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Feasibility Study Using GEANT4 Monte Carlo Simulations of a PET
Cyclotron-Based Neutron Source for Boron Neutron Capture Therapy
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This report presents the results of a feasibility study on a cyclotron-based neutron source for
boron neutron-capture therapy (BNCT). Neutron yields from a beryllium target bombarded by
a proton beam accelerated by a cyclotron were calculated using the GEANT4 simulation tool kit.
The calculations were performed with different proton energies and different target thicknesses to
find the changes in neutron spectra and yield at various angles. The main parameters for the design
of a target with a neutron reflector were determined based on the calculated results, and epithermal
neutron fluxes generated from the target were calculated. The epithermal neutron flux generated
by a proton beam with an energy lower than 20 MeV was not sufficient for BNCT. However the
flux generated by a 30 MeV, 500 pA proton beam was 1.03x10° n/cm?-s, which satisfies the flux
recommandation for a BNCT neutron source.
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Fig. 1. (Color online) The schematic diagram of thera-
peutic mechanism in BNCT [4].
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Table 1. Summary of Korean cyclotrons by energy and purpose (2014) [9)].

Operating agency Eenergy [MeV] Number of equipment Purpose
Regional center(CRC) 13 MeV 7 RI Production and Research
KIRAMS 30 MeV 1 RI production only
50 MeV 1 RI Production and Research
KAERI 30 MeV 1 Research
Sungkyunkwan University 9.13 MeV 2 Research
Industrial, Medical 7.5~18 MeV 31 Production of diagnostic medicine for PET

Total

Table 2. Referenced physics models for the simulation
[13].

Name Model Range

QGS Quark Gluon String Model > 20 GeV

BERT Bertini Cascade Model < 10 GeV
HP High Precision Neutron Model < 20 MeV
P G4Precompound model used for

de-excitation

nEg ARSI T QGSP(quark gluon string model)
BERT (bertini cascade model) = Y37}, S, n-53t
A, K-F10 @ se) Tolui A Aee ool Age
Erdo|H, HP(high precision neutron model) + 1!
A SR WA ol &35t A AU T4 +F
2 4ot O Agd Bemdold, Zate] Beny
o] &t ] HYE Table 20 WeFH AT [10,11].
GEANT4+= Geometry and Tracking 2] ¢Fzto|™ 1zp7}
=45 0 o HAsH=s A AeaE2 2H 17t
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YA T2 el 04SNz @ W
At EHF o= A ARGAF QI Fo] A, A1 748t 2 7
N =79 AFEo] BHZFEE N-QA5ETE (Monte
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(Fluktuierende kaskade code, FLUKA) 52| Bt 2H|7I&
2 3] wjato] 9.2 dlojelo] Y47} £7 % 7124
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8otz S (class) B2 o] FoA lrt [12,13].

Fig. 2. (Color online) Schematic of angular distribution
scoring volume for neutron yield.

| o o o 2o
=4 oA Wele) AHEYT B4 % BES 2E
71857) 719 BA AR G S AAE Ak
A 739, 7 QA o) Aok B4 2] FRe T
77} sl olof sk, HA-PHA HG FH2 AL
AY ARpPFSoh g REUAT} e EABDL
AgHEAo] FAA 482 Foltd festn A ET

Hld-go] Aetet 34 42 d#A ot 252 "Li(p,
n)"Be ¥H-5 02 FAAE HAAZ|H, F 2.5 MeV 9]
FZF o q A o] thsf] 2 RESTHHA S 7R B2 A 4]
97 Ao mREA2 A SHEY. I8y F Bl
SE=4Y Q Arrrt 242 181 °C, 85 W/m-K 241 ¢
7] f2of 7O §l FE=A ¥l §842 4 ot
T3 F7]ote] Atshek-g-Ado] A kg at Wlwto] sutk-gof
Olof AFr A (Tritium) 7+ A El= X2 <1 T o] &4
S} [14,15]. 1D E-S 4.0 MeV Q] EH o =] 9} 1287 °C
ol H=4, 201 W/m-K9| € Axg 5 Adoz st
of 2 AFoA=HEES ZHELRE Hgotot. FE7t
9] A4 2] = 10~30 MeV &) H2]of|A] 5 MeV 7t o=
AR, 10~20 MeV 9] ML= #ollHA], 25~30 MeV
Aol oy 2 EFstnh ®W9] 2742 0.2 mm 9

= WHE Zon, 5o £ Hgor Ao

=
o
TAAZEERE BA O AR AR AN, =, 2719



1322 New Physics: Sae Mulli, Vol. 67, No. 11, November 2017

(a) (b)
400 mm Target Holder --|-- T
- (Aluminum) I 40 om
Shield (Concrete) El Il
= Beam line 20 mm
==—=3_  Reflector (Graphite) s ----
. I N % Be Target ==="F
\ ) g (3mm, 6mm) -
\ T !
> P Cooling Water'
T 300 mm

Fig. 3. (Color online) Graphical views of target assembly: (a) the sectional view of target assembly and (b) the
structure and demension of target holder, (c) visualization of geometrical design of taget assembly by GEANTA4.
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Fig. 5. (Color online) Neutron yield with different incident proton energies and different target thickness: (a) 1 mm,
(b) 2 mm, (c) 3 mm, (d) 4 mm, (e) 5 mm, (f) 6 mm.

2.0 ——————r —— 5t T, AAF el = BNCT S ¥ ZEE Z15Hgth

Proton enerey, [19] Fig. 3= A9 B2 9] $H L9} GEANT4 ZE o

Lo L :;gﬁzx REg s @4 o, 22t E4 JEE Table 39]
l v 25 MeV efstint.

I11. Z3} 4 =9

— —

Deposited Energy (MeV/particle)

Fig. 4 WS AN WD S S8 ey
om, 2 AoA £33 GEANTS ALHA e} S5-9
5 1 FLUKA FEE o]-g5to] A4tet A5 oA AlA
Depth (mm) Stict [17]. e wlae] st Aol old ZES
Fig. 6. (Color online) Calculation of energy deposition to o8¢ At AR fAFotEE GEANT4 At te] 4]
the beryllium target for protons with different energies. gldo]l HEE ok e 4= 9l
Fig. 5= HldF® E24 9 F7= 1~6 mm, FFA2] o
10° 2HA 02 Artslg o, ZERE ALt A (scoring U1 AE 10~30 MeV HloflA Wl g 2A ] FA 2 A
volume) 2 + 2.5° ] W2 A|gt5tY}. Fig. 2= 242 Fg7Ee] A7t THE oA 7HA] %ol tiof] YA =
o] 4w B E A4slr] 913t S Holz) /7 2T ERS HolFaL Qlrt. AR A9t v 2|7t
FAL Azt olatelo] AW AfO|ZRER A A 10 MeVE W HEF B2 0] £/ Wsto] w2 FAA}
AwE #1510 7|516HA B4 (geometry) & AR AHEZL] AsA dgont, A P47 o]d A7} 30
o [17). b2 FAA AL ASAZ A WA MV A A A Flol et A S0 57}
(reflector) S AFESFA o0, HALA BH-e FAA A4 S DA Ak AEA SR QAR FEARY oA
Ao AL B 2T 4 UEE S (graphite) & F7H] W FAA DARE A5 AFol Yehto
ASSHALE (18 FAA R FAA HA THE Ak o], 53] AR Fofel ek HpA 2] $47
o] 7+ Q1 atuleo] tiste] A EE A EE R © °|+= Fig. 69 215 F5to] 4

o
T
=

o

e

o])l

_}‘_,

o
2

aw



1324 New Physics: Sae Mulli, Vol. 67, No. 11, November 2017
3.0x107 - 1.50x10° . ¢
_ @ RO —yiy 30510 e —oy
§ B é = — - 10 deg. - - -10deg.
2 25x107 | Szt ———————————————————-+-30deg| 2 asx10fp 00— 00— foon 30 deg
z E = --— 60 deg
2 20x107 2 1.00x10° ] £
3 =
= . £ : E
= 1.5x10° 7.50x10 = °
3 % X = 1.5x10
s . = 2
£ Loxio] T § 5.00x10 = 1ox10®
3 1 § E
VAT - 3 -
“osomot bR Z 250510 Z 5.0x10
"
00 it . . . . 0.00 T , \ . oo ; Sy . .
0 s 10 15 20 25 30 0 s 10 15 20 25 30 0 5 10 15 20 25 30
Neutron Energy (MeV) Neutron Energy (MeV) Neutron Energy (MeV)
5.0x10° ‘
=y ' —ode. TS v
E ---lodee| B ) - - -10deg
H M N D D D D e 30 deg S s p——
2 a0x10°* E]
a --— 60deg.| ==+ 60
= £ aox10*
3 3.0x10°F z
= = 3.0x10° B
2 5 ]
2 2.0x10° B 2 _H
H £ 20810 ¢
£ z 5
3 s 3 \
1.0x10° .
Zz 1o Z 1ox10* .
0.0 . L 0.0 L L e
0 5 10 15 20 25 30 0 5 10 13 20 25 30

Neutron Energy (MeV)

Neutron Energy (MeV)

Fig. 7. (Color online) Angular distribution of neutron spectra from target only: (a) 10 MeV, (b) 15 MeV, (c) 20 MeV,
(d) 25 MeV, (e) 30 MeV of incident proton energy, respectively.
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Fig. 8. (Color online) Angular distribution of neutron spectra from target assembly with reflector: (a) 10 MeV, (b)

15 MeV, (c) 20 MeV, (d) 25 MeV, (e) 30 MeV of incident proton energy, respectively.
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Fig. 9. (Color online) Comparison of angular distribution
of neutron yields: (a) target only , (b) target assembly
with reflector.
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Fig. 10. (Color online) Epithermal neutron flux of target

assembly estimated by GEANT4 (red line : Requirement
of epithermal neutron flux for BNCT).
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0 > o QlaiA Aol Fa) W & FHA2 mAHAT
XMMZ] AMELEEET KIRAMS-13-& Farsto] JIXF
7] Aol S 2EE2 RFT-305 3alsto]
1775 500 pA R okt [21,22]. o4& 11
2 TAEA 9] A9} Zo] 10x10° n/em?-s ©]™, Z12f
A A o2 FAISHTE 10~20 MeV Afo] 22
o] g3t FAAF & BNCT F4# A9 @] 7]
] o]—Di 1401-0].1] oro 7-] o7 Lla-g_q. IAEA
Hy o] 2™ 5x10% n/em?.s9] 1S4 A&
|27} 758 A w2 A} A 7Fo] AojA= ATE utE
6]. 25 MeV 500 uA Ao 2 2E RS o]8gk FAI7t
A2 5.97x10% n/em? s 2 o] 24 BNCT F442t
2 A 7Hs AT, Sl A 2417F oAb A2
RFHEE o] AA] F4A HYoR B gL
TerEh ¥, 30 MeV 500 pA Al EFREZS
A2 &2 1.03x10° n/em?-s24] BNCT #I1LE
= 2EFHA G2 glstadet. sk, ok
Q1 BNCT A38& floi &= "AF7E500 pA BTk
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BNCT & 344 Ee F4AA0IY SJAAE ©]
sk Z1ETA A=) AE S5S 5 e A=Y
o =AM APTHE G2 FAA ARAL FHHE

2 9

> o &
O e Ry 19 oE oo

PET Ato] 22 EE 7|5te] ok gzt Hlat v
Sot= BH ISR Ake AR A9-E A S, A
ARt T2 Aol A st A4S H7Fste] BNCT
| T2 AYo 2] 7HsAd-E& Hrtotgith. GEANTY
o] g3t ZHIZIER A4t A e oJstH o] A
FE9] PET Ate] 22 EE| idot= 10~20 MeV At
O|ZRERO R JAEAC|A K13 BNCT FA44F A%
A x| ool T A&S TAAZ & e, 30
MeV, 500 puA 3 AtO]E2EZA = 1.03x10° n/cm?s
o] NHF47 Aol st E 2 BNCT 44 Aoz
AEE = 9l2S Beletdnt. a3y o] A A&
g Afo]FRER ] X o2 249 of Ty E =
A&olBR A& g 7HEAR] o] b Adoll A7}
dhAsh = 9lon g BNCT $A4A4 Age= 2as17] 9
A= 7HE5olEA] 30 MeV, WAF 500 pA ©]/Fe] A
F Al EFREEO] Hasitta maEh o] A= FF
7}457] 718k BNCT 582 A AA Al 714571 44 <]
Fuzzz &89 5 g Aot FauE vt
BNCT A&E 9%t 10 mA & HHF Afe]FR2EZ oY
AJ7tE7)9) o] T8 AF2A FHEI 9ot [23).
EQF, B Ao AFRH GEANT4 FE=9] M)A Aot
FLUKAE ©|-83%F & 72| A4t A A& vl ol &
o A 2] dx|ot= AitE Ho|BE GEANT4+= 547 A
A AAof] Aot Etetal Boe 4= itk 2 AollA=
97 SIAA 2 SAS AFEStYl o 7l A=
AH-&oEA] ookt wEbAl A% FAAF oA AHER
=I5 A3} A7]7] 9I5| LiF, AlF;, 1T Z2]o g
(high density polye-ethylene, HDPE) 5 532} T&Af At
47 PHE A3 E Ut o=z dgsi,

%, T
N
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