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Influence of bound nuclear effects on thermal neutron activation

Guo Zhiming',  Hao Jianhong', = Zhang Fang’,  Zhao Qiang’,  Fan Jieqing',  Dong Zhiwei’
(1. Electronic Science and Technology, North China Electric Power University, Beijing 102206, China;
2. Beijing Institute of Applied Physics and Computational Mathematics, Beijing 100094, China)

Abstract: In a surface nuclear leakage scenario, radiation neutrons undergo multiple scatterings with atomic
nuclei in the material, rapidly reducing their energy to the thermal neutron range (a few eV). The activation of thermal
neutrons significantly impacts the nuclear reaction process. In solid and liquid materials, nuclei typically exist in
bound states, differing from free nuclei in gaseous form regarding their interaction with matter. To accurately assess
nuclear radiation effects, we investigated the impact of bound-nucleus effects on thermal neutron activation. Using the
Monte Carlo method for particle transport simulation, we developed an air-ground interface model based on surface
nuclear radiation scenarios. We modeled neutron beam interactions with soil, seawater, and concrete, focusing on
thermal neutron activation reactions. By incorporating bound-nucleus effects through adjusted reaction cross-sections,
we calculated and compared changes in secondary gamma flux before and after considering these effects. The results
show that accounting for bound-nucleus effects enhances thermal neutron activation in solid and liquid media, thereby
increasing surface secondary gamma field intensity. Due to factors such as elemental composition and particle
shielding, the maximum increases in secondary gamma flux were 18%, 8%, and 11% for the three media, with varying
patterns of flux increase over detection distances.
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Fig. 1 Neutron capture cross-section of oxygen and silicon
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Fig. 2 Comparison of y-flux between the truncated group and the control group
[ 2 KT 2H 5 % R A oy 3 X L
15 2(a) @YX BRES IR AT LU, FEXHIRRE AT iR 2 J5, b 3R A0 7 2 BN TR e i A IR 4% y T e 1
2~ 3 DB A BEAR, R T 4 5 6 BT y 7 A i Y LU AE 2 I 7E 18] 2(0) 7T DAAS 1 A A% B 0y 7 2R 1 y ZE T A
y A L, A REH 0.2% T 4.5% AGE L HIX S5 R AL, (ny) ROV AR TS A B AR T4 R A 1Y
WGy, 328 KT HA 4% BN AR Y y R o AR YA T T S 6 150 1T AR v 35 A S A R DT R I Y

066002-3



wmoOoW e 5 K TR

WGy 5@ 570 o5 AR, P P b 305 A B4 52 0 DR300 1 IE AR AT A B S R e A B o A A
B ISE Ay 7 AR /N T B 136 A, X R ADL T A48 SR B R e a] DL 220 R T, LA IE T G y AR S R AL
IV M A SRR P58 B PP B B B 25 B o

2 EBIEN

R T A M T A% T R 3 S b S S e R R R SR A R X A R T AR U Gy S 1 5 K
JO7, AR 1 5E Rl 58 4 1 B T S g S AR s HL Y R A IR R 2 R R R A 5 IR A B A I i, A
7 AW 000 4t 2 AN () 7 5 1 0% Ak = IR )y A o
2.1 HABFHSE®T

SRR IR — R A TG AR A BUE A s, AR A BE AL A7, 38 o ALK i R T 7 28 (R AS [R) A
T I 932 3h B2 T O (Rl W ek 2 S ) 3o 8 v R A A A% R, A B R o (L S 96 PO BRI, K e T 25 SR T
P AE N ) R0 e o T AR T2 52 05 R 2 T ARADURE 1 lf 3 Ao 10 B 2 8, b R T i T R A A R R
)i 328 BE S LA R B3R T — Bl JRE A A 07 A SN AR IR RS L MR AT . AR ) e TR G A TR A% ) Sy AR
HE— 2 R B RE L 7 I SRS . FEOR TR BRI R R T, B T R AR AR, TR AK
o ORI DL A BT 08 43 1 RGE Bl S A R i, TR SRR B R R T R B b O e T R, —
PR RS T A SRR A I FRT A A A, AR SCRIF 9 118 SR A% 280 S I 3 e DA 5 19 T A B0 A AR 3 46y %o
[P Y A5 A SO0 ) B TS B AR %o o A el R 7 2 B — R B I, 3 R R %) AR A B T S L VS MR
) P2 T R A% SRR SR SR AR AR A S b BB i A B LA sE ), HI BE KR eV BB R 7
SEMASR N o AR S Tk AE A ADURE F8E S R v R 0 SO A ARk ) R R R b O AT DL 5 LA SR AR LN, AT R 5 R A
BN 0 A R A S
22 H=iRE

T b AZ R I SR 5 A 2 REE AR SCRR A% IR S B 3 S 0 R (RS 23 b S T TR A o0 =R MR
P IREE T R LG TR K R . T RS T2 R Y Y S H R LA R, I e AL S AR
HRAE 7 55 1 AN 6] 2 50K T )23 4t 2 20y T 81 8 Sl AN ] PR sk, AASEADUAN [ A it s 6 599 1 5%

DA e MR 5% 537 5 R B, Rl 68 25 S0 M8 A T A 30 M A O SR B, HL 3D R AN ] 3 TR, A R 2 B
FeAk, Bz oy s, A K RIS R

BEALHY 2D e YT HL B AN 14 4 Fir 7, SRR 43Sk 23 ACHR 43 R RS8R 4, A DL 2 b Dy s 24 43 31 100,
200, 300, -+ 1000 m {4 [i].Cx [B A [ 167 3047 7K P-4 R0 43, P ol FH S S 1 9 0 % 238 SR+ S0 A T 3 B A7 )28

A
4

100 m
75 m
kourcg S0m
40 m
30 m
20 m
10 m
0m
ot
. . 14 cm
CJair mm soil
Fig.3 Three-dimensional geometric model of surface Fig. 4 Vertical cross-sectional diagram of surface nuclear
nuclear radiation scene radiation scene model
3 RS 5 3D JLA A A B4 SR AZ R 5 b e A5 80 e 1) T s R

A SHE AL 2 2% B S5 3 55 Tl G 1 S ASC AU r N 00 B %) A2 i G 45 0 A8 TS AL S T T R, s AR R e
BEE R 100 m, 58 SR B AE RS IE B S0mAb . W 4 Fis, 25 SR ANt ) B3 B4R 72, HEE] 50 m
FEERE 10 m 20— )2, 50 m 3 100 m VX550 A W02, U8 LA _E 556 50 A i iz 2 AR R T 04 B ) O TRE R 8 10 As ]
RIKOF 43 R S A L R 0 H R A B B X SOR M, D R A B A B ),
AT R TIEAS F0 et i v A A 08 1 7 480, 4 R BT 5 1 T S

T HER A EE S I, BIREES R 7 om, IKBER T A T EEREA R, AIRZE AR y 5

066002-4



WES, 5. WA e T E AL IR 5

B T AL SA BRI EE B ik, BT LIRS B 2 3 i 5L G -
2.3 iERYIEE

A EBRE TR PR, VR D T ARG R R A TG A RN, LA R 3 B A% I Ak B
B e, 5 LRGSR i A B B T 1 e SR, AN TR T R ) AR RO AR PO, AR R R 45 1)
(] e A T PR Y

T8 (Y e 35 FH A JF Littleboy 1 BE 3G, 4n1&l 5 frz, a0 21 17 MeV BE 38 [l 9 P 7, g & yE Bl HLARAE
P AR, BBAE R I Al R R A R R I BE T, VRS I B 3 ) Y R S TR S
24 HMFHK

2 P E v YR 2% ] [l DL K 37 s B TRRE X T 2z il e e PR, R R PR R DX 3 Ay 1Y
B KT, F PR AR 1 I s B UR 5 K TR B, 38 G B K R, AR S0 BISRI0 AE ) 0 A5 2R A i
T, RRREAR W 38 22 o SR PN A0 245 4 LA R A 88 1 61 6 s, G v 0 S 0 R R 3R 1) e 4R, R AR IX 5
HYER A2, AR DA b0 26 55 5 i 22 (8] (8 7K 7 FE S, o A 44000 B At 40 T (B0 1 22 42, AT AR R 4 0 A0 1) & ko 728
T AR AT A v 2 e T 110 50

10]6

]0]4 L
5 10"
2 L
3
=
1o} -
=
=
=

10%

105 1 1 1 1

0 5 10 15 20
energy/MeV Fig. 6 Schematic diagram of the top view structure (left)
Fig. 5 Neutron source energy spectrum and cross-section (right) of the annular detector
s aE S I8 6 PRINERRTILES HY (42) B Mainn (F) 7m &

TG, Shy W I BN s 6 4 398 v 2 S R B Uk G y AR OB BRTE 44 I IX a0 T M T, BR R0 B A BN
1.5 m, TIMAB 42 r 8 K 1 m, 3B IE1E R 4518 50, 100, 150, -++. 500 m 5 10 AR FR W #5255 i 3T )

I iU DASESTiR g

3 AEFR IR AL X H I 5E B A B2 0

MR A% 4R 56 1 e A AN [, A1 K A2 b R T L 200 BRI 23 RO R - T = R AR S o A, IE R A
B MK TRBE R R R0 fh R A7 AR AR KON S R B, BTN R RS2 s R 22 R R L I
25 RN T, LB IR A0 J5 IR Py R 0 25 57, TP IR R X — 25 S B IR I BE 25 i A8 (b G &R o
31 *iE

e - R AT R AL R T IRy R 1 LETEMA
SRR, s R R & U S B AR S — 1 P T Table 1 Element composition of soil
A4, DA% 8 o a2 a0 A8 &, 43 5 W i vk & y 7 element mass fraction atomic fraction
Hb e A A Y A, K T U A SR AT LR LA, S AE H 0.023834 0316843
o TR AZ A8 R A I AR B A 5 0 0.598899 0.501587

H TR A B 1 G, RS T LA, £ Al 0.080446 0039952
i HOAR T I T 2O HL O A Si, X 94 5l HL,O A SiO,, St 0296821 0.141618

FI AR S b 6 AR T, 2 sk T o ) J5i 4 SRS A 00

Vel 7 g S 755 2% JE AR AT A 250 IO 5 W) A A7 L M R Uy BT S L, PR R AR T PR S BROT 1 R
PRHEAT BTSN, 21 €0 il 22 00 3 2o B 45 AR RE b 7 X H,0 Al Si0, Y AVEISH BCTET, ZE 75 ARl 51T A% 0
FORZ IR o WL 2% il 22 AT A B, AR TR SRR A 1 el A% B0 TR AL B AR R, 5 ) A SRS WL i, A [ e 2 ) 45

066002-5



weOoW s 5 Ol TR

PR A0 B Uy B B A, R e

Tl i5 18%, Z(H A M 1.2x10" cm 2, 7’; 107 —o— free atomic nucleus: g?:
LT LA 250, 7 AR LT, L S et {016
A TRy SR EE AR, M T AR FROE R RS 0v) e
VA 14 1 H Joxo®

T e 2 SR HE R AR B B R AR R S| {008 §
y TR KR (B, 4 IR PRI y TR R B 1oos
DUREAR I B AR 7 Bt e, WUAKR B, ZE 050 200m = {002
AT, BAEBE B ROREN, y K S o 18% Pl 0%, i o
&I 200 m J&, FE A S o 092 Ee >, IRy B distance from source projection/m
e T e 2 35 1L, KK SR o i B L B Fig. 7 Comparison of secondary y-ray dose rates
i, 5K 200 m 5 K 55 5k 32 T B 5 4800 T 1 at the Barth’s surface
B 7 MR IR Yy T A
3.2 gk

et 3.0 MBS, 7P A IR OL T, B ISR AT AN B R R e — RE FE I B SRR Gy 9 TE
i, AN ST s T K R TR A M R A i B 3 S A, WL TR A A A KA B X R T A Ry
GIRZLUE ARV

IR TC A AN 2 PR, o5 AR B TC 3 0 HOF O, TEAEUTTH A h 25| A HyO BYREEAZ AL .

P 8 Sy Ji 15 7% L8 SR A A% 5L 52 ) 1P o A7 0 9 TET Gy A AR L, WP 2 i 2T DU B, B IR AR
W J5, y BT G K, R TR 8% A4, ALY R 1.8x10" em 2., ML T HHE, WK T E M P O JRF Al b
PRI/, Si TS AR DO B BOR AT R D, O H s B o5 Fg 22, (5 8 A7, T H R R RE R T
FFARBE 15 O F Si AH LSS, it ATE 8 IR 28 AR08 2 5 o e e 22 9 H T 38 6 B AR R & y 35K A0 BTk S T /),
SR T 5T R AN X A R R R R /N T e S

®2 BAKTEMN

0.20
Table 2 Element composition of sea water TE —o— free atomic nucleus
5 10+ —o— bound nucleus
element mass fraction atomic fraction %; growthrate ofy - 30.15
= Q
H 0.107974 0.661583 g g
2108} 1010 5
¢ 0.858 766 0331501 £ B
S &
Na 0.010785 0.002897 z =
2 10.05
Mg 0.001284 0.000326 8 10" ¢ E
g
S 0.000906 0.000174 > 0
cl 0.019471 0.003392 100 200 300 400 500
distance from source projection/m
K 0.000399 0.000 064
Fig. 8 Comparison of secondary y-ray dose rates at the sea surface
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