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Design and test of a miniaturized lightweight superconducting heavy-ion gantry
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Abstract [Background] Particle therapy, particularly carbon ion therapy, has emerged as a promising modality for
tumor treatment, offering advantages in physical dose distribution and biological damage to the target. However,
gantries with room-temperature magnet designs utilized in such therapies exhibit high magnetic stiffness, which

significantly constrains the efficiency and scalability of large rotating systems. [Purpose] This study aims to present
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the design and engineering validation of a novel miniaturized lightweight heavy ion gantry incorporating
superconducting magnets. [Methods] Firstly, the gantry was designed based on arc-shaped composite
superconducting magnets with a bending radius of 2 m and a bending angle of 45°, and the symmetric beam spot
method was employed to optimize the beam optics, ensuring consistent beam spot size during rotation. Then, finite
element analysis was performed to optimize the main structure, reducing the rotating part weight from 150.6 tto 135t
through zero-order optimization methods while maintaining structural integrity. Finally, a full-scale engineering
prototype was fabricated and tested, including stress measurements at 20 monitoring points during 360° rotation and
precision testing of the isocenter using laser tracking systems. [Results] The stress test results show that the
deviations between calculated and measured stress at 20 monitoring points are less than 10% for most locations, with
a maximum stress of 49 MPa at 0° position. The measured isocenter displacement envelope radius is 0.27 mm, which

- with an

is less than the design requirement of 0.5 mm. The gantry achieves a maximum rotation speed of 6° s
acceleration time of 10.7 s, and the emergency braking overshoot angle is 4°, meeting all technical specifications.
Furthermore, beam simulation results incorporating the position errors of superconducting magnets demonstrate that
the beam spot at the isocenter satisfies clinical treatment requirements. [Conclusions] The successful development of
a miniaturized lightweight heavy ion gantry in this study with a rotation radius of 5.9 m and a total weight of 165 t,
represents a significant reduction of approximately 73% in weight compared to conventional room-temperature
magnet gantries (>600 t). The achieved isocenter positioning accuracy of 0.27 mm and stress deviation of less than

10% validate the reliability of the superconducting magnet-based design. This study provides a practical and cost-

effective solution for heavy ion therapy facilities, laying a solid foundation for future clinical applications and full-

beam testing.

Key words Gantry, Superconducting magnet, Beam transport line, Finite element analysis (FEA), Isocenter
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Table 1 Technical parameters of the beam transport line
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Fig.1 Horizontal (a) and vertical (b) beam phase diagram before scatter

(@)

x’/ mrad
[

%) . . . . .
-0.03 -0.02 -0.01 0 0.01  0.02

x/m

&2

0.03

(b)

y’/ mrad
(=1

%) . . . . .
-0.03 -0.02 -0.01 0 0.01  0.02

y/m

0.03

IR J5 7K~ () A2 EL(b) 77 17 ¥ SRR AH P

Fig.2 Horizontal (a) and vertical (b) beam phase diagram after scatter

5874

Isocenter

5874

8086
9234

(mm)

3 REHAEREAN R
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Table 2 Technical parameters of superconducting magnet

24 Parameter e Hg A& Dipole magnet VAR 44 Quadrupole magnet
%3 Field intensity 3312T 3.9~11.3T'm”
{245 Bending radius / mm 2 000 2 000
% #4 % Bending angle / (°) 45 20
it Current/ A 300 294
FL1% Bore diameter / mm @60 @60
- J+i# 2 Ramping speed / T-s™ 0.6 —
¥J%] % Homogeneity +1x107 +1x107
L HARFE AC loss / W-m™ <10
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Fig.5 Diagram of the 3D model of superconducting magnet
(color online)
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Fig.6 Section view of superconducting magnet (color online)
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Fig.7 Simulation results of homogeneity (a) and multipole
field component (b) (color online)
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Fig.9 Diagram of gantry model (color online) (a) Gantry 3D model (0° position), (b) Main structure, (c) Beam transport line and
nozzle
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Table 3 Technical parameters of the gantry

Z4) Parameter $8%% Indicator
JiE %% f1 £ Rotate angles / (°) +185

L5 R 2 [ BR 2 1% Envelope radius of isocenter / mm <0.5

e N5 R [ Max rotate speed / (°)-s™ 6
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Fig.10 The von Mises stress at 0° position (a) and the displacement contour at 330° position (b) (color online)
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Fig.11 Displacement of isocenter at various angles before and
after optimization
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Fig.12 Diagram of nozzle device
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Table 4 The displacement envelope radius of cryostat's center and isocenter after optimization

Hru0 15 Center point {EIE#F Cryostat 1

{HIRL#% Cryostat 2

{HIRL%S Cryostat 3 S0 T Tsocenter

4% 242 Envelope radius / mm 0.17 0.18

0.17 0.19
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Table 5 Simulation of beam trajectories in different layouts
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Fig.13 Diagram of micro ridge filter 3D model
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Fig.14 Snapshot of gantry prototype (color online)

3.2 WM FIMER

NUGAEA BR e TS A HER M, X TREREALIEAT
TRLDJMAR . BT e WL 2R AE G e 58 R G, #5346
Gy B PR AN AT, TE i DN AN (S A TR AR
HUPR) 51 2 T8 b WL 4 e 2 360° 0 5 H 45 0 52 55 114 7
J1BAAE , 5t A AR B AT X L, B8 PR T
TR HERE

K K A DH5908 NET ¢ 28 b A2 48 43 #r &
G, TE FARGE R LB P AR X IBORG I AR J L 384T
—180°—>+180°—>—180°Jji& % ik 2 H 3= A &5 1) 11 2 A%
Kb R AR 15 I oA 2 , B HE A5 31 2 05 7
B R 7 18 N A e LEE b 3% B 20 Ab &
A DN A B AR W B 15 BTN, B AR A S B
RS0 B ] 16 B, D& s R F i i

15 360° e i 2 1, SEBUTE L ML AL 1 RIS AL,
BIAR NS RWERFTR, &S AR
B 5 EAMAEHAE 5 MPa 2 P, B 44 5 (503 A
13 55 14 A1 A5 16D 1 22 1 30%~50% , F 4% 1l & 15 1
ZEBP/INT 10%. 3% 4 AN T AR 7= AR A 2 DK 1 D A
AL AN, $I7E 0.05 MPa 2 Y, Tl A8 5 58
[N 22 St Re SR B K I R 22« MR 4h SR mT LASS
WEBE R WA BT T S R e T .

010202-8



¥ R 2026,49: 010202

1~4 F6 FHMASEPRNEESEMTEENRE
’ : Table 6 The deviation between calculated and tested stress
[] UD E=g ) THEAE SEPIAE i 2
78 oULUUUIUO 5-6 Measuring  Calculated data Measured data  Deviation
point / MPa / MPa /%
1 0.39 0.41 4.88
2 0.42 0.45 6.67
e — 3 0.03 0.05 40.00
15~16 {5-16 4 0.09 0.11 18.18
13~14 — / N\ 15~16
e BN 5 0.14 0.13 7.69
= U000 H 6 0.08 0.09 11.11
7 0.17 0.19 10.53
E15 W& so A0 B G B 26 RO 8 0.13 0.12 8.33
Fig.15 Distribution of the measuring points (color online) 9 4.43 4.51 1.77
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Fig.16 Snapshots of actual positions of the measuring points 5, 6, 7, 8
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Table 7 The calculated and tested displacement envelope radius of cryostat's center and isocenter

H.0 55 Center point IR % Cryostat 1 {HIEZ% Cryostat 2 {HiE S Cryostat 3 Z5 710 45 Isocenter
TH 544 1242 Calculated envelope radius /mm ~ 0.17 0.18 0.17 0.19
S AL 2% 4% Measured envelope radius / mm  0.18 0.29 0.23 0.27
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Fig.17 Displacement envelope sphere of isocenter (color
online)
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Fig.18 Test results of acceleration/deceleration (a) and
emergency braking (b)
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Fig.19 Comparison of beam spot simulation result with
original beam spot simulation (color online)
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