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TOM TAT

B& nhan quang silicon (SiPM) la gidi phéap thay thé t6i uu cho cac 6ng nhan quang dién (PMT) trong
cac dau do nhdp nhay hién dai nha hiéu sudt phat hién photon cao va thiét ké nho gon. Tuy nhién,
viéc thiét ké va t6i uu hda cac hé do st dung SiPM van déi mat vai thach thidc I6n trong mé phong,
do dac tinh dap Ung phi tuyén phuc tap va su hién dién cla cac thanh phan nhiéu tuong quan.
Cac mo hinh mé phong hién nay thuong roi vao hai cuc doan: hodc qué don gian dan dén sai s6
I6n, hodc qua chi tiét & cap do pixel gay qua tai tai nguyén tinh toan. Nghién cu nay dé xudt mot
giai phap can bang bang cach xay dung mo hinh lai hiéu nang cao cho hé dau do nhap nhay nhua
EJ-276 két hop mang SiPM trong méi trudng moé phdng Geant4. Biém ot 16i clia phucong phap 13
viéc tich hgp ham truyén dat clia mach dién ti tuong duong véi cac tham sé dac trung théng ké
clia SIPM nhu nhiéu t6i, bdo hoa va nhiéu xuyén quang. Cau hinh hinh hoc dugc thiét 1ap chi tiét
bao gém khéi tinh thé nhap nhay, I6p phan xa va méi trudng truyén dan quang hoc. D6 tin cy clia
mo hinh da dugc kiém chiing théng qua viéc so sanh truc tiép véi dir liéu thuc nghiém tir hé do
str dung mang SiPM AFBR-S4N44P163. Két qua cho thay su tuong dong rat cao vé ddc tinh dong
hoc: m6 hinh da tai tao chinh xac dang xung tin hiéu véi thai gian tang (¢,) dat 24,64 ns va thai
gian gidm () dat 174 ns. Bén canh d, mé hinh ciing phan &nh trung thuc cu tric da dinh ctia
nhiéu xuyén quang va vj tri cac bé Compton ddc trung khi tuong tac véi cac ngudn biic xa gamma
chudn nhu®Co, 137Cs, 2Na . V4i hiéu suat tinh toan téi uu, day 1a cong cu quan trong hé trg viec
phan tich, danh gia va thiét ké cac hé phd ké buc xa hon hap thé hé mdi, cho phép rit ngan thoi

Khoa Vit ly va Ky thudt Hat nhadn,
Trudng Pai hoc Da Lat

Lién hé

Phan Van Chuan, Khoa Vit ly va Ky thuat
Hat nhan, Trudng Bai hoc Pa Lat

Email: chuanpv@dlu.edu.vn

Lich st

o Ngay nhéan: 24-06-2025

o Ngay stia ddi: 11-05-2026

o Ngay chép nhan: 11-09-2026

o Ngay dang: 25-09-2026

DOI : https://doi.or g/10.32508/vnuhcmj -
arns.v10i3.1453

‘i) Check for updates

Ban quyén

© Tap chi PHQG Tp.HCM. Bay 13 bai béo
cdng bé mé dugc phat hanh theo céc diéu
khoan cta the Creative Commons
Attribution 4.0 International license.

gian thir nghiém thuc té ma van dam bao dé chinh xac can thiét.
Tu khoa: mo hinh SiPM, dau do nhép nhay, mé phdng dau do nhép nhay

GIGI THIEU

Trong cac hé ddu do nhép nhdy hién dai, bo nhan
quang silicon (Silicon Photomultiplier - SiPM) dang
dén thay thé 6ng nhan quang dién (Photomultiplier
Tubes - PMT) truyén thdng trong vai trd bd chuyén
d6i quang-dién. Véi cdu tric mang diode quang théc
(Single-photon avalanche diodes — SPAD) hoat dong
& ché do Geiger !~*, SiPM thé hién cac tinh ning vugt
troi vé hiéu sudt phét hién photon (PDE), kich thué6c
nho gon va kha nang khang nhiéu dién tii. Nh¢ nhiing
ddc tinh nay, SiPM trd thanh lya chon t&i uu dé thay
thé PMT, ddc biét phu hgp véi cac thiét bi do ludng
biic xa di dong cidm tay®~’. Tuy nhién, viéc t6i uu
héa hiéu ning ctia cdc hé dau do SiPM doi hoi cac
mo hinh moé phdng phaéi c6 kha ning du bao chinh
xac dap ung tin hiéu. Khac véi PMT, tin hiéu dau
ra ctia SiPM chiju tdc ddong manh béi cac yéu t6 phi
tuyén va nhiéu tuong quan, bao gébm hiéu ting bao
hoa, nhiéu xuyén quang va cac xung cham>’~1%, Do
dd, do chinh xdc ctia md hinh moé phong dong vai
tro then chot trong cac bai toan phan biét dang xung

(PSD) notron/gamma, vén doi hoi do nhay cao d6i
v6i cic dic trung hinh dang xung %1,

Viéc m6 hinh hoa SiPM hién nay van t6n tai sy ddnh
d6i gitia do chinh xdc va chi phi tinh todn. Cac mé
hinh vi mo6 tuy t6i uu vé téc do xu ly nhung thudng
bo qua tinh chat phi tuyén ctia nhiéu tuong quan, gay
sai s0 16n khi tin hiéu bi chéng chép %12,13 Ngugc
lai, cdc mo6 hinh vi m6 moé phong chi tiét tiing té bao
SPAD lai yéu cau tai nguyén tinh todn qua 16n, khong
kha thi cho cac hé do ludng dién rong hodc xtt ly thoi
gian thyc>®.

Nham gidi quyét bai todn t6i uu hoéa gitia do chinh
x4c va hiéu sudt, nghién ctiu nay dé xuét kién tric mo
hinh lai cho SiPM st dung trong d4u do nhép nhdy.
Mo hinh két hgp ham truyén dat ctia mach dién tu
v6i céc déc trung thong ké ctia cac ngudn nhiéu phi
tuyén cht yéu nhu xung t6i, bao hoa va xuyén quang.
Phuong phép nay cho phép téi tao trung thuc dap ting
bién d¢ va thai gian ctia xung dau do véi chi phi tinh
todn giam dang ké so v&i cdc mo phong cdp dd mi-
crocell (pixel). Day la co s& quan trong dé€ phan tich
va t6i uu héa thiét ké cac hé dau do nhap nhdy thé hé

Trich ddn bai bdo nay: Chuan P V. Mé hinh héa dap ing xung dién tif ctia detector EJ-276 ghép nédi
SiPM st dung Geant4. VNUHCM J. Adv. Res. Nat. Sci. 2026; 10(3):3773-3781.

3773


https://crossmark.crossref.org/dialog/?doi=10.32508/vnuhcmj-arns.v10i3.1453&domain=pdf&date_stamp=2026-09-25

VNUHCM Journal of Advanced Research and Natural Sciences 2026, 10(3):3773-3781

mdi sti dung SiPM.
VAT LIEU VA PHUONG PHAP

M6 phdng hinh hoc va tuong tac burc xa

Hé ddu do nhdp nhdy EJ-276 két hop SiPM dugc
moé phong trén nén ting Geant4 (phién ban 10.7)
nhédm t6i vu hda qua trinh van chuyén photon quang
hoc 415, C4u hinh hinh hoc (Hinh 1) bao gom khéi
nhdp nhdy nhya htiu co EJ-276 (@51 mm x 51 mm)
két néi v6i bé mit nhay ctia SiPM thoéng qua 6ng dan
sang (Acrylic) dang hinh chép cut. SiPM dugc mo
hinh héa bang mét 16p vat liéu Silic ¢6 kich thudc
tuong ung véi dién tich bé mit nhay sang thuc té.
Toan bo hé théng dugc bao boc bai 16p vo nhéom
nham thiét 1ap diéu kién bién phan xa, t6i uu hda hiéu
sudt thu nhén 4nh sing. Nham dam béao d6 chinh xac
cho cac tuong tac biic xa nang lugng thip, danh sich
vat ly tham chiéu QGSP_BIC_HP_EMZ da dugc lya
chon. Cuy thé, phan hé QGSP_BIC_HP dugc sti dung
d€ mo ta chi tiét cic qua trinh tdn xa va bit notron
E < 20 MeV trén cic hat nhan 'H va 12C trong vat
liéu EJ-276 6. Céc tuong tac dién tli dugc xt Iy bsi
G4EmStandardPhysics_option4 (EMZ) nham dat do
chinh xdc cao nhat cho hat tich dién, dong thoi 16p
G4OpticalPhysics dugc tich hgp d€ quan Iy qud trinh
sinh va vén chuyén photon (phdt xa nhép nhdy, buc
xa Cherenkov va tdn xa Rayleigh) 14,15,

Khoi nhap nhay

Ong din sing  SiPM

Hinh 1: Cu hinh cda hé dau do trong mé phdng
Geant4. [Nguon: Tac gil.

Pac trung quang hoc va bé mat tiép giap

Céc déc tinh quang hoc ctia vat liéu nhdp nhdy va
moi trudng truyén dan dugc thiét lap thoéng qua
16p G4MaterialPropertiesTable 1>, Trong khi téng
lugng sang phat ra (SCINTILLATIONYIELD) dugc
khai bdo duéi dang hing s6, cac dai lugng phu thudc
néng lugng photon nhu chiét suit (RINDEX), d6 dai
hép thu (ABSLENGTH) va phé phat xa (FASTCOM-
PONENT) dugc dinh nghia bang cac chubi di liéu
) 16

i rac (property vectors) °. Nghién ctiu tin dung

cai tién cua Geant4 phién ban 10.7 € mo hinh hda

qua trinh phét quang véi cdu tric da thanh phan thoi
gian. Céc hang s6 thoi gian phan ra SCINTILLA-
TIONTIMECONSTANT1/2/3) va ti trong déng gép
tuong ting (SCINTILLATIONYIELD1/2/3) dugc ciu
hinh chinh x4c dua trén dic tinh vét ly cua vat liéu
EJ-276. Viéc mo ta chi tiét sy phin bg thoi gian nay 1a
tién dé quan trong d€ tai tao hinh dang chinh xdc cta
xung tin hiéu, phuc vu cac thuat toan phén biét hinh
dang xung (PSD).

Tinh chat tai cac bé mit tiép gidp dugc dinh nghia
qua 16p G4OpticalSurface va gan cho cac bién gidi
vat ly bing G4LogicalBorderSurface. M6 hinh UNI-
FIED dugc ap dung d€ mo ta chi tiét do nhdm va
tinh chat phan xa ctia bén bé mit tié€p xuc chinh: (i)
Khéi nhip nhdy/vé nhom; (ii) Khéi nhdp nhdy/ong
dan séng; (iii) Ong din sang/vd nhom; va (iv) Ong
dan sang/SiPM. C4u hinh bé mat dugc thiét l4p cu
thé véi kiéu groundbackpainted cho cac bé mit phan
xa khuéch tén (vo nhom, son phan quang) va kiéu
polishedfrontpainted cho cac bé mit nhin bong hoéc
phén xa guong. Pdi véi SiPM, bé mit nhay sang dugc
md hinh héa véi hiéu sudt phat hién photon (PDE)
va hé s6 phan xa (REFLECTIVITY) phu thudc ning
lugng dua trén dii liéu ky thuét tit nha san xudt 417,
Co ché ghi nhén tin hiéu tuan theo nguyén Iy Monte
Carlo: mét photon dugc xac dinh 13 “phét hién” khi
bién ngiu nhién ¢ (phin bé déu trong khoang [0, 1])
théa mén diéu kién ¢ < PDE (E,) véi Ey 1a ning
lugng photon téi.

M6 hinh dap tng dién ti lai

Nghién ctiu nay dé xuét mét mo hinh lai nham t8i vu
héa sy can bang gitta do chinh xdc vét 1y va hiéu suét
tinh todn. Mo hinh dugc x4y dung dua trén sy két
hop gitia dap Uing xung ctia hé thong dién tl va cic
déc tinh théng ké phi tuyén ctia SiPM.

Mé hinh mach tuong duong va ddp iing xung
hé théng

DPép ting dién tt ctia hé ddu do dugc xac dinh thdng
qua mo hinh mach tuong duong tich hgp gitta cdu
tric pixel ctia SiPM va mach chuyén d6i dong dién -
dién ap (Transimpedance Amplifier-TIA, dugc trinh
bay trén Hinh 2. Ham truyén dat ctia hé thong trong
mién Laplace, Hy ;4 (S) , dugc thiét 1ap bang cach két
hgp cac tham s6 ky sinh ctia SiPM (dién dung cua
SiPM Cy la téng dién dung clia cac pixel C,, va dién
dung luéi C, ) va cac thanh phan ctia by khuéch dai
thuat toan ®12,

Ham truyén ctia SiPM két hop véi khéi TIA va phéi
hgp tré khiang dudng truyén c6 dang bac cao nhu
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+Vhias
SiPM Thiét bj ghi nhan
Cap 500
Khuéch dai —’VV\'T Vi
Ro
G o 500

Hinh 2: M6 hinh tuong duaong tich hgp gita SiPM
vGi mach khuéch dai. [Nguén: tac gial.

(1)3,8,9.
Tis+1
H, S)=Ry—————
total( ) s (‘L'2S+ 1) (T3S+ 1)
AcLi-AcL2 o)
(L4 Tprs) (14 7p05)
1/2
.ROCOS+1

Trong d6: 71 = R,Cys T = Ry (Cd +Cq); T3 =
Rs (ng +Cg) la cdc hing s6 thoi gian déc trung cua
SiPM; Acyri, Acro 14n lugt 1a hé s§ khuéch dai cta
tang thu nhét va tang tha hai dugc thiét k& 7,] =
% VT = é lan lugt la thoi hing ciia Op-Amp clia
tang thu nhat va tdng thd hai; Ry 13 trd khdng ddurava
Cp la dién dung tuong duong tai ngo ra, bao gom dién
dung ky sinh ctia mach va dién dung ctia cap truyén
dan tin hiéu. Pdp ting xung tng quat cta toan hé
thong H; oz (1) thu dugc qua phép bién d6i Laplace
ngugc:

Horal (t) = L71 {Hlotal (S)} (02)

Ham H, ;,; (¢) dai dién cho hinh dang xung chuén ctia
mot photon don 1é sau khi di qua toan bo chudi xu ly
dién tti, c6 dang nhu Hinh 3.

x 107 T

Bién do (a.u.)
L

0 T T T T T
100 150 200 250 300 350 400 450 500
Thai gian (ns)

Hinh 3: Ham dap Ung H,y (). INguén: tac gial.

Tich hop nhiéu phi tuyén va tdi tao tin hiéu
ddura

Khéc v6i cac phuong phép tiép cén tuyén tinh théng
thudng, mo hinh lai d€ xudt tich hgp cac hiéu ting phi
tuyén dic trung ctia SiPM thong qua céc thuit todn
théng ké>!3. Cac thanh phan nhiéu tuong quan, bao
gom nhiéu t6i (DCR) va nhiéu xuyén quang, dugc mo
hinh héa bing phin b6 Poisson®!2. Trong d6, méi
xung nhiéu dugc xu ly nhu mot bién ¢6 doc lap, c6
cung ham dép ting Hy ;. (¢) nhung c6 su dich chuyén
vé thoi gian thuc t€. Déi véi hiéu ting bao hoa, do
nghién ctiu tip trung vao viing cuong do biic xa thap
dén trung binh va st dung dong SiPM mét d¢ cao, xac
sudt nhiéu photon kich hoat dong thoi cing mot pixel
lakhong dang ké. Do dé, dép ting ctia ddu do dugce gia
dinh van hanh trong viing tuyén tinh. Viéc lugc bo
hiéu ting bao hoa la mot giai phédp tdi uu nhim gidm
thiéu khoi lugng tinh todn ma vin ddm béo d¢ chinh
xac cin thiét cho mo hinh.

Tin hiéu dién dp dang s6 & dau ra cudi cung, Vo (),
dugc tai tao thong qua phép téng chap roi rac gitia
cuong do photon diu vao L(m) trich xuit ti mod
phong Geant4 va dap ting xung téng hop H g (1):

Vour (k) = ZI,(,,,()L (m) heorqr (k—m) (03)

Phuong phép tiép can nay cho phép tai hién chinh
xac cac ddc trung dong hoc (thdi gian tang, thoi gian
giam) va bién d¢ ctia xung tin hiéu. Quan trong hon,
mod hinh vi m6 nay giup tiét kiém tai nguyén tinh todn
dang ké khi khong cdn mo hinh hoa chi tiét ciu trac
ban dan ctia hang ngan pixel SiPM don 1é, nhung van
dam bao tinh thyc tién trong cic bai todn mé phong
hé phé ké buc xa.

Tich hgp nhiéu va hiéu ung phi tuyén

Dé tai tao chinh xdc ddp ting thuc té€ ctia hé dau do, mo
hinh lai tich hgp cc thanh phin nhiéu noi tai va dic
tinh phi tuyén ddc trung ctia SiPM thong qua co ché
14y mau théng ké va chong chap tin hiéu & giai doan
héu xu ly. Céc bién dong ngiu nhién do nhiét (Dark
Count Rate - DCR) dugc md hinh héa duéi dang qua
trinh Poisson, trong d6 s6 lugng su kién nhiéu t6i
(Npcr) phat sinh trong ctia s6 thdi gian mo phong
dugc xac dinh dya trén gid tri ky vong dic trung ctia
thiét bi!7. Céc xung nay dugc xi ly nhu cac bién c6
don quang dién tt (1 p.e.) va dugc cong tuyén tinh
vao tin hiéu quang tdng hgp. Tuong ty, nhiéu xuyén
quang (Optical Crosstalk) dugc tich hgp qua co ché
kich hoat ngau nhién c6 diéu kién. V&i mbi sy kién
sa cdp, xac sudit xay ra nhiéu xuyén quang (Pcr) dugc
thiét 14p dua trén thong s6 ky thuét ti nha san xut
(Pcr = 15%) '>7. Khi hién tugng nay xay ra, bién
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d6 xung dugc gia ting roi rac tuong Ging véi s6 lugng
pixel bi kich hoat dong thoi (n), tuin theo phan b6
Poisson.

Moi quan hé phi tuyén gitia s6 lugng pixel thuc té
dugc kich hoat (Nyiyeq) va s6 lugng photon t6i (N,
dugc mo ta boi biéu thitc giai tich (4) 18,19,
Nyi.PDE )

Nfired = Niotar |1 —€ < Nootat (04)

Trong do: N,y 12 t0ng s6 pixel ciia SiPM; PDE 14 hiéu
sudt phat hién photon. Co ché nay xdc lap gi6i han dai
dong cta thiét bi khi vin hanh dudi cudng do buc xa
cao. Tuy nhién, trong cac cdu hinh do luong cuong do
thép dén trung binh, do x4c sudt tring phiing photon
trén cung mot pixel 13 khong dang ké, hiéu ung bao
hoa c6 thé dugc luge bo nhim tdi vu hoa tai nguyén
tinh toan ma van dam béao d6 tin cdy ctia mo hinh.
Viéc tich hgp cdc tham s6 nay cho phép mo hinh phan
dnh déy du cac bién dong ngiu nhién va gisi han vat
1y noi tai, thay vi chi tdi tao dang xung ly tudng.

Xac thuc tham sé thuc nghiém

Dé dadm bao d¢ tin ciy ctia md hinh md phong, cic
tham s6 ddc trung ctia SiPM va mach khuéch dai
dugc xac dinh thong qua su phéi hop gitta di liéu
ky thuat tit nha san xudt va cic phép do thuc nghiém
chuyén biét. Nghién ctiu st dung mang SiPM AFBR-
S4N44P163 (Broadcom) lam d6i tugng thuc nghiém
chinh 7.

Trich xudt tham sé dién cta SiPM

Quy trinh x4c dinh cidc tham s6 ndi tai:
Ry, Cq, C4 va Cy duge thuc hién qua cic budc
chuén hoéa sau:

Dién tré dap tit (Ry): Gia tri Ry dugc trich xudt ti do
d6c ctia dic tuyén I-V trong ché d6 phan cyc thuan
(Hinh 4). Tai ving tuyén tinh, mang N pixel hoat
dong tuong duong mang ludi N dién tré mac song
song, cho phép tinh todn chinh xdc gid tri R, cho tling
vi té bao.

Céc thanh phdan dién dung ky sinh: Tng dién dung
pixel Cpicey = Cq + C4 dugc suy ra tii modi quan hé
tuyén tinh gitta hé s6 khuéch dai (G) va dién dp qua
ap (Voy)-

Phan tich phé tré khdng: Bang phuong phép kich thich
tin hiéu hinh sin va phén tich dap ting dong-ap, cac
thanh phén dién dung diode (C,), dién dung ky sinh
dap tat (Cq) va dién dung luéi kim loai (Cg) dugc
tach loc dya trén thanh phén dién dan do dugc (Gy,)
tai cdc tdn s6 khao sét.

Céc tham s6 sau khi trich xuét dugc téng hop tai
Bang 1 va Bang 2, déng vai tro 1a dii liéu dau vao cho
md hinh mach tuong duong trong mién Laplace.

Bang 1: Gia tri cdc tham sé cia
SiPM AFBR-S4N44P163

STT  'Tham s6 Gid tri
1 R, 644783 Q
2 Cq 85,30 fF
3 Cq 26,05 fF
4 Ce 20 pF
5 Ceq 300,5 pF
6 R 20Q

[Nguon: tac gia].

Bang 2: Cac thong sé thiét ké
cho b khuéch dai sit dung

LMH66292° va AD80992" .
STT Tham so Gia tri

1 GBWP1 900 MHz
2 Aowr 7943
3 Aciy 42
4 Tpl 7,07ns
5 Ra 750 ()
6 Ry 75 (Q)
7 Ro 50 ()
8 GBWP2 3800 MHz
9 Aora 17783
10 Acia 10
11 T2 0,42 ns
12 R, 357 (Q)
13 Ry 40 (Q)
14 Co 300 pF

[Nguon: tac gia].

Xdc ldp théng s6 bé khuéch dai

M6 hinh ham truyén dat ctia khéi khuéch dai dugc
xdy dung dua trén cdu hinh thyc t&€ gébm hai ting
khuéch dai néi ti€p st dung cac Op-Amp téc do cao
LMH6629 va AD8099.

Tdng 1: Thiétlap v6ihé s6 khuéch daivongkin Ay =
42 va théi hing 7,1 = 7,07 ns dya trén bing thong
GBWP 900 MHz ctia LMH6629.

Tang 2: Thi€t 1ap v6i Acrp = 10 va théi hing 7,, =
0,42 ns ting v6i GBWP 3800 MHz ctia AD8099.

Phoi hgp tré khdng: Tré khang ddu ra Rp = 50Q va
dién dung tuong duong Cp = 300 pF (bao gém cap
truyén dan) dugc tich hgp d€ dam béo tinh toan ven
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cua tin hiéu khi truyén t6i hé thu nhan di liéu. Viéc
xdc thuc dong thoi ca tham s6 cam bién va mach
doc cho phép thiét 1ap ham ddp ting xung téng thé
Hiora1 (S), phuc vu cho phép téng chép tdi tao xung
tin hiéu véi d¢ sai 1éch t6i thiéu so v6i thuc nghiém.

347 ]

Dong (mA)

301 T

287 T

T T T T T T T T T T
110 1.15 120 1.25 1.30 135 140 145 150 1556 160 1.65
Dién ap phan cuc (V)

Hinh 4: Buong cong thuc nghiém |-V ctia AFBR-
4N44P163. [Nguén: tac gial.

Mé phéng phé dap tng ning lugng

Dé kiém chiing d¢ tin cidy cia mo hinh, cic ngudn
gamma chudn %Co, 137Cs, 2Na da dugc tién hanh
mo phong phd dép ting nang lugng véi dau do. Phé
chiéu cao xung (Pulse Height Spectra) dugc x4y dung
thong qua phan tich thong ké bién d6 tin hiéu dau ra
md phong. Trong dd, vi tri cdc bd Compton (Comp-
ton edges) dugc st dung lam tham chiéu chinh dé
danh gia d6 chinh xac va thuc hién hiéu chuén ning

lugng cho hé théng 161,

KET QUA VA THAO LUAN

Két qua mé phéng cac

Do tin cly ctia m6 hinh mo6 phong trong Geant4 dugc
danh gia thong qua d6i sanh thuc nghiém trén hé do
sti dung d4u do EJ-276 két hgp SiPM va nguén phong
xa %0Co. Tin hiéu thuc nghiém dugc s6 hoa bsi bo
mach DRS4 (bing thong 900 MHz, tré khang 50Q2).
Nhidm dam bao tinh déng nhit trong phén tich, di
liéu tit ca hai phuong phap déu dugc chudn hda vé
chu ky ldy mau 1 ns.

Két qua tai Hinh 5 cho thdy su tuong quan chat ché
vé dic trung dong hoc gitia xung mé phong va thuc
nghiém tai muc bién d dinh 76 mV. Ca hai tin hié¢u
déu thé hién sy dong nhit cao & sudn 1én nhanh
(t ~ 24,64 ns) va sudn xudng cham (ty ~ 147 ns).
Su phu hgp & sudn trude xac thyc do chinh xac cta
mo hinh trong viéc tai tao dap ting bién do. Trong khi
d6, su tuong dong & sudn sau khing dinh d9 tin ciy

T T T T T

Xung mé phéng

80+ --- Xung do

{ Thaoi gian tang: 24,64 + 0,42
Thaoi gian giam: 174,52 + 9,38

@
=3
L

Bién 6 (mV)
8
!

T T T - T = T
0 200 400 600 800 1000
Thai gian (ns)

Hinh 5: So sanh dang xung mé phong véi xung do
thuc nghiém. [Nguoén: tac gial.

ctia mo hinh dép tng SiPM - mét yéu t6 then chét dé
trién khai cc thuét todn phén biét dang xung (PSD)
notron/gamma hiéu qua.

K&t qua mé phéng nhiéu xuyén quang

Hiéu ting nhiéu xuyén quang dugc khéo sit véi xac
sudt thiét 1ap 15%, tuong ting véi thong s6 ky thuét
ctia dong SiPM AFBR-S4N44P163. Phé bién do mo
phong (Hinh 6a) tai hién rd ciu tric da dinh déc trung
ctia SiPM. Pinh chinh tai 2,54 mV tuong ting véi dap
tng don quang dién tu (1 p.e.), trong khi cac dinh béc
cao (n = 2, 3, 4) phan anh chinh x4c cc sy kién nhiéu
kich hoat pixel 1an cin. So véi dii liéu thuc nghiém
(Hinh 6b), ciu tric phan b6 c6 sy tuong dong cao.
Do rong phé thuc nghiém 16n hon duge xdc dinh 1a
do téc dong ctia nhiéu dién tl nén - yéu t6 chua dugc
tich hgp hoan toan vao moé hinh moé phong. Két qua
nay cho thdy kha ning tdi tao chinh xdc cac tham s6
ndi tai then chdt anh hudng dén do phan giai ctia hé
do.

Su tuong quan gitia cac dac trung thoi gian va bién do
xung d6i véi ngudn 60Co dugc th&hién tai Hinh 7. Két
qua cho thdy sy dong nhét vé gid tri trung binh gitta
mo6 phong va thuc nghiém, véi thoi gian sudn trude
va sudn sau lan lugt xp xi 24 ns va 174 ns. Tai vung
bién d¢ thép, dii liéu thuc nghiém c6 d6 phan tan rong
hon va thoi gian sudn sau c6 xu huéng gia ting. Hién
tugng nay la hé quéa ctia nhiéu dién tit nén va chéng
chép xung (pulse pile-up) trong diéu kién do thuc té,
gy bién dang tin hiéu & muic nang lugng thép.

S6 liéu théng ké tai Hinh 8 cling ¢6 d¢ tin cay cla
md hinh théng qua su phtt hgp clia cac phan bé thoi
héng sudn 1én va sudn xudng. Mic du ton tai sai khdc
vé d6 1éch chufin do cdc yéu t6 ngiu nhién trong thuc
nghiém, sy tuong dong vé gia tri trung binh khing
dinh kha nang ctia mé hinh trong viéc tai tao cac dic
trung dong hoc c6t yéu cua dau do.
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Pap ting bién dé6 mé phéng

Kha nang tdi tao qua trinh tuong tac vat ly cta
mo hinh duge danh gid qua phd bién do xung véi
cac ngudn chuén 80Co, 137Cs, 22Na, thu dugc trén
Hinh 9. Két qua cho thdy cac cdu truc b6 Compton
(Compton edge) déc trung dugc mod phong véi do
chinh xdc cao. Cu thé, pho 22Ng xéc dinh 16 vi tri
bd tan xa don tai 477 keV. Déi v6i ngudn 22Ng, méd
hinh phan tach thanh cong hai b Compton tai 344
keV va 1060 keV, tuong ting v6i cac muic nang lugng
gamma dic trung ctia nguén. Phd Co thé hién viing
bd Compton mé rong quanh 963 keV, phan anh chinh
xac hiéu ting chong chép cic bd tan xa tit hai muc
néng lugng gamma ké cén (1170 keV va 1330 keV).
Viéc tai tao chi tiét cdc cdu tric phd nay khong chi
khing dinh d¢ tin cdy ctia mo hinh trong mé6 phong
tan xa Compton ma con la tién dé quan trong cho viéc
hiéu chudn ning lugng va t6i uu hoéa thiét ké hé dau
do.

61 G060 A
- Cs-137
——Na-22

963 keV 4

Sédém

1060 keV

0 T —
00 01 02

OIS Olli 0‘5 OYS 0‘,7 0‘8 UIS 1?0
Blén db (V)

Hinh 9: D&i sanh phd bién d6 xung mé phéng

cia mdé hinh ddu do véi cdc ngudn chudn

60Co, 137Cs, 22Na. [Ngudn: tac gial.

KET LUAN

Nghién cttu di xay dung va kiém chiing mo hinh tinh
toan hiéu nang cao cho hé d4du do nhép nhéay EJ-276
két hop SiPM trong moi trudng Geant4. Bang cach st
dung phuong phdp tiép cin vi m6 d€ mo ta dap tng
téng thé thay cho mo6 phong chi tiét ting pixel, mé
hinh d3 t6i uu héa dang ké tai nguyén va thoi gian
tinh todn ma van ddm bao d6 chinh x4c cin thiét. Sy
tuong quan chat ché gitia két qua mo phong va dii liéu
thuc nghiém vé ddc trung dong hoc xung cling nhu
phé nang lugng da xdc thyc do tin ciy ctia phuong
phép dé xudt. Két qua nay khong chi khéng dinh kha
ndng tdi tao cdc qua trinh tuong tac vat ly va dap tng
dién tit ciia hé do, ma con tao tién dé khoa hoc quan

trong cho viéc thiét ké, t6i uu héa cac hé phé ké biic
xa hon hgp thé hé méi.

Trong giai doan tiép theo, mé hinh sé& dugc hoan thién
thong qua viéc tich hgp cac tham s6 bién bién thién
theo moi trudng nhu nhiét d6 van hanh, cling cachiéu
tng nhiéu dién tt nén va xung chdm dé€ nang cao ning
luc du bao trong cac diéu kién do dac thuc té phic tap.

DANH MUC CAC TU VIET TAT

SiPM: Silicon photomultiplier.

PMT: Photomultiplier tubes.

PDE: Photon detection efficiency.
SPAD: Single-photon avalanche diodes.
PSD: Pulse shape discrimination.

TIA: Transimpedance amplifier.

DCR: Dark count rate.

GBWP: Gain bandwidth product.

PET: Positron emission tomography.

XUNG POT LO1 iCH

Céc téc gia dong y khong c6 bat ky xung dot Igi ich
nao lién quan dén cic két qua da céng bo.

PONG GOP CUA TAC GIA

Phan Van Chuan thuc hién xay ding mé hinh, mé
phong dau do, thu thap s6 liéu mo phong, s6 liéu thuc
nghiém, viét ban thao va hoan chinh ban thao.
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Modeling the electronic impulse response of SiPM-coupled EJ-276
detectors via Geant4

Phan Van Chuan”

ABSTRACT

Silicon Photomultipliers (SiPMs) have emerged as the optimal alternative to traditional Photomul-
tiplier Tubes (PMTs) in modern scintillation detectors due to their high photon detection efficiency
Use your smartphone to scan this and compact design. Nevertheless, the design and optimization of SiPM-based measurement sys-
QR code and download this article tems continue to face significant challenges in simulation, stemming from complex non-linear re-
sponse characteristics and the presence of correlated noise components. Current simulation mod-
els typically oscillate between two extremes: oversimplified architectures that lead to substantial
inaccuracies, or highly detailed microcell-level models that impose excessive computational over-
head. This study proposes a balanced solution by developing a high-performance hybrid model
for an EJ-276 plastic scintillation detector coupled with an SiPM array within the Geant4 simulation
framewaork. The core of this methodology lies in integrating the transfer function of the equivalent
electronic circuit with the statistical characteristic parameters of the SiPM, such as dark count rate,
saturation effects, and optical crosstalk. The geometric configuration is detailed to include the or-
ganic scintillation block, reflective layers, and the optical transmission medium. The reliability of
the model was validated through direct comparison with experimental data obtained from a mea-
surement system utilizing the AFBR-S4N44P163 SiPM array. The results demonstrate a high degree
of correlation in kinetic characteristics: the model successfully reproduced the signal pulse shape
with a rise time (t,) of 24.64 ns and a decay time () of 174 ns. Furthermore, the model accurately
reflects the characteristic multi-peak structure of optical crosstalk and the positions of Compton
edges resulting from interactions with standard gamma-ray sources such as ®°Co, 137Cs, #2Na.
With its optimized computational efficiency, this model serves as a vital tool for the analysis, eval-
uation, and design of next-generation mixed-field radiation spectrometers, significantly reducing
empirical testing time while maintaining the necessary physical accuracy.

Key words: SiPM model, scintillation detector, scintillation detector simulation.
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