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Radiation shielding design and residual radioactivity assessment for the beam dump at XiPAF
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Abstract  [Background] The Xi an 200 MeV proton application facility (XiPAF) is planned for upgrade and
transformation into a versatile experimental facility for both proton and heavy-ion applications, requiring
comprehensive radiation protection design for operational safety. [Purpose] This study aims to develop a radiation-
safe beam dump design ensuring compliance with operational dose limits during operation and minimizing post-
irradiation residual doses. [Methods] Firstly, the neutron yield characteristics of different target materials were
analyzed using FLUKA Monte Carlo simulations to determine the optimal core material with low neutron production.
Then, a composite structure beam dump was designed with polyethylene as the target core material, iron as the main
shielding material, and borated polyethylene as the outer shielding layer. Finally, shielding performance was
quantified via ambient dose equivalent rate mapping at critical locations, and residual dose decay kinetics were
modeled for three operational scenarios: 1-h, 1-d, and 1-w continuous irradiation at maximum beam intensity of 1.3x
10" protons per second. [Results] The computational results show that the maximum ambient dose equivalent rates at
the rear and transverse sides of the beam dump are 4.2 mSv-h™" and 3.2 mSv-h™ respectively, both below the design
limit of 5.5 mSv-h™. Compared to traditional graphite core, polyethylene demonstrates approximately 75% lower

upstream dose while maintaining equivalent downstream shielding performance. Analysis of residual dose under the
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three operational scenarios shows consistent decay patterns, with all cases reaching the dose constraint of 2.5 uSv-h™

after 2~3 h cooling time. [Conclusions] The polyethylene-core composite beam dump design provides effective

radiation protection for the XiPAF facility upgrade, with significantly reduced neutron backscattering compared to

conventional graphite targets. The residual radioactivity analysis indicates that facility access can be safely permitted

within 2~3 h after beam shutdown for all typical operational scenarios. These results provide practical reference for

radiation protection design of beam dumps at similar intermediate-energy proton accelerator facilities.

Key words Beam dump, Radiation shielding, Radioactivity, Monte-Carlo simulation
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Table 1 Projected range data of protons at different energies in various materials
ity SRR RE AR 1 5T 4 2 Projected range data of protons in various materials / mm
Proton energy / MeV %27 4% Polyethylene £7 % Graphite 43 Aluminum %% Iron il Copper £t Lead
10 1.18 0.683 0.623 0.257 0.242 0.298
30 8.66 4.92 433 1.72 1.60 1.83
50 21.9 12.4 10.8 4.23 3.91 4.34
70 40.2 22.7 19.6 7.65 7.06 7.70
100 76.3 429 36.8 14.3 13.2 14.1
200 258 145 123 47.2 43.3 45.5
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Table 2 Lateral straggling data of protons at different energies in various materials

R R ASTRIRA A R J5R 14 1] U6 25 Lateral straggling data of protons in various materials / mm

Proton energy / MeV 52 7 #% Polyethylene 7% Graphite %% Aluminum %% Iron 41 Copper Yt Lead
10 0.028 0.018 9 0.026 8 0.016 2 0.016 5 0.037 1
30 0.195 0.128 0.173 0.099 6 0.098 9 0.200
50 0.482 0.315 0.417 0.236 0.233 0.452
70 0.872 0.567 0.743 0.417 0.41 0.778
100 1.62 1.05 1.37 0.761 0.745 1.38
200 5.24 3.37 4.32 2.38 2.32 4.17

VE R ORI 3 :0.94 grem ™. 2.00 grem ™1 2.70 grem ™. 7.87 g:em ™. 8.96 g-'em ™\ 11.35 g-em”
Notes: The densities of polyethylene, graphite, aluminum, iron, copper, and lead are 0.94 g-cm™, 2.00 g:em™, 2.70 g-cm™,

7.87 g'em™, 8.96 grem™, and 11.35 g-em™, respectively
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Table 3 Total neutron yield of different materials bombarded by 30 MeV protons

HU R A HHIE Data calculated in this study CHR[13]12 % 54 Ref. [13] data
Target B P2 EE P PR P R FAE EE FEER
material Thickness Radius Density  Yield " Yield ? Yield ¥ Thickness Radius Density  Yield

/ mm /mm  /gem®  /np’ /np” /np” / mm /mm  /gem®  /np’
VEE:& 4.92 0.128 2.00 9.59x10*  1.09x107°  1.09x107° 9 10 1.70 1.14x107°
Graphite
(2 1.72 0.0996 7.87 1.15x107%  1.54x1072  1.54x107 3 10 7.86 9.90x107*
Iron
] 1.6 0.0989 8.96 1.24x107  1.69x107  1.69x107 3 10 8.93 1.21x107
Copper
iy 1.83 0.2 11.35 1.44x107  2.55x107  2.55x107 3 10 11.34 1.73x107
Lead

T AR A AR % L) T BRI RE B I 220N 1 MeV 1 keV. 1 eV
Notes: The threshold neutron energies for yield ”, yield 2, and yield ¥ are 1 MeV, 1 keV, and 1 eV, respectively
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Fig.4 Cross-sectional view of beam dump 3D model (a) and main dimensions (b)
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Fig.5 Calculated ambient dose equivalent rates in the dump
for prompt radiation (color online)
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Fig.7 Ambient dose equivalent rate distributions for different core materials (color online)
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Table 4 Activity of main radionuclides produced in the dump core under three operational scenarios

WO R T i—1h (—1d 1w

Radionuclide  Half-life T A A T A
Activity/ Bq  Proportion /%  Activity / Bq  Proportion/ %  Activity / Bq Proportion / %

*H 123y 1.04x10° 0.000 2.50x10* 0.010 1.75x10° 0.063

Be 53.1d 1.19x10° 0.053 2.85%10° 1.097 1.92x107 6.948

""C 20.4 min 2.24x10° 99.927 2.57x10° 98.876 2.57x10° 92.972

"N 10.0 min 4.35x10* 0.019 4.48%10* 0.017 4.48x10* 0.016
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