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ScintillatorsScintillators accordingaccording to to 
variousvarious schemesschemes

Transform dE/dx of an ionizing particle  into light
that can be measured by a photodetector 
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OrganicOrganic scintillatorsscintillators

Organic crystals 
Anthracène,Trans-Stilbène, 
Naphtaline

Organic liquids 
Solvent:Xylène,Toluène,benzène
Solute:p-Terphénil, PBD, PPO, 
POPOP, 3g/l

Plastics
Solvent: polyvinyletoluène, 
polyphénilbenzène, polystyrène
Solute:PBD,pTerphénil ,PBO, 
second soluté POPOP,10g/l for 
wavelength shifting

Delocalized π electron states of the Benzene molecule

Convert PART of the energy of the incident particle 



P. Lecoq  CERNFebruary 2011 4Scintillating Screen Applications in Beam Diagnostics, GSI, 14-15 Feb. 2011

WavelengthWavelength shiftershifter
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CrystalineCrystaline organicorganic scintillatorsscintillators

crystalcrystal Chemical Chemical 
formulaformula densitydensity nn yieldyield

emissionemission
wavelengthnwavelengthn

nmnm

anthraceneanthracene CC1414HH1010 1,251,25 1,621,62 100100 447447

TransTrans--
stilbenestilbene CC1414HH1212 1,161,16 1,621,62 5050 410410

naphtalenenaphtalene CC1010HH88 1,1621,162 1,621,62 3030 340340

•• organicorganic scintillatorsscintillators are are usuallyusually veryvery fastfast (a few ns)(a few ns)

•• usedused for for fastfast detectiondetection, time , time taggingtagging, time of flight, time of flight

•• AnthraceneAnthracene has a has a veryvery good good yieldyield: 1 : 1 opticaloptical photon per 60eV photon per 60eV depositeddeposited energyenergy
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Plastic Plastic organicorganic scintillatorscintillator: plates: plates

•• EasilyEasily machinedmachined
•• Large Large sizessizes availableavailable
•• Good light transport Good light transport withwith wavelengthwavelength
shiftingshifting usingusing primaryprimary and and secondarysecondary
fluorsfluors
•• VeryVery fast~nsfast~ns,,
•• CheapCheap
•• Not Not veryvery radiation hardradiation hard

1 1 opticaloptical photon per 100 photon per 100 
eV eV depositeddeposited energyenergy
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Air: Air: nn00 = 1.0003= 1.0003

Core, polystyrene: Core, polystyrene: nn11 = 1.59= 1.59

Cladding, acrylic: Cladding, acrylic: nn22 = 1.49= 1.49

•• Propagation in the core: Propagation in the core: φφ11 < 20.2< 20.2oo, , ff11 = 1= 1--nn22//nn11 = 6.2%= 6.2%
•• Propagation in the cladding: Propagation in the cladding: 20.220.2oo < < φφ11 < 51< 51oo, , ff2 2 = = nn22//nn11--nn00//nn1 1 = 31%= 31%
•• Lost in air: Lost in air: φφ11 > 51> 51oo, , ff00 = = nn00//nn11 = 63%= 63%

φ1

Plastic organic scintilator: fibersPlastic organic scintilator: fibers
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TileTile calorimeterscalorimeters: ATLAS, CALICE : ATLAS, CALICE 

Read out 216 
tiles/module  

~8000 channels

Calorimeter cell

Wavelength shifter fiber

3x3 cm2 x 0.5 cm

Single tile 
readout with 

SiPM
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ScintillatingScintillating crystalscrystals for for homogeneoushomogeneous
calorimeterscalorimeters

• To convert ALL the energy of the incident particle in to light

• Necessity to use dense materials

• Above certain minimum level most scintillators are linear with 
respect to the energy deposited

• Light output is directly proportional to energy deposited
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M. J. Weber J. Lumin. 100 (2002) 35

Invention of the
photomultiplier tube

Fast UV 
response

History of scintillator discovery
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Classification of Classification of scintillatorsscintillators

Density

Light Yield

Energy Resolution

Decay Time
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γ

A zoom on the conversion A zoom on the conversion 
processprocess (HEP)(HEP)

The energy conversion from incoming X or γ Rays 
is a complex process resulting from a cascade of 
events.

Hadronic events are even more complex
– Details of the full cascade for HEP with contributions 

from different conversion mechanisms: scintillation and 
Cerenkov, would lead to particle identification within
the shower
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A zoom on the conversion A zoom on the conversion 
processprocess ((lowlow energyenergy))

γ
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γ

A zoom on the conversion A zoom on the conversion 
processprocess ((lowlow energyenergy))
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How to How to choosechoose a a scintillatorscintillator

σ ph ∝
Z 5

Eγ
7 / 2

σ c ∝ Z

σ pair ∝ Z 2 ln(2Eγ )

X0 =
A
ρ

716.4gcm−2

Z (Z + 1) ln(287/Z )

RM ≈ X0
Z +1.2
37.74

∝ 1
ρ
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Fundamental aspects of Fundamental aspects of 
ScintillationScintillation

Different scintillation mechanisms

hν

B – Self- trapped  exciton

γ light

hν

A – Doped ion, 
or intrinsic defect

hν
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CB

VB

Core B

Fundamental aspects of Fundamental aspects of 
ScintillationScintillation

Different scintillation mechanisms

hν
Eg

hν

C – Crossluminescence

γ light
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Auger processes & X-ray 
fluorescence reabsorption

e e
e
h

e
h

h h

ph

h h

e e

ph
Interaction of 

excitations
с* + c* → с + c*

h → Vk + ph

Emission
с* → с + hν

Eg

2E
g

0

∆Ev

Ec
+∆Ec

Ec

CONDUCTION BANDInelastic electron-
electron scattering

Thermalization of 
electrons Capture of electrons 

and holes by different 
traps, their self-

trapping, etc.
e + c+ → c0 + ph

e–e scattering 
threshold

VALENCE BAND

CORE BAND

Thermalization of 
holes

10–16

sec
10–14

sec
10–12

sec
10–10

sec
10–8 sec t

Auger process 
threshold

Relaxation of electronic excitationsRelaxation of electronic excitations
intrinsic luminescenceintrinsic luminescence
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Evolution of energy distribution for 
1000 eV electrons 
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Evolution of energy distribution for 
1000 eV electrons 
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Evolution of energy distribution for 
1000 eV electrons 



P. Lecoq  CERNFebruary 2011 22Scintillating Screen Applications in Beam Diagnostics, GSI, 14-15 Feb. 2011

Evolution of energy distribution for 
1000 eV electrons 
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Evolution of energy distribution for 
1000 eV electrons 
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VB (G)

E

Configuration Coordinate Q

Q0
Configuration coordinate model for the local lattice with electron in 

valence and conduction band states and in localized polaron state.

CB

ψCB 
(delocalized)

Eg=3.7 eV
P

ψP

Configurational model
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CB

VB (G)

ψCB 
(delocalized)

E

Configuration Coordinate Q

Q0
Configuration coordinate model for the local lattice with electron in 

valence and conduction band states and in localized polaron state.

Eg=3.7 eV P
ψP

Configurational model
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CB

VB (G)

ψCB 
(delocalized)

E

Configuration Coordinate Q

Q0
Configuration coordinate model for the local lattice with electron in 

valence and conduction band states and in localized polaron state.

Eg=3.7 eV P
ψP

Configurational model
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Fundamental aspects of Fundamental aspects of 
ScintillationScintillation

The 3 phases of  the scintillation mechanism

1. Absorption : Creation of pair e-h

ne−h =
Eγ

βEgap

2. Transfer to the luminescence centre 

Efficiency of energy transfer : S

3. Emission

Efficiency of emission : q

Efficiency of scintillation

Sq
E
E

Sqnn
g

ehphoton β
γ==

Determination of the maximum of light

g

photon

EE
n

LY
βγ

1
max ==

Usually β = 2 to 4 
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FundamentalFundamental limitslimits to the LYto the LY

Why?

N ph ≤ N eh =
Eγ

βEgap
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Towards smaller band gap Towards smaller band gap 
compoundscompounds

Valence Band

LaF3

LaCl3
LaBr3

5.9 g/cm3

3.8 g/cm3
5.1 g/cm3

LaI3
5.6 g/cm3

53 73Light yield (103 ph/MeV) 2 0
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Luminescence quenching Luminescence quenching 
in LaIin LaI33:Ce:Ce

Γν

Γq(T)∆E

Conduction band

Ce3+ g.s.

Absolute location of doping levels is crucial
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EffectEffect of of trapstraps
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EffectEffect of of trapstraps
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YieldYield dependsdepends on on electronelectron
ionizationionization densitydensity
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NonNon--uniformityuniformity of of electronelectron
energyenergy depositdeposit
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EE density effect in EE density effect in scintillatorsscintillators
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Back to Creation Back to Creation 

Possible use of crystals
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Compact Muon SolenoidCompact Muon Solenoid
4 T magnetic field

For a light Higgs (as suggested by present data) 
HH→→γγ best channel. Narrow width, irreducible background:

ECALECAL resolution crucial !resolution crucial !

Main CMS goal: Main CMS goal: 
search for Higgs search for Higgs 
and new physicsand new physics

Length ~ 22 m
Diameter ~ 15 

m
Weight ~ 14500 

t
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Evidence of Dark Matter
Rotation curve of spiral 

galaxies

Direct detection - elastic 
scattering off nuclei

WIMPWIMP--DarkDark mattermatter searchessearches
Expected event rate < 0.1/kg day

Detector mass 1kg-100 kg
High radiopurity of detector 

WIMP
W-thermometer (phonon 

detector)

light detector

Reflector

Crystal

Phonons
Light



P. Lecoq  CERNFebruary 2011 40Scintillating Screen Applications in Beam Diagnostics, GSI, 14-15 Feb. 2011

PET data acquisition

e+

Positron range (r)

Acolinearity
(α D)

e+

e-e+

Neutron-deficient 
isotope
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p
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Parallel projections

Projection

φ
s

PET data (sinograms)
s

z
φ

φ

18FDG
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PET images

z

x

Reconstruction

2τ
Coincidences

n

(6p; 5n)➔(5p; 6n) 

PET PrinciplesPET Principles
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The The BepiColomboBepiColombo Mercury missionMercury mission
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Oil Well LoggingOil Well Logging

Neutron/Gamma
generator

Shielding

Near detector

Far detector
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Active InstrumentationActive Instrumentation
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