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DESIGN OF HIGH-FIELD PERMANENT DIPOLE MAGNET
WITH ULTRA LOW LEAKAGE FIELD
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Abstract

In the fourth-generation light sources, storage ring lattices
are typically compact, potentially leading to serious cross-
talk effects. Reducing the leakage field of a magnet offers an
effective solution. In this paper, a novel permanent dipole
magnet structure is proposed to address the magnetic flux
leakage in conventional designs. Compared to traditional
steel sheet shielding, this structure demonstrates superior
performance in reducing leakage fields. Based on this struc-
ture, a protective permanent dipole magnet for the front end
of a beamline of the Hefei Advanced Light Facility is de-
veloped and simulated using the 3D finite element method.
The dipole achieves a peak field of 1.49 T with a leakage
field significantly reduced to under 10 Gauss at 30 mm. This
work offers a viable method to developing future permanent
magnets with low magnetic cross-talk.

INTRODUCTION

The use of permanent magnets (PMs) is one of the
new features of the fourth-generation synchrotron light
sources [1,2]. This PM technology has been extensively
studied and adopted in some light source facilities, such
as ESRF-EBS [3], Sirius [4] and SLS 2.0 [5]. Compared
to conventional electromagnets, PMs offer advantages in
saving space in the magnetic system, ensuring stable beam
operation, and reducing power consumption. However, PM
technology is also subject to several limitations. For exam-
ple, PMs typically lack tunability in their magnetic fields and
can suffer from gradual magnetic field degradation when
exposed to radiation environments.

Furthermore, in conventional PM designs, an increase
in the center field often results in stronger leakage fields,
which can lead to serious cross-talk effects and compromise
the stability of a light source. To address this issue, this
paper proposes a novel PM-based dipole structure designed
to effectively reduce leakage fields. By incorporating aux-
iliary PM blocks, the proposed design generates a counter
magnetic flux that opposes the primary leakage flux, thereby
reducing leakage fields to very low values. As an application
example, a protective dipole based on the proposed struc-
ture is designed for the front end of a beamline of the Hefei
Advanced Light Facility (HALF) [6]. Simulation results of
the magnetic field demonstrate the effectiveness of this new
design.
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PM SHIELDING STRUCTURE

Figure 1(a) shows the cross section of a conventional H-
shaped PM-based dipole design, where the blue and green
areas denote the soft iron and the PMs, respectively. The
symmetry of the yoke geometry can compensate the mag-
netic forces and cancel even-order harmonics. The required
dipole field in the gap is established by the magnetic flux gen-
erated from the PM blocks. While the designed primary path
for this flux is through the adjacent yokes and poles, a por-
tion inevitably leaks into the air around the dipole. Taking
the upper half of the dipole as an example, the magnetization
directions of all three PM blocks are oriented toward the
center. As a result, the combined leakage flux on the front
and rear surfaces of the upper half points outward. Similarly,
the combined leakage flux on the front and rear surfaces
of the lower half points inward, as illustrated in Fig. 1(b).
The leakage fields scale with the central field strength, mak-
ing their control a critical challenge in designing high-field
PM-based dipoles.
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Figure 1: Cross-sectional view of a conventional H-shaped
PM-based dipole design (a), and the schematic of its mag-
netic flux leakage in the longitudinal direction (b). The
yellow arrows in the left plot indicate the magnetization di-
rections of the PM blocks.

To address this challenge, this paper proposes a novel mag-
netic shielding design with auxiliary PM blocks. The design
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Figure 2: Cross-sectional views in the longitudinal plane
for the PM-based dipoles with different magnetic shielding
methods: (a) steel sheet shielding and (b) proposed PM
shielding. The yellow arrows indicate the magnetization
directions of the PM blocks.
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Figure 3: Leakage field distributions near the surface of the PM-based dipole under three cases: (a) without magnetic
shielding, (b) with the steel sheet shielding, and (c) with the proposed PM shielding.

relies on the principle of magnetic field superposition. By
placing auxiliary PM blocks on regions of the dipole surface
where magnetic flux leakage is most significant, counter-
fields opposing the combined leakage fields are generated.
Through careful design, these counter-fields can effectively
cancel out the leakage fields. Consequently, compared to
traditional steel sheet shielding, the proposed PM shield-
ing can more precisely and directly suppress leakage fields
at the source. The longitudinal cross sections of the PM-
based dipoles with steel sheet shielding and PM shielding
are shown in Fig. 2. Due to symmetry, only the upper half
is illustrated for each structure.

To demonstrate the effectiveness of the proposed PM
shielding, the leakage field distributions of the two shield-
ing methods are compared with the case without magnetic
shielding, as shown in Fig. 3. While the steel sheet shielding
alleviates severe leakage fields in some specific areas, its
effectiveness in other regions is rather limited. To achieve
further reduction, increasing the thickness of the steel sheets
is necessary. This would, however, significantly increase the
longitudinal size of the dipole, which is often unacceptable
in space-constrained layouts.

In contrast, as shown in Fig. 3(c), the leakage field is sig-
nificantly reduced when the PM shielding is applied. As a
result, the magnetic field becomes well confined to the re-
gion close to the magnet center (along the z-axis). Moreover,
the optimized auxiliary PM blocks are small and placed inter-
nally, making the overall dipole without adding substantial
size or weight. Therefore, the PM shielding provides supe-
rior suppression of leakage fields compared to the steel sheet
shielding, while maintaining a compact structural design. In
addition, the proposed PM shielding addresses a key draw-
back of the steel sheet shielding. Using steel sheets alone
can lead to a reduction in the center field, because part of the
magnetic flux is diverted through the high-permeability steel.
However, the addition of auxiliary PM blocks can provide
an additional magnetic field at the magnet center, thereby
compensating for the integrated field strength loss caused
by magnetic shielding. This makes the proposed shielding
method a promising alternative for applications where both
high center field and low leakage field are critical.

APPLICATION

In a storage ring, abnormal operation of bending magnets
upstream of a straight section can cause the beam to deviate
from its design orbit. Such a deviation could cause the beam
to enter into the synchrotron radiation beam pipe and poten-
tially damage precision optical components in the beamline
station. To mitigate this risk, a protective PM-based dipole
will be installed at the front end of a beamline of HALF,
which is a diffraction-limited storage ring currently under
construction in Hefei, China [6].

Figure 4 shows the model of the protective PM-based
dipole with the PM shielding. The magnet design was car-
ried out using the finite element analysis software OPERA
3D [7], with the PM blocks assumed to be made of NdFeB.
Although Sm,Co;; offers an excellent temperature coeffi-
cient and strong radiation resistance, NdFeB was chosen
due to its typically higher remnant magnetic field, which
enables a more compact design and saves installation space.
Moreover, since the designed dipole incorporates high-
permeability soft iron around the PM blocks, the PMs are
not directly exposed to radiation. This magnetic shielding
structure inherently provides a degree of radiation protec-
tion, mitigating concerns over the relatively low radiation
resistance of NdFeB.
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Figure 4: Magnetic model (a) and internal arrangement of
PM blocks (b) for the protective PM-based dipole, simulated
using OPERA 3D.
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The protective PM-based dipole is required to deflect
electrons with an energy of 2.2 GeV by an angle of 5°. A
comparison of the longitudinal field distributions with and
without the PM shielding, designed to meet the require-
ment, is shown in Fig. 5. It illustrates that PM shielding not
only effectively suppresses the fringe field but also signifi-
cantly enhances the center field. At alongitudinal distance of
30 mm from the dipole, the fringe field is reduced to below
10 Gauss. Figure 6 shows the homogeneity of the integrated
field across the horizontal position, indicating a good field
region of approximately +23 mm where the homogeneity
is better than 0.1%. The main parameters of the designed
dipole are given in Table 1.
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Figure 5: Longitudinal field distributions of the protective
PM-based dipoles with the PM shielding (red line) and with-
out magnetic shielding (black line).
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Figure 6: Integrated field distribution as a function of hori-
zontal position for the protective PM-based dipole, shown
as the black line. The red and blue lines mark the +0.1%
field homogeneity boundaries.

CONCLUSION

In this paper, a novel PM-based dipole structure with
auxiliary PM blocks was proposed in order to reduce leakage
fields. This structure demonstrates superior suppression of
leakage fields compared to traditional steel sheet shielding,
without significantly extending the longitudinal size of the
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Table 1: Main Parameters of the Protective PM-based Dipole

Parameter Value Unit
Magnet gap 38 mm
Magnet length 500 mm
Magnet width 420 mm
Magnet height 480 mm
Center field 1.49 T

Integrated field 0.64 T-m
Good field region +23 mm

magnet. Based on the proposed structure, a protective PM-
based dipole was designed and modeled, which features a
peak field of 1.49T and maintains a leakage field below
10 Gauss at a longitudinal distance of 30 mm.

Furthermore, the proposed shielding method can be gen-
eralized. Following the similar design, it is also possible
to achieve significant cancellation of the leakage field in
PM-based quadrupoles while maintaining a high field gradi-
ent. Thus, the proposed shielding method offers a feasible
pathway to developing high-field magnets with ultra low
leakage field, making it particularly advantageous for fourth-
generation synchrotron light sources that generally require
highly compact magnet layouts.
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