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Charged particle 

Electric Signal

Scintillator 
Energy -> Photon ( Scintillation )

PMT, MPPC,.. 
Photon -> Electron ( Photoelectric effect ) 

Amplification (~1e7 )

Excited state

Ground state

Temp. state
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Backup slides



https://eljientechnology.com

Scintillator





Types of Scintillator
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Inorganic scintillator
Crystal ( CsI, NaI, PbWO4,…) 
High Z atoms 
High density ( 3-8 g/cm3 ) 

Short radiation length 
High light yield

10-100 k photon/MeV 
Good energy resolution 
Standard : NaI(Tl)  

ns - µs decay time 
Expensive
Hygroscopic (difficult to handle) 
Temp. dep. in Light yield ( ~%/ºC ) 
Strong for Rad. damage
EM calorimetery, Medical imaging 

Organic scintillator
Crystal, Plastic, Liquid type 
Low Z (C, H) & density ( 1-2 g/cm3) 

Insensitive for gamma 
Low light yield 

1-10 k photon/MeV 
Standard : antracene 

Fast decay time
~ ns 
Good timing resolution 

Cheap
Easy to handle ( & Manufacture ) 
Temp. indep. ( -60 ~ 20 ºC ) 
Weak for Rad. damage 
Tracker, TOF, Trigger, Charged veto, 
Sampling calorimeter (HCAL)

Gas scintillator
nitrogen + noble gases

Glass scintillator 
boron silicates



Inorganic Scintillator - Scintillation
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State of electrons
Ee > Eion  : Free 
Ee > Eg     : Conduction band 
Ee < Eg     : form Exciton with hole

Luminescence mechanism
Free electron 
Electrons in conduction band 
Electrons in exciton band
Activator ion
Electrons in electron trap

Defects & Impurities  
Reduces LY, delays emission

Eg

CsI (pure) CsI(Na) CsI(Tl)
LY (N/keV) 2 54 41

Decay Time 6/30 ns 1 µs 630 ns
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Inorganic Scintillator 
-Emission/Absortion

Eg > Es

Eg Es

Conditions for good scintillator
Transfarency for own emission light 
High light yield 
Linear response 
Fast decay time 
Easy to handle
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Inorganic Scintillator - photon emission timing
Photon emission example : NaI(Tl)

Several activator (Tl,Bi) has forbidden state transition 
-> Slow decay time 

N p
ho

to
n

N(t) = N0e
− t − t0

τ0 + (N1e
− t − t0

τ1 )

t0

Fast

Slow

tr

tr : Rising time, effected by mobility of electron 
τ0,τ1 : Decay time const., effected by decay mode  
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Inorganic Scintillator - Light yield

LY(n . ph . /MeV ) = Ne−hSQ =
106

βEg
SQ

Ne-h :Number of e-h pairs 
Eg  : band gab energy 
β : Ionization energy conv. eff. (2-7) 
S : Carrier transfer eff. (material dep.) 
Q : q.e. of luminescent center 
(activator,exciton,…) 
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Inorganic Scintillator - Light yield temp. dep.



Energy structure of pi-molecular orbital

Singlet state

Triplet stateX

~eV

Organic Scintillator - Scintillation
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Förster resonance energy transfer
Energy flows in organic scintillator 

Energ
y d

ep
osit Scin

till
ati

on 

Base, Solvent Scintillator

S* → S0 + γ
T0 + T0 → S* + S0 + phonons

Fast :
Slow :

N(t) = N0e
− t − t0

τ0 + N1e
− t − t0

τ1 , τ1 > τ0

S* → S0 + γ
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Organic Scintillator 
-Emission/Absortion Excitation(black) : fs 

Relaxation(blue) : ps 
Radiative(red) : ns

Distance from nuclear

Frank-Condon Principle
Excitation into higher vibrational state 
De-excitation from lowest vibrational state
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Organic Scintillator - Light yield
Ideal Scintillator : Number of photon ~ Deposit energy

dL
dx

= S
dE
dx

Birk’s law

dL
dx

= S
dE
dx

1 + kB
dE
dx

+ . . .
kB : 0.126 mm/MeV for PS, 

               1.26~2.07 mm/MeV for PVT

High dE/dx (Low energy charged particle)
->High excitation density 

-> Quenching ( Luminosity loss ) 
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Organic Scintillator -Light yield-Birk’s law

CsI(Tl)-Inorganic
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Organic Scintillator 
-PSD(Pulse shape discrimination)

High ionization density 

Increase T* state density

Increase slow component

Waveform of 
heavy & charged & low E particle 

changes from gamma’s 
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Organic crystal

trans-stilbene

anthracene

naphthalene

√Liquid

p-Terphenyl

2,5-Diphenyloxazole

POPOP

zylene

toluene

benzene,  
phenylcyclohexane, 

…..

√Plastic
PVT

PS

polyphenylbenzene, 
…

Organic Scintillator - Types
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Organic scintillator-plastic scintillator
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Organic scintillator-liguid scintillator



Properties of scintillators
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Excited state

Ground state

Temp. state

Wavelength of scintillation light ? 
수소의 특성X선 에너지 : 13.7 eV

λ =
hc
E

1
λ

= RZ2(
1
n2

1
−

1
n2

2
)

h : 6.625 e-34 Js 
c : 2.99 e8 m/s 
E : 13.7 eV

145 nm

Redberg Formula

>>Scintillation light 는 eV 레벨

(Visible/UV 경계 : 390 nm) 
(인체적외선 : ~ 9 µm)

Energy resolution

ΔE
E

=
ΔN
N

=
N

N
N : 발생한 광자수

Timing resolution

Δt = α ⊕
β

N
⊕

γ
N

Intrinsic
Statistical Noise

δh = aΔH ⊕ b

δtH

H ∼ N, ΔH ∼ N

δh
기울기 a 

a ∝
H

trise

Noisefraction

δt = δh /a ∝
α

N
⊕

β
N

+ Systematic & noise

ΔE
E

= α ⊕
β

E
⊕

γ
E



PMT

https://www.hamamatsu.com/resources/pdf/etd/PMT_handbook_v3aE.pdf

https://www.hamamatsu.com



Cathod material
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Q . E . =
Number of photoelectronics

Number of Photons

Work functions (eV)

Sb 4.55-4.7

Rb 2.261

Cs 1.95

K 2.29

Ga 4.32

As 3.75

In 4.09

www.Hamamatsu.com 

Bialkali (25%) 



Window material & dinodes
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Window material

Borosilicate glass 300 nm ~

UV-transmitting 185 nm ~

Silica glass 160 nm ~

Select glass type by budget and required performance  

PMT gain (G(V)) := Number of electrons in single photon signal
δ

G(V ) ∼ δ(V )n, n : number of dinode stages
H7195 : n = 12, V= ~200V, delta(v)=~3.5 => 3e6 
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H7195 data sheet



Detector Assembly



Scintillator
n=1.58(BC-408) PMT(H7195)

Optics

Optical cement
n=1.56 (BC-600)

Optical cement 
or

Scillicon cookie

Light guide
n=1.49(BC-802)

BC-600
(125 µm)

PMT window
BORO. glass

  

PMT Cathod
Q.E.

Design :Total reflection angle & Liouville’s theorem 

http://www.Hamamatsu.com


Application
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1. Trigger counter 
2. Tracker 
3. Calorimeter



Trigger counter
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Scintillator PMT

Light guide

수 cm

~20 cm

Speed of light in scintillator: ~ 20 cm/ns  
Coincidence of two detector  
-> 3 x 3 cm2 detection area 

->time zitter <200 ps



Beam profiler
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BCF10

MPPC 
S13360-1325CS

Simple beam profile monitor  
(scintillation fiber + MPPC)

Beam time structure
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CsI crystal (27X0) Scilicon 
cookie PMT

CsI L.Y. : 14 ph./MeV 
Temperatuere : keeps in ±1ºC 
Placed in vacuum or Air of humidity < 20%

γ
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Veto detector for KOTO experiment 

Scintillator
Wavelength 

Shifting  
Fiber(BCF92)

Pb plate



Neutron detector construction
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veto Neutron detector Array
Neutron
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BC408(Polyvinyltoluene)

2000 mm

100x100 mm2
Light guide

Hamamatsu, H7195

Neutron Detector Array (NDA)

2x2 m2  

Detection area
Specipication
-Complete information of neutron

Energy & Momentum from TOF and hit position
-Readout electronics

• 500 MHz FADC ( Notice )
-Dimension

• 2 x 2 m2 detection area (~0.0014 sr)
• Thickness : 20 cm / stage, 4 stages in total
• 180 modules / 360 channels
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Neutron detector array construction - Flow

Light guide 
gluing

Wrapping
for block light

PMT gain
test

PMT
Holder
design

FADC & DAQ
Development

PMT-Scintillator assembly

Cosmic ray test

Neutron detector array
construction

Support frame



 36

Light guide gluing (1)
Ordinary

G
ra

vi
ty

Lab jack

New method

바이스로 가압

고무지우개(고정 및 완충제)

XY stage

(바이스)

위
치
조
정

기존방식 : 섬광플라스틱 본체를 수직으로 고정하고 밑에서 라이트가이드를 랩잭으로 올리면
서 접합. 문제점 : 완전히 굳을 때(3일)까지 이동불가.  접합면의 상태확인 어려움. 중량물
(20kg) 조정의 위험성

신규방식 : 섬광플라스틱 본체를 수평대에 고정하고 측면에서 바이스를 이용하여 압력을 가
하여 접착.  UV curing glue 사용으로 대기시간 단축 ( 3-4시간 ).  접합면의 상태확인용이.  접착
면 조정이 용이.

< 0.1 mm로 일치
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Light guide gluing (2)



Scintillator Wrapping

B
la

ck
 sh

ee
t,ミ
ツ
ビ
シ
ア
グ
リ

10
0 
μmScintillator

BC408

TOREI, Al mylar, 20 um

BC408(Polyvinyltoluene)

Wrapping with 
Al mylar & 3M super 33/88



PMT gain measurement

Relative gain measurement

1. Center slot : Base PMT ( 1800 V applied)

2. 4 slots : Changed by measurements 

3. Applied voltage : 1600 V - 2000 V ( by 100 V ) 

4. Gain changed 0.5 to .24 by changing voltages

Gain vs Volt Timing vs Volt



PMT holder design

Requirements

• Replacable

• No gluing

• Fasten PMT and Light guide

• No light leackage

Clamp PMT slot Ring

Light
Guide

Block light through gab Block photon
from backward

O-ring

Heat shrink tube



Decide place
Layer 1,2

Layer 3,4

NDA

Charged Particle VETO
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100− 50− 0 50 100 150 200 250 300 350 400
Timing [ns]

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

AD
C

(t)
 / 

AD
C

Su
m

hisWavePos_0_0

Cosmic ray data

Common waveform

Convert to timing and energy



Cosmic ray measurement

40 Modules / measurement
= Same size with 1 layer

Outputs of all modules were 
satisfied requirements (>5000).
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Cosmic ray data

his
Entries  9481
Mean  3.792− 
Std Dev     39.87

 / ndf 2χ  335.1 / 299
Constant  1.24± 91.19 
Mean      0.246±3.908 − 
Sigma     0.19± 22.85 

300− 200− 100− 0 100 200 300
Deviation [mm]

0

20

40

60

80

100

120 his
Entries  9481
Mean  3.792− 
Std Dev     39.87

 / ndf 2χ  335.1 / 299
Constant  1.24± 91.19 
Mean      0.246±3.908 − 
Sigma     0.19± 22.85 

(p[0]-p[2])/4 - (p[1]-p[2]) {h[0]>5000&&h[1]>5000&&h[2]>5000}

his
Entries  2750
Mean  2.162− 
Std Dev    0.1738

 / ndf 2χ  71.29 / 58
Constant  3.8± 153.5 
Mean      0.00±2.16 − 
Sigma     0.002± 0.139 

5− 4.5− 4− 3.5− 3− 2.5− 2− 1.5− 1− 0.5− 0
Time Diff. [ns]

0

20

40

60

80

100

120

140

160
his

Entries  2750
Mean  2.162− 
Std Dev    0.1738

 / ndf 2χ  71.29 / 58
Constant  3.8± 153.5 
Mean      0.00±2.16 − 
Sigma     0.002± 0.139 

(t[0]-t[2])/4-(t[1]-t[2]) {abs(p[0])<100&&abs(p[2])<100}Timing resolution

Position resolution

D0

D1

D2

D3X3,T3

X2,T2

X1,T1

X0,T0

Tres= (T0 -T3)/4 - (T2 -T3)
expected Measured

Xres= (X0 -X3)/4 - (X2 -X3)

Resolution (sigma) 
timing    : 139 ps 
position : 22.85 mm
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