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Structure Analysis and Optimization of Vacuum Pump Station of Horizontal
Test Platform of Superconducting Acceleration Cryomodule

ZHAO Fan, LI Han', WEI Wei, YUE Tai, LI Jingguo, SUN Xingzhong
(Institute of Advanced Light Source Facilities, Shenzhen 518107, China)

Abstract In this paper, the beam vacuum pump station of the horizontal test platform of superconducting
acceleration cryomodule is taken as the research object, structural simulation analysis and multi-objective
optimization design are conducted to meet its requirements for safety and lightweight. Firstly, based on statics
simulation and sub-model technology, the strength and stiffness of the vacuum pump station are analyzed and an
optimization scheme is proposed. Subsequently, the test sample space is obtained through the central composite
design (CCD) method and parametric simulation, and the response surface analysis is conducted through the Kriging
surrogate model. Finally, the multi-objective genetic algorithm (MOGA) is adopted to obtain the Pareto optimal
solution, and the preferred scheme is simulated and verified. The results show that the maximum equivalent stress of
the optimized vacuum pump station is 76.116 MPa, the maximum deformation is 0.47151 mm, and the mass of the
pump station only increased by 0.25% compared with that before optimization. The optimization results meet the
design requirements of multi-objective optimization, which proves the feasibility of the said multi-objective
optimization method. This research can provide references for the design and optimization of vacuum chambers in
the field of accelerators.

Keywords Superconducting accelerator, Finite element analysis, Sub-model technology, Response sur-

face method, Multi-objective optimization
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Fig. 1 Preliminary design scheme of vacuum pump station
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Tab. 1 Simulation results of the preliminary design scheme of

the vacuum pump station under different cell sizes

No.1 No.2 No.3 No.4 No.5

BIER S /mm 4 2 1 0.5 0.25
R 1637624 1692993 1924772 3264196 11755203
TR 1112864 1138110 1271233 2158660 8175127
FHHOTIRE 078186 078414  0.78860 0.80897  0.83513
5B B]/min 13 13.5 15.5 29 136
HBORNJIfE/MPa 93757 10473 11143 117.79  120.18
RIVEEE/mm 085738 0.87733  0.88498 0.88563  0.88562
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G: preliminary design scheme
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Fig.2 Equivalent stress cloud map for the preliminary design

scheme of vacuum pump station

G: preliminary design scheme
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Fig.3 Deformation cloud map for the preliminary design

scheme of vacuum pump station
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Tab.2 Simulation results of sub-model technology under two

cell sizes
No.1 No.2
HIER S /mm 0.5 0.25
TR 1248902 9080791
T 837719 6411980
P BT 0.84894 0.85413
FHEA T ] /min 0.7 12
RN S 1{E/MPa 117.26 120.28
C: sub-model

equivalent stress
type: equivalent (von-Mises) stress
unit: MPa
time:1
2025/5/30 17:25
120.280 max
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93.623
80.297
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26.990
13.664
0.33703 min
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Fig. 4 The local stress distribution solving by the sub-model
technology
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Fig. 5 The vacuum pump station with welding reinforced plate
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Fig. 6 Deformation cloud map of vacuum pump station with

reinforced plate
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Fig. 7 Equivalent stress cloud map of the reinforced plate
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Tab. 3 The sample points of central composite design and rele-

vant simulation results

o) P, P, P, Onmax Omax M

/mm /mm /mm /MPa /mm /kg
1 30.000  30.000 3.0000  79.982  0.46157 10.048
2 20.000  30.000 3.0000 104.328 0.53531 10.035
3 40.000 30.000 3.0000  74.534  0.41613  10.062
4 30.000 20.000 3.0000 86.759  0.51349  10.035
5 30.000 40.000 3.0000  85.108  0.42981 10.062
6 30.000 30.000 2.0000 81.227  0.48295 10.036
7 30.000  30.000 4.0000  77.705  0.44330 10.061
8 24.054 24.054 24054 89.950  0.53736  10.029
9 35.946 24.054 24054 85965 0.47551 10.040
10 24.054 35946 24054 97923  0.49533  10.040
11 35.946 35946 24054  73.361 042044 10.055
12 24.054 24.054 3.5946  87.143  0.51217 10.039
13 35946 24.054 3.5946  80.505  0.45077 10.054
14 24.054 35946 3.5946 94738  0.47183 10.054
15 35.946 35946 3.5946  70.501  0.39946 10.077
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Tab. 4 Goodness of fit results for Kriging model
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Fig. 8 Normalized fitted curve of response surface model
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Fig. 10 Maximum equivalent stress response surface (a) maximum equivalent stress with P; and P,; (b) maximum equivalent stress

with P, and P3
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Fig. 11 Maximum deformation response surface (a) maximum deformation with P; and P»; (b) maximum deformation with P, and P3
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Fig. 12 Mass response surface (a) mass with P and P,; (b) mass with P, and P3
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Tab.5 Multi-objective genetic algorithm parameters setting

e HfH
OG5 14400
IR REA R 3000
ESAVEN 3 600
BRI RIEE 2 1/% 70
KA T 43 L% 5
FIEAUER 20
f ik 3
70 F
— maximum allowable pareto percentage=70%
60 pareto percentage
50 | —convergence stabilit percentage=2%
& - stability percentage
40
5 30t
5)
=20+ R
10 .
Y TR ——— e

2 3 4 5 6 7 8 9
number of iterations
K13 MOGA fiAbSRIE WSl 2 &
Fig. 13 Convergence diagram of multi-objective genetic algo-

rithm
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Tab. 6 Candidate combination of optimization results

P, P, P, o e M
/mm /mm /mm /MPa /mm /kg
BEERT 32221 28909 2.0034 80.000 0.47526 10.037
BEEERI 2 32411 28759  2.0049 79.994 0.47494  10.037
fERI3 32799  28.503  2.0023  79.978 0.47424  10.037

3.5 RUFARGERIE

T B B R i i E ) R AL B T S AT
Frb, b T AR A0 15 B8 5 B9 DI Ak T S S AR Py = 4
BRI TF R 120 B o DAl Jm A L2 S v
FASHE 2 TRl e b i Al DX B4 B ) 2= 16 73 Sl An s 14
15 Jr7R, ARG BB S RO B4 218 T3 7.
455 0 ELAE SRR Lo A, b )E B 2Rk i A R

RES 2 T 0 GE : B RN J1FEAIKZ 76.116 MPa,
R KABTE /N2 0.47151 mm, B AGTHT 53 3 REAR
T 32.59% F1 33.34%, A1 53R TF T L5401 42 44k 5 [+
I, 25 3l BN T 0.25%, W T R AL
ZOR . RASS SRR, 255 TS B ER iK%
BEF . W S 1 48 AT MOGA %5119 22 H AR AL 7
2, T DG SRR AR R BRI S B G 58
M e S iRl 2 8] 0P, A RUR T T B R
PRI ZEAPERE, 13X A I 25 SR B 1R 15 1
SR TAE SR T 56 (0 BRI AR .

I: optimization scheme
total deformation
type: total deformation
unit: mm
time:1
2025/6/6 16:25

0.47151 max
0.41912
0.36673
0.31434
0.26195
0.20956
0.15717
0.10478
0.05239

0 min

K14 AT REIEIE 218

Fig. 14 Deformation cloud map of optimization scheme

J: sub-model
equivalent stress
type: equivalent (von-Mises) stress
unit: MPa
time:1
2025/6/6 22:19
76.116 max

FI15 AT SR AR AR AL 550 ) =
Fig. 15 Equivalent stress cloud map of the reinforced plate in

optimization scheme
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Tab.7 Comparison of simulation results before and after opti-

mization
A Pesbri efbfs
Py/mm 15 33
P> /mm 15 29
P3/mm 1 2
O max/MPa 112.92 76.116
Omax/mm 0.70736 0.47151
M/kg 10.013 10.038
4 ZEig

ARSCHE T 127 5 LA T B RLEOR, X LA 5
s BT R BEAT O H A A AL T % . S dk
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