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Abstract  [Background] Boron Neutron Capture Therapy (BNCT) is an effective targeted radiotherapy technique,
but real-time monitoring of boron dose distribution during treatment remains a critical challenge. The strong neutron-
gamma mixed radiation field in BNCT creates a high-background environment, significantly limiting the practical
application of BNCT-SPECT systems based on detecting 478 keV prompt gamma rays from the '’B(n,o)’Li reaction.
[Purpose] This study aims to develop an efficient simulation approach that quantitatively analyzes the signal and
background contributions to the pulse height spectrum (PHS) of BNCT-SPECT detectors, thereby improving
computational efficiency and accuracy. [Methods] A Monte Carlo-based Benchmark geometry model of the BNCT-
SPECT system was firstly established, including a simplified head phantom, tumor, collimator, detector, shielding
structure, and treatment room. Then, four different gamma ray sources contributing to the detector’ s 478 keV energy
channel were identified based on their physical generation processes: 478 keV gamma rays from '"B(n, a))’Li
reactions, 2.223 MeV gamma rays from 'H(n,y)’D reactions, prompt gamma rays from neutron capture in detector
materials, and stray gamma rays from neutron capture in other materials. Finally, a stepwise calculation method was
developed to generate intermediate source terms for each contribution using variance reduction techniques, and the
PHS for each source was calculated separately and then superimposed to obtain the total spectrum. [Results]
Simulation results show that the total count rate in the 478 keV energy window is 6.83 s™ (Counts per Second, CPS),
with 53% (3.63 s™') originating from the ""B(n,a)’Li reaction, including 29% (2.01 s™") from tumor tissue and 24%
(1.62 s7') from normal brain tissue. The primary background contribution of 33% (2.28 s™') comes from Compton
scattering of 2.223 MeV gamma rays generated by the 'H(n, y)’D reaction, with approximately 71% of this
background penetrating through the collimator walls via oblique incidence. Neutron-induced gamma rays in detector
materials contribute 2% (0.12 s™'), while other stray gamma rays contribute 12% (0.8 s™"). The stepwise calculation
method reduces computational time from days to hours while maintaining comparable statistical accuracy, with the
478 keV energy channel count rates from direct calculation and stepwise calculation being 6.66 s and 6.83 s,
respectively. [Conclusions] The simulation calculation method for PHS for BNCT-SPECT detectors proposed in this
study can distinguish between signal and background sources, enables quantitative analysis of pulse height spectra
from different y sources, providing a reference for further practical applications.
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Fig.2 Monte Carlo neutron model for BNCT-SPECT detection system and treatment room (vertical cross-section) (color online)
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Fig.3 Diagram of Monte Carlo neutronics geometry model of
human head phantom (vertical cross-section)
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Table 1 Elemental composition of the head
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Atomic number Z Element Mass percentage of elements / %

1 H 10.7
6 C 14.5
7 N 22
8 (6] 71.2
11 Na 0.2
15 P 0.4
16 S 0.2
17 Cl 0.3
19 K 0.3
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Fig.4 Diagram of Monte Carlo neutronics geometry model of
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Fig.7 Spatial distribution of reaction rate per unit volume for 478 keV, 511 keV, and 2.223 MeV 1y rays inside the head (color online)
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Table 2 Total neutron flux and total reaction rates of "'B(n,a)’Li and 'H(n,y)’D in the tumor and surrounding tissue

HBAL Region hEEER “B(n,a)Li 'H(n,y)’D
Neutron flux 1 fi A4 Jsg 7 3¢ ISYFINES LR VRLN A IS ISy vES
/mem™s Reaction rate per unit ~ Total reaction rate ~ Reaction rate per unit ~ Total reaction rate /
volume /n-cm”s”! /n-s™ volume / n-cm™-s™ ns’
98 Tumor 1.51x10° 5.21x10° 7.36x10’ 2.00x10’ 2.82x10°
S UE H AL 2.84x10° 2.42x10° 1.01x10° 3.25%10° 1.36x10"

Normal brain tissue

P H R T X S I G, [ERERERZ,
2.223 MeV y 2RI SN 56 /2 478 keV y S 2k
VL2 R £ 12.8 4%, 31X S PR R Sk il 2H 23 b THL 1) = iR
B, H "B E BT

22 RMF[ES/AREOASEEEIUS T

ENGIRE S1-Y:0] U= R e VERE S

P8 A IR B 4 Folt y SRJFAE 4R I 2% Ak 7
PHS 45 R an & 8 flt 7w , K5 1~4 1) PHS 43 A N 4
ghfh PR N T2k . 4 R ORYE PHS 18N (40
28D 5E B RAE T PRI FSTE 0~3 000 keV fiE &7 Fl Y
) Ji v v T A AAE L VB (n s ) 'L SN2 AE 1 478 keV
REAE VG W T Lo AH LU SRV 1 05 B T 28, 478 keV
Vg (R L 2R 40 5 IR A LR AR, X 2 B2 T 2.223 MeV

2.2.1

v SR A R W E SRS B . B, 2.223 MeV
y S 2% 11 RS 012 5 7 RE VS Hh i B T, HLIE I R
AR Cn 1E HEL RO PR AR T 511 keV RRAE U 10—
N T 5 478 ke V T HEE

R33N T o P S IR &y RIRAE BRI
FRAL 478 keV RETE F BT S A B DTER A LG .
BARHTa0R < 1R B S il g AT IE 5 212 B I
g o 7 72 AR R 478 keV oy S 42 43 il o SR
29% H124% ; 2) S il H ST 5B T80 1) 2.223 MeV y
SRR o LU I 33%, A2 R B A SRYAR s 3D ERIM 28 H
B PR R Ry S ER TR o5 L AR BN A 2%
4) HoAl Z4 By B S TR 5 12%.

KT BNCT-SPECT A% Jis BE4UL 7 5 1) 5 4t M

£33 TREIYRIBERNZE 478 keV LB~ R FTARA N R &LE
Table 3 Contribution and proportion of different y ray sources to the 478 keV energy channel of the detector

SKUR Source #+ Regions T E
Counting rate Percentage / %

K 1 Source 1 Jiggd B W S R A R y S 2 2.01 29
y rays produced by the absorption of neutrons by B in tumors
S FLIE 5 22 OB MR ST 7 AR Ay S 2 1.62 24
y rays produced by the absorption of neutrons by '°B in normal brain tissue

U 2 Source 2 KA H RO T AR y T 4R 2.28 33
y rays produced by the absorption of neutrons by 'H in head

KIS 3 Source 3 ARIMAS AP 17 AR ) y 2R 0.12 2
vy rays produced by neutron absorption within the detector

K5 4 Source 4 SR AZ 3 EL A BRI AT S AR b T A Y y SR 0.8 12
v rays produced by neutron absorption in other cranial nuclides, collimators,
shielding and the treatment room

it Total JITH K Total 6.83 100
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Fig.8 Simulated detector PHS for different y ray sources in
the BNCT-SPECT system (color online)
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Fig.9 Simulated PHS at the detector in the BNCT-SPECT
system with and without shielding (color online)
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