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Gourd-shaped closed-loop high-temperature superconducting (HTS) stacked magnets are excited by the field cooling
(FC) method and can operate in persistent current mode (PCM). While the FC method enables stable PCM operation, its
efficiency is limited, and real-time magnetic field adjustment is challenging. According to the law of flux conservation
of a superconducting closed loop, an efficient and flexible excitation method is proposed. That is, after the FC excitation
process, a reverse current is passed through the excitation coil to generate a reverse magnetic flux, thereby stimulating the
magnet to generate a higher magnetic field. Moreover, the magnetic field can be flexibly adjusted by changing the excitation
current during the operation of the magnet. Taking the single gourd-shaped HTS plate as the research object, the feasibility
of the proposed excitation method is verified through finite element simulations and experiments. The excitation effects of
the two methods under the same excitation conditions are compared, and the relationship between magnetic flux density
and excitation current is obtained. Results show that the proposed excitation method can stimulate the gourd-shaped HTS
magnet to generate a high-intensity magnetic field, and the magnetic field of a single HTS plate is increased by 99.1%
compared with that of the FC method under the same excitation conditions. Additionally, the magnetic field intensity can
be flexibly adjusted as needed by changing the excitation current during operation.

Keywords: high temperature superconducting magnet, magnetic flux conservation, field cooling method, ex-
citation efficiency
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1. Introduction
High magnetic fields are of vital importance to the ad-

vancing scientific and technological progress, which can fa-
cilitate scientific findings and inventions, and deepen human-
ity’s comprehension of the physical universe.[1] Currently, the
most advanced water-cooled magnet in the world can generate
a magnetic field up to 42 T, but it requires a sufficient power
source and a water-cooling system during operation.[2] Com-
pared with water-cooled magnets, superconducting magnets
have advantages including high magnetic field intensity, low
power consumption and long operational lifespans, presenting
broad development prospects.[3]

In recent years, with the gradual improvement of the per-
formance and fabrication process of second-generation (2G)
high temperature superconducting (HTS) tapes, HTS materi-
als have been applied in various fields, including motors, ca-
bles, transformers and magnets.[4–8] In contrast to low tem-
perature superconductors, 2G HTS tapes have large current-
carrying capacity, superior mechanical strength, and high ir-
reversibility field.[9,10] At present, due to the difficulty of fab-
ricating extremely low-resistance superconducting joints, it is
challenging for magnets wound by HTS tapes to operate in
persistent current mode (PCM).[11,12] Therefore, researchers

have constructed closed-loop HTS magnets by cutting nar-
row slits on HTS tapes and twisting them into a ring or an
“8” shape,[13,14] or by cutting HTS tapes into different shapes,
such as bitter-like, gourd-shaped, and multistage shapes.[15–18]

They are excited by the field cooling (FC) or zero field cooling
(ZFC) method and use a flux pump or excitation coil to inject
magnetic flux. Among them, the gourd-shaped closed-loop
HTS stacked magnet is proposed to achieve the high-field ap-
plication of a closed-loop HTS magnet. It can operate in PCM
and has the functions of magnetic flux density amplification
and magnetic flux accumulation.[18] These characteristics en-
able it to generate a strong magnetic field within the small ring
while maintaining long-term closed-loop operation, and it is
expected to be used as a high-field magnet above 30 T. How-
ever, the FC method imposes high requirements on the back-
ground magnetic field. The final trapped field intensity has
not yet matched or surpassed that of the background magnetic
field, resulting in low excitation efficiency. Additionally, it
is difficult to flexibly adjust the magnetic field during closed-
loop operation. Therefore, it is of great significance to improve
the FC excitation method to enhance excitation efficiency and
magnetic field intensity.[19]

This paper proposes an efficient and flexible excitation
†Corresponding author. E-mail: yswang@ncepu.edu.cn
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method based on the FC method. Specifically, after FC excita-
tion, a reverse current is passed through the excitation coil to
generate reverse magnetic flux, thereby stimulating the mag-
net to generate a higher magnetic field. Furthermore, the mag-
netic field can be flexibly adjusted by changing the excitation
current during operation. The feasibility of the proposed exci-
tation method is verified through finite element simulation and
experiment. The excitation effects of the two methods under
the same excitation conditions are compared, and the relation-
ship between magnetic flux density and excitation current is
obtained. Results show that the proposed excitation method
can stimulate the gourd-shaped HTS magnet to generate high
magnetic fields efficiently and can flexibly adjust the magnetic
field during operation. This method can be extended to multi-
stage HTS stacked magnets, which is conducive to the appli-
cation of HTS magnets.

2. Structure and principle of gourd-shaped HTS
magnets

2.1. Structure of gourd-shaped HTS magnets

The gourd-shaped HTS plate used in this paper is ob-
tained by laser cutting the 2G HTS tape (REBCO coated con-
ductor) of Shanghai Creative Superconductor Technologies
Co., Ltd. The specific manufacturing process is as follows:
First, the overall gourd-shaped contour is cut out on the HTS
tape. Then, two holes with different radii are cut at the centers
of the big ring and the small ring respectively, and a narrow slit
is cut in the middle to connect the two rings, thus producing
the gourd-shaped HTS plate as shown in Fig. 1.

Fig. 1. Schematic diagram of a gourd-shaped HTS plate.

Subsequently, the HTS plates and insulating plates are al-
ternately stacked, and flanges are added on the top and bot-
tom. Finally, the assembly is secured with insulating tie rods
to form a gourd-shaped closed-loop HTS-stacked magnet as
illustrated in Fig. 2.

Fig. 2. Configuration of a gourd-shaped closed-loop HTS-stacked magnet.

2.2. Principle of gourd-shaped HTS magnets

According to the law of flux conservation,[20] when a su-
perconducting closed-loop is subjected to an alternating mag-
netic field and the temperature is below its critical temperature,
an induced current emerges in the superconductor to maintain
a constant total magnetic flux within the loop. The induced
current can be expressed as[21]

− dϕ

dt
= L

di(t)
dt

+Vc

(
i(t)
Ic

)n

, (1)

where ϕ denotes the total magnetic flux, L represents the in-
ductance, i(t) is the induced current, Vc = Ecl, Ec denotes the
threshold for critical current with a value of 1 µV/cm, l is the
perimeter of the loop, Ic is the critical current of the super-
conductor, and n is an important parameter for measuring the
current-carrying characteristics of the superconductor with a
value of 21.

When i(t) is smaller than Ic and n is very large, the term
with the n-th power has a negligible impact on the entire for-
mula, allowing it to be simplified as

− dϕ

dt
= L

di(t)
dt

. (2)

In accordance with Faraday’s law of electromagnetic induc-
tion, the induced current in the superconductor is completely
dictated by the background field. By integrating both sides of
Eq. (2), we obtain

ϕ0−ϕ(t) = Li(t) , (3)

where ϕ0 and ϕ(t) represent the initial magnetic flux and the
magnetic flux at time t, respectively.

In the case of the single gourd-shaped HTS plate depicted
in Fig. 3, after the FC excitation, ϕ0 is the magnetic flux in-
jected into the closed loop by the excitation coil at room tem-
perature and ϕ(t) is 0, while ϕ1 and ϕ2 are the magnetic fluxes
generated within the big ring and the small ring by the induced
current. According to the law of flux conservation, we have

ϕ1 +ϕ2 = ϕ0, (4)

where ϕ1 and ϕ2 are related to the induced current. According
to Eq. (3), when the inductance of the superconductor remains
constant, the induced current is proportional to the initial mag-
netic flux. The larger the initial magnetic flux ϕ0, the larger the
induced current in the HTS plate, and consequently the larger
the sum of ϕ1 and ϕ2, thereby achieving the function of mag-
netic flux accumulation.

Fig. 3. Gourd-shaped HTS plate with excitation coil.
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As the width of the ring is small, the current distribution
in the radial direction is relatively uniform and can be sim-
plified as a uniform distribution. The current density can be
expressed as

J =
I
w
, (5)

where J is the current density, I is the current in the HTS plate,
and w is the width of the ring.

Based on the concept of current density, the current can
be regarded as composed of numerous line current elements,
each line current element dI can be expressed as

dI = J dr =
I
w

dr, (6)

where r is the radius of the circle.
The axial magnetic flux density generated by each line

current element at the center of the ring can be described as

dBz =
µ0

2r
dI =

µ0I
2wr

dr, (7)

where Bz is the axial component of the magnetic flux density,
and µ0 is the vacuum permeability constant.

By integrating the small ring and the big ring respectively,
we can obtain

Bz1 =
∫ r2

r1

dBz =
µ0I
2w

ln
(

r2

r1

)
, (8)

Bz2 =
∫ r4

r3

dBz =
µ0I
2w

ln
(

r4

r3

)
, (9)

where Bz1 is the axial magnetic flux density of the small ring,
Bz2 is the axial magnetic flux density of the big ring, r1 and r2

are the inner and outer radii of the small ring respectively, r3

and r4 are the inner and outer radii of the big ring respectively.
The ratio of the magnetic flux density between the small

ring and the big ring can be expressed as

Bz1

Bz2
=

ln
( r2

r1

)
ln
( r4

r3

) =
ln
( r1 +w

r1

)
ln
( r3 +w

r3

) . (10)

When the radius of the ring is much larger than its width
(r1, r3� w), equation (10) can be simplified as

Bz1

Bz2
=

ln
( r1 +w

r1

)
ln
( r3 +w

r3

) ≈ (w/r1)

w/r3
=

r3

r1
. (11)

Since r3 is greater than r1, Bz1 is greater than Bz2, thereby
achieving the function of magnetic flux density amplification.

3. Principle and steps of the proposed excitation
method

3.1. Excitation principle

The excitation method proposed in this paper is based on
the FC method. It relies on the law of magnetic flux conserva-
tion of a superconducting closed-loop and the multi-connected

closed-loop structure of the gourd-shaped HTS magnet. After
the FC excitation process, the excitation coil is not removed.
Instead, a reverse current is passed through the excitation coil
to generate a magnetic field in the opposite direction to the
initial background magnetic field, thereby injecting magnetic
flux in the opposite direction to that of the initial magnetic flux
into the superconducting loop. At this point, the law of mag-
netic flux conservation can be expressed as

ϕI0 = ϕi−ϕI , (12)

where ϕI0 represents the magnetic flux injected into the su-
perconducting loop by the excitation coil at room temperature
when the excitation current is the rated value I0, ϕi represents
the magnetic flux generated by the induced current in the HTS
plate, ϕI represents the magnetic flux injected into the super-
conducting loop by the excitation coil at low temperature when
the excitation current magnitude is I and the direction is oppo-
site to the initial current.

When the magnitude of the excitation current is equal to
the rated value I0 and its direction is opposite to the initial cur-
rent, the following holds

2ϕI0 = ϕi = Li(t) . (13)

Consequently, an induced current with a magnitude twice
that generated by the FC method will be induced in the HTS
plate, generating a higher-intensity magnetic field in the small
ring.

In addition, during the operation of HTS magnets, the
excitation current can be adjusted at any time to change the
magnetic flux injected by the excitation coil, thereby achiev-
ing flexible regulation of the magnetic field.

For an ideal closed-loop excitation coil with an iron core,
the relationship between magnetic flux and excitation current
can be expressed as

ϕ =
µ0µrNIS

l
, (14)

where µr is the relative magnetic permeability of the iron core,
N is the number of turns, S is the cross-sectional area of the
iron core, and l is the equivalent magnetic path length of the
iron core.

By combining Eqs. (8), (13), and (14), the axial compo-
nent of the magnetic flux density at the center of the small ring
can be expressed as

Bz1 =
µ2

0 µrNS (I0 + I1)

2wlL
ln
(

r2

r1

)
, (15)

where I0 and I1 represent the magnitude of the initial current
and the reverse current, respectively.
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3.2. Excitation steps

The excitation current waveform and specific steps of the
proposed excitation method are illustrated in Figs. 4 and 5,
where the rated value of the excitation current is denoted as I0,
and the current magnitude during the excitation current varia-
tion process is denoted as I1. The steps are as follows:

(i) t0–t1, excitation current is passed through the excita-
tion coil and gradually increases from 0 to the rated value I0 at
room temperature.

(ii) t1–t2, the excitation coil injects the initial magnetic
flux ϕ0 into the big ring, with the magnet still at room temper-
ature.

(iii) At t2, the magnet is cooled to the superconducting
state.

(iv) t2–t3: the superconducting magnet captures the initial
magnetic flux ϕ0.

(v) t3–t4, the excitation current steadily drops from its
rated value I0 to 0, and the magnetic flux injected by the ex-
citation coil gradually decreases to 0. Simultaneously, an in-
duced current is generated in the superconducting magnet and
gradually increases to maintain the total magnetic flux in the
superconducting closed loop constant at ϕ0.

(vi) At t4, the magnetic flux injected into the supercon-
ducting closed loop by the excitation coil is 0, and the mag-
netic flux generated by the induced current in the supercon-
ducting magnet within the closed loop is ϕ0, with the same
direction as the initial magnetic flux.

(vii) t4–t5, a reverse current is injected into the excitation
coil and gradually increases from 0 to −I0. At this time, the
direction of the magnetic flux injected into the superconduct-
ing closed loop by the excitation coil is opposite to that of the
initial magnetic flux. To maintain the conservation of the total
magnetic flux in the superconducting closed loop, the induced
current in the superconducting magnet further increases and
generates a higher-intensity magnetic field in each ring.

(viii) At t5, the magnetic flux injected into the supercon-
ducting closed loop by the excitation coil is ϕ0 and its direction
is opposite to the initial magnetic flux. The magnetic flux gen-
erated by the induced current in the superconducting magnet
within the closed loop is 2ϕ0 and its direction is the same as
the initial magnetic flux.

Time

Excitation current

S
u
p
erco

n
d
u
ctin

g
 sta

te

N
or
m
al
 s
ta
te

t0 t1 t2 t3 t4 t5
0

I0

↩I

Fig. 4. Excitation current waveform of the proposed excitation method.

(ix) After t5, the gourd-shaped HTS magnet operates in
the closed-loop PCM, generating a stable high magnetic field
in the small ring. Additionally, the magnitude of the excita-
tion current can be adjusted to control the magnetic field of
the HTS magnet as needed.

ϕ0I0

I0

I1

↩I1

↩I0

ϕ0

ϕ0

ϕ0

ϕ0 ϕ1 ϕ2

ϕ2ϕ1

ϕ2ϕ1

t0↩t2

t2↩t3

t3↩t4

t4↩t5

t>t5

Fig. 5. Excitation process of the proposed excitation method.

4. Experiment and simulation
This paper takes a single gourd-shaped HTS plate as

an example, verifies the feasibility of the proposed excita-
tion method through finite element simulation and experiment,
compares the excitation effects of the proposed method and
the FC method under the same conditions and obtains the re-
lationship between magnetic flux density and the rated value
of excitation current.

The gourd-shaped HTS plate used in the experiment is
shown in Fig. 6, and its specific parameters are listed in Ta-
ble 1.

r4 r3

r2 r1

a

b

Fig. 6. Schematic diagram of the gourd-shaped HTS plate.
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Table 1. Parameters of the gourd-shaped HTS plate.

Parameter Value
r1 3 (mm)
r2 6 (mm)
r3 6 (mm)
r4 9 (mm)
A 0.1 (mm)
B 3 (mm)

Critical current in self-field at 77 K 85 (A)

The experimental setup is arranged as shown in Fig. 7:
Two Hall probes are placed at the centers of the two rings to
measure the magnetic flux density. The excitation coil is posi-
tioned in the big ring of the gourd-shaped HTS plate and con-
nected to a DC power supply. The rated value of the excitation
current is set to 1 A, and its waveform is shown in Fig. 8.

Hall probe 1

Gourd-shaped 

HTS plate

Excitation coil

Hall probe 2

Fig. 7. Arrangement of experimental setup.

.
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c
it
a
ti
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n
 c

u
rr

e
n
t 

(A
)

Time (s)

Field cooling method
Proposed method

Fig. 8. Waveform of the excitation current.

The excitation current is passed through the excitation
coil at room temperature. Then, liquid nitrogen is used to
cool the HTS magnet during the flat period at 1 A. After its
temperature stabilizes, the excitation current is removed. The
measurements are conducted at 77 K.

In the simulation, a three-dimensional model of a single
gourd-shaped HTS plate is established using COMSOL soft-
ware according to the actual parameters. This model employs
the H-formulation for numerical calculations, which has ad-
vantages such as high accuracy, good convergence, and fast

computation.[22,23] The H-formulation can be expressed as

µ0µr
∂𝐻

∂ t
+∇× (∇×ρ𝐻) = 0, (16)

where ρ is the resistivity.
The electric field characteristics of superconductors can

be described by the E–J law as follows:

ρ (J) =
Ec

Jc (𝐵)

(
J

Jc (𝐵)

)n−1

, (17)

where J is the current density, Jc(B) is the critical current den-
sity and it can be described by the Kim–Anderson model as
follows:[24]

Jc (𝐵) = Jc0

(
1+

1
B0

√
γ−2B2

‖+B2
⊥

)−α

, (18)

where B‖ and B⊥ are the parallel and perpendicular compo-
nents of the magnetic flux density relative to the plate sur-
face, Jc0 is the self-field critical current density with a value
of 4.15× 1010 A/m2, B0 is 20 mT, α takes the value of 0.65,
and γ takes the value of 5.

The solution domain of the simulation includes the phys-
ical domain and the air domain, with the boundary conditions
and initial values set as follows: The outer boundary of the air
domain is set to zero flux, and the excitation current is applied
to the excitation coil of the physical domain through point-
by-point constraint. The initial magnetic flux density of each
region is set to 0.

For meshing, triangular subdivision and sweeping tech-
niques are employed to perform finite element meshing of the
gourd-shaped HTS plate. First, a preliminary mesh is gener-
ated on the geometric surface using free triangles, and then
the mesh is optimized using sweeping techniques, as shown in
Fig. 9.

Fig. 9. Finite element meshing of gourd-shaped HTS plate.

5. Results and discussion
Figure 10 presents the simulation and experimental re-

sults of a single gourd-shaped HTS plate under the FC method
and the proposed excitation method, respectively. The specific
results are listed in Table 2.

As can be seen from the figure, the experimental results
exhibit a high degree of consistency with the simulation re-
sults. The proposed excitation method can induce the gourd-
shaped closed-loop HTS magnet to generate high magnetic
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fields in both the big and small rings. During the excitation
process of the two methods, the magnetic flux density in the
big and small rings of the magnet shows the same trend of
variation. When the results of the FC method and the proposed
method are compared, the magnetic flux density at the center
of the big ring increases from 0.67 mT to 2.3 mT, representing
a 243% increase; the magnetic flux density at the center of the
small ring increases from 2.15 mT to 4.52 mT, representing
a 110% increase. Since the excitation coils used in the ex-
periment and simulation are non-closed loops, the measured
magnetic flux density is influenced by both the HTS magnet
and the excitation coils. This is the reason for the different in-
crease rates of the magnetic fields in the big and small rings.
Considering the influence of the excitation coils, the magnetic
field generated by the gourd-shaped HTS magnet is as fol-
lows: the magnetic flux density at the center of the big ring in-
creases from 0.67 mT to 1.33 mT, showing a 98.5% increase;
the magnetic flux density at the center of the small ring in-
creases from 2.15 mT to 4.28 mT, showing a 99.1% increase.

This proves that the proposed excitation method can induce

the gourd-shaped HTS magnet to generate a higher magnetic

field than the FC method under the same excitation conditions,

demonstrating higher excitation efficiency.
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Fig. 10. Simulation (Sim) and experimental (Exp) results of the FC
method and the proposed method.

Table 2. Results of simulation and experiment.

Excitation method
Magnetic flux density of big ring (mT) Magnetic flux density of small ring (mT)

Simulation Experiment Simulation Experiment

Field cooling method 0.65 0.67 2.18 2.15

Proposed method 2.35 2.3 4.61 4.52
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Fig. 11. Relationship between the magnetic field and the rated value of
excitation current under the FC method and the proposed method.

Figure 11 illustrates the experimentally obtained relation-

ship between the magnetic flux density in the big and small
rings and the rated value of excitation current (0.1 A–1 A) un-
der the FC method and the proposed method. The results of
the simulation computation are shown in Table 3.

It can be observed from the figure that there is a positive
proportional relationship between the magnetic fields excited
by the two excitation methods and the rated value of excita-
tion current. That is, as the rated value of excitation current
increases, the intensity of the magnetic field generated by the
magnet also increases. Moreover, with the same rated value of
excitation current, the magnetic field excited by the proposed
method is much higher than that of the FC method. There-
fore, the proposed excitation method exhibits better excitation
effects.

Table 3. Simulation results of the magnetic flux density with excitation current.

Excitation current (A)
Magnetic flux density of big ring (mT) Magnetic flux density of small ring (mT)

Field cooling method Proposed method Field cooling method Proposed method

0.1 0.07 0.24 0.22 0.46

0.2 0.13 0.47 0.44 0.92

0.3 0.20 0.71 0.65 1.38

0.5 0.33 1.18 1.09 2.31

1 0.65 2.35 2.18 4.61

077401-6



Chin. Phys. B 35, 077401 (2026)

In practical applications of magnets, it is often necessary
to adjust the magnetic field intensity during operation. Af-
ter the FC excitation, the excitation coil is removed and the
superconducting magnet operates in the PCM, which means
its magnetic field remains constant and cannot be adjusted as
needed. In contrast, the proposed excitation method can adjust
the magnetic field by changing the excitation current during
operation. Figure 12 shows the experimentally obtained vari-
ations of the magnetic fields in the big and small rings of the
gourd-shaped HTS magnet with the excitation current under
the proposed excitation method.
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Fig. 12. Variation of magnetic field with excitation current under the
proposed excitation method.

As shown in Fig. 12, after the excitation process (after
60 s), the gourd-shaped HTS magnet operates in the PCM
and the magnetic fields in the big and small rings remain sta-
ble. Subsequently, whenever the excitation current changes,
the magnetic fields in the big and small rings will change syn-
chronously, and the magnetic fields will remain constant after
the excitation current stabilizes. This means that the proposed
method can adjust the magnetic field as needed during the op-
eration of the gourd-shaped HTS magnet.

6. Conclusion
In this work, an efficient and flexible excitation method

applicable to the gourd-shaped HTS magnet is proposed,
which is based on the law of flux conservation and the FC
method. Specifically, after the FC excitation process, a re-
verse current is passed through the excitation coil to generate
a reverse magnetic flux, thereby stimulating the magnet to gen-
erate a higher magnetic field. Moreover, the magnetic field can
be flexibly adjusted by changing the excitation current during
the operation of the HTS magnet. Taking the single gourd-
shaped HTS plate as the research object, the feasibility of the
proposed excitation method is verified through finite element
simulation and experiment. The excitation effects of the two
methods under the same excitation conditions are compared,
and the relationship between magnetic flux density and exci-
tation current is obtained.

The results show that the proposed excitation method
can excite the gourd-shaped HTS magnet to generate a high-
intensity magnetic field. Under the same excitation condi-
tions, the magnetic field of a single HTS plate is increased
by 99.1% compared to that of the FC method. Additionally,
the magnetic field intensity can be flexibly adjusted as needed
by changing the excitation current during operation. Further-
more, the proposed method can be extended to gourd-shaped
and multi-connected closed-loop HTS stacked magnets, which
contributes to the wide application of HTS magnets.
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