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Grophicol obshocl Abshoct

An onolysis on lhe dislribulion oI porlicle flux emonoling from reoclions of 30
Mev-prolon with beMlium torget in o double loyer beom shoping ossembly
(8SAl hos been conied oul using the PHITS progrom. ll sludies importonl
poromelers reloling lo the distibution of proton, neulron, ond gommo. ll is

reveoled thol reoctons of prolon ond beryllium in double loyer BSA produce
fosl neuhons ond oiher prolons, resulling from certoin reoclions, ond recoil
protons from the inleroclions of fosl neulrons ond hydrogen oloms. Fosi
neutons ore disiibuled oround ber/fium torgel, moderotor, reflector. ond
collimolor. They ore moderoled by Al ond tiF motedol. Epilhermol neulrons
spreod olong lhe moderolor, with o dislibution lhot is topering down os it
opprooches the end of lhe collirnolor (operture). Duing ils trovel olong lhe
moderotor, on epithermol neutron decreoses in energy to become o thermol
neutron. The spectrum o{ neuAon beom produced by the double loyer BSA ir
wide, which indicoles lhot lhe neulron beom exiling lhe operture consists of
three hnds of neutrons, dominoted by epilhermol neufons with energy ronge
I eV - l0 kev.

Keryo,rds: Porlicle distibution, eBe(p,nltB reocfion, double loyer BSA,

speclrum ol neulron beom, PHITS progrom

O 2020 Penerbit IJTM Press. AII dghfs reserved
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I.O INTRODUCTION specificolly boron compound occumuloted in
concer cells ond ovoilobility of neulron sources []1.
One of lhe neutron sources for BNCT purposes is the
cyclolron [2]. A neutron producing reoclion in lhe
cyclolron is lhe reoclion of 30 MeV protons with tne

82:3 (2020) 6r-74 | wwwJurnqlleknologi.utm.my I eISSN 2180-3722 | DOI: htlps://doi.org/10.1 I I l3/t.v82.13979 |
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The key to o successful concer lheropy using the
Boron Neulron Copture Theropy (BNCT) melhods is

determined by, omong olhers, two foclors,
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eBe torget. However, the chorocterislic of the
resulling neutrons does nol ollow direct opplicolions
becouse oport from fost neulrons, contominonts ore
olso produced. Neutron beoms remoin to be
processed using lhe beom shoping ossembly (BSA)

system [3,4].
The Components of o BSA ore moderotor,

refleclor, collimotor, ond filter. The funclions oI eoch
component of BSA ore os follows. The moderotor
serves to lower the energy of fosf neutrons inlo lhot of
epiihermol neutrons. The relleclor is for increosing
neukon flux ond reducing ils leok. The collimolor is for
focusing the beom, ond the fil'ter is for suppressing
gommo rodiotions ond non-epithermol neutrons [5].

Eoch of BSA componenls is commonly designed
with single loyer configurolion, i.e., they only use one
type of moteriol. The downside of lhe single loyer
configurolion is thol every componenl does nol work
efficiently, cousing the moderoted fosl neulrons lo
not be lronsformed into epithermol neulrons wiih
such quolity ond intensity lhot ogree with lhe
requirements of BNCT theropies. To overcome the
weokness, double loyer, even mulliloyer,
configurotions moy be developed.

Evidence suggesls thot combining lwo suitoble
moteriols yields better quolity. Using two-loyered
moderolors combinotion, Doo-wen et ol., l2012l 16l
were oble to improve moderolion up to i9.3%. Adib
el ol.. ,2016) 

[7] combined two or more liller moteriols
ond succeeded to produce epithermol neutron
beoms wilhin o ronge of 1.5 lo l0 kev. Betler resulls
were olso obtoined when two reflectors ore
combined. A combinolion of reflector moteriols such
os tungsten (W) ond molybdenum (Mo) con multiply
neutron reflection to five limes os much, compored
lo when only fungsten is used [5, 8]. Bosed on lhese
evidences, the use of four BSA componenls in the
form of o double loyer configurotion is expected fo
produce epithermol neutron beoms with betler
intensity ond quolity.

Until now visuolizotions regording interocting
mechonism belween porticles ond component
moleriols ore hordly ever conducted. This is controry
to the focl thot visuolizotion is userul to know lhe
distribution ol interocting porticles with motter. The
use of the MCNP progromming lo disploy porticle
dislributions in BSA is deemed inefficienl considering
its complex procedure, porticulorly with regords lo
mesh tolly ond grophicol outpul disploy. By controsl,
lhe PHITS progromming is regorded lo hove eosier
procedure in grophicol outpul disploy [9, ]01. fhis
orlicle discusses on onolysis of the distribution of
porticles interocling with BSA moteriols using the
PHITS progromming. The BSA of interest is thot of o
double loyer using lwo kinds of moleriols [1 I ].

The double loyer BSA model used in this simulolion
consists of four typicol componenls: moderolor, filter,

reflector, ond o collimolor. The moteriol in the
moderotor is be mode of Aluminum {Al) ond lithium
fluoride (LiF). The moteriol for fost ond thermol
neulron filter ore FeC (Corbon lron) ond Codmium
(Cd). whereos the collimolor is mode of Nickel ond
boroled polyelhylene. A Leod (Pb) moteriol for
gommo shielding is commonly olloched to the end
of BSA. The neutrons ore modeled to come from
inleroctions between 30 MeV proton ond beryllium
(Be) torget, ol l mA proton cunent [ 2]. ln this model,
neutron flux is colculoted using the following
Equofions [l 31.

qn=Noep (l)

B^ 12)

I
Qp=J {3)

where V is the volume of Be, p is the density of Be, N^
is lhe Avogodro number, BA is the otomic weight ot
Be, i is proton cunenl (l mA), e is elemenlory chorge,
A is lhe oreo of Be ond o is mocroscopic cross
seciion.

Bosed on colculolion using Equotion I il is

obtoined lhot lhe neulron flux is 1.48 x l0r2 n/cmz.s.
The distribution of protons, neufrons, ond gommo

fluxes in the BSA ond the energy spectrum of the
resulting neutrons ore studied using the PHITS

progrom. The dislribution of porticles is computed
using lrock tolly. The colculotion of gommo dose olso
uses lrock tolly olong with flux lo dose converter.
Porlicle trojectories ond geomelries ore visuolized
using the ANGEL sottwore. The librory dolo of cross
seclions for neutron ond photon is obtoined Irom lhe
JENDL-4.o, while for proton is from the inlro-nucleor
coscode (|NCL4.6) t9, l0l. The design of lhe double
loyer BSA ond lhe reseorch flowchorl ore shown in
Figure I ond Figure 2, respeclively.

c+Pb N]
t-lu t-5 cr

f{. €!d0 cr
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Design ofBSA double layer

Analysis ofpanicles
distribution in BSA

Analysis of neutron distribution in
aperture

Flgure 2 The reseorch flowchorl of the sloge in determining
porlicle distibution in the BSA

3.0 RESUTTS AND DISCUSSION

3.1 Dishibulion of Prolons

Compulotionol results oboul the distribution of
porticles in the double loyer BSA using the PHITS

progromming ore shown in lhe following figures. The
distribution of proton, neulron, ond gommo photon
fluxes ore shown in colors ronging from blue lo red.
Blue ond red represent the lowesl flux ond the
highest f lux, respectively.

3.2 Distibulion ot Neutons

This simulolion sho\ /s thot lhe interoctions of protons
wilh beryllium torget ore oble to produce moximum
neulron yield of l0r1 (n/s mA) ond overoge lotol flux
oI l0r2 n/cm2.s. The neulrons ore moinly resulled from
reoctions of 30 MeV protons with eBe torgel moleriol
through eBe(p,n)eB reoction [3, l6]. By colculotion
using empiricol equolions, such reoctions produce
fosf neutrons with the moximum energy of 28 MeV [31

ond overoge energy of I I .9 MeV 7l.

50

-50

190 -ltx, -50 0 50

z l.nu

Flgure { Dislribution of fosl neulron flux

Figure 4 shows the dislribulion of fqsl neutrons in
lhe double loyer BSA. The highest dislribulion of fost
neutron is found in the vicinity of lhe beryllium torget,
indicoted in red color. Fosl neutrons spreod ocross oll
components of the BSA, i.e. moderotor, refleclor,
ond collimo'tor, which is shown in yellow color. The
flux of fost neulrons going lhrough lhe moderotor
chonges os indicoled by the chonge in color from
yellow lo green. lhe color chonge indicotes fhere is

o decreose in fosi neutron llux due lo fosl neutrons
being moderoted by Al ond LiF, ond then
tronslormed inlo epithermol ond ihermol neufrons.
The llux of fosi neutron os well os lhe intensity olso
decreoses offer going lhrough Pb ond FeC reflector,
indicoied by color chonge from yellow to green.
Such flux ond intensity decreose confirms thot the
reflector effectively reflecis Iosl neutrons bock into
the moderotor []81.

Although Pb refleclor ond corbon-iron (FeC) ore
oble lo reflect fqsl neulrons, some fost neutrons ore
still oble to escope from the reflector. Such on
occunence moy be due lo the refleclor woll
lhickness is slill inodequole. Therefore, the refleclor
foils to prevent neulron cunenl leok [3].

Fost neulrons fhot ore going through moderotor
ond reflector will enter the collimotor ond undergo
reflections ot the coliimolor wolls. The flux of fosl
neulrons resulled ot lhe end of the collimotor is

l0h/cm2.s.
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Flgure 3 Dislibuiion of proton in 8SA

Figure 3 shows the prolon flux in lhe double loyer
BSA. The red color represenls prolons from
occelerotor hoving the energy of 30 MeV, while lhe
blue color indicotes new prolons oround the lorgel,
the moderotor, ond the collimotor. lt suggests lhoi
during fheir interoctions with beryllium, only portiol
numbers of lhe protons become neutrons. The
intensity of prolons in the vicinity ot beryllium torget is

10. p/cm?.s. New protons in ihe neighborhood of lhe
lorgel ond moderolor ore resulled from eBe(p,xn)

reoclions 4l. The protons sunounding the collimotor
come lrom interoctions of fost neutrons with

E
.L

2
T

50

50

0

NeutronProton (;amma

hydrogen oloms of boroted polyethylene moteriol
through eloslic scottering reoction Isj. The flux of
such protons is l0? p/cm2.s

il
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flgure 5 Distibulion ot fhe epithermol neulron flux

Figure 5 shows the distdbution of epithermol
neulrons ofler the moderotion by Al ond LiF moteriols
in lhe double loyer BSA. The highesl distibufion is

found sunounding lhe moderolor, os shown in red
color. The effecliveness of Al ond LiF in producing
high epithermol neutron flux depends primorily on Al
since ii is hos lorge scottering cross seclion wilh
respecl to neutrons with lhe energy of obove l0 kev

9l. The interoctions oI neuaons with Al moteriol ore
predominontly through 27Aln,2n)26A reoclions,
producing epithermol neulrons [20]. The existence of
fluorine {F) elemenl in LiF moteriol enhonces fosf
neulron moderolions since fluorine hos lorge
scotlering cross seclion with respect to fosl neulrons.
Hence, LiF contribules lo increosing the number of
epithermol neutrons [9, 21]. Epithermol neutron flux
surrounding lhe moderotor is oround l0rr n/cm2.s.

Epilhermol neulrons ore olso distribuled inside lhe
componenls ol the BSA, i.e. relleclor ond collimolor.
ln the firsl reflector the intensity of epithermol neutron
is relotively high, os indicoled by the red color. but it
decreoses in the second refleclor os indicoted by
yellow color. Such high intensity of epithermol
neuhon flux in the first refleclor moy be coused by
fost neutrons being reflected bock into the
moderotor. in which some of them turn inlo
epithermol neulrons. As o resull, lhe intensity of
epithermol neutron flux in the BSA increoses. The
intensity decreose of epilhermol neulron flux in lhe
second reflector moy be due lo some epithermol
neutrons turning bock into thermol neuAons n8l.
However, lhe inlensity of epithermol neutron flux
outside lhe woll of reflector is still high. Thererore,
oplimizolion in lhickness of the reflector is needed to
reduce lhe loss of epilhermol neutron flux.

At lhe end of the collimotor the inlensity of
epithermol neutron flux olso decreoses os shown by
color chonge ftom red lo yellow. We found the volue
of epithermol neulron flux ot the end of the
collimotor is oboul l0' n/cm2.s.

Figure 6 shows the dislribulion of thermol neutron
flux in the double loyer BSA. The highest disfribulion of
thermol neulron flux is found in the moderolor
component, shown in red color. Such high infensity of

thermol neulron in fhe moderotor moy be resulted
from two mechonisms. Firsl. thermol neutrons ore
formed when epithermol neutrons ore tronsformed
into thermol neutrons, ond second, epilhermol
neutrons move through the lirst rellector n I , l6l.
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Egure 6 Dsftibution of lhe lhermol neulron flux

The inlensity of thermol neuhon ot lhe collimotor
woll is olso high os ii shown in red color. ll is coused
by lhe interoclion of fosl neutrons with H olom in
boroted polyethylene moteriol [22]. we found lhot
the infensity ol thermol neutron flux ofter going
through Cd filler decreoses to 106 n/cm2.s.

The intensity of thermol neutron outside lhe
refleclor is sufficiently low, os il shown in green ond
white color. Pb ond FeC ore oble to signiflcontly
suppress thermol neulron llux.

3.3 Disklbution o[ Gommo Porlicle

Figure 7 shows the distribulion of gommo roys in lhe
BSA shown in yellow color. we found the flux of
gommo roys oround lhe beryllium torget is

l0rt/cmz.s. Ihe gommo roys ore produced moinly
from interoctons of prolons wilh beryllium torget
,hrough eBe(p.Cl)6li(y) reoctions. A smoll number of
gommo roys ore olso emitted from copture reoction
followed by inelostic scottering lhrough eBe(p,y)roBe

reoctions [23]. Gommo roys ore olso produced by
ihe reoclion of neulrons with oluminum through
,7Al(n,y)28A1 reoctions[20]. The flux of gommo roys
declines ofter leoving lhe collimotor.

To obloin o neutron beom thot is suitoble for
BNCT, fost neulron, thermol neutrons ond gommo
roys need lo be fillered. FeC moleriol is best in
decreosing fost neulron. The effecliveness of Fe os
fost neulron filter is due to its obility to scolter
neulrons in-elosticolly os they poss through Fe
moferiol with the energy of higher lhon l4 MeV [8].
Leod is on excellent gommo roy filters, os indicofed
by good photon otlenuotion 12l I. To eliminole
lhermol neutrons. codmium (Cd) is used, since Cd is

o moleriol with lorge thermol energy role obsorplion
cross section without obsorbing significont ports of
epilhermol neutrons [8]. So, with Pb ond Cd moteriol
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os the lost port of lhe BSA. the design con improve
the BSA configurotion in lowering contominotion
dose in potients ond preventing heollhy cells ond
lissues from domoge.
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Flgure 7 Dislribution of gommo roys in the 8SA

The chorocterislic spectrum oI neutron beom
computed ol the operture of ihis BSA double loyer
design is shown in Figure 8. The speclrum is quile
wide, speciflcolly the neutron beoms coming oul
from the operture comprises three kinds of neutrons,
which ore 'thermol, epithermol ond fosl neulrons.
Considering thot the curve peoks ol epithermol
energy ronge (lev - l0 kev), lhe neutron beom
coming out of operture is dominoted by epithermol
neutrons. The speclrum of neuiron beoms colculoted
ot the locolion of the operture is chorocterized by
the epithermol neutron flux of I .0 x l0e n/cm2.s, the
rotio of epithermol to the thermol of 102, ond the
rotio of gommo dose lo the epithermol neulron flux
of 5.75 x l0 13 Gy.cm2. Such energy is enough for
deeply locoled concers in BNCT lheropies [24].

10.. rO. tO' tO. lcr >. tcr lcr 1o'! 10o tor

En..ty lM.vl

tlgure I Speclrum of neutron beoms coming oui of ihe end
of BSA {operture)

Bilolodin el ol. / Junal feknologi (Sciences & Engineeflng) 82:3 (2020) 69-71
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lnteroclions of 30 MeV prolon beoms wilh beryllium in
double loyer BSA produce fost neutrons. The
inleroclions olso produce proton by-products from o
porticulor reoction ond recoil protons, which oppeor
from interoclions of the fost neutrons with hydrogen
oioms. Fosi neutrons ore disfribuled over beryllium
torget, moderolor, ond reflector. Fosl neu'trons ore
moderoted into epithermol neutrons. Epilhermol
neutrons ore distributed olong the moderotor ond
decreose in density loword the end of the collimolor.
Epilhermol neutron flux compuled ol the operture's
position is loe n/cm2.s. During lheir possoge in the
moderolor, some epithermol neutrons experience
decreoses in energy turning them into lhermol
neutrons. The speclrum of neulron beoms produced
by lhe double loyer BSA disploys o wide curve. This
indicotes thot the neutron beom thot leoves the end
of the collimotor (operture) consists of three kinds of
neutrons, being dominoled by epithermol neutrons
wilh lhe energy ronge of I ev-l0 kev.
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1. Disertasi Fokus pembahasan

a. Desain DLBSA menggunakan program
MCNPx dan optimasi Algoritma
Genetika untuk mendapatkan berkas
sesuai standar IAEA.

b. Pengujian berkas menggunakan
panthon air. Pengujian dilakukan untuk
mengetahui dava tembus berkas
tersebut untuk mellihat jenis kanker
apa saja yang cocok diterapi
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(PblNi), kollmator (Ni + C)) +filter (FeC-

LiF+ Cd)
2. Artikel ilmiah menekankan pembahasan

pada desain DLBSA dengan penambahan

nozel pada ujung DLBSA tersebut dengan
tujuan untuk mengurangi penyebaran
(divergensi) berkas neutron dan
meningkatkan kwalitas berkas neutron
epitermal.
Secara detail fokus pembahasan
a. Desain DLBSA ditambahkan nozel
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d. Optimasi konfigurasi nozel untuk
mendapatkan peningkatan berkas
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f. Data yang digunakan tidak ada yang

tercamtum pada disertasi.
Persamaan.
Konfigurasi yang digunakan adalah double
layer masing masing komponen BSA

menggunakan dua lapisan material.

Kesimpulan: Kebaruan >75%

Dasar pedoman penilaian angka kredit
a. Berdasarkan Pedoman operasional

penilaian angka kredittahun 2019 hal. 35
menyebutkan bahwa : artikel yang

dipublikasikan/ diterbitkan di jurnal
nasional terakreditasi, jurnal internasional
selama pendidikan sekolah(tugas/izin
belajar 52 dan atau 53) yang merupakan
sintesis /pengembangan dari disertasi
dapat digunakan untuk kenaikan jabatan
setelah selesai pendidikan, bukan untuk
syarat khusus, dapat dipakai bila terdapat
keterbaruan minimal 75% dari
disertasinya.

b. Semua pemenuhan karya ilmiah syarat
khusus untuk pengusulan ke jabatan
akademik adalah karya ilmiah yang
diterbitkan setelah lulus studi (kecuali

untuk kelompok pengangkatan pertama
kalinya).



2 Nama Judul Karya

llmiah
Jurna I Resume Jurnal

Analysis Of Particle
Distribution ln a
Double Layer Beam
Shaping Assembly
Resulted From 30
MEV-Proton
Reactions With
Beryllium Target
Using The PHITS
Program.
Penulis: Bilalodin,
Gede Bayu
Suparta, Arief
Hermanto, Dwi
Satya Palupi,
Yohannes
Sardjono, Rasito

lournal
Teknologi
(Science &
engineering);
Terindeks:
SCOPUS (Q3)

dengan 5JR

(2020) 0,1e1;

1. Artikel llmiah ditulis pada saat studi dan
disempurnakan setelah studi . Artikel ditulis
bersama pemblmbing dan kolaborasi teman
sejawat dari Badan Riset dan Inovasi Nasional
(BRIN).Artikel terbit 23 April 2020.
Dinyatakan lulus Studi 27 Pebruati 2O2O.

Perbedaan isi disertasi dan Artikel llmiah
Pembahasan artikel ilmiah
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b. Desain menggunakan program PHITS.
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distribusi partikel proton, neutron cepat,
neutron epitermal, neutron termal dan sinar

Bamma. Serta jenis distribusi neutron yang

dihasilkan pada uiung DLBSA.

d. Konfigurasi DLBSA mempunyai susunan
material: Moderator (Al +LiF) + Reflektor
(Pb+FeC), kolimator (Ni + Borated polyetilen)
+filter (FeC+ Cd).

Pembahasan disertasi
a. Desain DLBSA dilatarbelakangi usaha

mendapatkan desain DLBSA yang

menghasilkan fluks neutron sesuai standar
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b. Desain DLBSA menggunakan program MCNPX

dan optimasinya menggunakan metode
bertahap dan Algoritma Genetlka. Program
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Pembahasan artikel ilmiah
a. Perbaikan desain ulang DLBSA menggunakan

program MCNPX dan optimasinya menggunakan
metode AG sampai generasi 21 .

b. Penentuan generasi terbaik dilakukan dengan
cara menentukan parameter ke 1,2,3,4 dan 5
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(ke 0), generasi menengah ke 10, dan generasi
akhir (ke 21). Sehing8a lebih cepat dalam
menentukan generasi terbaik.(hal. 108-109)

c. Hasil optimasi generasi ke 21 dilakukan verifikasi
menggunakan pro8ram PHITS.

d. Dilakukan analisis hasil desain yang diperoleh
menggunakan MCNPX dan PHITS.

Pembahasan pada disertasi
a. Desain menggunakan program MCNPX dan

optimasi menggunakan metode AG sampai
generasi ke 21.

b. Penentuan generasi terbaik dengan cara

membandingkan satu persatu dari nilai 5
parameter IAEA. (hal 83-85).

c. Tidak dilakukan verifikasi pada generasi ke 21

d. Tidak dilakukan analisa hasil perbandingan dua
metode.

Kesimpulan: kebaruan > 75%

Persamaan
Desain DLBSA sama sama menggunakan program
MCNPX dan optimasinya menggunakan AG sampai
generasi 21.

Dasar pedoman penilaian angka kredit
a. Berdasarkan Pedoman operasional

penilaian angka kredittahun 2019 hal. 35
menyebutkan bahwa : artikel yang
dipublikasikan/ diterbitkan di jurnal nasional

I



terakreditasi, jurnal internasional selama
pendidikan sekolah(tugas/izln belajar 52 dan
atau 53) yang merupakan sintesis

/pengembangan dari disertasi dapat
digunakan untuk kenaikan jabatan setelah
selesai pendidikan, bukan untuk syarat
khusut dapat dipakai bila terdapat
keterbaruan minimal 75% dari disertasinya.

b. Semua pemenuhan karya ilmiah syarat
khusus untuk pengusulan ke jabatan

akademik adalah karya ilmiah yang

diterbitkan setelah lulus studi (kecuali untuk
kelompok pengangkatan pertama kalinya).
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