) 32 % 3R Acta Phys. Sin. Vol. 75, No.1(2026) 010801

HEFEFHIZHMINEHBEHEZHSRETE
R = B ESMN
BEVL EED RN EEEW

1) (P ER B TS0, SRR SRR N T SEHS, dE5T 100190)
2) (fedbH R A S B TRE2ERE, dbat 102206)
3) (Gre& Rl T ek AR ShE R B SE B, 78 250102)

A XD EMED

(2025 457 H 9 HYg3l; 2025 45 9 A 2 HUEI &)

R HETHEE FRER BT b AR T, (S T BUE MR EE, AR SCHEAT T REVR = 4 T i P AR Gt sh
RIS, S56 77 A 3% T 77 A28 205 i A B8R 23R 20 IR BE M i iy 2% A, ik 51 A 7 25 S A ST TG
R A AR EAT AR AL, i oA, TE SR o0 AR T, A T iR S AR G S DU 2R [ 2B I 2 s
() 2225 . 54 22 288 T SR AR BE O A1, AR SO T d KAk — B [ A 000 3 104 JEU D 35 T 11 e P 8 A, R TR
B TRELSWHHE N L TR, 55 BRIT 05 BT T A B B LR sl 30 T 5 5 14 0% [R5 B2
FRE AR AL RRAE. 25 FE 3R B, B R 450 1 = 4k 2 [a] 1 B Ok 31.22°, 68.50°F1 68.50°R , i 4 J1 2= M B 1k 1) fx
FE. A0 B4 A Xk B B R e 2 1A A AR ELAT 125.99 Hz A9 — B A0 R . O B R R, 76 8 300N B BE ML IR 30
BRI, MBS g A Rl B S A B /D T 0.1 mm, F K von Mises B 7 HY 30 T80 25 4 B AT AR 3, HAE TR Tk 2F

HEST 5 BERLAY 5 BEAR R, 2 W20 iU SCH% AR G0 AL 4 s R B B 2K

KSR W SRR, W RUR SE RS, AR, MRS

DOI: 10.7498/aps.75.20250894

1 5 =

B R 12 AT 5 PR ™ R SR B
BESANI % B, 2 S i A s e b 1Y

TCRH AR, fERL T A | RS (MRI),

BB tAR (NMR) IS SRR IE S LRI 2112
LA 9. LS SRR 7% TRt S 34 B EL A i
S5 001, AL SRR U 45 FRE R A 1
FHIRHE T PERERUE MO CHE, 22 bR RO T, B i
IS I L 3 A A R B 0,
LT LR AL (GFRP)TS), B4 4 O FREF 4
SRS 2 B (CFRP)N % {EL5HYBEH 7, 4

CSTR: 32037.14.aps.75.20250894

UL BRI XA FFRAN B B P Fh, Bl B AT —
MR TR AIRER, 2 GFRP S8l s, ELAT %50
R A IE YRR AN G PR G 5 FPIRPIAT
WL /NI REAR, 22 R 35 B 21 2 1k 3 B 2F 246 1 )
FFREA RS, HA G5 A0 58 B 1y | Tt/ N RN S A i
fe AR L

VAR B 1 220 8 N FF 25 PR ST T
5. Li 45 2 455 = AR FF 09 J R AR -, 1
S AE T TR PR ] | il A ) A2 0
B i BT 8Z 7 528 IR B G &R, (B AT FE
AT ST, AR B P RGN H HX)
PiAFAZ 12 Zhang 45 13 &1 X — 459 g <2
RGP AR BT B A R T, ROz

* ER HRBERS (S 52325701, 52293421, 52293422) FIFFEFhR} AL T Jeit iU RER S AR BT ST Be BRI 42151 ¥ Bh Ak

t BIEVEE . E-mail: xc@mail.iee.ac.cn
© 2026 FEIEZFS Chinese Physical Society

http://wulixb.iphy.ac.cn

010801-1


http://doi.org/10.7498/aps.75.20250894
https://cstr.cn/32037.14.aps.75.20250894
mailto:xc@mail.iee.ac.cn
mailto:xc@mail.iee.ac.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 75, No. 1 (2026) 010801

FrS R ] AR bR BT A 0 HEATARAL. i T AR I AT
7R 323 AR5 1) B BT, A id A % I8 e
e i) o ol 28T S 1] ol AT VR TR ANIR] 0 1 %)
B A AR 1 RIAT RN ). HAGA G e i 5 2% B —,
FEAT T BRI, FERT TR IE AR 12y
HBR . Zhang &5 M) FHEXF =LV B i S RS
Hh L S DL AR AT 22 T BT A B2 A 300 5 A A iR 4
T, FERSEAT B R B Bt AL zs A . HL
FEI T 26 AR e R A Y8 iR T O B
FFEY FLARTIUER g, JER G I SRR 22 D 25 Fh SR %
T BC G BRI AF AR 32 R AR BT B O, TSI
{HATF4R Tt Huang 55 19 32 500 = 4 v Jit i 57 1%
RGP BT T I RE AR AL
FRER, il s O R R OR A2 IR, iz sC
TEAA B Bt e S R g | TR T AN 4 1 5
Wi, A LASHE AR . 45 R AGE T —
A, Bl #oR % A R i 2 R, T
RESHIBHEA TR 57T

Bttt BRI, ASTET Li 412 il Huang 55019
RS, 1 o2l 5 v B EUHRAT B T R
A AR 1) oh iy B AT AT R BT AR A K, 5
AN 722 5 ARSI i FLAR R, 25577 [ AR
75 A 2 A B R R SR A i 5 O
7, FEATRIAF S (R A DAL DA A TRl ) 25
ERUE = AN AL R i i E ST AL RS R VAL
TR B A A B i A VE R AT SRR S AR R,
AL RIS IR AR BAT —E B EE. FER T
oA T, R S R G B YR AN R T
IS (R 225, A SGE LA ROCT L AT 0
A, H H—Fof LR R A — i [T A 03 1 B 647 2
) 2R BETHRY I 1. i B0t i 2 s i 4 ik 3l
WS RHEHLIR S5 B, FERG AR P2 A a
IR AR M, 2% R, SRS R 2%
AL I O D) R 35 45 B (PSD) 4 K i b 249 77 AR
{6 (RMS) #4708, 73 Bras RN i S A e
BRI Bz PR T AL 2 AR E PR Sk
WS AR SR

2 BN

2.1 AREXERZIZIT

i P R G R R EANE 1 R, Hohd
B HE m = 100 kg, 8 ARFLATXFFRI> A, FEARFIAT

T 9 ARBRZF4E T700 RN, FERL 4.2 K i ¥
£ 50 K P8 PR B8O | B R R
A R, S P L5 F 1 R AT AR PAT R & 07
W IE R, B Hhr s Bk | sbEA R L BRI
PU— 8 R () R Ar S5 0005 WS EUE R 1 51,

BRICIREE
e
SRR
PR
CFRP#F
pAERT)

1 R ERG R ER

Fig. 1. Schematic of cold mass support system.
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Table 1.  Design parameters of tie rods.
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Fig. 2. Acceleration simplified model.
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Fig. 3. Vibration environment of trucks on expressways.
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Fig. 4. Determination of the optimal spatial inclination.
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Fig. 5. Temperature distribution of the rod assembly.
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Fig. 7. First-order mode shapes for four types of spatial orientations: (a) Posture A; (b) posture B; (c) posture C; (d) posture D.
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shape; (e) fifth-mode shape; (f) sixth-mode shape.
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Table 2. Basic parameters of the respective materials.

upe B/ (gem™)  HMABE/GPa  JAMALL
T2 %4 8.9 70 0.34
6061 &4 2.7 68.9 0.33
T700 f&T 4 1.76 230 0.3
AISI304 AN 7.9 200 0.3

XFRT 10 Bri 25 2 B AT T, SR 2 R L
% 3. AL, AR BRI T =2k,
SNV FHRAERAT VR AT AR RSl 552K
Oy Rl S S S L AR ST R B, IR T B S v
AR B AT 5% 20 = 2RO AT I R R IR 2.
%3 BRI

Table 3. Natural frequency distribution table.

B REZSAT% /Ha PRAHA
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DAL A S %5 C LD, WK 9(a) i, 18
i B % H BRI PSD £k K RMS {8 s e [f]
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TR | 3 [ AR 1) & A A A B 1) 7S L T
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FEAESZI DN A SR X 45 R IR sh 4 14F T iR 2 14
IR 10 S 2 i AE 3 BRI 1) 7 1] L (4037
R A N AT A BT, d5 )5 7 B B R RE IR Y von
Mises b JJ.
4.2.1  #6ZR A EIIRD

e (] = A FE S BEA LR SR T, RS
FIRE OS5 S [ AU 9] 2B R, PSD fh
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TR LA SR, 45 P A 2 1) AR ) 9% 3 (A2
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ANy
f2
RMS = 4/ / Sa(f)df, (16)
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(b) —
A
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Fig. 9. Schematic diagram of coaxiality variation: (a) No relative displacement occurred; (b) axial relative displacement; (c) vertical

relative displacement; (d) lateral relative displacement.
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Fig. 10. PSD curve of displacement response under vertical excitation: (a) Vertical displacement of the room-temperature pipe;

(b) vertical displacement of the magnet assembly; (c) lateral displacement of the room-temperature pipe; (d) lateral displacement of

the magnet assembly.
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Fig. 11. Stress contour plot of the structure under vertical excitation: (a) Overall stress map; (b) tie rod stress map.
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Max: 56.113
49.878

43.644

37.409

31.175

24.941

18.706

12.472

6.2374

Min: 0.0030329

#£ 4 ERETE%E RMS B

Table 4. RMS value of the

vertical excitation.

reference point under

P RMS/mm

- T [ W
A 6.6403x10°7 2.6453x10°7
B 3.5306x10* 1.4341x104
C 9.3631x10°3 2.6659x10°
D 9.2138%x103 2.7688x107°
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RS % i AR 16 38l = | Ak A P ) A 1) 7

%5 BN 5% 4 RMS 1

Table 5. RMS value of the reference point under
lateral excitation.
RMS/mm
E =5
T 1] M i 5 7 i i
A 3.2767x10°8 2.6002x107
B 1.6866x10° 1.5255%x 104
C 5.591x10°6 2.0626x 102
D 8.5689x10°° 2.0528x1072
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E 1012}
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S~
(% 10-14 ¢
]Ei 10-15
= 10-16F
g 10-17 ¢
10-18 ¢
10 25 50 100 250 500

. #0220 RMS (HA3R 5 iy, i = a0
& 13 s, WGESR AT, 3o BASE FREMA 1F 4
SRR T T 2 L 7R e 2 19 2 1) e KA VS A AN B A
3.3825x 10 mm, [ f KAHXH S AT 6.1877 x
102 mm, K von Mises v 1 HH ILAEBR £F 4 hi AT
HRHB, {E8 58.388 MPa, ik TRRLF4E & AR
5 AR R
4.2.3 b F ik A58 LIRS

o] e LA S BEA LR SR T, ®EARA 1S
SR A0S S I ) AU a5 B e 1 PSD
AE 14 Fros. BT AR ARSI ELS 5
Tia) | B8 o] 4 2 A ABE 2 A Al Tt 1) A1 S0 e ) R
R 1] B 2 RS M 15 4748 /0N, 0 22 15 ) RMS (B 4N
% 6 Fry, N B 15 B, WGER AL 30
B BT AR A T 4 R X T TR A R ) 2 1)
T KARH B A BT 4.5146 103 mm, 5[] fx K
AR A T 1.1123%10 3 mm.

FERB G, ¥ BT 1 R G AW | )
AR 1) PR S ABE S A AR, HAE XN T IR Bl )
G5 289.76 Hz, 125.96 Hz F1125.15 Hz.

10~1F (b) ——C
—D
10-12f
10— 13

104§
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B 12 K R A2 PSD #h4:  (a) FIREEM AR ; (b) BERHFREM AR (c) FRER A, (d) WEARD 1 m A &
Fig. 12. PSD curve of displacement response under lateral excitation: (a) Vertical displacement of the room-temperature pipe;
(b) vertical displacement of the magnet assembly; (c) lateral displacement of the room-temperature pipe; (d) lateral displacement of

the magnet assembly.
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Fig. 13. Stress contour plot of the structure under lateral excitation: (a) Overall stress map; (b) tie rod stress map.
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Fig. 14. PSD curve of displacement response under axial excitation: (a) Vertical displacement of the room-temperature pipe;

(b) vertical displacement of the magnet assembly; (c) lateral displacement of the room-temperature pipe; (d) lateral displacement of

the magnet assembly.
F 6 BT S% 5 RMS (E
Table 6. RMS value of the reference point under
axial excitation.
RMS/mm
=
T [ M AR e W i

A 2.2112 x 10 6.2423 x 10
B 1.5126 x 1073 5.9453 x 10°
C 7.7399 x 10°° 2.9058 x 10*
D 1.4397 x 10° 3.7084 x 10*
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TR PSD . X — 3G 3B, 6%l [ 45 2 bt
I HAMER RN RS [ RS AT ZRe e, #EMTE A
ZE KR I EE = von Mises v 1M N . 3% [ 185 Rl
T, #K von Mises IV J7 H BLFE R £F AEFr AT R
B4 229.23 MPa, {5 T3 ] FRE 3050 T RO 1E, (H
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Fig. 15. Stress contour plot of the structure under axial excitation: (a) Overall stress map; (b) tie rod stress map.
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transport environments”
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Abstract

The spatial attitude and dynamic performance of the cold mass support system for superconducting
magnets are critical for engineering applications. This study aims to develop a design method for the spatial
attitude of tie rods through a series of theoretical derivations and simulations, enabling superconducting
magnets to possess a certain degree of dynamic environmental adaptability. This paper first constructs a
mathematical model of the three-dimensional cold mass support system under impact loads. Stress formulas for
the tie rod under vertical 5¢, axial 3g, and lateral 3g impact loads are derived. Based on this, a penalty term for
stress differences is introduced to construct the objective function, and the spatial inclination angle of the tie
rod is optimised. After determining the acute angle between the tie rod and the coordinate axis, the cold mass
support structure exhibits four different attitudes. In order to keep the natural frequency of the magnet away
from the main excitation frequency band of vehicle transportation, this study uses the finite element method to
perform modal analysis and proposes a method for posture design based on the principle of maximising the first-
order natural frequency. Finally, random vibration simulations are conducted for the vibration environment of
highway transportation. Reference points are established at both ends of the axis of the magnet body
components and the room-temperature tube axis. The displacement response power spectral density (PSD)
curves and root mean square values of the reference points during vibration are analysed. The conclusions of
this study are as follows. 1) When the acute angles «, 8, and 7 included between the tie rod and the vertical,
axial, and lateral directions are 31.22°, 68.50°, and 68.50°, respectively, the mechanical performance of the
three-dimensional cold mass support system reaches its optimal state. 2) When the tie rod is installed in the
spatial attitude configuration, the first-order natural frequency of the cold mass system is the highest, with a
value of 125.99 Hz. 3) During long-distance integrated vehicle transportation, the maximum values of the
vertical and lateral displacements of the magnet assembly axis relative to the room-temperature tube axis are
both less than 0.1 mm. The maximum stress locations are both at the root of the carbon fibre tie rod, far below
the strength limit of carbon fibre composite materials, indicating that the superconducting magnet possesses a
certain degree of dynamic environmental adaptability. These analysis results provide theoretical guidance and
data support for the structural safety and stability of this type of superconducting magnet during long-distance
integrated vehicle transportation.

Keywords: superconducting magnet, cold mass support system, spatial attitude, random vibration
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