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ABSTRACT

Dual particle imaging, in which both neutrons and gamma-rays in the environment
can be individually characterized, is particularly attractive for monitoring mixed radiation
emitters such as special nuclear materials (SNM). An effective SNM localization and
detection benefits from high instrument sensitivity so that real-time imaging or Imaging
with a limited number of acquired events is enabled. For portable applications, one also
desires a dual particle imager (DPI) that is readily deployable. We have developed a
hand-held type DPI equipped with a pixelated stilbene-silicon photomultiplier (SiPM) array
module and low sampling-rate analog-to-digital converters (ADCs) processed via a
multiplexed readout. The stilbene-SiPM array (12 x 12 pixels) is capable of effectively
performing pulse shape discrimination (PSD) between gamma-ray and neutron events and
neutron/gamma-ray source localization on the imaging plane, as demonstrated with ““Cf
neutron/gamma and ®Cs gamma-ray sources. The low sampling rate ADCs connected to
the stilbene-SiIPM array module result in a compact instrument with high sensitivity that
provides a gamma-ray image of a “Cs source, producing 64 pR/h at 1 m, in less than
69 seconds. A neutron image for a 35 x 10° n/s ®*Cf source can also be obtained in less
than 6 minutes at 1 m from the center of the system. The instrument images successfully
with field of view of 50° and provides angular resolution of 6.8°.

This study also illustrates a positive effect of a large light-absorption area in a
photodetector, such as a SIPM array, on the PSD performance despite the use of ADCs
that have a low bit resolution (12 bit) and a low sampling rate (50 MHz). To the best of
our knowledge, there have been few studies on how to improve a degraded capability of
discrimination between the gamma-ray and neutron pulses in DPI systems that mount a
pixelated scintillator array. With improved PSD performance in the pixelated array sensor
module of the DPI system, gamma-ray and neutron events can be used as much as
possible for the reconstruction of gamma-ray and neutron images, respectively, enabling

rapid image acquisition.
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Pulse Amplitude (A.U.)

400 | P ; ; ; . : |

E S — ii
= 3 gamma-rays
4000 = peak 250 | A : neutrons
3500 —
= 300
3000 — s =
2500— X Stail : a® ‘
= ———————— = | =
2000— : S 200t [ 2
= =] i 4
= : - FOM=——"—
1560 : @ ol i FWHM,+FWHM, |
= Neutrons FWHM, i
1000 : i
E H 100 | ""\
500(— J K
oE y-rays 50 | > FWHM,
= S P NN I (PR S P SR 0 i o ) . . |
0 200 400 600 800 1000 1200 1400 1600 1800 | 05 06 07 08 08 1

Time (ns) © " "pSD value (Sean/Siea

(a) (b)
g 6. zguloAe Fepdz FAAke] Hbgeo] AAdE A& Aol(a),
npd (A ) AR FEEEA ) digk 28 ARE YElE
#<¢l FOM<= #7Fste= Ad(b).
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2.3 N2g 7z 14
231 45} @ 2997 Eex2g {F714BA ool

ARG =2l A ofdlol(Inrad Optics AIZHE 18 T(@9F 2o] 4 x 4 x 20 mm’®]
AXE 7HE A5wA Feo] F4 4R o] 9o 42 mme] A S 913
200 um 7719 BaSO; 4& WRAHAIE A%l 19 7)o ZepiE AEA (E]-276)
ol#lo](Eljen Technology A|ZhH= 2=€dl ofgole} wdgh A7l A FE5 7,
WA 9] 528 PTFE(polytetrafluoroethylene) 2 7AlRIth ~guly} Zg AgAe] £
Al 3 IO e, 3 go] FEEAA zfe] W 2"ule] PSD sEo] FupaE
Aol Axc $esithar gEA 9oy, 2=l AEAE shFe] AR 54
7HAE welbA, DPL Al=glol] 2=l ofgle] mi= ZelaE ofgols PAEHS W -
7o) 7HA dn] 953 s HFEA FE] Ydll, Age T ojuols BT ARl

Gaps)ick

(a) (b)
g 7. 28 AB3A oldol(a), Setxy A FA(E]-276) o @l ol (h).
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5

L =~ AHgA] ofefolef Eepse HgA] ofefo] 8 54 vl

Plastic scintillator

Density (g/cm®) 1.15 1.096
Peak Emission (nm) 390 425
Decay Time (ns) 35 7 45 E 8%’ gg %83
(photons/MeV) n (10,700) ’
No. of H atoms /
No. of C atoms 0.858 0.927
Gap material (reflector) BaSO, PTFE
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2.3.2 BAA olg o]

FAA olgel= 22l AEA ofgole] A Srof A WAS sl 1983
Zro]l C-series®] SIPM  (ArrayC-30035-144P, On Semiconductor) oldlo]e} A&A =}
Yol ZH3F J-series?] SiPM (MICROFJ-40035-TSV-TR1, On Semiconductor) ¢]do]=
A&l On Semiconductors 3 mm T4 =7]E zh= 12 x 129 FAE g o]y|o]
G219l C-series®] SiIPM of#lo]& dAwietAIwh 4 mm A =7|E ZH= 12 x 129] FJAds)
g ojgols wE dAviehA] =tk WM, 4 mm I A7E 2 J-series®] SiPM

AL 144 N wE lske] ofglo] FAem A A om AAkEllth S SIPM of#lel=

el ) olelolsh £ H4l ok W AS sHA, e ofelolst BelKoR
Agtste] AE7] EERE ARSI 3 0¥ ArrayC-30035-144P A5 SiPM ofdlo] 2}

MICROFJ-40035-TSV-TR1 A|%¢] SiPM ¥Al9] As HAFH, Vv F SiPMY
A=Akl 245 VET g =0 Heke e7bglex] UehllE #H¢Hover-voltage) S
opmgiey, ojul, ARg-El SiPMe] QI7FARKE: 28 Volrt, 52 32 J-series®] SiPMe| 4
A7](4 x 4 mm)7} C-series®] SIPM oj#lo]e] 4 A7|(3 x 3 mm)ET} 2 w7} AB=

i

F 5 WA o] vEEiA AR, ~gdl AgAe] JA A7) x 4 mm)et Y3 S-S
7ML BLo), 3 AZ= F8&(photo detection efficiency, PDE)©] J-series®] 7% TH5%=

AH oz Saich shH, Fgo] A Joseriese] A9 AR o A ko] 1Ml
Ao 7)= AlE(crosstalk)e] 0] 8%= C-series] ZA(7%) Rt} Thh =31, o] =FHX
ko= Bata wAdk b F(dark count rate)7} 350 nA®E C-series®] AHTF 2
M7t wow Ego] " o & Heyl wAlElE A (afterpulsing)e]  H]Eo]

0.75%% C-series®] ARt 3 wi7k Brhs o] itk

A
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(a)
19 8. C-series?] SiPM o]z o](a), 18] 1L

(b)
J-series®] SiPM o o](b).

& 1L AHE¥ SIiPM AlA 9] 54 v

SensL C-series

SensL J-series

Properties (+25 V) (+25 V)
Pixel size 3 mm X 3 mm 4 mm X 4 mm
Micro cell size (um) 35 35
Microcell fill factor (%) 64 75
PDE (%) 31 38
Peak PDE

wavelength (nm) 420 420

Gain 3 x 10° 29 x 10°
Afterpulsing (%) 0.2 0.75
Crosstalk probability (%) 7 8
Dark current 154 350

(nA)
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233 A% A7 =g 1=

DPLe| sh=slo} Al=gle 14470 S 7H)= {7134 of#lolek SIPM of#lolEs 2%
$ HE7] BES Alojste] BE A BAshks AEE Aesr] sl AtEdt 1d
9= 7t 33 4o 247 2EE ulE ADClanalog to digital converter)oll 143le] *2]shi=
A 7k d/d A5 2E HoleErh 5 dEs i A% oMlES] AeAE fAI7)

Y Wkl i 1F S 14470004 22 12712 RAaAZInh X

5, cokgol 718 4% F%7)(shaping amplifier)olx] A58 AReh =w A 1)
FEO FRE e ge FHE AYS O ¥ 4T BANDS AP A9

11
Agho] 7hadte] wat UEhbE B 84k gl

o
N
B~
o
_O|L
oy
Jhu
rx
)
it
32
O

Trans-impedance Amplifier +
Row/Column Readout with Resistive Divider Shaping Amplifier ADC

/ \/ A1‘j—_'\ \
P1 P2 P12 ‘ = ¢
: =

-R% R A lg R .R % R
P13 P14 P24 B V1
= % R = % R = % R
R R R
! 2
P133 i P134 i P44 i
R R R
R R R
Y12

A 4 ¥
X1 X12
\ X / A

%q 9. 14471¢) HAA Ao f5sa Agstr] AF Az A I
X
o

/\312

ol 41l 712l Anger ZA|(logic) Ag] A 3} Do] §iA|ol| wpe wjge} RE & ®
= g9 AsE U & u FEHE S 29 7 Atk 449 A do] ASE R A
317] wjiol vl 24 A Bk ARA(multi-pixel scattering events)oll thek A 27} 7Fsst
9L A=) U 98 91X 7R 2 AsE AR ) do] JAas AT o) ALk
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2 olojd & vk wEbs, YAEIR oA AlEe va HE Xt W HE ARt
|Ee e S P S s B S i e S B [ =

=¢] B} A5%19] DPL A9l A5S FHosk Zojulr] 918 i Akl ADC
o] 500 MHz °% Lg]aL st 14 hit old)e ARSI A8 5 A, 2 A %

NE AeE 94 F7hH9 ule] 2] AV} ek R pgetad she kg DPL A

o,
2
5
2
o

}:
il
o
Gl

282 99 SAlES dfasty] flsl vt 2ol stEslolE TSIt ofd = ol A <]
Ae 2RE Hadlelr] fl8 Be 55 7wl e ol 7 dEo] 2 aRE=

HEog falsger, I3 102 Ful8 DPlo AREE opdzavt 3|Z%(FEE RE:,
front-end electronics borad)S HojFt) ofd®2 1 A E tAE AlsE vltr] fa, 19
637} o] YAEHDAQ H.E, data acquisition board)e] 3|==E 19 113} o] A|2FskA
ok AHEE ADCE 50 MHzO] AIEE9 12 hite] sd=s 7, ~glolA] #2w)= wh
& 4 AlRHdecay time)s Zte AZE Foldl HERHE oM Rt g5ab] Sl
shaping 3]=9] HE A7k HAslellt tAE3] 2o A= FPGA(field programmable gate
array)U15-2] WEEE AREEte] dlolEE Aet & nlE TCP/P(transmission control
protocol/Internet protocol) VEJFH O] AR HEF3HesE ST o|vA] Ax e} al=gt kst &
AA 2S5 FPGACIA HlE s sfo] AR des £%0aL, USB2 SlE#Ho]27) opd A
2 AR7F A2 TCPIP QI #H o] =5 ARE3) o5 PCet AAsto] AMRst=s Sf]ith

b
}_L\

e

19 10, Foi8 DPIO] ofd 21 3Rk
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saxia. ol

veomgz g

TENE ST e TEME SCL BAON SCL — PN SCL

TEwE 5D == TEMR30A PMCN_SDH —— B

FeEsen SEace PORERSC

a9 11, 5 DPIe] gAE HE 3|2 555

13
! L
lo
i
!
2
=
rfo
!
S
Fl

oA EZpA] Aule] YR 257} 35 & ol LA

7 g 3 A9l AFZE g E SHAZ 4 ok o= 3] e g
2|2 35 Azt ool 95 4= vk FulE DPIO] dAkglze a9 133 o] ofdza B
=, ADC7F EA8: gAYE B Tga AY Reg pAEY, #HE 29 Fuld DPLe)
192 17 149 2tk
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(a)
79 14, 949 DPI A2 (a), 223 A DPI) 4H2hd) AXE 53 SNM<
AZshe AbEl (b).
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24 #3533 77 A 2 I A4 719

241 F33 773 A& W

DPI Al2z=glel] ARgH = 338t 7742, 1% 159 #2o], 3D ZdE R 7285 e
A 2705 AYgshs FHle] Fest 785 AAesith g 7k nps
e Arpds Age 89k ople} & SRS AAIT]Y] 918 dEE i [10]. F-E8)
T730] 7HAE= 21 x 21 9] centered-mosaic MURA HH& . od5txlof oJs)] 7fatw|Q]om,
4 EF7) o] YW} [11]. vha=E SiPME 11 x 11 FA 7k} AX|SHES Aae
(prime number, p)7F 1191 Z7] 21 x 21 2p-1)<] ¥tA 22k 2= vl (anti-symmetric

quadratic residue array)S Agaith old A12]o4 o] MURA vhids 34 A+

v

Ao wEsa /1Ee] ok vhas PR ASE RIE 9 Fee HIHOR 9
sheths 22 SRIGSIG. 17 15b)E MURA vl=a7h 4239 mares] dese] 74
& wolFrh RE3 T WAL oF 285 keol v, SDU-SPM ofdlolE Eeis
g2 o)A (lem FA)S MURA ml28 25 sheslole] & F%e oF 5 kg vlolth

i
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o8k 7S o] &3 AR G AT S W A AT 7S] MLEM €L

oA7IM y= HE7IM ASE Fodt 74 dde] Fde Arisi, 71N yie AE719] i
WA ZAo A 7158 Ase] Foltt. &, gF AddelA WEd WAMde] Rud e S
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3.1 ES2EI 2284 A3A 9 4% vl

3.1.1 27k Aol wE Zg2E-SiPM ojgo)¢ 2E8ul-SiPM ol do] &9 ¥-$
= Bas v

A3t @ ojglo] Feje] AZv]e] SIPM ojale]E ZAgste] PSDS A5S AAIS AT
7F A9l glermg Aol wkg A 23l PSD Aes 7= Al sEnEE 2
A St olE 5o, A7RASke] Wskeh EdAudsd] Reo] WEkE Sl Ui A =
Fok AT Aol ot e SEEE 7 MAA ST Aee] SEHI FA
7 A 7hed & WA el WS 91A] Ealet PSD S Huisr71aAt siglvh 1
i 2El-SiPM of#|o]e} 2Eul-SiPM of#lo] K5 28 Ve
of $1x& YiCs #mhAd(0312MBe] WAFs S 7H)S &
3] 2

S @3 9o 4% X RIS nolFn:

2

3 521D row-sum profile) .2 YERA Zlo] 17 170]9, A7FASES 26 VAFE 30 V7h
21V @92 HsZS W g5% 1D row-sum profiles 37 RoFrh 1D row-sum
profilecll= A FAlo] s Rste]e= ESEAAS Uehle 9a(peak)®] Fo] EgHEo] o
), REX]Z(FWHM, full width at half maximum) 2.2 sl et 3 oA, SiPM ofdlo]d]
A QIZEAYEe] 26 Velld 28 V7HA] F7Fgtell ket SIPM of#le]e] 3 HE E&(731%e14
TA%2) T} o]5(3 x 10004 4 x 10°R)0] AXBE FeprE 2 A"l ofFlo] REClA]
Zel WhR]Fo] 14682 umet 8038 um= ZH7F EolEmH, ol wkE f1A Edlse] s
ofmjgity, WA, 30 Vel o] gk QIZFASH: o AR Te <l I 7F AsAH
(crosstalk)ell o3k 44 FaFs T7H7I2=, ofdlo] HAlol AA Asked wh-g A &l
g 72tk
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y-position {cm)
L N B B B B
y-pasition (crm)

-
-
-
-
-
-
-
-

0 B B BN BN B BN B R R
- " 8 8 D O B O W aw
= & " 2 000 @8 ansn
= 5 8 0 00 0 % 8w
= 8 &P 20 0 % B8N

l x-pnsihi:.m {cm) - . x-position (cm)
(a) (b)
a7 16 () FeRsE-SPM oldlolst (b) 2~EMl-SPM ofHle] RES ol8dte] ¥iCs

b A B3 5 B8 oA 2D BE 2RI F ofdle] R vk
Aok 8 V& Fsith

K

1.0 1.0 —26V |
=N
——28V
0.8 0.8
=) =1
< s < o6
.2 8
S 0.4 S 04/
5] 3]
o o
0.2 0.2 b
0.0 - 0.0 . .
0 - 0 1
Position (cm) Position (cm)

(a)
a9 17, (a) ZEY=E-SIPM ofgole} (b) 2EHI-SiPM ofglo] B SI7kd Hs 26
Vol 30 V74 1V @92 72w, BWiCs b A2 Al ol gigk A& 91X
EYE g5t o]5 13 Ho& Yehd HE 91A] EE 421D row-sum profile).

3F L 29 179 yEhd Sek=E-SPM of#lelet (b) 22Hl-SiPM oj#o]¢] 1D sum
profilecl] thet A3t ¥ v]=.0] WEXSEEWHM) W] al,

FWHM (pum) FWHM (um)
Voltage (Zg}2~€ —-SiPM o3 9] (2=l —SiPM o] ]

2E) 2E)
26 3079.3 1833.2
27 1914 1094 .4
28 1570.4 803.8
29 1468.2 952.9
30 1522.1 971.3
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3.1.2 A7FAYST R W3] W& Z2E-SiPM oj#o]¢} ~Eul-SiPM oj#o] &
E9 PSD A% vl

a9 18 Reé] #4550 @, 100 @, 200 Qo= Wsh AHS ), gl

’

&
i
L)
[>
i
o
o

ogflo] XERZ 10 cm Aol 1A% *Na (0.039 MBqel #lsS 7F)e] Anphels =4
sfo] AL oA ~HE- ot} ARRE Reo] gro] 5 22 olux9 7nbdel g 2ls
of A7 AA Ee Ad W fxsh, old wl 4 M9l(dynamic range)7t FoH
ot 538 128 18b)e =& Ree 284 ofdlo] BE AR Al x3hd fvpd 29 EQS 7}
Ao, 59 RE 7 FekaE olglolda= Esprb SRR ghgton, o= Zuhs
AL B FEo] 2Eule] AR 2] wjfolrt ghA, A"l FehaE A gA|
AaM sl Ay Gowmz A oux &4 97} ol 340.67 keVel 1061.71
keVel HZ¥ whofjvte] #A@ET 19 19% Fg2~E-SiPM ojdolet A~
-SiPM ol glo] mEA #&E YCsat PNaol AZH ol 1o aigsl= Al
d A3 ko] #AE Bk Py defo] djdeteE Ade HEZE do 9A

o] 80% ¥+ AFdAMe A= ALE. 1de 28W-SiPM of#lo|e}t ZThiH

et

)

=

rr

2 -
g-8ko] o= w4 (calibration) 2 8kl

1.0 ——R;w/50Q | 1.01 —Riw/50Q 7

——R;w/ 100 Q ——R;w/100Q

2 0s- ——R;w/200Q] g ——R;w/200Q |
3
O 0.6 0.6
®
S 04 0.4
a 47 -4
£
2 0.2 k\ 0.2

0.0 \u T T 0.0 T T T

0 1000 2000 3000 4000 0 1000 2000 3000 4000
Channel Number Channel Number

(a)
19 18 (a) FEp=E-SIPM ofle]9} (b) ~EHWl-SIPM ofelo] REdl| <l7ka Hgks 28 VE
LA, A A Bl ] Edle udse] gjm) As 50 Q100 © 123 200
Qo F7MZ W, *Na kil AZ Al E5E oA 2ER. oluf, SIPME 28T
5ol AR,
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1100

500+ 2
Na-22 Na-22
450 1000+
_ 400 ¥ 900
Q@
8 -
£ 350 g 800
= =
700 -
Z 300- %
g € 600-
£ 2504 Cs-137 S
& i R? = 0.9995 o 9 R? = 0.9998
400
150 Na-22 Y Na-22
T T T T T T T T T 300 T T T T T T T T T
300 400 500 GO0 700 800 900 1000 1100 300 400 500 600 700 800 900 1000 1100
Energy (keV) Energy (keV)

(a) (b)

9% 19, () EeR=E-SIPM ofelo)sh (b) 2FHl-SiPM ofelo] ®Fo] el Aeke 28 Vi,
SIEE vu Edl olujglzag vew 43S 5) O wANZD o, F58 FCsi) ZNadl
A wholo] ouix|sl o] agel A WE gke] WA

#lolsh Zep~el-SiPM of#llo] RES] SI7be] 28 Voli, R} 100 ©
d ) =7 35 x 10° 719 TR 78 x 10° 719} Avhg FAlel WEsR: Pt AL

4 aue A9g AZadgon, olu d5% TR Arial oME BES RofFE PID

>
i
=z
c'n
Z
_ 2

B39} 7} olg#] 94 (300100 keVee, 500£100 keVee, 700£100 keVee)oll A e] PSD #2
&3Hprofile)S 17 200 ANSATE 13 Na-bel A FEEEJ276) ofelo] wES 4

Aoz v PSD AsS Hol, 500 keVee 2] olUx] W ejolA] znbrda} F4d7} o
HEZ}F of = A% Fe|Euy, FOM ¢k 1.276] m|x1#] ghek shH, 19 20(c-d)oF 2ol 2=

2il-SiPM ofglo] BE-2 300100 keVee2] U] HelolA FOMS| g#ho] 13302 1271
t 2 3 7Rt & F93 SIPM ojdlo]E A Sl Btsta A”dlo] ZahaE

AAARG AN RE Pehy/FAA oMIE Relr) e Aow fuEw ok 3

g0l =1 1) o3k o] 7 el 2 o] wFolekn kAL, e ol A3
AW Erap) ABE s T4 Al PSD Asel AskE AL 5 glon], 25

Jefe] f71EAE Ed o8] &AEE XAE Mdgo] IA FAE 4 Ut olo] B A
of ARgd 2"l 9 TAlIE sEs] sl 8874 A7 H(melt-growth techniques) thAl
gl A4 (solution-growth method) 2.2 WHE0] % 7] w0l [14], ~gule] PSD A%5o] ¥

a9 218 2Els) Behay JRA) ool BEeIA /ML Rl Wsle] weh e
o FOM @& 717 welFul, FOMe] 24 oA wele el ofelole] 75 300£100
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W

rlo

keVeeZ 121 Zetag ojgo]e] 79 500£100 keVeeZ AT oly#] 43+ A4
Fetge] 49 5004100 keVeedl| Al 7582t odlET} o= Ar Fejdvia gdste]
AZw] AL, ~=le] 7-9- 300£100 keVeeol Al we]evtar shdste] AAH ey 1 A3} ~
gl ojflo]e} EehaE ofglo] B 100 QO] ReE 7H o i Ak 77t 27 Vb 28
VellA 71 =& PSD #H1.3%59} 0.876)S Rtk gl ofgo]& A1-8319S )
T3 PSD T3 100 Q9] Re9} 27 VellA & Hglon, o dge uks 9% ®alss 1
gebd 28 VOl Q7B 797 27 Vol 451 gt PSD gH(1.3R) % T+ AR
ity wEbA, FolE DPIE 91gh Alzssle ~Bl-SiPM of#o|e} 28 Ve Q17bdSH 1]
3100 Q9] ReE AElatalon, o]fexe= ¢ 20s HHste xxdole} ahllth

PSD w25 7} A= FEh SRS v olflEe gk o] o] B ol
AM e 7hssith 1l 22 29l of#lo]e} ZehE offlold] ol 144709 WA & &
tho] o] zh= PSD X5 Z7F HolFm, Jellx] Awd 7F olux] Fejelxle] PSD &
xo &7 FOM & YUehdch Zekeg Ao 29 @A g pSD xHh 34
¥ FOM gk 7FAH, 1.279] FOM 7150l & mAl= 58 7RItk vhd, 28l 434 of
glo]e] FAlo] zk= PSD EX = 154 olAke] =3 FOM #t5 7F4™, 100 keVee oA
TN E /82 BE7t ol AR sbes e wpaEch Al 4 8 9 3
TR g&o] Ao7h 7t PAo] PSD X AolE wHE7] wiite], BE Ao PSD #3x7}
o3l 2o]Z 7M1 FHAE PSD Aol Askd AAH HolA ¥ Aotk

FET A2 g AFI50M vl 2=Ewl AR PMTe Al mARke]
ADCGOOMHzS] &3 Fulgeel 4HIE =) AT o AR/ 2 Ase] &
AFErt ¥ 948 FOM #& 28 Blolth 9] d7e 94 AF3t oluA] gellA FOM
ol 1.71-25322 & AollA #AAIEE g FOM #H1.54-2.06) 2t Atk 1 o= & o
of AMgE 2"l AdgA] ZAdo] e} Al ARSE ZlET) RS Wk ol AREE SiPM
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800 EJ-276
Gamma-rays
600 \ FOM = 0.62
2 o FOM = 0.88
§ FOM = 1.04
S 200 Neutrons
0
0.5
- 700
> 500
0 400 600 800 1000 1200 1400 1600 1800 2000 SD VQ/ 0.2 0.1 300 \\‘e\l\
(7 0 100
Energy (keV) (a) e enerey (b)
0.5
0.45 Stilbene 1500 Stilbene
"E Gamma-rays FOM = 1.33
w 1000
2 2 FOM =1.62
w £ FOM = 1.81
Y g 500
= Neutrons
S 0
a 0.5
(7]
Q& oo0s 4 0, 700
o Psp 0.2 500
0 200 400 600 800 1000 1200 1400 1600 1800 2000 V 0.1 300 \'\
My 0 100 vey ¥€
Energy (keV) (c) ne! (d)
a9 20. (a, ¢) ZER=E(E]-276)-SIPM EE3 2~2d-SPM 25°] 100 cm 7% 2ol A 35x10°

s PCfY] ApRA R HYS =AT ) 50 keVee«] FEZA 59 1,00000071¢]
Ao tigk 144702 AAAl HE=7]1e] PSD +X (b, d) Z22H(EJ-2716)-SiPM 2=}
ZEMI-SIPM 2solA] Z42E 853 kst ou=] (300 + 100 keVee, 500 £ 100 keVee, 700
+ 100 keVee)ol 419 PSD #3322 & profile)¥ 1wje] FOM %k

2.0 : : : : . 2.0 — ; . : -
—=— R;w/500 —=— Rew/500
1.6- ~— R;w/100Q {  1.6- —*~ Ryw/100Q |
—— R; w/ 200 Q —— R; w/ 2000
2 1.2 1 12 /\ 1
©
>
S 0.8- 1 0.8- -
(@]
T8
0.4 - 0.4- -
0-0 T T T T T 0-0 T T T r T Lid T T
26 27 28 29 30 26 27 28 29 30
Voltage (V) Voltage (V)
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94 574 71=(PSNR, NMSE, SSIM)-& AHE-sH 941 9974 B7F A%E vehdth 544
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2L

,28,



7t Avh= 3% Vol AAEkAth ek oWlE 7k 1,000 o
2 NMSE(10°) 2 A< 10 77k SSIME 749, ol d4ke] dj=+& HAislshas 7+
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- Neutron source : 3.5 X 103 n/s 252Cf spontaneous fission source at a 100 cm distance
- Gamma-ray Source : 13Cs source of 0.74 MBq activity placed at a 100 cm distance

a9 28 A5 AR B 715E oE ol mE AE7] map Wskel 7} AE7] mape o8
slo] ATAE FARHYZE) 9} 7P K Q22

= e

EIV. 574 Al e oWlES] 5 F7HZ w PSNR, NMSE, SSIMS- ¢]&-¢F 544}
o s 37k
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3.2 SiPM oj#lo]¢] ¥ ¥ WA wE JAstd 22l ool AH5 WL
3.2.1 AuA] wA R SiPM oj# 0] FF WA o] mE e A Fls v
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Gamma ray Imaging Neutron Imaging
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