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Introduction

Pre-requisite: photodetectors
Organic scintillators

Inorganic scintillators

Scintillating fibers

Summary

Content based on:
Particle Detectors: Fundamentals and Applications by Hermann Kolanoski and Norbert Wermes
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https://academic.oup.com/book/43645

Creation of luminescence by absorption of ionizing radiation

Luminescence: light emission with characteristic spectrum caused by some inherent molecular or crystalline
properties of materials

lonizing radiation: subatomic particles or electromagnetic waves with enough energy to ionize atoms or
molecules by detaching electrons from them

The effect somewhat proportional to energy of incident radiation.

Classification based on chemical composition: organic and inorganic
The mechanism that produces light differs

Classification based on time delay of emission process
Fluorescence (prompt), phosphorescence and delayed fluorescence
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Uses of scintillators

 lonizing radiation can be EM waves (photons, X-rays, gamma-rays) or particles (e, p, alphas)

** They can be used for
Calorimetry — measuring the energy deposited by the particle
Time of flight — establishing speeds Star Tracker
Tracking detectors — following the trajectory .
Trigger, veto counters — establishing their presence Cryocccer QL

TOF
(s1,82)

Vacuum

“* Can be found in Case
Nuclear and particle physics experiments
Astrophysics detectors
Medical imaging

He Vessel

Schematic diagram of the AMS-02 apparatus. The
TOF systems are made using plastic scintillators
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A little history

**One of the oldest techniques for particle detection

1910 — Rutherford detected a particles with his eyes when they
created scintillation flashes impinging on a zinc sulfide screen

Side note: The human eye can detect flashes of light with as few
as 15 photons arriving in At = 1 ms

(Hecht, Shlaer, Pirenne, 1942)

llimator/shield
(lead) (Zn sulfur)
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https://pmc.ncbi.nlm.nih.gov/articles/PMC2142545/

A little history

**One of the oldest techniques for particle detection

1910 — Rutherford detected a particles with his eyes when they
created scintillation flashes impinging on a zinc sulfide screen

“*Today, we detect scintillation photons electronically

Gold Foil

CeSm—
IR

‘?’/-

Detector‘!""’

Source

\Qlllmator/shleld

D&
(lead) étector

(Zn sulfur)
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Scintillators for particle detection

~

.« . \\
lonizing "=

radiation

Scintillatory Photodetector assembly Data

acquisition )

system

“* High efficiency conversion of energy deposit into light
“» Light yield L should be proportional to the energy released (linearity)

«» Scintillation medium should be transparent to the light emitted

» Decay time of luminescence should be as short as possible (fast signal)*
*» Refractive index should allow easy coupling to readout device

“» Spectrum of scintillator should overlap with the sensitive region of the readout device
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Key process: Stokes shift

*» Scintillation medium should be transparent to the light emitted
Light emitted can, in principle, be reabsorbed by the scintillator — we don’t want that
For light to escape, the emission energy has to be lower than the absorption energy
This phenomenon is known as Stokes shift, and it can be due to different physics processes as we will see

Stokes shift

probability

absorption
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Electronic
Photodetectors

In the UV and optical regime (200 — 700 nm)



Photoconverters e ©
“* Goal: Convert photons and generate an electrical signal %‘ /

+» Starting point: photoelectric effect ) e = o () Py
External photoelectric effect is used in PMTs =
Internal photoelectric effect is used in silicon-based detectors

** Second step: amplification
Mechanism depends on the device

** Signals can then be collected by readout electronics
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Photomultiplier tubes

** Photon releases an electron from the photocathode
1. Absorb the photon, release an electron
2. Electron moves to the surface
3. Electron escapes to the vacuum

metal ~ vacuum SEFI"IiCDI'IClUCtDI' Vacuum
C > e
& Q -
E'-'af.: L ' A
¢ conduction
edn band Exs
ed,
Ec —l
Be----- O T OO B vcmecnennn N
conduction |
0 N A,
E. /,ﬂ.ralence band%

Kolanoski, Wermes 2015

(a) Electron emission from a metal. (b) Electron emission from a semiconductor.,
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Photomultiplier tubes

** Photon releases an electron from the photocathode
“* The electron is accelerated by HV between dynodes
** More electrons are produced by secondary emission
%+ Amplification factors of order 10° after multiple steps

** The result is a measurable current

Focusing
electrode Dynode

Photocathode
Vacuum
Secondary

electron f I
Direction of 3 \‘

light

J Y

Faceplate

Electron multiplier (Dynodes)
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Photomultiplier tubes

*»* Photocathode material defines
the sensitive wavelengths
Monoalkali
e.q. Cs—I, Cs—Te, K=Br
Bialkali
e.qg. Sb—Rb—Cs3
Multialkali materials
e.qg. Sb—-Na—K—Cs3
I1I-V semiconductors
‘activated’ (doped) with
caesium,
GaAs(Cs), GaP(Cs), InGaAs(Cs)

** Glass needs to be transparent
to the desired wavelength
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Avalanche photodiodes (APDs)

“» Formed by multiple p-n junctions
“* In reverse bias, the high doping creates

strong electric field
Operating voltages are of the order of 20-100
** Electrons moved to the conduction ban

go towards the high field region, where
avalanche amplification takes place

» Signal is picked up by an electrode, can
be amplified further

YANEZ - GRIDS'25

L=hv

Anode

Electric field

Absorption

Multiplication

Cathode




Avalanche photodiodes (APDs)

A
“» Formed by multiple p-n junctions | Geiger
_ _ _ | mode
“* In reverse bias, the high doping creates a |
strong electric field _
. c |
Operating voltages are of the order of 20-100V g,
“* Electrons moved to the conduction band & |
go towards the high field region, where
O |
avalanche amplification takes place Inear mode
+* Signal is picked up by an electrode, can |
be amplified further J
|
|
—I—b.

reverse blas (V) typ. 70V

YANEZ - GRIDS'25



Avalanche photodiodes (APDs)

* Sensitive over a larger wavelength range than PMTs
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Silicon Photomultipliers (SiPMs)

“* Also known as Single Photon Avalanche diode (SPAD), Geiger-mode avalanche photodiode
(G-APD) or Multi-Pixel Photon Counter (MPPC) arrays

» Matrix (array) of APDs operated in Geiger mode, with gains of 10°
Cells are binary (yes/no)
Number of yes cells is proportional to light intensity

Front contact
[ ]
: 'l‘l“:‘;,‘-"%; e ',‘
= r r
p’

substrate 7;

Single microcell | Anode Single microcell
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Table 10.2 Characteristics of different photodetectors in comparison. Given are typical values without claim of completeness and accounting
for all detector variants.

The abbreviations are: PMT = photomultiplier, VPT = vacuum phototriode, MCP = microchannel plate, PD = photodiode, APD
= avalanche photodiode operated in linear mode, HAPD = hybrid APD (linear operation mode), HPD = hybrid photodiode, SiPM
= silicon photomultiplier (APD arrays operated in Geiger mode).

QE = quantum efficiency at A\, 02, Amar = approximate wavelength of maximum efficiency, A\ = sensitive wavelength region at
50% QE, gain = intrinsic amplification, PDE = typ. photon detection efficiency according to (10.8) at Ay, DR = dark rate
at room temperature if the device is sensitive to single photons, SNR (1v) = signal-to-noise ratio related to a single primary
photon (typical, dependent on the bandwidth), oy = time resolution, A = typical (maximal) sensitive area, V,, = operating volt-
age, v/c = indicates if a detector is typically rather voluminous or compact/small, sens. 1y = single photon detection possible
(v/n), sens. B = sensitive to magn. fields, sens. T = temperature sensitive gain, price = high/medium/low for small area units.

PMT APD SiPM
QE (%) 25-40 75 70 - 80
Amaz (M) 400 750 900 750
AX (nm) 300550 400 - 1000 400~ 1000
gain 105 50 1058
PDE (%) 25 60 -70 60
DR (%) e | 1020
SNR (17) 1023 IST0 >100
o (ps) 200 20 100
A (em?) < 2000 <1 1
Vop 1.0-1.5kV 100-500 V 50V
vol/comp v c c
sens. 1v yves no yes
sens. B high low low
sens, T(*) med /low high high /med.
price*) high medium medium

(*) Ratings given are subject to rapid changes, especially for newly developed devices.




pical connection to scintillators

\ -

photomultiplier light guide scintillator Y
—
photodiode in direct fluorescent reflector photodiode V1 wavelength shifting fibre
optical contact wavelength shifter - -
\ signal mirror \ \ e
\ 1 L .
———————— ’|-L| —------- - L (a) WLS fibre readout of a scintillator bar.
8m
' ) _ scintillator bars
scintillator
2 o
a 8
= =
v vy
- =
= =
optical connectors optical connectors
complete assembly clear / \ clear
fibre fibre
b) Components and complete assembly. ribbon multiplex multiplex ribbon
cable box box cable

b) Scintillator array with WLS fibre readout.
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Organic scintillators

Aromatic hydrocarbons



Light emission mechanism

“*» The process happens at the molecule level

No interactions with neighboring molecules, no need
for structure

Materials can be solid (powder), fluid or gases

Emission is largely determined by electronic
structure of carbon

2 AE between levelsis 3-4 eV = 400-300nm

Some enerqgy is lost via “radiationless transitions”,
released via vibrations

Stokes shift occurs thanks to these losses

** Transitions typically take place in nanosecond
time-scales
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Organic materials - solids

Naphtalene
** Solid, crystalline form are
Naphthalene (C;oHg)
Anthracene (Cy4H1p)
Antracene

Stilbene (C14H1>)

*» Anthracene has the largest yield
Produces 15k photons per MeV
Sometimes used as the reference for yield

“* They are fragile, limited in size

“* Rarely used today
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base primary secondary
scintillator ~ dye(1%) dye (0.05%)

Organic materials - liquids - 2

- A :
* . . . . . . = A * dE X : A i
“* Dissolved in solvents = liquids or in polymerised form 0% Ay G
P-terphenyl (C1gH14), PBD (C24H,,N,0), DPO (Cy5Hy1NO), RO I 10 Ay &°
POPOP (C24H16N2 02) E‘.‘*f‘-'ﬁﬁt Farster trangition L’M—’L‘_ Im
Solvents usually scintillate by themselves, but with very low yield S 1Y photon1 Photon? photon 3
Best is to M (a) Wavelength shifting: principle.
«%» Typical organic scintillator mix | opvr e prephenyl T
o I..' \ h '
Solvent (aromatic compounds like benzene, xylene) 2 ‘ a 'l POPOP £
Yy oy =
High concentration of primary fluor (fluorescence emitter) % Y g

Low concentration of secondary fluor — acts as wavelength
shifter

“*High purity standards to avoid unwanted chemicals
Oxygen can quench (reduce) the light output
Usually operated under dry nitrogen atmosphere

emission

200 300 400 500
Stokes shift A (nm)
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(b) Absorption and emission spectra.



Organic materials - liquids

*» Dissolved in solvents =2 liquids or in polymerised form

p-terphenyl (C1gHq4), PBD (C,,H,,N,0), DPO (C;sH{{NO),
POPOP (Cy4HygN,0,)

Solvents usually scintillate by themselves, but with very low yield
Best is to mix

» Typical organic scintillator mix
Solvent (aromatic compounds like benzene, xylene)
High concentration of primary fluor (fluorescence emitter)

Low concentration of secondary fluor — acts as wavelength
shifter

“*High purity standards to avoid unwanted chemicals
Oxygen can quench (reduce) the light output
Usually operated under dry nitrogen atmosphere

Borexino
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Polymerized liquid scintillator

Can be cast into any shape, and they are easy to handle
and cheap

Well suited for particle and nuclear physics experiments

Typical solvent/base used are polyvinyl toluene
(PVT) or polystyrene (PS)

Used for charged particles and neutrons

Disadvantages:

Light yield can decrease due to ageing, exposure to
solvents and greases, high temperatures and ionizing
radiation
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Plastic scintillators

T2K near
detector

POD
beam 1 (0 Downstream
—> ECAL

W

Barrel ECAL

Upstream Water Target

Legend

@ Wavelength-shifting Fiber
Scintillator
I Water
[""Brass
I Light-tight Cover
I Lead

Central WaterTarget

Upstream ECal
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Surface

Multi-layer tracker

MATHUSLA
proposed layout

Double layer tracker

Wall/floor detector Mt
’ -

LHC beam pipe

~20 m

LLP decay volume

~60 m

s

Fig. 1. (color online) Layout of LHAASO.

A i o

e

The LHASSO gamma ray detector



Plastic scintillators in P-ONE

** The Pacific Ocean Neutrino Telescope is a project in Canada

“* The main photodetection device are PMTs — scintillators as calibration

~340 mm

YANEZ - GRIDS'25



Light vield

*» Determined by Birk’s law

dE
dL B dx
dx 1+k32—§

S is the scintillation efficiency
kg is the quenching strength — ionization saturates

“* When energy losses are small with respect to the
energy of the particle (e.g. GeV cosmic muon)

dL —SdE
dx ~ dx

** For strongly ionizing radiation (e.g. MeV «a particle)
ar S
dx kg

“* kg needs to be determined experimentally
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T T
S| gNd | Sha 0[S i,
l(ns) Ty §
* The prompt fluorescence follows an g mef | || 8
exponential decay. If one wants to describe the g -
rise time,youget B R 1]Ys
_ ~t/Tdec . Y. s -
I(t) — IO g(t) e [Tdec 10 = : I _______"_1' ________________ ‘;_V_ ______
X Many scintillators have a second component - | tibene |
with longer decay time T A T
107 :_ ................................................................................................... =
() =1, g(&) e™"/* + L™/ g El -
a - 1 : _
** Relative contribution of I, I, can depend on LSRN 5 N W SO S A _
the ionization density of the incident particles 5 Fi 3
(p; a, n, V) - uradiationé .
Effect is exploited to distinguish particles 10 gyl T g Yol Cone T N
“Pulse shape discrimination” =
1 ] i A —
1] 200 400 600
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Inorganic scintillators



Inorganic scintillators - mechanisms

*» Scintillation mechanism rests on the lattice structure of crystals
Depends on the band structure created
Requires energy levels created by impurities in the band gap (aka luminescence centers)

conduction band

**» General idea W
Energy deposition = e’s to conduction band . l A | g
Electron is free to move band feeeeee: l .............. ?l .........
Captured by luminescence center = N
Light emitted by de-excitation ~ impurities ‘o & V' traps
[activation centers] ' L2
P S ©
'3 (s
v v D
—._O——
i |
scintillation '
[luminescence] v € O hole

valence band
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Inorganic scintillators - mechanisms

+»» Evolution
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interaction of excited centres

c*4+c* - c+ c*

(traps, doping, self-trapped’

excitons etc.)

eqg. e+ct— c?+phonon

scintillation

c*—c+ hv

A a
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X —=
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inelast. e—e

scattering conduction band
e e
\/ e electrons interaction of excited centres
\<h thermalise further Frc* o4t
] [ BT by phonon scattering ocal
* £oa . trapping (localisation)
2Eg t---F- Ebr_egbglfi_f?r: - N N € caused by impurities
e-e séafterlng (traps, doping, ‘self-trapped’
" e excitons etc.) scintillation
y A e.g. e+ct— @+ phonon * e+ hy
Eg 3 | ——————— >
L]
i
i S . Ly
A —
4 <
AE, =
. /_< eg.
Aiigar resfold ¢ W | Vit phonon
S 2”7 h| holes
AE Aoh /\ k' | thermalise further
“| y [ core band|
E-+AE . . . . >
10°1® 107 10712 10710 108
time (s)

“* Multiple processes with different time constants play a role
(i) Time span for generation of electrons and holes (t; = 10718 —107°s)
(ii) Thermalization/cooling process through lattice interactions (t, = 1071 — 10712 s)
(iii) Transfer time for electrons and holes to reach a luminescence center (t3 = 10712 — 1078 s)

(iv) Decay time of the luminescence center (T4 > 10719 s)

“* Interaction between luminescence centers mean simple exponentials won’t do
Approximation of decay time requires sum of multiple exponential functions
This problem does not exist in organics because there are no particle interactions
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Light vield

» Light yield depends on absorbed energy E ;s and average energy required to produce an
electron-hole pair we /p,

E
] = absSQ

We/n
S is the energy transfer efficiency from thermalized pairs to luminescence centers
Q is the quantum yield of the luminescence center

“* Maximum theoretical yield is estimated to be 140 000 photons / MeV

See Lecoq, P. et al.: Inorganic Scintillators for Detector Systems: Physical Principles and Crystal Engineering.
Springer, 2006
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Scintillation crystals comparison

Material
plast. scint.
Nal(Tl)
CsI(TL)

BaF,

LaBr;(Ce)
CeFq

GSO
BGO
LYSO(Ce)
LSO(Ce)
PbWO,

YANEZ - GRIDS'25

p (gfcm’)
1.03
3.67
451

4.89

5.29
6.16
6.71
7.13
7.10
7.40

8.30

X, (cm)
42.5
2.59
1.86

2.03

1.88
1.77
1.38
1.12
1.14
1.14

0.89

Ay (NM)

423

410

550

220

310

356

330

430

480

420

402

425

Photons per MeV

10 000

43000

52 000

1430

9950

61 000

4500

9 000

8 200

33000

27000

130

T oc (NS)
~2
245
1220
0.8
620
17-35
30
56
300
40

41

30

“* p —density
“» Xy — radiation length

“* Amax — Wavelength at maximum of emission
spectrum

“* Tqec — decay constant

“* High density and short radiation lengths make
it easy to efficiently absorb the energy of
particle showers

“» Higher light yield than organics

** Much longer decay time than organic
scintillators



Scintillation crystals in use

CMS crystal calorimeter

EERE
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crystals

Preshower

BaBaR calorimeter

Output

Cable Preamplifier
Fiber Optical Cable Board
to Light Pulser
Diode
Carrier
Plate
Aluminum — Y
Frame
Silicon
Photo-diodes

TYVEK
(Reflector)

Aluminum

Foil
(R.F. Shield)

Csl(Tl) Crystal

nsulation)

CFC
Compartments
(Mechanical
Support) s




Example CMS

Electromagnetic Calorimeter

One of the last
CMS end-cap crystals
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Glove box

Central support assembly
(Deck elevation)

Scintillation in gases and liquids

“* High-purity inert gasses can scintillate

Steel shell neck
(Outer neck)

Inner neck (green)
Vacuum jacketed neck (orange)

» Light emission comes from decay of excited dimers to ground state

. . . ) . . Cooling coil
Direct excitation or electron-ion recombination

Acrylic flow guides

“*» Light is deep in the UV, requires wavelength shifters

e 48 Muon
De-excitation and Y,  _d= / veto PMTs
Excited dissociation UV . “ 255 PAT-
molecules 2 . s / & light gsldes
Excitation @J\‘\r‘r Y 7 N
. . E LAr : 130 nm R Acrylic vessel
Collision LKr : 150 nm = | S
. . at ) . teel she
[with other gas atoms] LXe: 175 nm - - N o 80 L/ al =
3600 kg
O —® — @
lonization onized Filler blocks
molecules / - Foam blocks behind
@ Recombination PMTs and filler blocks
.

Bottom spring support
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Comparison

“* Very fast (ns)

“» Wide range of light yields,
can reach that of crystals

“* Light in deep UV

“** Very low densities
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Gas/liquid 2Z

gases (1 atm, 20 °C)

N

CF,4
Helium
Neon
Argon
liquids
Helium
Neon
Argon
Krypton

Xenon

solid (for reference)

Nal(Tl)

7

8.6

54

46.5

Boiling point at 1 bar (K)

7
145.3
4.2
27.1

87.3

4.2
27.1
87.3
119.8

165.0

p (liquid) (g/cm’)

1.17 x 102

3.93 x 10°°

1.66 x 104

8.39 x 10 *

1.66 x 102

0.13
1.21
1.40
2.41

3.06

3.67

Aok (nm)

390

300/630

78

~80

127

80
78
127
147

175

410

Photons per MeV

100

1200

1100

18200

15000
30000
40000
25000

46 000

43000

Tdec (typ'} (ns}

2.5

<20

1.2

10

15

245



Scintillating fibers



Scintillators as fibers

* Fibers can be made of scintillating glasses,  refiecting dling (101 transmission fibre
plastic scintillators or by filling a capillary with
liquid scintillator

surface

“* A transmission fiber can be coupled to
transport the light produced to a sensor

total intarnal
reflection

** Adjacent fibers can have cross-talk from
the light produced in the first process

* Organic materials are preferred: easier to 55 I
produce and robust ’

1
"
j.* )
Kiolanaski, Wemmes 2018 —— core fibre
\ \‘— cladding 1
cladding 2
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Scintillating fiber detectors

* Typical configuration

Tracking with fiber bundles

image intensifier \ ) )
{ Fibers in the
. DO detector

scl$atln

fibre bundle | f’d‘rgmli on the right)
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Summary



Summary

“* Nature likes emitting light. Three scintillation mechanisms useful for particle detection.

a) A ionization level b) C)

ion recombination
= SOlvent

wessn fluorophore

higher excited states De-excitation and
1085 Excited dissociation
107s 10755 10" 10°s Excitation oS ® J\,Jf
; : / — @B — 2 e om
1 v L ener o LKr : 150 nm
qy transfer Collision
p— T1 = /R [with other gas atoms] LXe: 175 nm
v
— i —_—

' | s . —® — .
hv T-Tannihilation 1 valence band lonization

e hv hv L%gllé?:?xles /‘ oot
JJ_J l'H:’L . ® Recombination
So S So
conversion transport fluorescence conversion transport luminescence

Figure 9. Typical processes of scintillation in a) organic and b) inorganic scintillators. The time scales over which
these processes occur are also shown, indicating excellent temporal resolution. Figure b) was adapted from Nikl et al®

Frontiers in Physics, 8, 328, 2020
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Summary

“* Nature likes emitting light.

»* Organic scintillators are very versatile

Polymerized (plastics) excel in ease of use
Fast response

“** Inorganic crystals are great calorimeters
Dense and high light yields
Can withstand some level of radiation

“* Inert gases can be highly pure
Light is deep UV, but can be shifted for detection
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Summary

“* Nature likes emitting light. » Electronic photodetectors used to collect
scintillation light

»* Organic scintillators are very versatile
Polymerized (plastics) excel in ease of use “* PMTs, APDs or SiPMs are commonly used

Fast response

“* Need to match the scintillator emission and

“** Inorganic crystals are great calorimeters the environment

Dense and high light yields
Can withstand some level of radiation
*»» Combination of scintillators+photodetector

work as the main detection mechanism or

“»* Inert gases can be highly pure o
5 SN P auxiliary systems

Light is deep UV, but can be shifted for detection
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Backup



Organic scintillators — Light emission

2*From Chem LibreTexts

Excited
Electronic
State

vl

Ground
Electronic
State

"
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1 — 7

0

Absorption Fluorescence
A/ nm

Figure 15.1.615.1.6 shows the fluorescence transitions of a hypothetical
diatomic molecule in which the equilibrium bond length of the ground state
and the first singlet excited state are identical. In this molecule all
absorptions involve transitions from the lowest vibrational level of the
electronic ground state (v'=0v"=0) to various vibrational levels in the
excited electronic state. Because vibrational relaxation occurs more rapidly
than fluorescence, the fluorescence spectrum is composed of lines showing
transitions from the lowest vibrational level of the excited state (v=0v'=0)
to various vibrational levels in the electronic ground state.


https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Physical_Chemistry_(LibreTexts)/15%3A_Lasers_Laser_Spectroscopy_and_Photochemistry/15.01%3A_Electronically_Excited_Molecules_can_Relax_by_a_Number_of_Processes

Photon energy measurements

“*Inorganic crystal scintillators for gammas from 10keV to 100 GeV

Emission mechanism depends on energy, from photoeffect, Compton scattering and pair
production playing a role

“*Spectra will depend on the processes that take place

“*Totally absorbing detectors have E resolution Iimited1 by photon statistics
Of
X X
E /N, +E
2%

“*For BGO, intrinsic resolution (L3 experiment):
’ JE/GeV
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