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Abstract  [Background] Accelerator-driven subcritical systems (ADS) are among the most promising options for
next-generation nuclear power systems. Various radionuclides are produced during the process of protons

bombarding the target in the ADS, and the cross-sections of various long-lived radionuclides have not been accurately
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measured. These long-lived nuclides are related to ADS radioactive waste treatment, therefore, accurate evaluation of
long-lived radionuclides generated in ADS spallation targets is a key topic in applied research. [Purpose] This study
aims to determinate production cross-sections of ™Pb(p, x)*"Bi and ™Pb(p, x)'**Hg reactions according to
measurement data, and compare them with existing experimental and theoretical results. [Methods] The proton
activation method was employed to effectively estimate the cross section of long-lived nuclides produced by the
interaction between protons and spallation target materials. Four proton-irradiated natural lead samples were
irradiated with protons at energies of 40 MeV, 70 MeV, 100 MeV, and 400 MeV for 90 min, 75 min, 40 min, and
25 min, respectively. After cooling for approximately 20 a, the samples were measured using an ultralow background
gamma spectrometer GeTHU in the China Jinping Underground Laboratory (CJPL), and the GeTHU detection
efficiency was calculated using the Simulation and Analysis for Germanium Experiments (SAGE) simulation
framework. Combined with the irradiation parameters of the samples, the total production cross-sections of the two
nuclides were calculated using a cross-section calculation formula. Experimental results are evaluated and compared
with those of existing studies. [Results] The production cross-sections of ™Pb(p,x)*”’Bi reaction in the natural lead
samples irradiated by protons with four different energies (40 MeV, 70 MeV, 100 MeV and 400 MeV) are calculated
as (40.70+3.59) mb, (19.31+1.43) mb, (13.15+0.96) mb, and (2.90+0.22) mb, respectively. The calculated production
cross-section of "Pb(p,x)'*Hg reaction in the natural lead sample irradiated by protons with an energy of 400 MeV is
(57.07+£7.83) mb. Based on the same samples, the measurement results of cross-section remain consistent within the
error range. The cross-sections of ™Pb(p, x)*’Bi are closer to TENDL’ s evaluated cross-sections. The cross-section
of ™Pb(p, x)"*'Hg is consistent with the theoretical expectation of INCL++/ABLA. In addition, different sources that
contribute to the total uncertainty of both reactions are explained in detail. [Conclusions] The production cross-
sections of ™Pb(p,x)*"Bi and ™Pb(p,x)"**Hg reactions measured herein were calculated independently and showed
good agreement with existing results. These results demonstrate that GeTHU is capable of measuring low-activity
and long-lived radionuclides in the CJPL. Finally, the results of this study also provide the latest experimental
evidence for the evaluation of radioactive waste in ADS.
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Table 1 Chemical impurity of irradiated samples

s LR AR5 2R itk 2R itk
1 1 1 1 1 Chemical Proportion Chemical Proportion
R=A4,, |+ - T s (3) impurity /% impurity /%
/IHg Aru e — ettt T Ny -
Na <0.000 006  Ni 0.000 009

b4, 8 " He 1741 ™ Au 1936 5 5 4, 9 ™ Hg 1) Mg 0.000005  Cu <0.000 02
AR E A9 " Au I EEA AL Al 0.00002  Zn <0.000 006

R F Ay, < Aper B AT Y 2T A3 Si 0.000 01 Ag <0.000 01
ik, BB, 4 8 A ()3 BEARL, 4O P Hg 13728 5 4 Ca 0.000 1 Sn <0.000 02
1. I, fEIEALZ 5, X F"Pb (p, x)*"Bi #1™Pb Cr 0.000 02 Sb <0.000 02
(o) ™Hg BIFR A, TR () A K E R Mo <0.000003 B <0.000 10
A, Fe 0.000 2
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Table 2 Parameters of irradiated samples

EAR S T REE i i R (1] S5 T
Name Energy of proton/MeV ~ Mass/mg  Time of radiation / min ~ Average flux of proton / 10" p-(cm’:s)™
"Pb40 38.0+1.0 207.6 90 1.39+0.12
"“Pb70 68.9+0.8 194.1 75 0.84+0.06
"“Pb100 99.3+0.8 201.0 40 1.43+0.10
"“Pb400 400=+2 243.5 25 6.78+0.50
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Fig.2 Full gamma-spectra of "Pb100, ™Pb70 and "Pb40
samples measured by GeTHU vs. background spectrum of
GeTHU (color online)
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Table 3 Peak energy of nuclides of interest in samples
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Halflife/a  Energy/keV Intensity / %

*Bi 31.55 569.7 97.74

1 063.66 74.5

1770.24 6.87
"Hg("Au) 447 293.54 10.4

328.45 61

1468.91 6.4

2 043.67 3.6

Count Rate /s™

1] 500 1000 1500 2 000 2500
Energy / keV

3 {E™Pb400 K itk th CUUNH IR
Fig.3 Full gamma-spectrum of "™Pb400 sample with
identified nuclides marked

7 “Pb400 A% it [ y Ml & 1%, *7Bi o] LA H H
B R y S Ze e, U He Tl AR T
KAy SR 52 A0, 7E5Z2 5] 100 MeV .
70 MeV F1 40 MeV Jii 7 H 4 [1)™Pb100. "“Pb70
FN™Pb40 K b 1A y W B 15, H T30 0 R y S 247
1, Toik iRl Horh g A7 AR MHg. HX T X e hs
TS 2B R AR y S R AR AR B AR TR
.
14 RV

GeTHU 1) JL fi %5 &4 3@ ik SAGE™ Al Geant4
11.0.1%"1% 57, SAGE & F T HPGe #R I 35 SZ 56 11
SRR P IMELE , £F CIPL A FH A 22 R ) 28 45
A 2L 7E SAGE HEZE N il B , Geantd I 2 R P A% 1 #F
5% 1 > (Conseil Européen pour la Recherche
Nucléaire , CERN) & (138 F Sé 5 = 2 B T 2 A,
F T A A0URE - 7£ 40 53 A 1A B AR A AR iz i
FE. GeTHU H [ i o2 B Al GeTHU HJ HPGe #R I
PREE I E A FE S s . B4 IR T EREHL
HHER N A5 ) 25 R N S RE i Z TR AL B R R, 7R 15 4
(R 7E R R A B B TR B8 PR IR s ke i -, 72
B 4 B4 B b R BT 250 S 2R b B AR SR
TR 40 mm = FEAL . BT BIRFIIAE S I 7R 1K
MANFEIRIAL B AT 7B, B 2 RS TR 2 1

090501-4



PURSREE N

T GeTHU Il 51 52 "™Pb(p,x)™"Bi 1™ Pb(p,x)'**Hg ] 5 o 4 T

J& A4 ) B Pb400. ™ Pb 100 ™Pb70. " Pb40 £ i 1]
RS H.

Pb Sample

Ge Crystal

Cold Finger

—Al Case—

Vacuum

4 BRI S B 5 R IR A

Fig.4 Detector structure and relative position to the sample

SAGE FEHUHE S DL 1) J L AR A 5 UG B 4
it 7 RIGE M 0. #E SAGEJson S (SAGE #54UHE
DRI N ST ) rh B0 B L PRI 25 AT it 1R L AR 2 4
A IS TR T A% R 2R A 5 8 e, {E ] SAGE
AU, T 25 0 il rh RO R A% 21 A ARFALE v S5 2 AR R 2%
R NSRBI G, B OB RRL T Ry
5x10°, BRI ) GE THBK % /N T 2%

R A S5 R DU B AR AR

ShiShield -‘_\__

Cu Shield —___

PE Shield —___ __—Sample

_— Detector

El5  GeTHU J LA 5oLk i 1]

Fig.5 Cross-section view of GeTHU in Geant4
I e TR B ARV R R 5 A, RS TE
HhOx N 4 RE U FR) 4 B N R AU DR 7

i F SAGE i 1 3% 72 A6 40 485 3 73 3 % *7Bi
A Hg P A% R BEAT 1R, SR e = 50 7
ATFERRE Al N o SRR B M AR BZTT 4G
KA SR R B CAE I8 1y SH QUK &
HISCW . 545 5E v 3 4 B AR EE L 78 1245 50
PRANEGRCEUE T IEMBIRRT &
1B EAb, o it o B AN T 2 T 7 A R 5 I A A
WA EEAT T PRl R X — R AR TR A
HE R

AT S5 73 HIBNH T A 2 AR A U A A
0 mm 140 mm /& BN BRI R .

_ A
e=y (5)
R4 0 mm 5 EALRRBERNR R
Table 4 Detection efficiency at 0 mm height
% B EE- il PRI R CRALIZTHED A0 AN e FESF AN 2
Nuclide Sample Energy of gamma-ray  Detection efficiency Absolute Relative uncertainty
/ keV (counts per decay) uncertainty /%
*Bi "Pb40 569.66 6.30x107 2.8x10° 4.4
1063.6 2.78x107 1.2x10° 4.3
"“Pb70 569.66 6.32x107 2.8x10° 4.4
1 063.6 2.78x107 1.2x10° 4.3
"“Pb100 569.66 6.32x107° 2.8x10° 4.4
1 063.6 2.78x107 1.2x107 4.3
"“Pb400 569.66 6.28x107 2.8x10° 4.5
1063.6 2.76x107° 1.2x10° 43
“Hg("Au)  ™Pb400 293.61 7.63x107° 1.8x10™* 2.3
328.52 5.58x107 2.5x10° 4.5
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Table S Detection efficiency at 40 mm height

% FE b - i IR AR THED A AN E FEX AN E P
Nuclide Sample Energy of gamma-ray Detection efficiency Absolute Relative uncertainty
/ keV (counts per decay) uncertainty /%
Bi "Pb40 569.66 1.58x107 5.1x10* 32
1063.6 7.40x107 2.3x10™" 3.1
"“Pb70 569.66 1.58x107° 4.7x10™ 3.0
1063.6 7.38x107° 2.4x10™ 33
"“Pb100 569.66 1.59x107° 5.2x10* 33
1063.6 7.38x107° 2.1x10™ 2.8
"Pb400 569.66 1.59x107° 5.0x107* 3.1
1063.6 7.36x107° 1.7x10°* 2.3
"Hg("Au) ™Pb400 293.61 2.76x107° 1.0x10™* 3.6
328.52 1.51x107 4.7x10 3.1

4.\ (4,)
s %145 o
A A, W BRI E IR 4, N R
AN E FE s A, BRI 8 R AN 8 5 A,
SNEFZ 28 B AN 8 B < A, 9% 3R 5 BB AN 0
AN AT AN 7€ FEE 5 A, R o8 % B AN
iff o B

2 GRS

2.1 ™Pb(p,x)"Bi B & M & @

{5 FH 8 BN 569.7 keV (97.75%) 1 1 063.7 keV
(74.5%) W) v ¥ £& , X ™Pb400. “Pb100. ™Pb70
F1™Pb40 ¥ St & 3% op 12 Bi #EAT THlE . £ 6

I TARYE R O THE B " Bi A% =6 B

FF "B 3T P AR AN A o AR R 4L 45 IR, AR
PO E T AR TR T ™Pb(p, x)™Bi [f] )
M. VAR IAET.

oA 1 35 1 S5 45 UYL Geantd (INCLA+/
ABLA) B iHHE 45 R UL LT BE &K T 200 MeV |
TENDL-2019 % A1 TENDL-2021 J ¥ #% [ 1 41 45
ROERTAERSGBMSERETTHE, K6
B

2.2 "Ph(p,x)""Hg B & N & @

1 FH BE B N 328.5 keV (62.8%) Al 293.5 keV
(10.9%) [ y 5 £& , X} Pb400 f W & i (1) *“Hg
(AW HEAT TIE . W1§1.3 Frik , 7 “Pb100.™Pb70
FIPb40 £ & I & S, R R I Hg (AW =
AFLE. R 8HHIH TRHE X Qi “Hg
BERIGE.

BT Hg CMAw) 137 LRI T A S AR 4L &5
RPN OHE T ARG 7 HET™Pb(p,x)
“Hg [ S AT . THELEE I 9,

F6 BIZRHIEE
Table 6 Activity of *’Bi nuclide

¥ Sample TGP Activity / Bq

0 mm {5 /% 0 mm height 40 mm 15 /% 40 mm height J{H Average value
"“Pb40 0.889 + 0.028 0.864 +0.020 0.872+0.016
"“Pb70 0.196 + 0.006 0.193 + 0.005 0.194 + 0.004
"“Pb100 0.125+0.004 0.123 +0.003 0.124 +0.003
"“Pb400 0.100 + 0.003 0.096 + 0.003 0.098 + 0.002
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Table 7 Cross-sections of “Pb(p,x)*"Bi

TR (D+AD) (R+AR) )
Energy of /10" cm™ s /107" s™ / mb
proton / MeV
38.0+1.0 1.39+0.12 5.66+0.11 40.70 £ 3.59
68.9+0.8 0.84 £0.06 1.62 £0.03 19.31+1.43
99.3+0.8 1.43+£0.10 1.88 £0.04 13.15+0.96
400 £ 2 6.78 £0.50 1.97£0.04 2.90+0.22
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Fig.6 Calculated cross-sections of "Pb(p,x)*’'Bi reaction in
this research (red) vs. the results of other authors (blue), the
evaluated cross sections from TENDL-2019 (magenta) and
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Table 8 "“Hg nuclide activity
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40 mm height Average value

Sample 0 mm =3
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"Pb400 0.200 + 0.008 0.194 £ 0.006 0.196 + 0.005
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Fig.7 Calculated cross-sections of "Pb(p,x)"*Hg reaction in
this research (red) vs. the results of other authors (blue), the
evaluated cross sections from TENDL-2019 (magenta) and
TENDL-2021 (green), and simulated data by Geant4 (gray)
(color online)
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<9 "Pb(p,x)"'Hg B & N &
Table 9 Cross-sections of "'Pb(p,x)*Hg

J# Tt % Energy of proton / MeV (@ +A®) /10" cm™- 5™ (R£AR) /107 57! (0£Ag) / mb
400 + 2 6.78 £ 0.50 38.70 + 4.47 57.07+7.83
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F11 ™Pb(p,x)" Heg BE T HE EAIAR
Table 11 Uncertainty composition of results
for "“‘Pb(p,x)"*Hg
e Ao, Ao, Ao, Ao,
Energy of / mb / mb / mb / mb
proton / MeV
400 £ 2 1.39 6.45 421 7.83

=10 "™Pb(p,x)""Bi EE 1~ EEBIE MK

Table 10 Uncertainty composition of results

for "Pb(p,x)*"Bi

JRTREE Ao, Ao, Ao, Ao,
Energy of / mb / mb / mb / mb
proton / MeV

380+ 1.0 0.76 0.03 3.51 3.59
68.9+0.8 0.40 0.01 1.38 1.43
99.3+0.8 0.29 0.01 0.92 0.96
400 +2 0.06 0.002 0.21 0.22
3 45

1§ F} GeTHU & 1k A i v % 4 /£ CJPL Wl &
T ™Pb400-™Pb100."Pb70 Al “Pb40 4 45 F % i K

=12

SRATRE IO RE TS , BT A R i 1 BE TS I & 23 Sl 7E P AN
AL E AT SRR ZRACIRE 0 mm 5 5 AR FIHR I 23K
W IE _F 540 mm = B AL . i SRR D R E B
SAGE H [ 3 AR RS ASE 30 1T 530068 IO 1 A% 2 4R
M3k 2, ama y 3 43 A7 v 5 Pb400. ™ Pb100. ™ Pb70
FTPb40 £ b B AZ RIS E . 7E 4 F A RE
5T (40 MeV.70 MeV. 100 MeV F1 400 MeV) %
N, RARETEE T Pb (p, x)™"Bi J2 N A s 77 A % i
43 5 9 (40.70+3.59) mb. (19.31+1.43) mb. (13.15+
0.96) mb F1(2.90+0.22) mb. 7E 400 MeV & & [ i
T T, RIREHE T =Pb(p,x) "*Hg B f 5= A
1M N (57.07+7.83) mb, £ 100 MeV fE & LK iR
T & RARESE R4 B35 1 “He P WME 5 K.

AT HEAT 5236 R0 43 B 2 B, 4 ] CIPL (48
TRASJE y B A% GeTHU, 0] RLERI AN L 51 B o 3% B
BARRI K ar iz R, Fuh SO B A% 2 10 RO A T
T A SIS S B g5 5L, w] U “Pb 5 = RE T
SN fe 4 A Hg 1 %28 N AE 100 MeV i T
NG BE BUR (1) 5 S A THT /N 1 24 AR 25 1 2R U
B4y s L) BRIE fE B 1T RE R 100 MeV .

"“Pb(p,x)"*Hg & E T E B FI2H K

Table 12 Uncertainty composition of activity for “'Pb(p,x)"‘Hg

i T FAIE v £k Characteristic y-ray
Sample  Distance of detection 293.55 keV 328.47 keV

/mm SN/ % e (stat) /% Je (syst) /% ON/% e (stat.) /% e (syst.)/ %
"Pb400 0 6.0 1.5 1.8 1.3 1.3 4.3

40 6.1 1.6 3.0 1.8 1.3 2.8

=13 "Ph(p,x)""Bi jEE A E BRI
Table 13 Uncertainty composition of activity for “Pb(p,x)*"'Bi

Fdh TP FF{EST 28 Characteristic y-ray
Sample Distance of detection 569.70 keV 1 063.66 keV

/mm SN/ % Se (stat.) /% OS¢ (syst)/% ON/% Se (stat.) /%  Je (syst.) / %
"Pb40 0 0.5 0.2 44 0.8 0.5 4.3

40 0.8 0.4 32 1.2 0.7 3.0
"Pb70 0 1.2 0.2 44 1.8 0.5 4.3

40 1.7 0.4 2.9 2.5 0.7 32
"Pb100 0 1.5 0.2 4.4 2.2 0.5 43

40 2.0 0.4 33 3.1 0.7 2.7
"“Pb400 0 1.7 0.2 4.5 2.6 0.5 43

40 2.4 0.4 3.1 3.6 0.7 2.2
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BAIM B ZH, B EEAFTRHE, XFETHR;
HIER RIS, XHFEETER; ¥ Ak s, XFHE
Tk B X U548 5, X FF I SRR ; Titarenko Yu E 17
T XEN RN SERITEFE, KBARE
BB EARBRAM B X FHF, T ;Pavlov K V.,
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