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Abstract: The objective of radiation shielding design for nuclear reactors is to minimize external
radiation doses (ALARA principle) by selecting appropriate shielding materials and structures to meet
safety requirements for personnel. Furthermore, given the extensive use of nuclear energy in various
sectors, shielding design must strike a balance between safety standards and considerations of
compactness and lightweight design, as seen in marine nuclear power, land-based nuclear power
sources, and space reactors. Thus, radiation shielding design for nuclear reactors poses a typical multi-
objective combinatorial optimization challenge, involving various design objectives and parameters,
including radiation dose rate, volume, weight, and more. Traditional multi-objective optimization

methods for radiation shielding suffer from limitations such as a restricted number of optimization
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objectives, a limited set of optimization parameters, and suboptimal global optimization, rendering them
inadequate for intelligent radiation shielding design. This paper introduced two multi-objective
evolutionary algorithms, utilizing a non-dominated sorting genetic algorithm (NSGA-II) based on
reference point selection and a multi-objective artificial bee colony (MOABC) algorithm based on
crowding distance selection. These algorithms were employed to conduct optimization studies for
reactor shielding layer weight, volume, and specific region radiation dose. The algorithms’ performance
was evaluated on a simple three-dimensional shielding structure, and practical engineering tests were
performed on complex shielding structures. In the initial set of tests, the numerical results demonstrate
that the proposed methods outperform traditional optimization methods, as evidenced by superior hyper
volume indicators and excellent performance in terms of average objective values for weight and
volume dimensions under varying mutation probabilities. For complex models, the lightest optimized
solution is selected for presentation. After MOABC optimization, the solution demonstrates reductions
of 4.01% in volume, 75.28% in weight, 5.25% in lateral dose rate, and 44.18% in top dose rate. In the
case of NSGA-1II, these reductions are 6.12% in volume, 77.80% in weight, 9.59% in lateral dose rate,
and 41.98% in top dose rate. In practical engineering applications, the best-suited scheme can be chosen
based on specific requirements. In summary, the proposed method effectively addresses the challenges
of multi-objective optimization in radiation shielding design. For novel nuclear facilities with limited
design experience, these methods hold significant promise for guiding radiation protection design
decisions during the conceptual design phase and providing supplementary data.
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Fig. 1 Schematic diagram of fast non-dominated sorting
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Fig. 2 Multi-objective optimization flowchart for radiation shielding
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Table 2 Detailed parameter of shielding design scheme
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JUZ4U/em PR JUaZ%/em MR JU 24 /em MR
RI1(JEHE) 28.7 B-Steel 40.0 Pb-B-PE 26.2 Pb-B-PE
R2(JEFE) 25.8 Pb-B-PE 18.8 H,0 70.3 Pb-B-PE
R3(JEEEE) 354 W-Ni-Fe 25.6 H,0 34.6 B,C
RA(JEHE) 322 Pb-B-PE 36.7 H,0 17.4 H,0
R5(J2JE) 36.9 W-Ni-Fe 40.0 H,0 22.0 H,0
RO(EEEE) 21.8 W-Ni-Fe 40.0 B-PE 21.5 Pb-B-PE
RT(JEEE) 50.0 Pb-B-PE 20.0 H,0 38.0 B-PE
RS(JZJE) 66.8 H,0 33.8 W-Ni-Fe 49.2 Pb-B-PE
UL(JEEE) 34.1 W-Ni-Fe 80.0 W-Ni-Fe 72.4 W-Ni-Fe
U2(J5EE) 58.0 H,0 20.0 H,0 59.1 H,0
U3(FiEE) 46.4 Air 20.0 Air 15.9 Air




5634

XIRE A A 25T 2 B ARt AL 53k 1) B 3 4 53 B DG AR 07 1 ot 5

1269

®3 R ARERERRALLES

Table 3 Objective value and optimization rate of shielding design scheme

TR i AR 77 Tl i =
e wiES Ak etk HfE/ xta HE/ itk
Bl/em? Bft/108g
L Bil/% Hel/% (rem-h™") H /% (10"'rem-h™") L Bl/%
X% 1.01x10° 9.11 9.90 9.95
MOABC 9.67x107 4.01 2.25 75.28 9.38 5.25 5.55 44.18
NSGA-II 9.46x107 6.12 2.09 77.80 8.95 9.59 5.90 41.98
F4 R ARMBEASRESH
Table 4 Material composition mass fraction of shielding design scheme
" MR M5 IR 20 WEE
BT &
Ww(B,C)/% W(PE)/% w(Pb)/% w(B,C)/% W(PE)/% WW)/% Ww(Ni)/% w(Fe)/%
PO ES 80.30 19.70 53.17 2.34 44.49 98.66 0.94 0.40
MOABC 12.79 87.21 90.00 0.50 9.50 90.00 7.00 3.00
NSGA-III 59.82 40.18 68.56 1.57 29.87 90.53 6.63 2.84
x5 BHETARESRIER
Table 5 Dose rate for each section of shielding design scheme
MOABC NSGA-1II
Xl oy e HTFREhE ot P HTFRE
R/ R/ R/ HEHR/ R/ R/
(cm2s7™) (em2s7) (MeV/(cm?'s)) (cm™2s7™") (cm2s7™) (MeV/(cm?-s))
s1 1.18x10? 7.74x107 3.39x10° 1.40x10° 8.19x102 1.37%10°
52 7.31x10' 4.88x10? 1.07x10° 7.07%10° 5.04x102 7.09%10°
s3 5.50x10" 3.97x102 9.33x10° 5.29x107 421102 6.35x10°
S4 4.31x10! 3.13x10? 7.37x10° 4.01x10? 3.11x10? 5.15x10°
S5 3.63x10! 2.78x10? 5.32x10° 3.22x10? 2.96x10? 4.04x10°
S6 3.34x10! 2.30x10? 3.83x10° 5.59x10° 2.14x10? 3.67x10°
S7 3.29x10° 2.45x10? 3.18x10° 3.29x10° 1.57x10? 3.52x10°
S8 5.05x10! 1.57x10? 1.47x10° 1.32x10! 1.95x10? 1.09x10°
AV A ~ p— —1 N STy
4 it B, A 5 B B D R

T ) T R A% BE 5 % sh 0 e /N R L R ARk
R, A SCIR T 3T NSGA-T il MOABC &
20 ER T B 2 B AR T v, AT AORS i 3R AR
TN, Reth, el RE. B
Se, AR SCHE A B = G BRI R T R AR T
PEREEAR 56 IE, B50(E 45 5 2 AR SCHE R 1 7 iy
AR A AE AR T 1Ak M RE I U6 T NSGA-TT .
R, 7252 2= TR LA AL DR AR v, A SCHE s 1 O
I REARAF AR T b R 4% HARE Y AR 15
W4, 25 FRITR, AR Ok et A AU 7E 48
S5F I3 W5 A0 1 S R A Y R I R O R
Xof Tl TR BT 20 56 1 B AL A% R S A h 0

A TR R A E AR R E X
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