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The miniaturization of magnets is crucial for reducing both the physical footprint and the
construction cost of a proton therapy facility. The configuration of dipole magnets sig-
nificantly influences the design of the compact gantry. However, current research demon-
strates a degree of subjectivity in achieving an optimal balance between magnet com-
pactness and saturation levels. This study introduces a novel design principle aimed at
miniaturizing the yoke of dipole magnets. To be specific, two metrics (i.e. magnet effi-
ciency and magnetization uniformity) are adopted to develop an optimized design that
achieves significant weight reduction while maintaining essential magnetic performance
characteristics. For the 57-degree dipole magnet discussed in this paper, finite element
simulations demonstrate that the optimized design achieves a weight reduction of 39.6%
for the yoke (from 5.38 to 3.24 tons) while maintaining transverse and integrated field
homogeneity within the stringent £0.05% tolerance threshold, and exhibits satisfactory
excitation linearity. The design of this study can provide insight for the subsequent con-
struction of a compact gantry.

Keywords: Compact accelerator magnet; dipole magnet optimization; field homogeneity
control.

1. Introduction

Proton therapy has emerged as a promising treatment modality for various types
of cancer, using the unique physical properties of protons to deliver precise doses of
radiation to tumors with minimal damage to surrounding healthy tissues.l Accord-
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ing to the statistics of the Particle Therapy Co-operative Group (PTCOG), there
are currently 119 proton therapy centers in operation globally.2

Despite the relatively mature state of proton therapy technology, its widespread
adoption remains constrained by high manufacturing costs and substantial spatial
requirements. To enhance its applicability, current development efforts focus pri-
marily on device miniaturization and increasing the radiation dose rate.22 Recent
reports on FLASH effects of ultrahigh dose rate have further highlighted the po-
tential of increasing dose rate to eradicate tumor cells effectively while significantly
reducing toxicity to surrounding healthy tissues.&Z However, existing proton ther-
apy systems typically operate at a dose rate below 3 Gy/min, which is substantially
lower than the dose rate of 40 to 100 Gy /s associated with FLASH radiotherapy.£ In
light of these challenges, there is a pressing need for compact and efficient treatment
facilities capable of accommodating an increasing patient load while maintaining
high quality of treatment .2

One of the key components of a proton therapy facility is the gantry, a ro-
tating structure that transports the proton beam from various angles around the
patient. Current gantry-less proton therapy facilities are primarily utilized for treat-
ing small-volume tumors in the head and neck region 1%L the ocular area, 12 and
the sinonasal cavity+2 However, broader application of these systems is limited by
several factors: The treatment chair is less flexible than a gantry in terms of achiev-
able irradiation angles, restricting its use to specific treatment sites. For instance,
the posterior-oblique incidence required for prostate cancer treatment to spare the
rectum and bladder is more easily achievable with a rotating gantry:: seat position-
ing poses challenges to patient comfort and stability, especially for frail or disabled
individuals who cannot maintain the required posture for extended periods, increas-
ing the risk of intrafraction motion;22 and the technology itself is still in the phase
of early promotion and clinical validation. These limitations highlight the essential
role of rotating gantries, which enable multiangle irradiation and facilitate stable
supine positioning, thereby improving treatment precision and expanding the range
of treatable tumor sites.

Conventional gantries are often large and heavy, presenting significant challenges
in terms of installation, operational costs, and patient accessibility 1& Consequently,
the design of compact gantries has become a hot issue in modern proton therapy
facilities with the aim of reducing both the physical footprint and the overall weight
of the system.

The Gantry 2 at Paul Scherrer Institute (PSI/Switzerland) represents one of the
earliest implementations of proton pencil-beam scanning (PBS) technology in ro-
tating gantry configurations.Z Using an upstream scanning mode that generates a
lower skin dose 12 this system allows a reduced gantry radius. Similarly, the Proteu-
sOne gantry of Ton Beam Applications (IBA/Belgium) employs upstream scanning
and features a 220-degree rotational gantry combined with a 180-degree treatment
couch, effectively decreasing the footprint of the equipment.12
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In addition to innovative gantry layout designs, 2222 the integration of supercon-
ducting (SC) magnets has shown significant promise for achieving compactness.2 SC
magnets can excite strong magnetic fields while occupying substantially less space
than normal-conducting (NC) magnets. However, the implementation of SC tech-
nology presents several design challenges, including slow ramping rates, 22 quench
protection, 2% and thermal management issues22 These challenges may hinder the
operational efficiency of SC gantries, particularly in dynamic treatment scenarios
that require rapid adjustments to the magnetic field.

ISO-Center

7605

Fig. 1: Layout of the HUST-PTF gantry beamline with a photographic image of
the 57-degree bending dipole magnet on site.

In light of these challenges, investigating the miniaturization design of NC mag-
nets as an effective means to enhance the compactness of gantry systems presents
significant research value. Although the basic design theory for NC magnets has
advanced considerably in previous studies, substantial challenges remain. The pri-
mary difficulty lies in achieving an optimal balance between magnet compactness
and an acceptable saturation level 12 Current research in this field often exhibits
a degree of subjectivity due to the absence of a systematic method for evaluating
whether miniaturization designs have achieved optimal performance.

Huazhong University of Science and Technology is currently constructing a pro-
ton therapy facility (HUST-PTF).2¢ Fig. 1 shows the layout of the gantry beam-
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line, 2L which contains two 57-degree dipoles (B1 and B2) and a 90-degree dipole
(B3). Different from the PST Gantry 2 system and ProteusOne gantry mentioned
previously, the gantry of HUST-PTF adopts the downstream scanning mode, which
can adapt to treatment scenarios with higher precision requirements and has much
lower requirements for the size of the treatment window of the last dipole mag-
nets. 422829 However, the current yoke configuration of HUST-PTF still shows sub-
stantial potential for structural optimization. For example, the yoke of the 57-degree
dipole magnet weighs 5.38 tons, which is approaching the design limit of 6 tons for
the total weight, including the coil components. Therefore, the miniaturization of
dipole magnets is crucial to reduce the footprint of the gantry and enhance rota-
tional flexibility.

The Shanghai Advanced Proton Therapy (SAPT) project enhances the field in-
tensities of the dipole magnets to achieve a smaller bending radius, thereby reducing
the external radius of the rotating gantry. This optimization resulted in weight re-
ductions of 410 kg and 550 kg for the 60-degree and 90-degree dipole magnets,
respectively 22 However, this approach requires major modifications to the gantry
structure, which may be not suitable in some custom occasions.

The European Organization for Nuclear Research (CERN) has developed a com-
pact and rapidly adjustable FeCo dipole magnet prototype for medical gantry sys-
tems. This prototype utilizes high-saturation FeCo alloy laminations (2.35T) and
optimized cooling-coil integration, achieving a 30% reduction in yoke size compared
to conventional FeSi-based designs, making it highly suitable for dynamic beam
steering in compact hadron therapy facilities 2L

In the European High Field Magnet (HFM) program, a systematic study on
NbsSn-based Short Model Coil (SMC) dipole magnets revealed a nonlinear coupling
relationship between the yoke and shell thickness: when the yoke thickness is below
55 mm, the system rigidity is significantly enhanced, allowing for the use of thinner
shells; beyond this threshold, pre-stress becomes dominated by the shell thickness
and assembly interference#2 Although the study focuses on superconducting mag-
nets, its analytical framework emphasizing the relationship of structural geometric
parameters provides a valuable reference for our research.

Therefore, this study proposes a new design method for the miniaturization of
NC magnets, specifically for the 57 - degree dipole in the HUST-PTF gantry. This
approach involves a comprehensive evaluation of the geometric parameter ratios
through a comparative analysis of two key metrics: magnet efficiency and magneti-
zation uniformity, which are crucial for achieving optimal performance in compact
designs.

The challenges faced by this optimization approach stem from the design re-
quirements of the HUST-PTF beamline. The beamline is designed to bend proton
beams within an energy selection range of 70 to 240 MeV 32 corresponding to a
magnetic rigidity variation of 1.20 to 2.37 T-m. With a nominal bending radius of
1.5 m, the maximum field is 1.58 T.24 However, the selected iron core material,
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Table 1: Main parameters of the 57-degree dipole?2

Parameter Specification
Yoke structure H type
Pole gap 63 mm
Bending angle 57-degree
Bending radius 1500 mm
Magnetic field range 0.80 T-1.58 T
good-field region H £35 mm x V £26 mm
Transverse field homogeneity < 4+0.05%
Integrated field homogeneity < 40.05%
High order harmonic errors < +0.05%

B50AS silicon steel laminations, exhibits the initiation of magnetic saturation at
1.4 T. Thus, the inevitable problem of yoke saturation poses a design challenge.

Another critical consideration in optimization design is the quality of the mag-
netic field, which must be maintained while improving the compactness of the mag-
net. For instance, field homogeneity and harmonic errors should be maintained
within the limits of +0.05% throughout the operational range according to Ta-
ble 1. To achieve this precision requirement, detailed pole contour shimming and
iterative optimization of pole end chamfering are implemented to reduce the ef-
fect of fringe field. These multistage strategies ensure that the miniaturized magnet
achieves magnetic performance comparable to that of the existing dipole magnet in
the HUST-PTF.

The remainder of this study is organized as follows: Section II introduces the
selection of key parameters for the two-dimensional cross section based on a quanti-
tative evaluation of saturation, as well as the optimization of pole contour shimming.
Section III presents the iteration of pole end chamfering following the setup of the
three-dimensional model, along with a comparison of magnetic field performance
to that of the original dipole magnet, and extended the implementation of the pro-
posed optimization strategy to the 90-degree dipole. Finally, Section IV summarizes
the conclusions that are of reference value in the design process. For simulation and
iterative optimization, SOLIDWORKS is utilized for modeling, while magnetic field
evaluation is performed with OPERA 32

2. 2D Transverse cross section Optimization

This section aims to achieve an optimal level of miniaturization for the two-
dimensional cross section, which determines the overall volume of the dipole magnet.
Following the establishment of the two-dimensional cross section, the transverse field
homogeneity is optimized through pole contour shimming.
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2.1. Saturation Quantitative Evaluation Method

The two-dimensional cross sectional configuration of the dipole magnet mainly in-
cludes the yoke and the coil cross section. The coil cross sectional configuration is
150 mm x 90 mm with a maximum operation current density of 4.5 A/mm?22
The copper conductor featuring a cross section of 12 mm x 12 mm with a cooling
hole of ¢ 6 mm is selected. A rough thermal analysis indicates that the maximum
increase in temperature would be less than 20 °C under a cooling pressure of 10
bars. Consequently, the design focus shifts to the dimensional optimization of the
yoke thickness Tyoxe and the pole width W01 (Fig. 3). For H-type dipole magnets,
the proportionality coefficient is defined as

_ 2T‘yoke

4] , 1
Wpole ( )

In the design of dipole magnets, § is typically chosen within the range of 1.05
to 1.3. To determine the optimal coefficient J, a systematic evaluation of the satu-
ration conditions of the magnetic yoke under various cross sectional configurations
corresponding to varying values of § is required.

To be specific, when the magnet achieves optimal compactness, the correspond-
ing value of § should exhibit the following characteristics: first and foremost, the
saturation level of the magnet should remain within an acceptable range when the
magnetic field in the pole gap reaches its maximum. Moreover, the magnetization
across different parts of the magnet should be as uniform as possible, indicating
the effective utilization of the magnetization capacity of the ferromagnetic mate-
rial. The average saturation level of the magnetic yoke can be quantified by magnet
efficiency, which is defined asi¢

Nl
gar (2)

fexc - ’
Nltotal

where N Iiota1 represents the total excitation current, which consists of two com-
ponents: Nlg,,, which is required to establish the magnetic field in the gap, and
N Ioke, which accounts for the magnetomotive force needed to magnetize the ferro-
magnetic yoke. These components can be determined by integrating the magnetic
field along the yoke and the pole gap, respectively.

In conventional H-type dipole magnet structures, the integral path length L
along the magnetic yoke and the height h of the pole gap satisfy the geometric rela-
tionship L > 10h. Under unsaturated conditions with permeability ¢ > 1000, it can
be approximated that &eye > 99%.2¢ Consequently, under high-field conditions, the
decrease in permeability p results in a reduction of &ey.. Therefore, the preliminary
comparison approach is to analyze the changing trend of £, for each cross sectional
configuration under different values of 4.
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Fig. 2: The relationship between Eoxe and Amipatio with different values of 6.

The weight reduction ratio of the magnet Amy,io is defined as the proportion
of mass saved by the miniaturized design relative to the mass of the existing dipole
magnet. Fig. 2 shows the relationship between ey and Amyatio. A higher value
of 0 is associated with an increase in ey at the same Am,atio; however, this does
not imply enhanced saturation performance. As illustrated in Fig. 3, high-6 config-
urations exhibit significant magnetization discrepancies between poles and yokes.
To be specific, at €exc = 95%, the poles experience severe saturation (Bpole > 2.0
T), while the yokes remain under-saturated (Byoke < 1.3 T). This non-uniform
magnetization violates the design objectives. In contrast, lower § values enhance
magnetization uniformity but limit the potential for weight reduction.

Therefore, to obtain the optimal value of J, it is necessary to introduce another
metric to quantitatively assess the uniformity of magnetization. As shown in Fig. 3,
the central axis of the half-side yoke section is selected as the measurement path.
The magnetization uniformity factor can be calculated as

; 3)

1
Umagzi
1+’%

where Ay is the difference between the maximum and minimum permeability and
7t is the average permeability along the measurement path. The factor Upag is
normalized to the interval (0, 1), higher values of which reflect better magnetic
homogeneity.
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Fig. 3: 2D magnetic field distributions at field of 1.58 T and &exe = 95% with ¢ =
1.05 (above) and 6 = 1.3 (below) configuration.

Simulations were performed on dipole magnet configurations with varying J
values. For each 4, at least five simulations corresponding to different Amy ., were
performed. The relationship between 1z and oy, is calculated for each set and plotted
in a single graph, as shown in Fig. 4. The resulting 7i - £ data points correspond-
ing to different § values almost collapsed onto a single curve, indicating that this
relationship between i and &gy, is independent of the magnet’s geometric shape.
Consequently, when ey is the same, the variation in Up,,e is determined only by
Ay according to Eq. (3).

This allows for a quantitative assessment of internal magnetization uniformity
by comparing U at a given {exe. To ensure adequate excitation linearity at high
fields, exe should be maintained above 95%. Therefore, the subsequent design ap-
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Fig. 4: The mapping between 7 and &ex. with varying § values.

proach involves comparing Amyagio and Upag, selecting the optimal configuration
at €oxe = 95% across different § for dipole magnets.

Fig. 5 illustrates the changing trends of exc and Umag With respect to Amyatio
for different d. In each figure, the vertical and horizontal dashed lines indicate the
values of Amyagio and Upag at Eexe = 95%, respectively. Consequently, the shape of
the shaded region can be used to compare the overall levels of Uyag and Amyagio-
Notably, the optimal performance is observed at 6 = 1.15 [Fig. 5 (c)], which pro-
duces a uniformity factor of Upag = 0.76 (corresponding to a relative permeability
deviation within 100) along with a weight reduction of 35.7%. Decreasing § im-
proves Upag but significantly reduces Amiyatio, and increasing d beyond 1.15 leads
to a rapid degradation of Uy,ag. Therefore, the optimal ratio § should be selected in
the vicinity of 1.15.

Based on the results presented above, the final design adopts a pole width of
Whole = 220 mm and a yoke thickness of Ty, = 126.5 mm, as illustrated in Fig. 6.
Compared to the original HUST-PTF dipole magnet design, which features Wp;e
= 280 mm and Tyoke = 170 mm 3% this configuration achieves an approximate 40%
reduction in the weight of the dipole magnet, amounting to approximately 2150 kg.

This design methodology yields a generalizable insight: If more advanced fer-
romagnetic materials with higher saturation thresholds are available, larger ¢ can
be selected to enhance Amyatio and reduce magnet size without inducing pole sat-
uration. Conversely, if minimizing weight is not the primary objective, a smaller
0 should be chosen to maximize magnetization uniformity and prevent saturation.
This systematic approach provides clear guidance for balancing magnet compact-
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Fig. 5: The changing trends of magnet efficiency &q.x. and magnetization uniformity
Umag versus weight reduction ratio Amyatie with different values of 6. The red
shaded area serves as a comparison, illustrating the comprehensive performance of
. . : — 057
Umag and Amyagio when Eoxe = 95%.

ness and magnetic field performance.

2.2. Pole Contour Shimming Optimization

Pole contour shimming is employed to optimize transverse field homogeneity. The
trapezoidal shimming method is selected for its favorable balance between manu-
facturing precision and cost effectiveness in this design. This approach involves the
iterative optimization of three key geometric parameters: the thickness of the shim
a, the width of the shim b, and the bevel angle ¢, as illustrated in Fig. 6.

The principle of pole contour shimming involves shortening the magnetic flux
leakage path at the magnet edges, thereby compensating for the field attenuation
caused by fringe field effects.3% As shown in Fig. 7, which presents the transverse
distribution of the magnetic field in the center plane of the good-field region, the
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Fig. 6: Optimized 2D cross sectional design with annotated key geometric parame-
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Fig. 8: Transverse field homogeneity distribution across the operating field range.

optimal shimming configuration yields a characteristic W-shaped field profile, in-
dicative of high field uniformity. In contrast, over-shimming leads to a convex field
distribution, while under-shimming results in a concave profile, both of which devi-
ate from the desired uniformity.

To achieve uniform transverse field homogeneity across the entire operational
field range, the shim geometry is specifically tuned to create a slightly convex pro-
file at maximum field strength and a concave profile at minimum field strength.
This optimization strategy ensures that during intermediate field operation (the
most frequent operational state), the field distribution naturally evolves into the
desired W-shaped profile due to the enhanced fringe field effects as the magnetic
field increases.

Notably, there are multiple viable shimming solutions for the pole contour op-
timization. The shimming configuration illustrated in Fig. 6 represents a set of lo-
cal optima identified through iterative parametric optimization using finite-element
analysis. Fig. 8 demonstrates that under the proposed transverse cross section con-
figuration, the transverse homogeneity is constrained within +0.05% across the
operational field range.

3. 3D Field Optimization

Based on the cross sectional design from the previous section, three-dimensional
modeling is conducted, followed by optimization of the integral field. This section
subsequently presents a comparison between the optimized and initial designs in
terms of magnetic field performance and excitation linearity. To validate the gen-
eral applicability of the optimization strategy, similar optimization is performed
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Fig. 9: Schematic diagrams of end chamfering configurations: (a) unchamfered ini-
tial end profile; (b) linear chamfered profile for saturation reduction and effective
bending angle adjustment; (¢) curvilinear chamfered profile with polygonal approx-
imation to reduce multipole errors.

on the 90-degree dipole magnet, with a comparative analysis of the integral field
distributions for both the 57-degree and 90-degree dipole magnets.

3.1. Pole End Chamfering for Integral Field Optimization

After performing a Fourier harmonic analysis of the three-dimensional integral field,
iterative optimization is required for two components: the effective bending angle
calculated from the dipole moment and the higher-order harmonic errors.2Z

Due to fringe field effects, the effective magnetic length of the dipole exceeds
its mechanical pole length. Therefore, the mechanical pole angle is intentionally
designed to be slightly smaller than the effective bending angle of 57-degree. By
iterative optimization of the linear chamfering, the effective bending angle is not
only precisely calibrated to 57-degree, but the saturation of the pole end is also
reduced. As shown in Fig. 9 (b), the linear chamfering profile adopts a three-segment
polyline approximation in place of the theoretically ideal Rogowski curve to improve
manufacturability 48

Subsequently, the high-order harmonic errors are analyzed at several typical
levels within the operating field range. The data presented in Table 2 lead to the
following conclusions:
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Table 2: Integral Field Harmonic Components Before Optimization (x0.01%)

By Bs By Bs Bs L7
Bl (T) B B B1 B By B

0.80 -38 079 -0.04 349 0.28 235
1.00 -3.79 0.28 -0.06 3.19 0.29 220
1.20 -3.71 -145 -0.01 192 031 1.57
140 -3.56 -6.06 007 -1.01 035 0.11
1.58 -3.43 -11.27 0.18 -3.25 0.37 -0.92

(1) The primary optimization challenge lies in the suppression of the sextupole
component (n = 3) in the high field range.

(2) Other harmonic components remain within a +0.05% amplitude range across
the full operating field range, which is a favorable characteristic that should be
preserved in subsequent optimization stages.

(3) All harmonic components exhibit monotonic trends with increasing excitation.

Harmonic errors can be adjusted by asymmetric chamfering at the pole ends.22
To be specific, new 2n-pole components can be introduced into the existing magnetic
field by adjusting the pole lengths L, while maintaining the contour of the pole
cross section. 42 The corresponding depth of the pole end chamfer AL, (z) can be
calculated as:

L By, Im (z +iyo)"
Al = 50 By Ty,
0

(4)

where x¢ is the half-width of the good-field region and g is the half-length of the
pole gap. The curvilinear chamfer described by Eq. (4) introduces a uniform shift
in the relevant harmonic components throughout the operating field range. This is
because the chamfer essentially superimposes a higher-order harmonic rather than
eliminating it. Consequently, achieving complete harmonic cancelation throughout
the entire operating field range is not feasible. Given that the harmonics exhibit
a monotonic variation within this range, a feasible strategy is to optimize the sex-
tupole component at both the maximum and minimum fields, corresponding to the
upper and lower limits of the allowable precision. This approach ensures that the
harmonic errors remain within the specified precision limits throughout the operat-
ing field range.

To facilitate iterative optimization and reduce processing complexity, the re-
quired chamfer curve is approximated using a polyline, as illustrated in Fig. 9 (c).
The optimized configuration, with a central chamfer depth of 1.6 mm, achieves sex-
tupole components of +0.041% at 0.80 T and -0.043% at 1.58 T. Fig. 10 illustrates
the changing trend of harmonic components across the operating field range. The
results confirm that the harmonic errors are controlled within the precision require-
ment of £5%, demonstrating the effectiveness of the proposed pole end chamfering
approach.
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Fig. 10: The changing trends of normalized harmonic components across the oper-
ating field range after the pole end chamfering.

The results further reveal that the odd-n harmonics (n = 3, 5, 7, corresponding
to the sextupole, decapole, and tetradecapole components), which exhibit geometri-
cally symmetric magnetic field distributions, vary significantly across the operating
field range due to the enhanced fringe field effects as the magnetic field increases.
In contrast, the even-n harmonics (n = 2, 4, 6, corresponding to the quadrupole,
octupole, and duodecapole components) with asymmetric field distributions remain
stable throughout the operating range.

These characteristics enable targeted pole end chamfering strategies tailored
to different multipole orders. For the odd-n harmonics, the optimization approach
described above can be employed. By controlling the harmonics of the maximum
and minimum fields, the harmonics can converge within the precision requirement
across the entire operating field. Conversely, even-n harmonics can be optimized at a
specific field. In an ideal situation, harmonic errors can be optimized to a very low
level, potentially eliminating them entirely throughout the operating field range.
The chamfer profiles necessary for this purpose can be calculated using Eq. (4) and
iteratively optimized to derive a feasible configuration.

3.2. Magnet Performance After 3D Optimization

A comparison of the saturation states of the dipole magnet yoke before and after
optimization at a maximum field of 1.58 T is presented in Fig. 11, with the same
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Fig. 11: Comparison of the saturation states of the 57-degree dipole magnet yoke
after (above) and before (below) miniaturization at maximum field of 1.58 T, using
the same plotting scale and magnetic field intensity color scale.

plotting scale and magnetic field intensity color scale. The proposed miniaturiza-
tion design achieves a weight reduction of 39.6% (from 5.16 to 3.12 tons) while
maintaining field homogeneity and harmonic errors within precision requirements.



November 3, 2025 3:50 WSPC/INSTRUCTION FILE output

17
—&— Miniaturized Design (Am ., = 39.6%) a
—+—  Alternative Design (Antyyio = 19.2%) ,/;_ .
1.61 —e- Original Excitation Curve pots
---- Non-saturated Fit (Reference) . ‘
)
1.4+
e
Sa)
1.2
1.0
0.81
20000 25000 30000 35000 40000

NI/A

Fig. 12: Comparison of excitation curves for the initial magnet design, compact
design, alternative design, and an ideal non-saturated linear fit.

The excitation curves of the original magnet and the miniaturized design are
compared in Fig. 12. In the high field range, the increase in saturation levels ad-
versely affects the linearity of excitation. However, within the low to medium field
range, which corresponds to the most frequently operating conditions, the linearity
remains at a satisfactory level.

Considering the uncertainties in the actual construction and the better perfor-
mance of the excitation curve, an alternative yoke configuration has been designed.
This configuration sacrifices a portion of the weight reduction (19.2%) to achieve
an improved excitation linearity, as shown in Fig. 12.

The reduction in linearity at high field regions presents a trade-off between com-
pactness and excitation efficiency, which has minor influence on clinical operations.
During beam commissioning, the currents of all magnets on the beamline must be
tested and adjusted at each beam energy. As long as the excitation current stays
within achievable limits, the terminal beam spot can be optimized accordingly, en-
suring that clinical performance is not affected by the field saturation.
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Fig. 13: Integral field uniformity distributions of (a) 57-degree and (b) 90-degree
dipole magnets at 0.80 T and 1.58 T. The fields are calculated from x = —35 mm
to +35 mm for planes at y = 0, 6.5, 13, 19.5, and 26 mm.

3.3. Extended Implementation to the 90-degree Dipole

To validate the general applicability of the proposed method for dipole magnets
of similar structure, the optimized cross sectional configuration introduced in Sec-
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tion II is applied to the 90-degree gantry dipole magnet of the HUST-PTF beam-
line. The pole end chamfering is performed correspondingly following the three-
dimensional field optimization strategy detailed in Section ITI. The final optimized
design achieved a Am .o of 34.2% compared to the existing magnet. The trans-
verse field homogeneity and harmonic components are maintained within 40.05%.
The integral field uniformity distributions across the entire good - field region for
both 57 - degree and 90 - degree dipole magnets at 0.80 T and 1.58 T after three -
dimensional optimization are shown in Fig. 13. The results demonstrate that both
magnets exhibit similar characteristics in the integral field distribution and satisfy
the +0.05% uniformity requirement across the entire good-field region. These re-
sults confirm that the multistage strategy established in previous sections provides
a universal optimization paradigm for compact dipole magnet design.

4. Conclusion

This study presents a miniaturization design method for NC dipole magnets, es-
pecially for the bending dipoles in the HUST-PTF gantry beamline, including the
two-dimensional cross section design of the yoke and the three-dimensional optimiza-
tion of the pole end. Based on the aforementioned results, the following conclusions
are drawn.

(1) A comparative analysis of magnet efficiency and magnetization uniformity, con-
sidering saturation levels from both average and uniformity perspectives, deter-
mines the optimal thickness of the yoke to half-width of the pole ratio. This
optimization resulted in a compact two-dimensional cross section design.

(2) The enhancement of fringe field effects with increasing magnetic field can be
utilized for optimizing the transverse field homogeneity. Through iterative op-
timization of the pole contour shimming, the transverse magnetic field distri-
bution at the maximum and minimum fields exhibits slight convex and concave
curves, respectively, enabling the intermediate field distribution to naturally
evolve into an ideal W-shaped curve, corresponding to the optimal level of uni-
formity.

(3) The pole end chamfering optimizes integral field harmonic errors. The fringe
field effects exhibit distinct behaviors for odd-n and even-n harmonics due to
their differing field symmetries. Optimization of odd-n harmonics, analogous
to the approach described in Conclusion 2, requires harmonic control of the
maximum and minimum fields to ensure that the harmonics within the oper-
ating field converge to the desired precision range. However, even-n harmonic
optimization can be achieved at a single field level.

The multistage strategy design presented in this study is applicable to the de-
sign of NC magnets with stringent requirements for both the compactness and the
performance of the magnetic field. The proposed yoke configuration can also offer
valuable insights for the future construction of the compact HUST-PTF gantry.
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