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ABSTRACT
This study introduces a novel approach to realizing compact high-field superconducting magnets by enabling a closed-loop high
temperature superconducting (HTS) coil  through magnetization. A circular closed-loop HTS coil  is fabricated with a low resistive
joint for field cooling magnetization. The HTS coil achieved a trapped field with only a 0.0087% decay in central field over 30 min-
utes. More interestingly, the central trapped field of 4.59 T exceeds the initial applied field of 4.5 T, while a peak trapped field of 6 T
near the inner edge of the HTS coil, is identified through further numerical investigation. This phenomenon differs from the trapped
field distributions observed in HTS bulks and stacks, where the trapped cannot exceed the applied one. Unique distributions of current
density and magnetic field are identified as the reason for the trapped field exceeding the applied field. This study offers a new way
to develop compact HTS magnets for a range of high-field applications such as superconducting magnetic energy storage (SMES)
systems, superconducting machines, Maglev and proposes a viable method for amplifying the field strength beyond that of existing
magnetic field source devices.
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Compact high-temperature superconducting (HTS) magnets
are widely investigated for high field applications including
portable  nuclear  magnetic  resonance  (NMR)[1–3], super-

conducting  bearings[4,5],  HTS  machines[6–8],  HTS  Maglev[9,10] and
superconducting magnetic  energy storage (SMES) systems[11,12],  all
of  which  require  stable  magnetic  field  source.  Due  to  the  zero
resistance  under  the  critical  temperature,  HTS  materials  can
maintain the direct current (DC) without loss. Typically, compact
HTS magnets consist of trapped field magnets that employ single-
seeded  ReBCO  (rare  earth)  bulk  materials[13] or  stacks  of  HTS
tapes,  both  designed  to  retain  high  induced  currents  following
magnetization[14].  Although  higher  than  17  T  central  fields  have
demonstrated,  they  both  suffer  from  limited  sizes[15,16].  Recently
developed  HTS-stacked  ring  magnets,  notable  for  their  flexible
sizes  and  persistent  current  loops  in  HTS  tapes,  have  achieved  a
7.39  T  trapped  field  by  integrating  with  HTS  bulks[17].  However,
the  asymmetric  geometry  and  tilted  trapped  field  distribution
present challenges for practical applications[18].

Recent  advancements  in  joint  soldering  technology  have
enabled the creation of low-resistance joints for commercial HTS
tapes[19], facilitating the formation of quasi-persistent current loops
in HTS coils. On the other hand, compared with aforementioned
HTS  trapped  field  magnets,  HTS  coils  wound  with  commercial
coated conductors offer flexibility in size and ensure symmetrical
magnetic  field  distributions.  Currently,  HTS  coils  are  normally
charged  directly  by  DC  power  supplies  or  by  flux  pumps[20–25].
Although  very  high  fields  have  been  achieved,  the  existence  of
current  leads  (DC  charging),  limited  turns  of  coils  or  rotational
magnets  (flux  pumps)  in  the  charging  systems  limit  the  applic-
ation[20,21].

Considering the progress in soldering technology that facilitates
the  integration  of  low-resistance  joints  within  HTS  coils,  these
coils could represent a novel solution for compact high-field mag-

nets through magnetization. This approach, similar to the method
used for HTS bulk materials, may allow for the effective magneti-
zation of HTS coils and offer more flexiblibity in size and geome-
try.

Accordingly,  this  study  explores  the  feasibility  of  charging  a
closed-loop  HTS  double-pancake  (DP)  coils  using  field  cooling
magnetization and examines its potential performance. The process
begins with the fabrication of  a  closed-loop HTS DP coil  sample
with  bridge  type  joints.  Then  the  sample  is  magnetized  in  liquid
helium  temperature  with  varied  applied  fields  for  performacne
estimation. Through the decay rate of the central trapped field, the
current  dissipation  and  the  resistance  of  the  joint  are  analysed.
Finally, a finite element method (FEM) model is built and verified,
giving  the  value  of  the  charged  current.  The  characters  of  the
closed-loop HTS coil charged by magnetization further is analysed
numerically with comparison with traditional HTS bulk materials.
This study provides in-depth insights into the design and distinctive
attributes  of  the closed-loop HTS coil  magnets,  which has nearly
no  limit  in  sizes,  demonstrating  its  considerable  potential  as  an
alternative to traditional compact HTS magnets.

1    Sample preparation
A circular  DP coil  was  wound with 12 mm Fujikura FESC-SCH
tapes  as  shown  in Figure  1.  It  has  80  turns  for  each  layer  with
50  mm  in  inner  diameter  and  82  mm  in  outer  diameter.  The
information  of  the  tape  including  the  critical  currents  (Ic)  in  self
field  (SF)  is  given  in Table  1.  The  tape  is  insulated  with  Kapton
tapes,  and  the  inductance  of  the  coil  is  550  μH  measured  by  a
LCR40 Atlas  LCR Meter.  The  two terminals  of  the  coil  are  con-
nected  through  a  bridge-type  joint  as  depicted  in Figure  1.  The
detailed structure of the bridge-type joint is given in Figure 2. This
design  is  intended  to  prevent  the  current  from  flowing  through 
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the Hastelloy layers, minimizing joint resistance[26,27], and simplifying
the winding the terminals back to the coil. The identical Fujikura
tape  is  used  for  the  bridge  to  ensure  performance  consistency.
Each terminal  is  soldered individually  to  the  bridge  tape,  leading
to  two  seperated  soldering  joints.  For  joint  formation,  the  HTS
tapes  were  initially  treated  with  PbSn  coating  and  a  heating  and
pressing  technique  was  employed  to  solder  each  tinned  terminal
to the bridge with the temperature of 220 °C and 0.5 MPa pressure
on the soldering surface. The joint has a length of around 20 cm
to  reduce  resistance,  as  shown  in Figure  2(b).  Before  soldering
process, the bridge and the terminals were fixed as shown in Figure
1(b) with sticky tapes, so that after soldering, the joint area can be
then wound back to the coil as shown in Figure 3.
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Bridge

Terminals

Figure 1    The HTS DP coil. (a) The DP coil  with 160 turns before soldering
joints; (b) the schematic diagram for the bridge-type joints connecting the ter-
minals of the coil.
 
 
 

Table 1    parameters of the HTS tape

Name Width Thickness Substrate
(Ni)

Stabilizer
(Cu)

Min. Ic
(77 K)

Max. Ic
(77 K)

Avg. Ic
(77 K)

Fujikura
FESC-
SCH12

12 mm 0.11 mm 50 μm 20 μm 505 A
(s.f.)

533 A
(s.f.)

524 A
(s.f.)
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Figure 2    Structure  of  the  bridge-type  joint. (a) Schematic  diagram  of  the
bridge-type joint  as  well  as  the configuration of  the tapes  and (b) the finished
soldered joints.
 

To assess resistance of the soldered joints, the four-point resis-
tance measuring method was employed. As shown in Figure 4, to
measure the resistance of the joints after forming the closed-loop
coil and before magnetization experiments, the joint area was sub-

merged in liquid nitrogen (superconducting state) while the rest of
the  HTS  DP  coil  was  kept  in  air  (normal  state).  TDK  Lambda
GSP10-1000 power supply was used for the DC current while NI
DAQ system was used for collecting the voltage data. The resistance
can be calculated by the voltage and current on the joint area.

To improve thermal conductivity and reduce tension due to c
force, the DP coil was impregnated in a brass holder with a mixture
of paraffin wax and aluminium nitride powder as shown in Figure
5.  A  calibrated  cryogenic  Hall  sensor  (LHP-NP)  was  centrally
positioned in the HTS DP coil. To monitor temperature variations
during  testing,  a  Lakeshore  Cernox  sensor  was  integrated  within
the wax impregnation and connected with a Lakeshore 336 tem-
perature  controller.  A  40  Ω  polyimide  heater  was  affixed  to  the
sample holder’s bottom for heating as shown in Figure 5.

 

Joint area

Figure 3    The HTS coil after soldering and winding.
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Figure 4    The four-point measurement for the joints before magnetization.
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Figure 5    The finished  HTS  DP  coil  sample  and  the  brass  holder  and  sen-
sors.
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2    Experiment procedure
Before magnetization, the resistance of the two joints was measured
using  the  method  outlined  in Figure  5.  The  input  current  was
gradually  increased from zero,  pausing at  50,  100,  and 150 A for
stable  data  collection.  The  calculated  resistance  of  the  two  joints
was approximately 12 nΩ, as depicted in Figure 6.

To evaluate the feasibility of charging the HTS DP coil through
magnetization,  field  cooling  (FC)  magnetization  processes  were
employed  in  the  experiments  with  the  high-field  facility  in
LNCMI, Grenoble. As shown in Figure 7, the sample is mounted
at the centre place of the magnet by fixing the holder’s connector
to  the  support  structure  of  the  magnet.  Liquid  nitrogen was  first
employed as a thermal shield and liquid helium is used for cooling
the cryostat. The temperature of the HTS sample is around 4.2 K
during magnetization.

FC magnetization with applied fields of 1.07 T and 4.50 T were
performed, respectively.  Between  these  two  magnetization  mea-
surements, the sample had a natural heating process for 12 hours
with  the  heater  inactivated,  ensuring  that  the  HTS materials  had
been quenched.  The  field  ramping rate  was  set  at  20  G/s  for  the
FC magnetization to minimise the potential temperature increase
during magnetization.

3    Results and analysis

3.1    Trapped fields higher than applied fields
The central  and applied fields  observed during and after  the two

magnetization processes are shown in Figure 8.  The applied field
was calculated based on the applied current to the external  mag-
net, and the central field was measured by the Hall sensor placed
at  the  center  of  the  coil.  During  both  FC  processes,  the  central
field  commences  its  upward  trend  as  the  applied  field  starts  its
decrement and continues to rise until the applied field is zero. Fol-
lowing the end of the external field’s decrement, there’s a gradual
decline in the central field, caused by the combined effects of flux
relaxation  and  the  resistance  of  the  joints.  As  shown  in Figure
8(a), in the first magnetization process, the central field increased
from 1.07 T to around 1.12 T before the applied field reduced to
zero. In Figure 8(b) the central field has a notable increase with
its peak at approximately 4.6 T before it witnesses a consistent
slow  decline.  When  the  applied  field  decreased  to  zero,  the
central trapped  field  was  4.59  T —a  differential  of  approxi-
mately 0.1 T relative to the initially applied field. A temporal
progression of around 2030 seconds (more than half an hour)
witnesses  the  central  field’s  decay to 4.55 T (0.0087% decay),  a
value which still exceeds the originally applied 4.5 T.
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Figure 8    The central fields of the HTS double-pancake coil during (a) 1.07
T magnetization and (b) 4.5 T magnetization.
 

The trapped field  is  calculated  by  subtracting  the  applied  field
from the central  field.  To provide a  more intuitive display of  the
changes in the trapped field during the magnetization process and
the final trapped field, the trapped field during 4.5 T magnetization
is illustrated in Figure 9.

Given the similar ascending trends observed in both tests of the
central field and the careful calibration of the Hall sensor, it can be
confidently concluded that the observed increase in the field is not
due to measurement error from the Hall sensor.

The  FC magnetization  results  first  confirmed the  capability  of
charging an HTS DP coil as a compact magnet through FC mag-
netizations. Then, remarkably, the HTS DP coil achieved a central
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trapped field, surpassing the applied field of 4.5 T. This outcome is
distinct from the trapped field distributions typically seen in HTS
bulks  and  stacks  as  shown  in  Refs.  [14]  and  [15].  It  can  be
observed that under a magnetization of 1.07 T, the central magnetic
field  exhibits  a  linear  increase  as  the  applied  field  linearly
decreases.  However,  at  a  higher  magnetization level  of  4.5  T,  the
increase  in  the  central  magnetic  field  becomes  nonlinear.  This
nonlinear behavior is attributed to the full penetration of the HTS
coil.  As  illustrated  in Figure  8(b),  the  initial  trend  of  increase  is
linear,  corresponding  to  the  stage  where  the  induced  current  in
the  HTS  coil  is  directly  proportional  to  the  reduction  in  the
applied field.  Consequently,  the  trapped  field  also  increases  pro-
portionally  until  the  HTS  coil  is  fully  penetrated.  Beyond  this
point, as the applied field continues to decrease, the Ic of the HTS
tapes increases, allowing more current to be induced continuously
in a nonlinear manner. This phenomenon is also observed in the
magnetization  of  HTS-stacked  ring  magnets,  as  referenced  in
Ref. [17].

Due  to  limitations  imposed  by  experimental  conditions,  the
duration  of  testing  was  restricted.  Consequently,  the  subsequent
sections  will  further  investigate  the  field  decay of  the  closed-loop
HTS DP coil after magnetization using mathematic analysis.

3.2    Field decay analysis
When  the  external  field  is  completely  removed,  the  closed-loop
HTS DP coil functions as a short-circuited RL circuit, so the current
can be calculated according to:

di
dt

+
R
L
i= 0 (1)

The solution to this equation is

i(t) = i0e
(
−Rt
L

)
(2)

where i is  the  current, R is  the  resistance, L is  the  inductance
(550 μH) and i0 is the initial current at t = 0.

Since  the  central  field  is  proportional  to  the  induced  current,
the field decay rate and resistance (at  liquid helium temperature)
can be  accurately  determined through a  fitting  analysis  based on
Eq. (3).

Fc (t) = A0e
(
−Rt
L

)
(3)

where Fc is the central trapped field of the HTS coil and A0 is the

initial field during field decay.
Figure  10 presents  the  fitting  curve  for  the  field  decay  over

3 hours  based on the prior  4.5  T magnetization.  As indicated by
the fitted curve,  the  central  field  decayed to  4.4  T,  a  3.9% reduc-
tion, 3 hours after starting from an initial value of 4.58 T. Based on
the provided equations and the coil’s inductance, the resistance is
calculated to  be  2  nΩ.  In applications that  require  compact  HTS
magnets  to  function  in  certain  movable,  non-permanent condi-
tions, such as a rotational machine, a magnetic field decay with a
low enough rate can meet operational requirements.
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Figure 10    The fitting curve of the field decay after 4.5 T magnetization.
 

Due to  the  12  mm width  of  the  HTS tape  and  the  significant
effect  of  the  field  on  the  distribution  of  induced  current  density,
the  induced  current  is  not  calculated  from  the  Biot−Savart  law.
Instead, it is calculated through the from the following FEM mod-
elling.

4    Simulation and discussion
To further investigate the properties of the HTS DP coil  charged
by  magnetization  and  the  reason  for  achieving  a  higher  central
field  than  the  applied  field,  numerical  models  are  established  for
analysis. A 2D axisymmetric model was developed based on the H-
formulation  using  COMSOL  Multiphysics[28] with  the  governing
equations:

μ0μr

∂H
∂ t

+∇× (ρ∇×H) = 0 (4)

ρ = E0

Jc (B)
×
(

J
Jc (B)

)n−1

(5)

μr

where magnetic field intensity H = [Hx,  Hy,  Hz] are the variables,
and ρ is the resistivity of HTS materials. The relative permeability

 is  assumed  to  be  1  for  substrate  layers  and  copper  stabilizers
which  are  non-magnetic  materials. ρ is  deduced  from  the E–J
power law as shown in Eq.  (5). E0 is  the critical  current criterion
equal to 100 μV/m and n is the power law exponent which is set
as  21.  The  magnetic  field  dependence  of  critical  current  density
Jc(B) is considered using direct interpolation of measurements for
the HTS coated conductor[29].

As  shown  in Figure  11,  only  half  of  the  HTS  DP  coil  (upper
coil) is calculated and mirrored against the symmetrical boundary,
so that the whole HTS DP coil can be calculated more effectively.
Since the induced currents in each turn are the same, current con-
straints are applied in this model.  Besides,  even though the resis-
tance  of  joints  can  have  a  slight  effect  on  the  trapped  field,  the
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impact is  considered  neglectable  for  the  simulating  the  magneti-
zation process.  This is because field decay is primarily influenced
by  time,  and the  4.5  T  magnetization  occurs  over  approximately
30 minutes. In addition, modelling half-hour current dissipation is
impractical in the simulation. Hence, the HTS coil model excludes
coil resistance.

Figure 12 depicts the trapped fields (central field minus applied
field) resulting from the 4.5 T magnetization as calculated in sim-
ulations and measured in experiments over normalized time. The
close  agreement  between  simulated  and  measured  trapped  fields
validates  the  simulation  model.  The  induced  current  of  the  HTS
DP coil has been calculated to be 1600 A per turn.
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To investigate the distinctive HTS coils charged by magnetization
and reason of achieving a higher central field than the applied one,
a comparative analysis was conducted against an HTS bulk model
with identical structure. The only difference is that this bulk material
model  doesn’t  have  current  constraints  for  each  HTS  domain,
which means it acts as a stack of multiple concentric bulk material
rings with independent induced currents.  As presented in Figure
13, the trapped field of the HTS bulk material model is lower than
the applied field  which follows the  typical  behaviour  observed in
the magnetization of HTS bulk materials.

Figure 14 illustrates the post-magnetization current density dis-
tributions in both models, revealing significant differences. In the
DP coil, the distribution appears uneven, although the amount of
current in each turn is the same. In contrast, the bulk model displays
a  gradient  in  current  distribution,  with  the  outer  turns  showing
higher  induction  levels  than  the  inner  turns.  Consequently,  the
HTS  DP  coil  can  achieve  a  higher  central  field,  benefiting  more
from  the  contribution  of  its  inner  turns  despite  having  a  lower
outer current compared to the bulk material.

A closer inspection of the DP coil’s  outer  turns—segmented
into sections A, B,  and C—shows both negative and positive
current densities, in contrast to the exclusively positive currents
observed  in  the  bulk  material.  Negative  density  in  the  HTS
coil,  particularly  near  the  coil’s  central  line,  is  associated  with
reversed magnetization and a corresponding increase in the central
field.  This  reversal,  primarily  affecting  the  coil’s  middle  area,
occurs  during  FC  magnetization  as  the  external  field  decreases,
highlighting the HTS coil’s unique central field rise as the cause.

Figure  15 displays  the  trapped  flux  line  distributions  for  both
models under the same criteria. Observing the flux density within
the HTS areas reveals that the HTS bulk material retains more flux
lines within itself. Conversely, the HTS DP coil is more effective at
expelling flux lines, resulting in a denser central air area and, con-
sequently,  a  higher  trapped  field  at  the  coil’s centre.  This  phe-
nomenon  can  also  be  attributed  to  the  differing  magnitudes  of
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Figure 11    2D axisymmetric model of HTS DP coil.

 

5

4

3

M
ag

ne
tic

 f i
el

d 
(T

)

2

1

0

0 0.2 0.4
Time (normolized)

0.6 0.8

Simulated trapped f ield
Applied f ield

1.0 1.2

Figure 13    The trapped field of HTS bulk material with a DP structure.
 

(a)

A

B

C

A

B

C

HTS coil A/m2

×1010

A/m2

×1010

4

3

2

1

0

−1

−2

4.0
4.5

3.5
3.0
2.5
2.0

1.0
1.5

0.5

HTS bulk

Y

Z

Y

Z

(b)

Figure 14    Induced current distribution in (a) the coil model and (b) the bulk
model.

A novel trapped field magnet enabled by a quasi-operational HTS coil ARTICLE

 

iEnergy | VOL 3 | December 2024 | 261–267 265



induced currents between the two models. In the HTS bulk mate-
rial,  a  higher  induced  current  in  the  outer  turns  generates  a
stronger magnetic field in that region,  while in the HTS DP coil,
the induced current remains consistent across all turns.

Figure 16 illustrates the trapped magnetic fields along the z-axis
(Bz) from point P to Q across the central line of the models. In the
central region, the HTS DP coil’s trapped field not only surpasses
that of the HTS bulk material but also the initially applied field of
4.5  T.  Remarkably,  near  the  coil’s  inner  turn,  the  trapped  field
escalates  to  6  T,  which  is  1.5  T  higher  than  the  applied  field,  a
noteworthy  phenomenon  attributable  to  the  coil’s  edge  effect.
Furthermore,  a  rapid  and linear  reduction in  the  trapped field  is
observed  within  the  HTS  DP  coil,  in  contrast  to  the  HTS  bulk
material,  which  maintains  a  relatively  uniform  field  distribution
across  its  volume.  This  suggests  that  the  coil  effectively  focuses
magnetic flux towards its centre, whereas the bulk material encap-
sulates it internally. To illustrate how the magnetic field distribution
varies at different locations, 2D field maps are provided in Figure
17.  These  maps  compare  the  flux  densities  in  various  locations.

Specifically,  the  flux  density  in  the  air  surrounding  the  HTS  DP
coil  is  higher  than  that  in  the  HTS  bulk  material.  Conversely,
within the body of the materials, the flux density of the HTS bulk
material  exceeds that  of  the HTS DP coil.  This  demonstrates  the
differing  magnetic  characteristics  between  these  superconducting
configurations.

5    Summary
In summary, this study presents a novel approach for developing
trapped  field  magnets  through  a  quasi-operational  HTS  DP  coil
with an 82 mm outer diameter.  The feasibility of this technology
was demonstrated by achieving a 4.59 T trapped field at its centre,
which was higher than the applied field of 4.5 T, with only a 3.9%
decay  after  3  hours  of  operation.  Notably,  the  highest  trapped
field, observed at the coil’s inner edge, exceeds the applied field by
1.5 T, reaching around 6 T, which doesn’t follow the magnetization
charaters of traditional HTS bulk or stack materials. The numerical
study uncovers  unique distributions of  current  density  and mag-
netic field, crucial for achieving a central trapped field that exceeds
the applied field. This study impacts the understanding of electro-
magnetic characteristics of closed-loop HTS coils under magneti-
zation,  offering  a  novel  solution  for  developing  compact  and
portable  magnets  using  HTS  coated  conductors  without  current
leads. It provides an alternative to HTS bulk and stacked materials,
allowing  for  flexible  geometries  and  enhanced  mechanical
strength. Moreover, regarding the substantial field increase on the
edge  of  the  coil,  this  approach  allows  for  the  use  of  a  smaller
external applied field to achieve a larger trapped field, which leads
to  significant  energy  savings.  This  method  shows  potential  for
advancing  (SMES)  systems,  magnetic  levitation  technology,  and
superconducting  machines,  enhancing  efficiency  and  compact
design.
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