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Abstract—Magnetic lens, exploiting the induced screening cur-
rent, may concentrate the spatial magnetic flux. This concept has
been realized by several research groups using GABCO and/or
MgB: bulk superconductors. The limitation of the magnitude of
concentrated flux density lies on the mechanical brittleness of the
materials and the flux instability. High-temperature supercon-
ducting (HTS) tape possesses excellent mechanical and flux pin-
ning properties and hence is a good candidate for magnetic lens.
In this study, we implemented numerical simulations on the design
of magnetic lenses using HTS stacked tapes. The models were con-
structed based on H-¢ formulations. We investigated and com-
pared the concentration effect of various magnetic lenses with dif-
ferent topologies. The results show that a central field of 22.69 T
and 25.62 T can be achieved respectively with rectangular-shaped
stacks and X-shaped stacks in an applied magnetic field of 20 T.
An optimized design of the magnetic lens has been proposed and
correspondingly the mechanism for a better concentration-effect
has been explained which provides a good reference for future ex-
periments and applications.

Index Terms—Superconducting tapes, Finite element methods,
Magnetic shielding.

I. INTRODUCTION

IGH and continuous magnetic fields are critical physical
Hconditions for a wide range of medical and scientific re-
search. Matsumoto and Kiyoshi et al. proposed the concept of
the magnetic lens which exploits the diamagnetic shielding
property of HTS materials to reshape the distribution of the ex-
ternal magnetic field and to concentrate the local magnetic flux
density in the desired region [1]-[4]. Such a design can provide
high and continuous central magnetic fields but requires no ad-
ditional power consumption.

Zhang et al. achieved 11 T at the center of a GABCO mag-
netic lens in an applied field of 5 T yielding a gain factor of
100% [5], [6]. They demonstrated that the mechanical fragmen-
tation of the bulk magnetic lens and the occurrence of magnetic
flux jumps are the biggest obstacles that limit the high-field ap-
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plication of the magnetic lens. Recently, Fujishiro ef al. pro-
posed a new concept of a hybrid trapped field magnetic lens,
and its practicality has been shown experimentally [7]-[12].

HTS tape possesses many advantages in high-field applica-
tions. The very high tensile strength of the superalloy substrate
ensures mechanical performance under high magnetic fields.
The silver stabilization layer on top of the HTS tape helps dis-
sipate heat generated within the stack and helps to suppress flux
jumping. By cutting and stacking HTS tapes, Patel et al. pro-
duced a captured magnetic field of 17.7 T at a temperature of 8
K in 2018 [13], demonstrating that engineering current density
comparable to bulk superconductors can be achieved in stacked
HTS tapes.

In this paper, we designed magnetic lenses based on HTS
tapes for high-field, up to 20 T, applications. We implemented
numerical simulations to compare various magnetic lenses with
different topologies of HTS stacks. The influences of the geo-
metric design on the concentration effect and the related mech-
anism have been systematically investigated.

II. DETAILS OF THE NUMERICAL MODEL

The numerical simulations based on the H-¢p formulation [14]
were implemented using the finite element software COMSOL
Multiphysics. The H-¢ formulation is a hybrid formulation
combining the magnetic field strength H in the superconducting
region and the magnetic scalar potential ¢ in the nonconducting
region. Arsenault et al. showed that for some uncomplicated
geometries, the H-¢p formulation could significantly improve
the computational speed and obtain solutions with the same ac-
curacy compared to the H-formulation [15], [16].

The governing formulation in the conductive area, combin-
ing Ampere’s law and Faraday’s law, is the same as the H-for-
mulation [17], [18]:
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where p is the resistivity and y, is the magnetic permeability of

air. The E-J power law [19], [20] is used to simulate supercon-
ducting nonlinear resistivity:

Ec J n-1

P=® /C(B)| @)

where J is the current density, J.(B) is the field-dependent crit-

ical current density, E,=10* V/m, and n=21 is assumed as a rea-

sonable approximation for HTS materials [21], [22]. We used

the J.(B) data at 4.2 K reported for Superpower’s HTS tape

from its official website. We fitted and extended the measured
results using equation (5) [23], [24]:

Je(B) = Jeo/ (143" )

and the fitting parameters for J.g, By, and & are 6.17x10'" A/m?,

0.47 T, and 0.72, respectively. The HTS tape used in the simu-
lation has a total thickness of 34 pm, the superconducting layer
is 1 um, and the homogenization model is used to simplify the
complex layered structure of the HTS tape [25], [26]. Taking
into account the anisotropy of the HTS tape, the following for-
mula is used for the calculation [27]-[30]:

J.(B) = feo (6)
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where £ is a factor characterizing the anisotropy of the HTS ma-
terial, which is 0.295, and other parameters were the same as
above. Ampere’s law indicates that V X H = 0 when the dis-
placement current is neglected in the non-superconducting do-
mains. According to Gauss’s law, V- B = 0, combined with
H = —V¢ and B = uyu,-H, the governing equation of the non-
conductive domains can be obtained as follows:
V-V =0 @)
Isothermal conditions are assumed since the magnetization
process is very slow. Therefore, the simulation does not include
the thermal model [31]. Due to the geometric symmetry of the
magnetic lens, only one part of the model needs to be simulated
to give accurate results of the entire model and significantly
speed up the simulation.

III. RESULTS AND DISCUSSION

A. Rectangular-shaped magnetic lens and its optimization

Firstly, we studied the rectangular-shaped magnetic lens con-
structed using two stacks of HTS tapes. We investigated the in-
fluence of the stack height H, tape width D, and stack spacing
S on the concentration effect using a 2D model, and discussed
the additional dimension, the length of the HTS tapes, using a
3D model.

Fig. 1 shows the influence of these geometric parameters on
the central magnetic flux density B, of the magnetic lens when
Bapp =20 T and T'= 4.2 K. Fig. 1(a) shows that B, reaches the
maximum value of 22.79 T at H=11.9 mm, and the magnetic
field amplification coefficient B. /By, also reaches the maxi-
mum value indicating that the magnetic lens has an optimal as-
pect ratio. The value of B, increases linearly with increasing D
and decreasing S, as shown in Fig. 1(b) and Fig.1(c). In Fig.
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Fig. 1. When By, = 20 T, the effects of changing (a) H, (b) D, (c) S, and (d)
Lon B, and B./Bgpp.
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Fig. 2. (a) Magnetic flux density distribution on the XY plane of the 2D rec-
tangular-shaped magnetic lens (=2 mm, D=12 mm, H=11.9 mm) and the mag-
netic flux density distribution line (MFDDL). (b) The effect of changing H on
the magnetic flux density distribution on MFDDL.

1(d), the value of B, increases nonlinearly as L increases. B,
reaches 22.69 T when L =72 mm corresponding to a gain factor
greater than 20%. B, tends to be saturated at around 22.79 T
when L keeps increasing.

Fig. 2 shows the magnetic flux density distribution of the 2D
rectangular-shaped magnetic lenses along the central line par-
allel to the Y-axis, indicated by a white dashed line in Fig. 2(a)
and is named the magnetic flux density distribution line
(MFDDL). The applied Bg,,, is parallel to the Y-axis. We take
the two endpoints of MFDDL as (0,15) and (0, -15). Fig. 2(b)
shows that the value of B, initially increases and then decreases
with H, and reaches the maximum value at H =11.9 mm. Mean-
while, the concentration area enlarges with the increasing H.
The central peak gradually evolved into two shoulders as indi-
cated by two black circles on the curve of H=28.9 mm in fig.
2(b).

Fig. 3 compares the magnetic flux concentration ability of
three different 3D magnetic lenses with applied By, parallel to
the Z-axis. To obtain a larger central magnetic flux density, we
designed a magnetic lens composed of four stacks of tapes
namely the petal-shaped magnetic lens and a magnetic lens
made by partially slotting a stack of wide tapes, as shown in the
middle and right of Fig. 3(a). The general idea is to enlarge the
shielding areas to enhance the central magnetic field.
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Fig. 3. (a) The magnetic flux density distribution of the superconducting part
of the rectangular-shaped magnetic lens, the petal-shaped magnetic lens, and
the partially slotted magnetic lens at B,,,,=20 T, respectively. (b) Magnetic flux
density distribution of the three models on the same Z-axis direction MFDDL.
(c) Magnetic flux density distribution of the three models on the same X-axis
direction MFDDL.

We made an MFDDL parallel to the Z-axis with two end-
points at (0, 0, 5.95) and (0, 0, -5.95) respectively, to compare
the magnetic flux concentration effects of different magnetic
lenses as shown in Fig. 3(b). It can be found that the B, of the
petal-shaped magnetic lens is smaller than that of the rectangu-
lar-shaped magnetic lens. This is caused by the small tape size
which greatly restricted the induced shielding current loop. For
the partially slotted magnetic lens, we used the 26 mm wide
HTS tape which is commercially available, and cut a 2 mm wide
slit to the center of the stack. Such a magnetic lens yields a
higher B, than that of the rectangular-shaped magnetic lens due
to a larger induced current loop and hence a much stronger di-
amagnetic shielding ability.

Fig 3(c) shows the distribution of magnetic flux density
along the MFDDL in the X-axis direction for the three types of
magnetic lenses. The two endpoints are (-13, 0, 0) and (13, 0, 0)
as noted by the dashed line in Fig. 3(a). The results show that
the magnetic flux density is significantly uniform in the gap
which is designed as the magnetic flux concentration zone.

B. X-shaped magnetic lens and its optimization

Kiyoshi et al. have demonstrated the concept of magnetic
flux concentration using funnel-shaped superconducting bulks.
Similarly, we designed the X-shaped magnetic lens suing HTS
tapes. We investigated the geometric parameters of the stacking
spacing S, the tape width D, the height H1 of the non-inclined
part, the height H2 of the inclined part, and the angle 8 between
the inclined part and the horizontal direction using a 2D model,
and discuss the length L based on a 3D model.

Fig. 4 summarizes the influence of these geometric parame-
ters on the magnetic flux concentration effect of the X-shaped
magnetic lens under the conditions of Bg,,,=20 T and 7=4.2 K.
Fig. 4(a) shows the magnetic flux density distribution of the 2D
X-shaped model and the MFDDL to be studied. As shown in
Fig. 4(b) and 4(c), B, increases with decreasing S or increasing
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Fig. 4. (a) Magnetic flux density distribution diagram and geometric parame-
ters to be discussed for a 2D X-shaped magnetic lens when B,p,, =20 T
(H1=H2=10.2 mm, D=12 mm, $=2 mm, 6=60°). (b), (¢), (d), and (e) The var-
iations of B, with S, D, H1, and H2 at different angles 6 in the 2D models, re-
spectively. (f) The relationship between B, and the tape length L of the 3D
model for 8=60° and 45°.
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Fig. 5. (a) and (b) Magnetic flux density on the MFDDL in the Y-axis direction
when changing the H2 and 6 of the 2D X-shaped magnetic lens, respectively.
(c) Induced current density distribution of the 2D X-shaped magnetic lens
(H1=H2=10.2 mm, D=12 mm, S=2 mm, §=60°). (d) and (e) Induced current
density distribution along the X-axis for different H2 and 6, respectively.

D. Fig. 4(d) shows that there is an optimal value of H1 that
maximizes B.. Fig. 4(e) shows that B, increases linearly with
the increase of H2. It can as well be concluded that B, increases
with decreasing 8 when the other parameters are fixed. Fig. 4(f)
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Fig. 6. (a) Magnetic flux density distribution for the 3D X-shaped magnetic
lens, the inclined petal-shaped magnetic lens, and the inclined partially slotted
magnetic lens, respectively. (b) Magnetic flux density distribution on MFDDL
in the Z-axis direction for the three different models. (c) Magnetic flux density
distribution on the MFDDL in the X-axis direction for the three different mod-
els.

shows that B, increases nonlinearly with L and tends to saturate.

After optimizing the topology of the 3D X-shaped magnetic
lens, B, of 25.62 T can be achieved with 6=45° and L=72 mm,
corresponding to an enhancement of more than 25%.

Fig. 5(a) and (b) show the magnetic flux density on the
MFDDL (white dashed line shown in Fig.4a) of the 2D model
with Bg,,, parallel to the Y-axis. A smaller 8 and a larger H2
yield a higher magnetic field on the MFDDL.

Fig. 5(c) shows the distribution of the current density on the
cross section of half of the 2D X-shaped magnetic lens. Appar-
ently, the current flows inward and outward to the paper is un-
even in the non-inclined part which can be expressed as the ratio
between W1 and W2. A greater W1/W?2 ratio leads to a better
concentration effect at the central area. It can be seen that as H2
increases or 6 decreases, the W1/W?2 ratio enlarges as shown in
Fig. 5(d) and (e) respectively.

In order to optimize the X-shaped magnetic lens, we further
developed the 3D petal-shaped and partially slotted magnetic
lenses to add inclined parts, as shown in Fig. 6(a). Fig. 6(b) and
(c) compares the magnetic flux concentration effects of these
three models and shows a good uniformity of the magnetic flux
density along the X-axis direction at the concentrated area. Sim-
ilar results have been achieved that the B, of the petal-shaped
magnetic lens is relatively smaller while the partially slotted
magnetic lens exhibits a better concentration effect.

C. Comparison of rectangular-shaped magnetic lens and X-
shaped magnetic lens

Fig. 7 compares the magnetic flux density concentration ef-
fects of the rectangular-shaped model and the X-shaped model
when Bg;,=20 T and 7=4.2 K. We assume they have the same
Hiotqr and Dyyrq;, as shown in Fig.7(a). Fig. 7(b) shows the var-
iation of B, with By, of the two models. The X-shaped model
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Fig. 7. (a) The shape of 2D rectangular-shaped and X-shaped magnetic lens of
the same size. (b) The B, of the rectangular-shaped and X-shaped magnetic lens
varies with By, (c) The magnetic flux density distribution of the rectangular-
shaped and X-shaped magnetic lenses on the Y-axis MFDDL. (d) The induced
current density of rectangular-shaped and X-shaped magnetic lenses.

can obtain a larger B,. Fig. 7(c) shows the B values of the two
lenses on the MFDDL with endpoints (0, 15.3) and (0, -15.3),
respectively. Fig. 7(d) shows that for the X-shaped model, the
width ratio W 1/W2 in the non-tiled area is significantly larger
than that in the rectangular-shaped model. This explains the rea-
son why the X-shaped magnetic lens can concentrate magnetic
fluxes more effectively.

IV. CONCLUSION

In this paper, we have designed and simulated stacked-tape
magnetic lenses using 2D and 3D models based on the H-¢ for-
mulation. The optimized topologies of stacks that contribute to
the concentration of magnetic flux density have been obtained.
Central magnetic fields of 22.69 T and 25.62 T have been
achieved with the rectangular-shaped and X-shaped magnetic
lenses respectively under an external magnetic field of 20 T.
The X-shaped magnetic lens yields a greater central magnetic
field compared with the rectangular magnetic lens. This can be
explained by the uneven screening current distribution in the
tilted and non-tilted parts of the X-shaped model. We have fur-
ther designed a magnetic lens by partially slotting a stack of 26
mm wide tapes. Such a magnetic lens shows a better concentra-
tion effect owning to a larger induced screening current loop.
This passive device is considered a promising alternative com-
ponent to increase the magnetic field in a compact high-field
superconducting magnet.
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