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Abstract ; Boron neutron capture therapy(BNCT) is a binary therapy that Kkills cancer cells through the
reaction of neutrons with '°B which produces « and "Li heavy ions. Its dose components are complex,
including fast neutrons, thermal neutrons, a and "Li particles, and y-rays. The relative biological ef-
fectiveness of each component differs. Therefore, research on BNCT dose calculation methods holds
significant application value for the evaluation of clinical irradiation doses. This paper investigates the
dose calculation method based on the OpenMC Monte Carlo particle transport code and validates its
feasibility and effectiveness for BNCT dose calculations. An analytical geometric model of the Snyder
human head phantom was established. Neutron source term data, including neutron energy spectrum,
intensity, and angular distribution, were obtained using the proton-lithium reaction to provide source
term modeling for OpenMC. BNCT neutron doses were tallied using OpenMC’s mesh-based counting
and compared with those from the MCNPX and FLLUKA codes. Compared with the MCNPX simula-
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tion results, the particle flux error of the BNCT dose distribution calculated by the OpenMC code is

0.59%; compared with the FLUKA results, the particle flux error is 9. 18 %, and the maximum error

of the boron dose is 2. 30%. Despite differences in simulation parameter settings and data post-pro-
cessing relative to MCNPX and FLUKA, OpenMC proves to be feasible and effective for BNCT dose

calculations. It can provide a reliable software tool for accurate dose calculation in future BNCT treat-

ment planning systems and for the optimization of treatment strategies.

Key words: OpenMC; boron neutron capture therapy(BNCT) ; dose calculation; Monte Carlo

WP F{%$3697 (boron neutron capture thera-
py, BNCD il d 75" B RN ™ o Li BE B
TR —oiT k. Sl WTEE AN
G S S T A 4 rh, o+ BRGT,
KB, ) Lis I 72 A o BRI LKL F, X
sk 7 BLA B L RELR %5 B (lincar energy transfer,
LED) . & AHXT A 5806 (relative biological effective-
ness, RBE) 118 , 7] AZEXT IE 5 28U /Mo %
IR T B AT B P s BB R 20, %+
TETRCST 450355 1) 2 A A 3, 5 % [ o e
BNCT By#IF5E. anse [ H A SE B ot 3 5 22 10 i
PRI TFA R AP IR M B A =2 25 22 4
AR AR

BNCT iY77 e Z A iE i b 7. BT, SO
HEAE A 2 BNCT S (b 78, HEH
R N HEAE 226 JAS 5 AP A% 2 44 T 45
5 TR IR A A v X LA i Ry S A FH A 25478 e
D) 1B i R/ S FE = o G 1 (A N S
BCA BB RAF T (B A U8 SR A Li 5 Be
VA I 25 o R BT 5 28 0 S 9 A R (A0 5T
T A RS AR RO Li(p, n)'B
5" Be(p,n)’ B A ofi, Li BB SO B E 4K
K./ 1. 880 MeV, [fif Be #!°4 2. 057 MeV, 1£ Jfi
FRER BRI, "L i U .l AR
5T 2.5 MeV 5y hinis & o fdf P 2L 7 A ) v
FHEATRLE

72 BNCT {697 o 2 8 (s B2 £
JEAE) ZOCH 2 ANAYT RO A . T
b5 B B SO B g N RE A RE R, Boh
THA RGFHRITRCR . AU IR B
me RS R TR AL, DA A 5 RE
AT B AR LU T 555 10
SO S T URAR IR » A R B RS FE SR
TR0 E N PS4 P e dE U™ B BT LA A
T RE S R P TP S B R O

TRIT IR R G0 A A T R A5 bR
AT R, HAT X BNCT Byas7 iR R4

B4 35 E T & 9 NCTplan™™ Fl SERAM | H A Ky
JCDS™ &8, Horp i S& 1A Y7 TR R 45 (treat-
ment planning system, TPS) i #Z% .04, T
W5 RNk R 2 L R IGCR 52 R U R
BT R SR T 54 R % (Monte
Carlo, MC) J5 1 J& IMER LG W BF X5 42, LA
RGBS Jr 1 Ry B %) BB AL T 1 i
MC J5 it BNCT F) A3 e il A7 TR
H 55 6] PR A B T 27 e T 5 A s I 40 B 2H T A Y
OpenMC JEFFHR I 5245 RIS F2 7 B L b+
DT s

AT 5 RIE 758 OpenMC R 7, %
FH Snyder A& Sk £ AL EFT BNCT 195 & it
ALt 5 MCNPXU Y f1 FLUKAM2 i MC 2%
ATHESE R IEF TS L L BlE OpenMC £y BNCT
F TR AR P 08 ) A7 P A S50

(e LIy

L1 Snyder AMfKERREY

FURI 08 T A B ) ) B 15 i o )
A [ i AR, Snyder AARSKHR A A
BRI AR py 3 SR T AL s 43 ) SR A
TG KB Sk B 5 Sk B S ORI Z AL
ST Forh Sk -5 MY 73 FHRE = Bl B 1 em
(9 f Lo QAL 1 7R o AR SCOE IS 1 e
MY 5 BT, AER R rpL b A B T 2
3 e R BRRAALILL I R 2

14.6 cm

1 ZEEALRK Snyder LIPAEFTERRER



% T 3 £&.% 5T OpenMC # BNCT #) %3 L5172 953

Snyder SkFBRATII ARk 20N
(5" )2+( Y )2+(l)2:1 D)

7.3 10. 3 8.8

2 2 2
(55%) (%) +(55) -1 @
(5)+(3) +(55) =1 ®

LD K2 i FmR sk 55545
VRTINS 3 S S TN RS K = 7 TP
AN PO A TR X343 A2 T RSk
HFEAR LY, B R (o=1. 040 g/cm®) | fHiH (p=
1.610 g/cm®) Fisk e HZ (p=1. 090 g/em®) LA K
2 (p=1. 293X 10" g/em®) , Holi o) b Jot it
Hoh ICRU46 MY g5, L3 1 s,

1 AFELEHBHALATERENH %
5 G- e fii B N ke
1 H 0 5.0 10.7 10.0
6 C 0.01 21.2 14.5 20. 4
7 N 75.53 4.0 2.2 4.2
8 0 23.18  43.5 71.2 64.5
11 Na 0 0.1 0.2 0.2
12 Mg 0 0.2 0 0
15 0 8.1 0.4 0.1
16 S 0 0.3 0.2 0.2
17 cl 0 0 0.3 0.3
19 K 0 0 0.3 0.1
20 Ca .28 17.6 0 0

K OpenMC PN B RRLFITLAT & 250 18 ]
Python 1 5 4 5 AU . @7 Sk R AT 315
1.2 BEIEE

T MONPX B8 7 3150 25 v it 1 55 B
189 S » 8 A TR BT G e » AU IR 5
T BNCT SR 2R 1 RS . i e
TRETE WAL 2a F7R .

MIE 2a AT LU - DL
i HE 62, 1005 —i b A b 7 Y
B 37, 10 0. 9% . iyt AR A
B3k B2 LSk B R 25 1E 4L 4152 2 1 i
MR A5 o

i PR AE R AR B OpenMC T2 e H B4
Jiv WOIR IR o IR Y b e A L
THREE . SR BE RN A A R TR B E N E AR
5 em,J& 1 em KL 257 73 A 1 [B]AE TE 3 1 Y
o ffE MC e e AE AU T 58 I 0] DU p - 47 5%
RT3 A1 4 15 AT BE 4 B OpenMC

SN IFISURE o 5 Je e el e T AL
1% 4nE 2b Fros , Ferb g e S R5 8145 1) = 4l 6
7 18] i 2 SRR AL R

N
n

g
=)
:

—_
W
T

fﬂ

T T,

I /(108 em P s 7Y
=

e
n

107 10° 10° 10 107 102 10" 10° 10’
hrfig i /MeV
(a) D g g i

100700 7
(b) L IARE K385 TR A A

B2 HFEEEMRFERES S

1.3 H#EH*E

N T AT AR 7 Snyder B ) R
O, B — D PR S HG 03 em 2R AR 1
BRAA , FH T ASTADLI0G 350 e g X s, AT B A 5 K
AATE] . HRHE A KNI = Sl it 190 A4
mesh RIS o T TI0 5 A4 P Bl % B 722 A6 1) A
LBARE ARG K/ 1.2 em X 1. 2 em X 0. 2 em,
1t OpenMC Hffi i Settings. entropy- mesh J& 'k
AT E, W 3 Fim. TR BB 100 J7
AR 8

B3 tHmEShFRRIEE



ol ATET K 5 FARCH AR

49 %

L4 FEHE

F£ BNCT 675 ilgn) i  Bvrb 50 e
TR DL RO TR R AR AR LT B A
FIERYE . Horb A TR RE B (02 )™ A B 0]
IR 500 B Y 2N 5 32 28 DT RR RE R Y S 42 2 TR
U 550 H OV B G153 06 1l B2k
e R g

éOB—Fén»I

SR BIITE A A B B R /0N o AELRL A i o) A
- RSO TET =36 3. 480 X107 m”, i A A
R B AR H O A2 IR B X e R A
(7] -, 2 A% £ Moo 4 P 179 DG B R 2R

2) Bl Dy o b5 2B Fop
FZ 58" N(n,p) " C J = A H 68 1k
TR

3) Prp il Deo PRrp 5 B 48 R 2
[Fi) A% S g T 7 A Y B H () ' HL B R 2 3
PERURIE B B AAS G456 4 7 A 18 HoAt b 1
JI AR Y REE

4 TR D, JeTREFESH 2 AES
L —ER AT RGO FIE B, 2" N(n,
PN O 7O Cn ) CL Hn, ) H F
TR A 5 o — BB e PR GF BY R i, RO
HEFEAE IR AR Hh - A PR T A AE

K2 BNCT th e K i) 5 e Fh 2 3E 2o
A RO 0 AT B TR MG & A A 1
B T LA MC Jr ik BB Be BNCT #3588 &
BT

#£ OpenMC Hfifi BB UTFY E SR T4 B
b PRI 5 ZE AL R B 3R D, BR RE B B4 eV
SR R B AT oGy /min, FeAL AT

D =29.6X10"" X (E/m) (5

OpenMC i ] heating & it TR A B0
J& eV/source,1 eV=1.6X107" J,1 Gy=1 J/kg,

SR PG 55 58008 AH X A= 40 258007 371 o>k 1
BNCT 4 2 ) o 4 370 £ o He A A0 0 A= 9 3400z
RBE Fi4& & 4455 (combined biological effec-
tiveness, CBE) 5 & 5 Ff 28 F 21 2125 A AH OC,
RBE {HZ 2% 48 5 (i X 5540 1 W) & 5 7
Az AR A= 15205007 1D JEC Al 58 S5 905 P R R 22 L
ICH reees CBE {02 2% SE5G AR XS 6 F AR A
BNCT fy RBE X} i (9 77 & Lo {6 (Dot /D" ) 5 i

[$He(1. 78 MeV) +-{Li(1. 01 MeV) (6. 3%),
tHe(1. 47 MeV) -+ 7Li€0. 84 MeV) + y(0. 48 MeV) (93. 7%)

D #i55 Dy 8050 i B 5 E
TEMI OB & B(n, o7 Li i TR 35 R0, B
bR, A 93, 7Y RIS R 1. 47 MeV
()" He F1 0. 84 MeV [y Li, [A] B B ik A8 &= A
0. 48 MeVIIR LT3 73 A 6. 30 MR A: 1
1. 78 MeV{#*He F1 1. 01 MeV 97 Li, HAKR M
HARRRIT

€Y

N rese o
S AR AN [7) 57 1 2 RS R ) RBE CBE
{6 3k 2 gl
TENMAIE B LR bR L 2R B ) i i o)
Kz My 18 + 65, 1ty i 75] 0 75 AN ] 2 2 rp X6 7 114
CBE(EWA SR 1 1.3 2.5+ 3.8 Nl
FRAEN L B2 bR e CBE FUAR.

Fx2 LHEBPLRREFIEEBITR A RBE.CBE &

F IR TRBE T'CBE
57 (Dp) 1.3:2.5:3.8
b5 (Do) 3.2
Perh 5k (Do) 3.2
T RIE(Dy) 1.0

T8 OB M BTRE SRR I W LSRR s E
1. 8X 1075 6. 5X 1077,

BNCT Sy & it a A0
Dy = r(‘BEDB + TRIsEDth +
Preee Di + ”RBEyDy (6)

2 HRSE

PRS2 A b i s R i 2 E F
(beam shaping assembly, BSA) i A &b i p 1K
WS4 AN S B GF I RE SiHE+

H1 OpenMC T8 11 b -3 2 Bl B AR R 2 A8
fEi a5 MCNPX fil FLUKA 158 i 25 3 5
AR, XT3 AT RS R ILF
FHTE] 5 %5 T v F 2438 & OpenMC 11155 45 540
BT MCNPX, fie KR ZE7E 220 LA, T AH AT
FLUKA, i RiR 22290 11, 520 X F 7, 1%
BLZEAL,

OpenMC T35 1 v ¥ 3 5 Fifi 52 14 I8 52 1) 4
MnE 4 fs. Bl 4a Bl 4b Bl dc 535 s T
- R AR AR S Y38



% T 3 £&.% 5T OpenMC # BNCT #) %3 L5172 955

Aii s AT LA A P AER A IR BRI AF) 1 09X10" em? « 5713 OpenMC FYTHH4S

o B AR 5 MCNPX MHAFFE R & s 5 FLUKA # He, 78 52
T 6.0 cm i, OpenMC ()15 45 % /N T FLU-
. KALZE 6. 0 cm Ji5 W 52 5 bR He 776 38 iz b3
I I B R 35 2. 34 10° em 2« s 1 i AR
1.50 .7 NN R "
'y J5 TR B A B 3 AR T B4 L
120 5
g % —3
= 0.90 =
il
0.60 = 2.0
0.3022 1.8/ -
= ~ 1.6 OpenMC 1 i Ji it
-10.0 0 ~ 1.6 o
300 50 0 50 100 e MCNPX " B it
ylem =]
(a) Py
10.0F 1.40
7.5t
500 1.05 :w
2.5 'g
E 0.70 %
N =
—2.5 5
—5.0f 035 8 L
st Mo 0 4 6 8 10 12 14 16 18 20
: . £ PR /em
~10.0 0 (a) OpenMC L,lMCNPXVl'ﬁE’Jrr'T@%&Wﬁ%fi%(ﬁﬁ&{{
100 -50 0 50 100
ylem 20F
(b) #hrpp P + OpenMC 1 Sl
v FLUKA H -7 500 1
10.0 2.00 ~16; -
7.5 — o
50 1.50 7y, El2
2.5 'g o?,
£ o 1002 S os .
\N g [’@ L
-25 0.50 12 4
-5.0 2 g
0 P‘}_'
-75 - & 0
~10.0 é
2100 —50 0 50 100 i
yem =
() A=rh T i
=0 4 6 8 10 12 14 16 18 20

4 RPFRPFRPFEEENEES T

OpenMC, MCNPX, FLUKA 3 i MC ¥

BEARIE /em

(b) OpenMC 5 FLUKA VA1) vl i J it 2 B BEAA VR T AR Ak,

\ o e o _ 2.0 N
TR b i B RE R B A2 AR a8l 5 R . y — gpenﬂdg?;ﬁi;%i
N , - enMC ¢ 5
PN 5a FTLAR th: OpenMIC iSRRI = | - OpenMCAEH T
Nl = C — — > e <~‘l St J
H RN 129X 107 em 2 o s L HE ABUARS B g | -~ MCNPX#h il i
R RBEB T & AE KN 20 1.6 om Abik 3] ig = - MONPXh il it
B B o < 1ot — MCNPXg -yl
B, 8 1. 83X 10° em 2 » s ', Bfi J5 3% 3 0 205 Egj
OpenMC 5 MCNPX {3t 545 RABHAER = | RSN
pe = 12 Zh I £ / —— FLUKAH -1l
JEARH R IRORIRZEAE 2. 22107 KLY, WA 5b Bl ~ FLUKAR T Fill
AL L FER R 6.0 em . OpenMC T8 45
BNF FLUKALZE 6. 0 em G 2. MIE 5¢ 0 0 4 6 8 10 12 14 16 18 20
UKV /om

ATVt : OpenMC 3R Ry A+ 5 i+ Sl i
EFAFH A o DXBIAE il AR T 3.4 em &b,

(c) 3IFIMCFRTTHELI % 2 b 738 5 B R S A8k
B 5 AEMCEFIHENPFEEMRENTH



956

ATk K FIRCH KAF RO

%49 %

OpenMC 5 FLUKA 8 ) 4% 2 577 5 Fifi 5
BE B AL I 6 s .

MIE 6 FTLLF s OB AR AR 44
B AR EAN [ 790 S il R B AR AL s 223 AN Rl Y 2R
YL R PR K. BN, B U F B, 1
TEB AL ZE B P R AR A, T AE 2 44 3.0 em
b A £ 2 T 70 e BN e R K T AR
6.0 cm iR DX s A B0 R R R 2 AR Y
9 £, K FIE(E K 90. 23 cGy/min; IE{E 4L Open-
MC 5 FLUKA SR iR 2R 2. 300 B
Hh 3 S R AT, TR D, FE R X N Open-
MC T AR IR B /T FLUKA,,

100r
90F I —=—OpenMCHH 15l
g0k Y . OpenMC‘l‘}%f"l THE
&~ OpenMCHlIF &
701 B

%+ FLUKA#rh 7
% o FLUKAHUP T
1\ —— FLUKAMi5 &

75/ (cGy/min)
FNEET RN
233

[N
(=
T

e

—_
(=)
T

(=)
T

10 12 14 16 18 20
FAARVRE/ cm

B 6 OpenMC #1 FLUKA HHEHEEFEMEENTL
3 & 1

AICHET OpenMC 7 £ 4] Snyder A4 f#
e Sk TR 52 B i AR A8 70 M . 345 BNCT
R AR TR R 9 7 A ML O 5 MCONPX
FLUKA 27 fH B 4R 3847 7 He. il
AR PR, OpenMC 5458 5 MCNPX
FE SR RIRZEAAE 206 A T 5 FLUKA AH R
RN 11. 5% ; RBE,CBE 7 & 41 20k
ARO[ 22 A B JHG o i 79 2 0 {ELAE OpenMIC
FLUKA 1158 15 22 Ry 2. 304, B2 TR E (1 3860,
OpenMC T3 ARIFR] i Bk v i BE AT X AR 2 s ok
BEAERRERIEHOR SN AT BEAE T 05 BB RO B
ACPIAFAEE S . A TARBMAR ERAE T OpenMC 1R
o BNCT 5l AR e 0 T AT PR 5l
HARK K JE BNCT Jas 7 iRl R ki nl 2y
FRTTRRT .

(& * X Wkl

[1] Dorn R V. Boron neutron capture therapy (BNCT) ; a radia-

(2]

(3]

7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

tion oncology perspective ] . International Journal of Radi-
ation Oncology . Biology, Physics, 1994,28(5):1189-201.
TIAEA. Current status of neutron capture therapy: IAEA-
TECDOC-1223[R]. Vienna, Austria; IAEA,2001.
Bkue T E, Yangh J C. Accelerator-based epithermal neutron
sources for boron neutron capture therapy of brain tumors
[J7]. Journal of Neuro-Oncology,2003,62:19-31.
TIAEA. Advances in boron neutron capture therapy[ M. Vi-
enna, Austria: IAEA,2023.
A E. B FE3RAY7 (BNCT) B 524 R [ D], dt
50t E AR BTG - 2004 15-16.
Zamenhof R G, Clement S D, Harling O K, et al. Monte
Carlo based dosimetry and treatment planning for neutron
capture therapy of brain tumors[ J]. Neutron Beam Design,
Development, and Performance for Neutron Capture Thera-
py»1990,54.:283-305.
Nievaart V A,Daquino G G, Moss R L. Monte Carlo based
treatment planning systems for Boron neutron capture ther-
apy in Petten, the Netherlands[ J]. Journal of Physics: Con-
ference Series,2007,74.021012.
Kumada H, Yamamoto K, Matsumura A, et al. Development
of JCDS,a computational dosimetry system at JAEA for bo-
ron neutron capture therapy[ ] ]. Journal of Physics: Confer-
ence Series,2007,74:021010.
Romano P K, Forget B. The OpenMC Monte Carlo particle
transport code[ ] |. Annals of Nuclear Energy,2013,51:274-
281.
Romano P K, Horelik N E, Herman B R, et al. OpenMC: a
state-of-the-art Monte Carlo code for research and devel-
opment[ ] ]. Annals of Nuclear Energy,2015,82:90-97.
Waters L. S, MCNPX user’s manual, Version 2. 3. 0: LA-UR-
02-2607 [ R 1.
Laboratory, 2002,
Ferrari A, Sala P R, Fasso A, et al. FLUKA: a multi-particle
transport code[ J/OL]. Physics, Computer Science, 2005. ht-
tps: //api. semanticscholar. org/CorpusID; 57945376.
Goorley ] T,Kiger W S, Zamenhof R G. Reference dosime-

New Mexico; los Alamos National

try calculations for neutron capture therapy with compari-
son of analytical and voxel models[ J]. Medical Physics,
2002,29(2) :145-156.

ICRU. Photon, electron, proton and neutron interaction da-
ta for body tissues: ICRU Report46[ R]. Bethesda, MD; In-
ternation Commission on Radiation Units and Measure-
ment, 1992213,

Hsieh M, Liu Y, Mostafaei F,et al. A feasibility study of a
deuterium—deuterium neutron generator-based boron neu-
tron capture therapy system for treatment of brain tumors
[17. Medical Physics,2017,44(2) : 637-643.

GifEamiE  WIEHO



