisymmetric equivalent
circuit model. In the current-ramping phase, the axisym-
metric equivalent circuit model’s simulated voltage is
slightly higher than that from the NI coil’s screening current
calculation model. The difference may be attributed to the
change in inductance induced by the screening current, re-
sulting in inductance voltage variations. It is noteworthy that
these variations can be accurately computed by the NI coil’s
screening current calculation model. Furthermore, due to the
axisymmetric equivalent circuit model’s inability to simulate
screening current, the magnetic field that it simulates is un-
affected by the screening current-induced field (SCIF). This
results in an elevated central magnetic field during the cur-
rent-holding phase and a decrease to zero after sudden dis-
charge, without displaying a remnant field as observed in the
experimental data. In contrast, the NI coil’s screening current

Figure 4 Liquid nitrogen experiments at a target current of 20 A. (a) Comparison of voltage and magnetic field of experimental measurements, simulation
of the 2D axisymmetric circuit grid model and the NI coil’s screening current model. (b) Distribution of the azimuthal current density at different time
simulated by the NI coil’s screening current model.
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calculation model accurately simulates the SCIF and rem-
nant magnetic field, which are in better agreement with the
experimental results. During the sudden discharge phase,
both the axisymmetric equivalent circuit model and the NI
coil’s screening current calculation model show significant
deviations in voltage simulation compared to the experi-
mental data, which may be attributed to inter-turn resistance
changes caused by factors such as stress.
Figure 5 illustrates both the simulated and experimental

distributions of remnant magnetic field and the SCIF along
the central axis. For an NI superconducting coil, once the
radial currents have completely decayed, the discrepancy
between the actual and ideal fields can be solely attributed to
the effect of screening current. Thus, the SCIF can be re-
presented by the discrepancy between the actual and ideal
fields. The simulated SCIF corresponds closely with the
experimental results, demonstrating an “M”-shaped dis-
tribution along the central axis, with negative values close to
the central plane of the coil and positive values farther away.
In proximity to the central plane of the coil, the magnitude of
the SCIF from the 10 A experiment exceeds that from the 20
A experiment, given that the 20 A experiment nears the coil’s
critical current, thereby suppressing the screening current.
The remnant magnetic field is directly generated by
screening current and is independent of the ideal field. The
model’s effectiveness can be further validated by comparing
the experimental and simulated remnant magnetic fields. The
simulated remnant magnetic field corresponds closely with
the experimental results, exhibiting a “W”-shaped distribu-
tion along the central axis that is the reverse of the SCIF.
Near the central plane of the insert REBCO coil, the mag-
nitude of the remnant magnetic field from the 20 A experi-
ment exceeds that from the 10 A experiment, owing to more

flux penetration occurring during the process of reducing the
current from 20 to 0 A. Both the remnant field and the SCIF
exhibit asymmetry in experimental measurements, present-
ing some discrepancies when compared to the simulation,
possibly due to the asymmetric of the critical currents [34].

3.3 Experiments of the 32 T hybrid superconducting
magnet at 4.2 K

We conducted tests on the NI REBCO insert coil which was
housed within the LTS background field coil submerged in a
liquid helium bath. Initially, the NI REBCO insert coil was
independently excited to generate a central magnetic field of
12 T, as an initial system check. Subsequently, it was dis-
charged, as shown by the peak between 2 and 6 h in Figure 6.
After a waiting period of around 40 h, the LTS background
field coil was excited to 15 T, followed by the excitation of
the NI REBCO insert coil. Finally, the current of the NI
REBCO insert coil was excited to the target level, and after
holding the target current for approximately half an hour, the
central magnetic field achieved 32.35 T.
We simulated the entire excitation process in liquid helium

using an inter-turn resistivity of μΩ cm2. Figure 7 illustrates
both the simulated and experimentally measured central
magnetic fields. Due to the significant influence of contact
pressure on the contact resistivity, but the simulation model
employed in this study did not account for variations in
contact pressure during the excitation process. As a result,
there is a slight discrepancy between the simulated and ex-
perimental curves of the central magnetic field. However, the
simulation still captures the delayed effect caused by the
radial current and the remnant field caused by the screening
current. The rotation effect of the tape under UHF, which can

Figure 5 (Color online) Comparison of experimental and simulated axial magnetic field distribution in liquid nitrogen with target currents of 10 and 20 A
respectively. (a) Comparison of fields induced SCIF. (b) Comparison of the remnant magnetic field.
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alter the angle between the magnetic field and the tape and
affect the screening current, was not considered in the model.
Consequently, the simulated remnant field is slightly higher
than the measured remnant field in the experiment.

4 Comparison of screening currents between NI
superconducting magnets and insulated super-
conducting magnets

In this section, we will focus on the simulation of the 32 T
high-low temperature hybrid superconducting magnet (de-
tailed in Section 3). We aim to provide an in-depth compu-
tation of the distribution and variation of screening currents
in NI superconducting magnet. Furthermore, we will juxta-
pose the discrepancies in screening current-induced stresses,
SCIFs, and losses between NI and insulated superconducting
(INS) magnets operating under identical conditions and with
similar parameters.

4.1 Reverse screening currents in NI superconducting
magnets

Considering that the LTS background coil and HTS insert
coil are not serially connected, we persist with an in-
dependent excitation approach for our simulation. Initially,
the LTS background coil is excited to the target current of
215 A at a ramping rate of 3.8926 A/min. Subsequently, the
HTS insert coil is excited to a target current of 155 A at a
ramping rate of 2.3932 A/min. The entire process takes ap-
proximately 2 h. Figure 7 illustrates the central magnetic
field variation (left axis) under four different scenarios:
(1) Assuming the REBCO insert coil is an insulated coil without
considering the screening current, the central magnetic field
is denoted as BINS . If coil manufacturing errors and force-
induced deformations in the magnet are not considered, BINS

represents the ideal design magnetic field. (3) Assuming the
REBCO insert coil is an insulated coil with consideration of
the screening current, the central magnetic field is denoted as
BINS SC. (2) Assuming the REBCO insert coil is an NI coil
without considering the screening current, the net central
magnetic field is denoted as BNI . (4) Assuming the REBCO
insert coil is an NI coil with consideration of the screening
current, the central magnetic field is denoted as BNI SC.
For clarity in the subsequent discussion, it is necessary to

elaborate on the SCIF of NI superconducting magnets. In a
conventional insulated superconducting magnet, the radial
component of the magnetic field penetrates a wide region of
the superconducting tape when the insulated magnet is ex-
cited, which generates the screening current. The distribution
of the screening current density is extremely uneven, dis-
playing a gradient pattern along the width of the super-
conducting tape (i.e., the axial direction of the
superconducting magnet). The uneven current density dis-
tribution culminates in severe magnetic field distortion, and
the actual central magnetic field BINS SC is slightly diminished
relative to the ideal design magnetic field BINS . The portion
of the magnetic field reduced, BINS , also known as the SCIF,
is the field generated by the screening current relative to the
coil transport current. For insulated magnets, the screening
current-induced field is denoted as B B B=INS SCIF INS SC INS .
Unlike insulated magnets, the difference BNI between the
actual central magnetic field and the ideal design magnetic
field in an NI magnet during excitation consists of two parts.
In addition to the SCIF BNI SCIF caused by the gradient dis-
tribution of the current density in the axial direction, there is
also a magnetic field delay Bdelay caused by the radial current.
In this study, we define the difference field for the NI su-
perconducting magnet as B B B=NI INS NI SC, the SCIF as
B B B=NI SCIF NI SC NI and the delayed magnetic field as
B B B=delay INS NI .

Figure 6 Experimental and simulated magnetic field throughout the en-
tire process of liquid helium experiments. IHTS

and ILTS
represent the op-

erating currents for the HTS magnet and the LTS magnet, respectively.

Figure 7 Central magnetic field and SCIF in NI and insulated magnets
under various conditions.
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The SCIF during the excitation process of the insulated
magnet, depicted in Figure 7 (right axis), remains con-
sistently negative. As the excitation current increases, the
SCIF’s magnitude first expands and then contracts. This
fluctuation can be explained by the current density and
magnetic field distribution illustrated in Figure 8 during the
excitation process of the insulated superconducting magnet.
When both the background coil and the inserted coil are
charged, an outward radial magnetic field is generated,
prompting magnetic flux to penetrate the HTS tape on both
sides. The current density on the side further from the
magnet’s center plane reaches positive critical current den-
sity, while the side closer to the center plane attains negative
critical current density (for ease of description, we refer to
the side further from the center plane as the “outer side” and
the closer side as the “inner side”). As the radial magnetic
field increases, so does the penetration depth, while the cri-
tical current density decreases with the escalation of the
external magnetic field strength. When the magnetic flux has
not fully penetrated, the increase in penetration depth pri-
marily contributes to the magnitude of the SCIF, which es-
calates with the external magnetic field. Upon the full
penetration of the magnetic flux into the superconducting
tape, the reduction in critical current density becomes

dominant, significantly influencing the SCIF magnitude.
When the excitation current reaches the target value, the
screening current experiences a relaxation change, leading to
a sudden alteration in the rate of change of the SCIF mag-
nitude, followed by a gradual reduction in the SCIF
magnitude.
The SCIF in the NI superconducting magnet, as shown on

the right axis of Figure 7, follows a completely different
trend from that of the insulated superconducting magnet. At
the initial excitation of the background field coil, the value of
the SCIF in the NI superconducting magnet is positive,
contrary to the usual negative. With the increase of the
background field, the amplitude of the SCIF first increases,
then decreases and gradually changes to negative. After the
start of the excitation of the inserted coil, the value of the
SCIF remains negative. Its amplitude will increase with the
increase of the excitation current, and then gradually de-
crease. The distribution of current density and magnetic field
during the excitation process of the NI superconducting
magnet is shown in Figure 9.
When the excitation of the background field coil just be-

gins, an azimuthal current is induced in the insert coil. The
direction of this current is opposite to that of the current
applied by the power source. The outer inserted coil

Figure 8 (Color online) Azimuthal current density distribution and radial magnetic field distribution at different moments during the excitation process of
the insulated superconducting magnet.
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primarily induces a reverse current, and the magnetic field
generated by the reverse current causes the local magnetic
field near the end of the outer inserted coil to change to
inward radial. The distribution of current density also con-
tradicts the usual distribution: the current density on the outer
side reaches negative critical current density, while the inner
side reaches positive critical current density. Therefore, the
magnetic field near the middle plane is larger than the ideal
magnetic field, while near the end coil is smaller. As the

background field intensifies, the reverse current in the outer
insert coil also increases. Consequently, the radial inward
magnetic field strengthens, the penetration depth increases,
and the amplitude of the SCIF also increases.
As the background field continues to intensify, the rate of

increase of the azimuthal current induced in the outer insert
coil slows down, and a reverse azimuthal current gradually is
induced in the inner insert coil. However, since the reverse
azimuthal current induced in the inner insert coil is small, the

Figure 9 (Color online) Azimuthal current density, radial current density, and radial magnetic field distribution at different moments during the excitation
process of the NI superconducting magnet.
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inward radial magnetic field it produces is weaker than the
outward radial magnetic field generated by the background
field. The amplitude of inward radial magnetic field de-
creases and gradually inverts to an outward orientation. The
screening current density also starts conforming to the dis-
tribution rule of the insulated superconducting magnet.
Therefore, the amplitude of the SCIF decreases and then
turns negative, mirroring subsequent changes in the insulated
magnet.
Upon reaching the target excitation current, the azimuthal

current within the NI magnet continues to increase, pre-
venting a sudden change in the amplitude of the SCIF. On the
one hand, the radial current decays, causing the azimuthal
currents of all turns to approach the target current. On the
other hand, the relaxation of the screening current in the axial
direction leads to a more uniform current density distribu-
tion. These combined effects cause a drift in the central
magnetic field. In general, it is the directional and magnitude
variations of the azimuthal current within different DP coils
that lead to a different trend in the SCIF for the NI super-
conducting magnet as compared to the insulated magnet.
Certain amounts of reversed current persist even after the
insert coil has been excited for some time. This indicates the
possibility of reversed currents persisting even when both the
insert coil and the background field coil are simultaneously
excited.

4.2 Comparison of SCIS

For UHF REBCO magnets, the screening current-induced
stress (SCIS) is non-negligible. As the variations in screen-
ing current due to reverse currents differ between NI and
insulated superconducting magnets, the stress in these
magnets may differ as well. We import the Lorentz forces
calculated from the electromagnetic module into a 2D axi-
symmetric solid mechanics module in COMSOL Multi-
physics. Since the high-field REBCO coils are wound using
a dry winding method, with no epoxy resin adhesive between
turns, adjacent turns may either contact or separate during
excitation. This non-linear problem induced by the potential
contact or separation of turns was addressed using the
“Contact Pair” and an in-built penalty function method
available in COMSOL Multiphysics. The conductor thick-
ness may affect the calculated stress magnitude, we modeled
the geometric shapes of each turn, winding bobbin, and over-
banding, rather than simplifying multiple conductors turns
into a single engineering turn. It is impractical to accurately
establish all contact pairs in the entire magnet at once, so we
calculated each SP coil separately, forcing the axial dis-
placement at the bottom edge of each SP coil to be zero,
while the other boundaries could move freely, achieved via
the “Roller” condition applied to the entire bottom edge.
The frictional force significantly influences the calculated

results by impeding radial displacement at each turn. As this
force is directly associated with the axial compressive stress
between the SP coils, we first calculated the axial Lorentz
force for each individually SP coil. When calculating a
specific SP coil, we applied the accumulated axial Lorentz
force from all upper SP coils, multiplied by the friction
coefficient, at the contact point between the SP coil and the
spacer. To maintain zero net force, the frictional forces acting
on each interface were in opposite directions, but of equal
magnitude. The equations are as follows:

f µ P P

f µ P P

= + ,

= + ,

(22)
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t p
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where f i
t and f i

b represent the friction forces acting on the
top and bottom edges of the i-th SP coil, respectively, µ is the
friction coefficient, P p is the pressure generated by the pre-
tensioning force, and Pi

L is the pressure generated by the
axial Lorentz force.
In our research, we chose a friction coefficient of 0.2, and

referred to the ref. [35] to determine parameters such as
Young’s modulus and Poisson’s ratio for various materials.
As illustrated in Figure 10, at the respective maximum

hoop stress points of the NI and insulated magnets, the dis-
tributions of their radial Lorentz force fr, axial Lorentz force
f z, and hoop stress exhibit similar patterns. The hoop stress
primarily behaves as tensile stress on the outer side and as
compressive stress on the inner side. However, the insulated
magnet reaches a maximum hoop stress of 1285 MPa at
7200 s, with a corresponding central magnetic field of
31.89 T, while the NI magnet’s maximum hoop stress of
1172 MPa occurs at 8510 s, with a central magnetic field of
30.79 T at that moment. Interestingly, both the radial and
axial Lorentz forces in the NI magnet are somewhat lower
than those in the insulated magnet, which might be attributed
to the reversed current experienced in the NI magnet. Fur-
thermore, the maximum hoop stress in the NI magnet is not
reached after the magnetic field stabilizes, but beforehand.
This is because the magnetic field continues to grow after the
current reaches its target value, and both the critical current
and screening current are reducing, thereby causing a peak in
the Lorentz force. As depicted in Figure 11, the maximum
hoop stress in each DP coil presents noticeable discrepancies
between the insulated and NI magnets. Except for a few DP
coils near the mid-plane, the hoop stress in all other coils
within the NI magnet is lower than those in the insulated
magnet.
The maximum hoop SCIS in Figures 10 and 11 exceeds

1 GPa, while the irreversible tensile stress for typical RE-
BCO tape is usually around 800 MPa [36]. In most of the
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current research, stress calculated solely from the screening
current often exceeds 800 MPa or surpasses experimental
measurements [5,37–39]. Some studies have considered
factors such as strain and rotation effects, leading to more
realistic values for critical current, n-values, and contact
resistance [40–43]. However, the computed values for the
SCIS still tend to exceed actual values. Additionally, the
inward winding of the superconducting layers induces
compressive bending strain. Pre-stressing and over-banding
[44] can further reduce stress in the coil, potentially main-
taining the actual stress within the irreversible stress range
for superconducting magnets. Given the computational
challenges of simultaneously considering tens of thousands
of turns in the coil with rotation effects and elastic-plastic
behavior, and since bending strain, pre-stressing, and over-

banding are fixed, the main purpose of Figures 10 and 11 is
to demonstrate the relative differences of SCIS between NI
and INS magnet. Therefore, this study focuses solely on
stress induced by screening current, without considering
other complex factors.

4.3 Comparison of SCIF and losses during field sweeps

We simulated the SCIF and losses during the field sweeps.
Unlike the typical field sweeps between positive target fields
and negative target fields, the operating mode of the magnet
in this study involves field sweeps between zero field and a
positive target field, with a period of maintenance at the
positive target field as shown in Figure 11. This process
involves six stages across three cycles. During the excitation

Figure 10 (Color online) Comparison of Lorentz force and hoop stress between NI and insulated magnets.
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stage, the LTS background coil begins charging, followed by
the HTS insert coil, taking a total of 2 h to reach the target
current. During discharging stage, the HTS insert coil begins
discharging, followed by the LTS background coil, taking a
total of 2 h to decrease the current to zero. Following the
attainment of the target current and the zero current, each is
maintained for a period of 2 h.
Figure 12 illustrates the responses of the SCIF in both the

NI and insulated magnets as functions of the central mag-
netic field. For both types of magnets, a hysteresis loop is
formed after each stage following the first stage. Although
the hysteresis loops do not coincide, the gap between them
narrows as the number of sweep cycles increases. This
suggests that the present central magnetic field can be ob-
tained through the present current and the previously cali-
brated magnet constant, even though the magnet constant is
nonlinear and the magnet has gone through multiple sweep
cycles.
When the current is maintained stable, the relaxing

screening current consistently drives the SCIF towards zero,
resulting in a drift in the central magnetic field. The direction
of this drift is opposite to the direction of the SCIF. Inter-
estingly, at an identical central magnetic field, the SCIF of
the NI magnet is always smaller than that of the insulated
magnet. This could be related to the reverse current in the NI
magnet, which creates an effect similar to current sweep
reversal.
The loss power P during the field sweeping process is

determined by the current density J and electric field E, and
can be represented by the following:
P E J E JE J= = + , (23)r r

where E J represents the hysteresis loss, which is the only
type of loss in insulated magnets. E Jr r is caused by the inter-
turn resistance, mainly arising from the contact resistance, so

we call it the inter-turn contact loss. NI magnets have both
hysteresis loss and inter-turn contact loss. The total loss is
obtained through the spatial integration of power density
over the coil and time integration over the entire field
sweeping cycle:

Q t rE J= d 2 d . (24)
T

Figure 13 shows the changes in loss power throughout the
field sweeping cycle. For hysteresis loss, after the first cycle,
the pattern of loss in subsequent field sweeping cycles re-
mains consistent, with a characteristic feature being that the
discharging stage experiences more loss than the excitation
stage. Regarding inter-turn contact loss, the pattern across
each cycle is nearly the same, with the discharging stage
having slightly more loss than the excitation stage. Owing to
the magnetic field delay caused by the inter-turn bypass
current, the hysteresis loss of the NI magnet consistently lags
behind that of the insulated magnet. However, it is note-
worthy that the peak power of contact loss induced by the
inter-turn bypass current exceeds the peak power of hyster-
esis loss by over 30 times.
After the first excitation stage, the hysteresis loss in the

insulated insert coil caused due to the change in the back-
ground field is less than the hysteresis loss caused by the
change in the self-field of the insert coil. Therefore, the loss
curve abruptly rises when the background coil excitation
ends and the insert coil begins its excitation. The total hys-
teresis loss for the insulated insert coil is Q = 5.54 kJ, with
the hysteresis losses during the background coil excitation,
insert coil excitation, and current maintenance stages ac-
counting for 24.0%, 68.1%, and 7.9%, respectively. For the
NI magnet, after the end of the background excitation, the
induced reverse current rapidly transitions into the positive
current driven by the power supply when the insert coil starts
its excitation, causing the hysteresis loss sharply decreases
and the inter-turn contact loss sharply rises. The total

Figure 11 Comparison of maximum hoop stresses in each DP coil be-
tween NI magnet and insulated magnet. The DP coils are numbered as
follows: the end DP coil in the inner insert is labeled as coil 1, the middle
DP coil in the inner insert is labeled as coil 24, the middle DP coil in the
outer insert is labeled as coil 25, and the end DP coil in the outer insert is
labeled as coil 56.

Figure 12 Schematic diagram of the current variation during the field
sweeping process. The simulation consists of three sweep cycles, each
comprising two stages: excitation and discharging.
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hysteresis loss for the NI magnet is Q = 4.99 kJ, with the
hysteresis losses during the background excitation, insert
excitation, and current maintenance stages accounting for
13.5%, 35.8%, and 50.7% respectively. The total inter-turn
contact loss is Q = 126.48 kJ, with the corresponding losses
accounting for 11.9%, 73.2%, and 14.9%, respectively.

5 Discussion

In Section 2, the numerical model makes a rotational trans-
formation from the perspective of logical reasoning. Due to
the limitation of the bending radius of the superconducting

coil, d
r2 is a very small value, so the rotation angle is close

to zero. Therefore, even without making a rotation trans-
formation and directly setting J J= and J J= r, the results
will not vary significantly. We introduce an index to measure
the difference between J and J , defined as their maximum

relative error
J J

J= maxmax . J is related to and Jr.

At t = 3314 s, Jr is at its maximum, and at t = 14400 s, Jr is at
its minimum. Therefore, we compared the maximum relative
error of the current density on the cross-section at different
circumferential positions at t = 3314 s and t = 14400 s. The
results are shown in Figure 14. Even when the radial current
density Jr is very large, the maximum relative error of the
current density is only 21.51 ppm.
Therefore, for the calculation of screening current in NI

superconducting coils, the 2D axisymmetric coordinates can
be used directly without coordinate transformation. This can
greatly improve the calculation speed without sacrificing
accuracy. Using a commercial desktop computer (16 cores,
AMD 7950X 3D, 5.8 GHz, 128 GB RAM) to simulate the
liquid helium experiment process in Figure 6 from the 49th
hour to the 89th hour, if 2D axisymmetric coordinates are

used directly, it takes 58491 s to simulate the 144000 s’ li-
quid helium experiment. This enables real-time simulation of
screening current in a high-field un-insulated super-
conducting magnet with tens of thousands of turns.
The key to establishing the relationship between the radial

current density and the circumferential current density of the
un-insulated superconducting coil in this paper is to solve for

A
t . Since the T-A formulation uses A as the dependent

variable throughout the domain, it is convenient to solve for
A
t in the superconducting domain. For some materials

such as Bi-223 and MgB2, they cannot be simplified to a 1D
thin layer due to their inherent structural characteristics.
Typically, the H-A formulation, H-Φ formulation, and other
subdomain solutions or direct use of the H formulation are
applied. However, given the absence of variable A in the
superconducting domain of those formulation, it is not pos-

sible to directly solve for
A
t .

In order to address this, we can introduce the magnetic flux
Φ as an intermediate variable:

A
t

l A
t S td × d = . (25)

a

b

S

Magnetic flux Φ can be expressed as a spatial integral of
the axial component of the magnetic field:

µ rH r= 2 d . (26)
r

z0

Therefore, the axial component of the magnetic field can
be directly utilized in the superconducting domain to acquire
the relationship between the radial current density and the
azimuthal current density:

J t r J
d=

+ 2
. (27)r

r

In COMSOL Multiphysics, we can solve the spatial

Figure 13 Comparison of SCIF between the NI magnet and the insulated
magnet during three field sweeping cycles.

Figure 14 Comparison of loss between the NI magnet and the insulated
magnet during three field sweeping cycles.
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integral in eq. (26) by adding a custom PDE:

r rµH= 2 . (28)z

Extensive research has been undertaken by various in-
stitutions to understand the damage caused by SCIS in su-
perconducting magnets. NHMFL has developed a series of
REBCO coils and placed them in a background field ex-
ceeding 30 T, resulting in magnetic fields of over 40 T [39].
When the outer edge of the REBCO coil is a slit edge, da-
mage to the conductor can often be observed, particularly in
the buffer layer and the REBCO layer at the slit edges.
However, such damage is not present when current flows
along the non-slit edge. Similar phenomena were also ob-
served in the study by Takahashi et al. [45], indicating a
connection with pre-cracks in the outer edge and excessive
tensile hoop stress induced by the screening current. As a
result, designers tend to position the slit edges on the inner
side to reduce the influence of tensile hoop stress on pre-
cracks at the slit edges, as shown in Figure 16(a). However,
this work shows that the reverse-induced current during the
excitation process of NI magnet will generate a reverse
screening current, which may cause tensile hoop stress on the
inner side rather than the conventional compressive hoop
stress, as shown in Figure 16(b). While under the specific
conditions and magnet configurations explored in this study,
significant tensile hoop stress on the magnet’s inner side will
not occur, such a phenomenon may indeed arise in NI su-
perconducting magnets under certain circumstances. Pre-
sently, LTS magnets can achieve more than 20 T, and the
inter-turn contact resistivity of NI coils ranges from several
µ  cm2 to several thousand µ  cm2 [46]. Therefore, we as-
sume that the background coil of this magnet in this paper
has a field of 20 T, and the inter-turn contact resistivity is
1 µ  cm2, with other parameters and the stress calculation
model remaining unchanged. Under this assumption, sig-
nificant tensile/compressive hoop stress would arise on the
inside/outside of the HTS DP coil when reverse screening
current is generated. Figure 17 shows the hoop stress dis-
tribution of the end DP coil of the inner insert. At t = 5005 s,
the compressive hoop stress on the outside reaches its peak at
−480 MPa, and the tensile hoop stress on the inside reaches
561 MPa. This might exacerbate the damage to the slit edge
position on the magnet’s inner side. Particularly during NI
magnet quench, the mutual induction between non-quenched
DP coils could lead to more complex SCIS.

6 Conclusions

This work introduces a novel method based on the homo-
genized T-A formulation, for enabling real-time simulations
of the bypass current and screening current effects of NI

superconducting magnets encompassing tens of thousands of
turns, by representing the radial current density as a function
of the azimuthal current density. This method has been
substantiated through liquid nitrogen and liquid helium ex-
perimental evaluations. Utilizing this method, the dis-
crepancies in the screening currents of 32 T NI
superconducting magnets and insulated superconducting
magnets were investigated, resulting in the following con-
clusions.
(1) During the excitation of background field coils, a

current opposite to the direction of the operating current
driven by the power source is induced in the NI insert su-
perconducting coils. This results in a screening current

Figure 15 (Color online) Comparison of the maximum relative error of
current density when the coordinates are transformed and not transformed.

Figure 16 (Color online) Schematic diagram of the reverse hoop stress in
the NI coil. (a) Compressive hoop stress on the slit edge of the INS coil;
(b) tensile hoop stress on the slit edge of the NI coil.

Figure 17 (Color online) Hoop stress of the end coil in the inner NI insert
magnet (Unit: MPa).
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distribution within the non-insulated superconducting coils
that is opposite to that found within the insulated super-
conducting coils. Consequently, the NI magnet exhibits
variations in the SCIF, screening current-induced stress, and
losses when compared to the insulated magnet.
(2) For the magnet parameters discussed in this study, the

peak screening current-induced stress in the NI super-
conducting magnet is less than that in the insulated super-
conducting magnet, with this peak stress in the NI
superconducting magnet arising prior to the magnetic field
reaching its maximum value. Therefore, the stress at the
point of attaining the target magnetic field cannot be con-
sidered as the basis for the magnet’s design.
(3) After undergoing numerous cycles of field sweeping,

the hysteresis curves of each cycle nearly coincide. More-
over, when the central magnetic field is the same, the SCIF of
the NI superconducting magnet remains consistently lesser
than that of the insulated superconducting magnet.
(4) The presence of radial current leads to the hysteresis

loss of the NI superconducting magnet falling behind that of
the insulated superconducting magnet. The hysteresis loss in
the insulated superconducting magnet is predominantly seen
during the insert coil excitation phase, whereas, in the case of
the NI superconducting magnet, it is chiefly observed during
the current hold phase.
The screening current is significantly influenced by the

critical current, which is affected not only by the magnetic
field but also by temperature and stress. To precisely cal-
culate the screening current of high-field NI superconducting
magnets, it is crucial to establish a multi-physics coupled
model incorporating mechanical, electromagnetic, and ther-
mal phenomena. This forms the central theme of our future
research. Furthermore, the key distinction between NI su-
perconducting magnets and insulated superconducting
magnets is the inter-turn resistivity. Consequently, our future
work will involve studying the screening current of NI su-
perconducting magnets with varying inter-turn resistivities
under diverse excitation speeds.
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