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OPTIMIZATION AND ANALYSIS OF NEUTRON DISTRIBUTION
ON 30 MeV CYCLOTRON-BASED DOUBLE LAYER BEAM SHAPING ASSEMBLY (DLBSA)

Design and optimization of double layer Beam Shaping Assembly (DLBSA) has been conducted using the MCNPX
code. The BSA is configured to comply with such a construction having typically a double moderator, a reflector, a colli-
mator, and a filter. The optimization of various combinations of materials that compose the moderator, reflector, and filter
yields such quality and intensity of radiation beams that conform to the requirements for Boron Neutron Capture Therapy.
The composing materials are aluminum and BiFs for moderator, lead and graphite for the reflector, nickel and polyethylene
borate for the collimator, and iron and cadmium for the filter. Typical beam parameters measured at the exit of the colli-
mator are epithermal neutron flux of 1.1.10° n/(cm?s), the ratio of epithermal neutron flux to thermal neutron
and fast neutron flux 344 and 85, respectively, and the values of fast neutron and gamma dose to epithermal neutron flux
1.09-103 Gy-cm? and 1.82-10® Gy-cm?, respectively. Analysis of epithermal neutron flux and neutron beam spectrum using
the PHITS code reveals that the distribution of epithermal neutron spreads out in the DLBSA. The highest intensity is found
in the moderator and decline downstream of the collimator and filter. The spectrum of neutron beams displays a narrow

spike with that peaks at 10 keV.
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1. Introduction

Boron Neutron Capture Therapy (BNCT) is a
method for cancer therapy that combines irradiations
using thermal neutron with that using '°B isotope in
a tumor. 1°B is highly probable to capture neutrons
within the range of thermal energy (<0.1¢eV) and
transforms into **B. Due to its instability, *'B imme-
diately disintegrates, emitting alpha particle and ’Li.
Li ion emits prompt gamma radiation, which is para-
sitic in BNCT as irradiates the normal tissue, cancer
cell killing is mostly due to ions. The particle range
is of order 4.5 - 10 um such that energy is deposited
in asingle cell (5 - 15 pm in diameter) [1].

Neutrons can be produced using an accelerator,
one of which is the cyclotron [2, 3]. Unfortunately,
neutrons from Be(d, n) or Be(p, n) reactions produced
using an accelerator cannot be directly utilized for
BNCT purpose because they are fast neutrons and
contain contaminants. In contrast, BNCT for particu-
larly deep tumor requires epithermal neutrons [2].

A system that is capable of processing fast neu-
tron beams into epithermal neutrons is Beam Sha-
ping Assembly (BSA). The BSA typically consists
of some components: moderator, reflector, collima-
tor, filter [4-6]. The materials composing each
component of the BSA are designed using a single
layer configuration, where every component only

uses one type of material. Such single-layer configu-
ration has a deficiency, i.e. each component of the
BSA does not function optimally, and thus gives a
result that is below expectation. To overcome the
deficiency a double layer configuration is developed.

Some components constructed in the form of
double layer show better performance. The use of a
double layer moderator can increase moderation up to
19.3% [7]. A double layer filter can produce epi-
thermal neutron beams that range from 1.5 to 10 keV
[8]. Such is a range required in BNCT therapies.

The quality of a reflector can be improved by us-
ing the two-layer reflector. A combination of differ-
ent materials such as tungsten and molybdenum can
multiply neutron reflections to up to five times in
comparison to using only tungsten. Other prescribed
combinations to increase reflectivity are combina-
tions of lead and BeO and graphite and boranyl-
oxyboron (B20) [9].

A good collimator wall is made from a material
that can reflect neutrons and absorb gamma rays
(IAEA 2001). Such materials as plumbum and bis-
muth can be combined to make good collimator,
owing to the characteristic of plumbum that reflect
neutrons and Bi that absorbs gammas [10]. Other
materials with neutron reflecting and gamma absorb-
ing quality are lead and nickel and lead with BeO
and graphite [9, 11].
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Based on the above, BSA components configured
in double layer form can increase quality of the BSA.
The quality is even higher when optimization is car-
ried out, particularly in regarding type, thickness, and
composition of materials for the components. An op-
timized BSA tends to produce neutron beams with
such characteristics adequate for BNCT purposes:
epithermal neutron flux > 1.0-10° n/(cm?s), the ratio
of epithermal to thermal neutron flux >100, the ratio
of epithermal to fast neutron flux of over 20, and fast
neutron and gamma radiation contaminant below
2.0-10 Gy-cm? [12].

In this article, a design of double layer BSA us-
ing two materials will be discussed. Optimization of
DLBSA is carried out using MCNPX code [13] and
analysis on particle distribution in the DLBSA using
the PHITS code [14].

2. Materials and Methods

Incoming protons modeled in the design of
DLBSA are produced by an accelerator of 30 MeV
cyclotron type developed by KURRI institute of Ja-
pan, which is the C-BENS [2]. 30 MeV protons are
impinging on °Be target 5 and 0.5 cm in diameter
and thickness, respectively, to produce fast neutrons
that are going to be processed using double layer
beam shaping assembly (DLBSA).

DLBSA has four main components, a moderator,
a reflector, a collimator, and filter. Each component
is formed of a combination of two materials. The
moderator is chosen from a combination of alumi-
num and eight other materials, i.e, Al,Os, LiF, AlF;,
MgF;, CaF;, BiFs;, PbF, and CF,. The reflector is
chosen from combinations of lead and bismuth, FeC,
nickel and graphite. Best moderator and reflector
materials are combined with collimator materials
composing of Ni and borated polyethylene. Materi-
als for moderator, reflector, and collimator used as
the components of DLBSA are picked based on their
ability to produce the largest number of the epither-
mal neutrons. At the final stage, some combinations
are selected for the filter of the fast and thermal neu-
trons. The combinations are obtained by combining
iron with cadmium, Ti, Li, B4C, and °B. The best
filter is selected by its ability to reduce fast and
thermal neutrons. Also at the end of DLBSA a lead
material is placed to reduce gamma rays [10].

The Monte Carlo Transport Code (MCNPX) 2.7 is
utilized to carry out the optimization of Double Layer
Beam Shaping Assembly (DLBSA) [13]. In obtaining
parameters of thermal, epithermal, fast neutron flux,
fast neutron dose and gamma radiation dose, the
MCNPX code is run with particle history of 10° and
multiplication factor 6.25-10 ** n/s, in mode n p h and
tally F5. The microscopic cross-section data for simu-
lation uses ENDF/B-VII and Visual Editor for a
visual creation of the MCNPX input.
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Fig. 1. The configuration of double layer BSA.
(See color Figure on the journal website.)

The distribution of epithermal neutron flux in
DLBSA and the spectrum of outgoing neutron-flux
on the aperture surface are determined using the Par-
ticle and Heavy lon Transport System (PHITS) code
[14]. The track length tally is used in the PHITS cal-
culation. To draw the particle track and visualization
geometry of DLBSA, the ANGEL software is used.
The transport is based on the cross-section data
library JENDL-4.0 for neutrons and photons, and
intra-nuclear cascade (INCL4.6) for protons. The
design of double layer BSA is shown in Fig. 1.

3. Results and Discussion

The neutrons used in DLBSA are originated from
reactions of 30 MeV protons with the °Be target. The
°Be material is chosen for its ability to produce high
flux compared to other materials, such as ’Li and
181Ta. Another distinctive feature of °Be is its melt-
ing point and boiling point which is higher than
those of Li [15]. Therefore, °Be is widely used as a
fast-neutron producing target in a cyclotron system.
High energy neutrons are conceived to result from
°Be(p, n)°B reactions [16, 2]. Such neutrons are yet
to be processed to achieve epithermal neutrons.

Table 1 lists fluxes of epithermal neutrons and
their corresponding ratio to thermal neutron flux,
produced by a BSA with double layer
moderator. Combinations of aluminium material
with eight different materials yield epithermal neu-
tron flux of 2.6-10%n/(cm?s), at the lowest, and
1.27-10°n/(cm?-s), at the highest, with a proton beam
current of 1 mA. The highest ratio of epithermal to
thermal neutron flux is achieved through a combina-
tion of aluminum and BiFs; material. The optimi-
zation result corresponding to the thickness of alu-
minum and BiFs combinations is shown in Fig. 2.
It suggests that the best combination of aluminum
and BiFs is when aluminum is 20 cm, and BiFsz is
30 cm in thickness, yielding a maximum epithermal
flux of 1.2-:10° n/(cm?-s).
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Table 1. Epithermal flux from a combination
of two moderators

Two-layer Epithermal neutron QunlQ

moderator flux (n/(cm?s) epitctner
Al + Al,O; 2.60-108 186
Al + LiF 8.40-108 142
Al + AlF; 5.50-108 141
Al + MgF; 5.10-108 146
Al + CaF; 9.50-108 103
Al + BiF3 1.27-10° 300
Al + PbF, 7.20-108 129
Al + CF; 7.10-108 169
2
,FmL 1.6
‘“g 14
? 12
x
S 1
IER
3 06 -
o
E 0.4
3 02 A
2 o . .

a ] C d

Moderator material

Fig. 2. Epithermal flux from a combination of Al + BiFs at a
various thickness of moderator (cm) a=AI40cm)+
+ BiF3(10 cm), b = Al(30 cm) + BiF3(20 cm), ¢ = Al(20 cm)+
+ BiF3(30 cm), d = Al(10 cm) + BiF3(40 cm).

The success of aluminum and BiFs in producing
high epithermal neutron flux is due to aluminum
having a large cross section for neutron energy
above 10 keV. [17]. Interactions of aluminum mate-
rial with epithermal neutrons are predominantly
through #Al(n, 2n)*®Al reactions [18]. As for BiFs,
its contribution to fast neutron moderation is due to
the presence of fluorine element in BiFs. Fluorine is
an element that has a large scattering cross section
for fast neutrons; hence BiFz also contributes to in-
crease the number of epithermal neutrons and de-
creasing that of thermal neutrons. Finally, bismuth
contributes to decreasing gamma radiations [19].

Fig. 3 shows the effect of double layer reflector
on the epithermal flux in DLBSA. The double layer
reflector is tested using the best moderator, i.e.
Al (20 cm) + BiFs (30 cm). The simulation result
shows that the combination of two reflectors is gen-
erally effective to increase epithermal neutron flux.
Combination of lead and graphite suggests the high-
est epithermal neutron flux of 1.4-10° n/(cm?s).
Such high epithermal neutron flux is due to the con-
tribution of each combination of the reflector mate-
rial. Lead as the main material for the reflector has

high elastic scattering cross section for fast neutrons
and low absorption cross-section for epithermal neu-
trons [9]. This characteristic of lead allows for fast
neutrons are leaking out of the moderator to be
directed back into the moderator for further modera-
tion. Moderated fast neutrons increase the number of
epithermal neutrons. The presence of graphite as
secondary reflector also contributes to increasing
epithermal neutrons, in addition to the contribution
of as the main reflector [20].
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Fig. 3. Epithermal flux using double layer reflector mate-
riala=Pb+Bi,b=Pb+ Ni,c=Pb+C,d=Pb+ FeC.

Epithermal neutrons emanated from combina-
tions of the best combination of moderator and re-
flector enter the collimator. The collimator made
from nickel and borated polyethylene material can
sustain high epithermal neutron flux. It is accounted
for by nickel material having high reflectivity to epi-
thermal neutrons [9].

To reduce fast and thermal neutrons in DLBSA, a
filter is used. Table 2 shows the effect of combina-
tions of fast and thermal neutrons filter material on
the quality of the mixed gamma-neutron radiation
field on an exit of the collimator of DLBSA. Based
on the table the combination of iron and cadmium
material is best in decreasing fast and thermal neu-
tron flux. The effectiveness of iron as fast neutron
filter is due to its ability to in-elastically scatter neu-
trons having the energy of higher than 14 MeV that
pass through iron material [9]. Cadmium material is
effective because of its largest absorption cross-
section for thermal neutrons as compared to the rest
four materials [10].

A simulation result for epithermal neutron flux
distribution in DLBSA using the PHITS code is
shown in Fig. 4. The distribution of epithermal neu-
tron spreads out in the DLBSA. The intensity is
highest inside the moderator and declines having to
pass through collimator and filter. The decrease in
epithermal neutron flux is possible due to the
moderation of epithermal neutrons, turning them
into the thermal neutrons. Epithermal neutron flux at
the end of the collimator (aperture) is higher than
10° n/(cm?s).
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Table 2. Effect of a combination of fast and thermal filter on the radiation beam leaving the DLBSA

Filter Epltherr:/ezlcnmtezgon f|UX, eri/cher eri/Qfast Dfast/eri, GY'CmZ D‘//eriy Gy-cm2
Fe + Li 1.10-10° 688 23 4.64-101? 2.64-1013
Fe + B4,C 1.35-10° 38 22 3.48-10%2 1.19.108
Fe + B 7.10-10° 18 20 6.06-1012 3.10-10%
Fe + Ti 1.40-10° 88 10 8.57-10%? 5.93-10%
Fe +Cd 1.10-10° 344 85 1.09-10%3 1.82-108

IAEA >1 > 100 > 20 <2:10% <2:10%

Wide of double layer BSA, cm

Flux, 1/cm?/source

Length of double layers BSA, cm

Fig. 4. Distribution of epithermal neutron flux in DLBSA
(See color Figure on the journal website.)

The spectrum of neutron beams produced by
double layer BSA is shown in Fig. 5. Based on the
figure, the spectrum of neutron beams demonstrates
a narrow curve that peaks at 10 keV. It indicates that

neutron beams leaving the end of the collimator (ap-
erture) is dominantly epithermal neutrons. Such
energy of neutrons is required for BNCT of deeply
located cancer [21].
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Fig. 5.

The epithermal neutron flux produced by the
DLSBA using iron and cadmium filter is
1.1-10° n/(cm?-s). The ratio of epithermal neutron flux
to fast neutron flux and thermal neutron flux are
found to be 344 and 85. The values of the fast neutron
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The spectrum of neutron flux computed on the aperture surface.

and gamma dose to the epithermal neutron flux are
found to be 1.09-10% Gy-cm? and 1.82-10% Gy-cm?.
The parameter of the neutron beam that is obtained is
better than that of other workers, the epithermal neu-
tron flux value of which is between 10°® and
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10° n/(cm?s) [22] and 1.6-10° n/(cm*s) [23]. The
dose of the contaminant of fast neutrons and gamma
to the epithermal neutron flux is 5.56-10" Gy-cm?
and 1.0-10™ Gy-cm? [22]. The result shows that the
intensity and quality of the neutron beam the DLSBA
has generated leads to an agreeable neutron beam. It
is highlighted by its high epithermal neutron flux and
low entailing contaminants.

The parameters of neutron beam resulted by the
DLBSA are in accordance with the IAEA standard.
It shows that the double-layer configuration at each
component, i.e. the moderator (aluminum and BiFs3),
the reflector (lead and graphite), the collimator
(nickel and polyethylene borate), and the filter (iron
and cadmium) are able to optimize the function of
the BSA.

4. Conclusion

A Double Layer Beam Shaping Assembly
(DLBSA) was designed using the MCNPX code and
its corresponding particle distribution in the DLBSA
is analyzed using the PHITS code. Neutron source for
the BSA is a 30 MeV cyclotron, and the component
of the BSA comprises of a moderator, a reflector, a
collimator, and a filter to provide neutron beam pa-
rameters suitable for BNCT of deep-seated tumors.
Optimization results relating to various combinations
of composing materials for moderator, reflector,
collimator and filter that yield the best quality and

intensity of radiation beams for BNCT are the follo-
wing: the moderator is made of aluminum and BiF;
material, the reflector is made of a combination of
lead and graphite material, the collimator is made of a
combination of nickel and polyethylene borate, and
the filter is made of a combination of iron and
cadmium material. The beam parameters produced at
the end of collimator are epithermal neutron flux of
1.1-10° n/(cm?s), the ratio of epithermal to thermal
neutron flux and epithermal to fast neutron flux of
344 and 85, respectively, and the ratio of fast neutron
and gamma dose to epithermal neutron flux of
1.09-10 Gy-cm? and 1.82-10°* Gy-cm? for accelera-
tor proton beam current of 1 mA. Analysis of particle
distribution using the PHITS code reveals that epi-
thermal neutron distribution spreads throughout the
DLBSA. The highest intensity is found in the mod-
erator and decline having passed through collimator
and filter. The magnitude of epithermal neutron flux
at the exit of the collimator (aperture) is more than
1.0-10°n/(cm?s), with epithermal neutrons domi-
nantly of 10 keV in energy. Such energy is appropri-
ate for BNCT therapies treating deeply located
cancers.

We thank the Ministry of Research, Technology
and Higher Education for its BPPDN Scholarships
and BATAN for its consent to use the MCNPX
and PHITS codes, which allow this research to be
conducted.
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ONTUMIBALIISI TA AHAJI3 PO3IOLTY HEMTPOHIB
Y JIBOIIAPOBII CUCTEMI ®OPMYBAHHS ITIYYKA HA IIUKJIOTPOHI 30 MEB

IIpoekTyBaHHS Ta ONTHMI3allisl Myyka HEHTPOHIB 3a JOIOMOIOI0 ABOIIAPOBOI cucteMu (opmyBanHs myuka (JLLICOII)
npoBoawIncs 3 BUKopuctanuaMm kogxy MCNPX. @opMmyBaHHS IIydka 3/ilICHIOETbCSA 3 KOHCTPYKIL€IO, sIKa 3a3BUYall BKIIIOYAE
MOJBIHHMI MoziepaTop, pediiekTop, koiMaTop 1 GineTp. OnTuUMizaliis pisHHX KOMOiHAIli#l MaTepianiB, 0 BXOISTh 10 MOJIe-
paropa, peduekropa 1 ¢inpTpa, 3abe3medye SKICTh 1 IHTEHCHBHICTh ITy4YKiB, INO BiJNOBINAIOTh BUMOTaM OOp-
HeHTpoH3axBaTHOI Teparmii. [ MoJepaTopa BUKOPUCTOBYIOThCS anmtoMiHiil 1 BiFs, mis peduextopa — cBuHens i rpadir, mis
KoJIiMaTopa — HiKenb i mojietunen6opar, g GineTpa — 3am3o i kaaMmiil. TunoBuMu mapameTpamy Iydka, BUMIpSHUMH Ha
BUXOJIi 3 KoJliMaToOpa, € TMOTIiK eniTepMaibHUX HeilTponis 1,1-10° H/cM?-c, BiHOIIEHHS MOTOKY eMiTepMaibHUX HEWTPOHIB 10
MIOTOKY TEIUIOBHUX 1 HMIBUIKUX HEHTPOHIB BiAmoBinHO 344 i 85, a TakoX BiJHOIIEHHS J03H BiJ| LIBUIKUX HEUTPOHIB i raMma-
KBaHTIB 10 HOTOKy eniTepMaibHUX Heiftponis 1,09-107% ta 1,82-107% I'p-cm?, BimmoBinHO. AHasi3 HOTOKY eMiTepMaIbHHX
HEHWTPOHIB 1 CIIEKTpa My4Ka HeUTpoHiB 3a gomomoroto koxy PHITS mnokasye, mo po3noaii enirepManbHIX HEUTPOHIB pO3MIH-
proetbes B JIIIICOII. Haiibinbiia iHTEHCHBHICTh CIIOCTEPITAa€ThCSI B MOJAEPATOPI 1 3HIKYEThCS B KOJIIMATOpi 1 (inbTpi.
CnexTp HeHTPOHHOTO IyYKa Ma€ By3bKH BUKUA i3 mikoM npu 10 keB.

Kntouoei crnosa: onTuMi3anis IBOIIApOBOTO My4Ka HEUTPOHIB, po3noin HeliTpoHis, kog MCNPX, ko PHITS.

Buaanoguu?*, T. B. Cynapral, A. Epmanro?, JI. C. Maxynu?, F0. Capaxono®, Pacuro?

! Kagpeopa gpusuxu, paxyromem mamemamuxu u ecmecmeenuvix nayx, ynueepcumem I'adxca Maoa, Jocoxvaxapma, Hndonesus
2 Kagheopa gusuxu, (axyrvmem mamemamuku u eCmecmeeHnix nayk, yuueepcumem Jcenoepan Coedupman,
ITypsoxepmo, Huoonesus
3 Ienmp ycxopumenvnoti nayxu u mexuuku, Hayuonansioe azenmcmeo no adephoti snepauu, Jicoxvaxapma, Mnoonesust
4 Lenmp nayku u npuxnadnwlx aoepuvix mexuono2uti, Banoyne, Unoonesus

*OtercTBeHHbIH aBTop: bilalodin.unsoed@gmail.com

ONTUMM3ALNS U AHAJIN3 PACIIPEIEJTEHH A HEHTPOHOB
B IBYXCJIOMHOU CUCTEME ®OPMHUPOBAHUS ITYYKA HA HUKJIOTPOHE 30 M>B

IIpoekTrpoBaHUEe M ONTHMHU3ALMUS Iy4YKa HEWTPOHOB C MOMOIIBI JBYXCIOWHOH CcHCTeMbl (DOpMHpPOBaHHUS MMydyKa
(ACCOII) npoBonmmmch ¢ ucnonszoBannem koga MCNPX. dopMupoBanne mydka OCyHIIECTBISIETCS] ¢ KOHCTPYKIHEH, KOTO-
pas oObIYHO BKJIOYAET JBOWHOW Mojaeparop, pediekrop, KoumuMaTop U Guibtp. OnTUMH3aLuUs pa3iInYHbIX KOMOWHAIWN
MaTepuaoB, BXOAAMIUX B MOAEPATOp, peduekrop U GUIbTp, 00eCreurBaeT KaueCTBO U MHTECHCUBHOCTb IIyYKOB, OTBEYAIO-
mux TpeboBaHUsAM OOp-HEUTpoH3aXBaTHOU Tepanuu. s MoaepaTopa UCHONb3yroTces amomunuii u BiFs, mis pediexropa —
CBHHEII U TPpaduT, U KOJUTIMATOpa — HUKEIb W TOJUATHICHOOpaT, Uil GUIbTpa — )Kene30 U KaaMui. THITNYHBIMA TTapaMeT-
paMM IMy4Yka, U3MEPEHHBIMH Ha BBIXOJE M3 KOJUIMMATOPA, SABJSETCA IMOTOK SMHTEPMabHBIX Heifrponos 1,1-10° w/(cm?-c),
OTHOIICHHE TOTOKA SMUTEPMAaJIbHBIX HEHMTPOHOB K MOTOKY TEIJIOBBIX U OBICTPBIX HEHTPOHOB COOTBETCTBEHHO 344 u 85, a
TaKKe OTHOIICHHE J03bl OT OBICTPHIX HEHTPOHOB M TraMMa-KBAHTOB K TIOTOKY SMHTEpPMaibHBIX He#Tponos 1,09-107%% u
1,82:10"T'p-cM? cOOTBETCTBEHHO. AHANM3 MOTOKA SMUTEPMANBLHBIX HEHTPOHOB M CIEKTPA ITyYKA HEHTPOHOB C MOMOIIBIO
xozna PHITS mnokaseiBaeT, 4TO paclpeleleHue SNUTepMaibHblX HeiliTpoHos pacumupsercs B JCCOIL. Hauboinblnas UHTEH-
CHBHOCTH HaOJIIOAaeTCsl B MOJEPATOPe M CHIDKAETCsl B KoJuuMmarope u ¢uiabTpe. CrieKTp HEHTPOHHOTO ITyYKa MMEeT Y3KHUi
BBIOpOC ¢ koM 1ipH 10 k3B.

Kntouesvie cnosa: onTuMu3alus AByXCIOHHOIO Myuka HEMTPOHOB, pacipeaenenue Heiitponos, kog MCNPX, kox PHITS.
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