
Particle Detection via Luminescence
Scintillation Detectors



Scintillators – General Characteristics

Sensitivity to energy
Fast time response
Pulse shape discrimination

Main Features:

High efficiency for conversion of exciting energy to fluorescent radiation
Transparency to its fluorescent radiation to allow transmission of light
Emission of light in a spectral range detectable for photosensors
Short decay time to allow fast response

Requirements

Plastic Scintillator 
BC412

Principle:
dE/dx converted into visible light
Detection via photosensor
[e.g. photomultiplier, human eye ...]
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vertical memory of the scope and is of no interest, 
because the setup samples the vertical amplifier output 
voltage before it is moved after each trigger pulse. The 
X component, on the other hand, is worth more 
attention; in fact at very low trigger rates this displace- 
ment becomes non-negligible between two subsequent 
triggers, resulting in a decrease or increase of  the 
number of  points used by the scope to produce a 
complete CRT sweep and, therefore, in a widening or 
narrowing of the time axis. There are different ways 
of  taking this error into account in order to make the 
the necessary correction, but the easiest and most 
reliable one is to count the points of  the sweep in the 
two following cases: when the sampling rate is high 
(e.g. 1000 Hz), and at the actual sampling rate during 
the measurement. This can be done by counting the 
input trigger pulses of  the scope during the time interval 
between two sweep-trigger output pulses. 

4. "SER" pulse visualization: mechanical setup and 
measurement 
The PM under examination is contained within an 

iron tube connected to the light source (fig. 2); between 

the lamp and the PM, two neutral filters (Kodak 
Wratten Nos. 96ND60 and 96ND30) and a blue filter 
(Kodak Wratten No. 98) are inserted in the filters' 
holder (13). A variable light attenuator (7) is placed at 
the middle of the tube, consisting of  two polaroid 
sheets, one of  them fixed, the other rotatable from the 
exterior. A slot [(10) and detail view A-A] is placed in 
the proximity of  the filters' holder to close the tube 
completely when necessary. For all the measurements 
here reported, only the central part of  the photo- 
cathode was illuminated by using a mask with a central 
hole of 0.8 cm diameter. 

As a lamp, a Philips type DM 160 indicator tube has 
been used. The light emitted by the tube is proportional 
to the grid bias voltage, which can be varied by a 
potentiometer: pulse driving of  the lamp is made 
possible by a suitable connection. 

Before recording the SER pulse shape it is necessary 
to put the photomultiplier in SER operation by an 
independent measurement. The required part of the 
SER spectrum is then located by SCA threshold and 
window-width setting. 

For a setting corresponding to the SER peak, the 
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Fig. 3. SER pulse shape. I-IT = 2450 V- 50 sweeps. Measuring time l h 5 min. Pulse amplitude is about 120 mV. Fwhm = 2.8 + 0.1 ns. 
Rise-time 1.6 ns. 

Scintillators – Basic Counter Setup

Light

Thin window Mu Metal Shield Iron Protective Shield

Scintillator

Photomultiplier
[or other photosensor]

PMT Base 
[voltage divider network etc.]

0 5 10 Time [ns]

PMT Pulse

Output 
Signal

Photomultipliers
Micro-Channel Plates
Hybrid Photo Diodes
Visible Light Photon Counter
Silicon Photo Multipliers

Photosensors
Scintillator Types:

Organic Scintillators
Inorganic Crystals
Gases



Inorganic Crystals	

Materials:

Sodium iodide (NaI)
Cesium iodide (CsI)
Barium fluoride (BaF2)
...

conduction band

valence band

traps
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exciton
band

impurities
[activation centers]

scintillation
[luminescence]

Mechanism:

Energy deposition by ionization
Energy transfer to impurities
Radiation of scintillation photons

electron

Time constants:

Fast: recombination from activation centers [ns ... μs]
Slow: recombination due to trapping [ms ... s]

Energy bands in 
impurity activated crystal

showing excitation, luminescence,
quenching and trapping



Inorganic Crystals

Example CMS 
Electromagnetic Calorimeter

Crystal growth

PbW04

ingots
One of the  last

CMS end-cap crystals



Inorganic Crystals – Time Constants

Time
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N = Ae−t/τf + Be−t/τs

Exponential decay of scintillation 
can be resolved into two components ...

τf : decay constant of fast component
τs : decay constant of slow component



Inorganic Crystals – Light Output
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Wavelength [nm]

Scintillation Spectrum
for NaI and CsI 

NaI(Tl)  
CsI(Na)
CsI(Tl)

Strong 
Temperature Dependence
[in contrast to organic scintillators]



Inorganic Crystals – Light Output

Spectral sensitivity



Scintillation in Liquid Nobel Gases

Materials:

Helium (He)
Liquid Argon (LAr)
Liquid Xenon (LXe)
...

Excitation

Ionization

Collision
[with other gas atoms]

Excited
molecules

Ionized
molecules Recombination

De-excitation and
dissociation

UV

LAr	 : 130 nm
LKr	 : 150 nm
LXe	: 175 nmA

A

A
A*

A*

A2*

A2
+ A2*

e–

Decay time constants:

Helium : τ1 = .02 μs, τ2 = 3 μs
Argon : τ1 ≤ .02 μs



Inorganic Scintillators – Properties

Scintillator
material

Density
[g/cm3]

Refractive
Index

Wavelength [nm]
for max. emission

Decay time 
constant [μs]

Photons/MeV

NaI 3.7 1.78 303 0.06 8⋅104 xxx  

NaI(Tl) 3.7 1.85 410 0.25 4⋅104 xxx  

CsI(Tl) 4.5 1.80 565 1.0 1.1⋅104 xxx  

Bi4Ge3O12 7.1 2.15 480 0.30 2.8⋅103 xxx

CsF 4.1 1.48 390 0.003 2⋅103 xxx

LSO 7.4 1.82 420 0.04 1.4⋅104 xxx

PbWO4 8.3 1.82 420 0.006 2⋅102 xxx

LHe 0.1 1.02 390 0.01/1.6 2⋅102 xxx

LAr 1.4 1.29 150 0.005/0.86 4⋅104 xxx  

LXe 3.1 1.60 150 0.003/0.02 4⋅104 xxx  

*
*

* at 170 nm



Inorganic Scintillators – Properties

Numerical examples:

NaI(Tl) λmax = 410 nm; hν = 3 eV 
photons/MeV = 40000

τ = 250 ns

Scintillator quality: 

NaI(Tl) :40000 photons; 3 eV/photon  ➛  εsc = 4⋅104⋅3 eV/106 eV = 11.3%
PBWO4:     200 photons; 3 eV/photon  ➛  εsc = 2⋅102⋅3 eV/106 eV = 0.06%

Light yield – εsc ≡ fraction of energy loss going into photons

e.g.

PBWO4 λmax = 420 nm; hν = 3 eV 
photons/MeV = 200

τ = 6 ns

[for 1 MeV particle]



Organic Scintillators	

Aromatic hydrocarbon  
compounds:

AntraceneNaphtalene [C10H8]
Antracene [C14H10]

Stilbene [C14H12]
...

Naphtalene

e.g.

Scintillation is based on electrons 
 of the C = C bond ...

Very fast!
[Decay times of O(ns)]

Two
pz orbitals

π bond

Scintillation light arises from
delocalized electrons in π-orbitals ...

Transitions of  'free' electrons ...
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Organic Scintillators	

Molecular states:

Singlet states
Triplet states

Fluorescence  :  S1 ➛ S0 [< 10-8 s]

Phosphorescence :  T0 ➛ S0 [> 10-4 s]

Fluorescence in 
UV range 
[~ 320 nm]

    usage of

wavelength shifters

Absorption
in 3-4 eV range



Organic Scintillators	

Stokes-Shift

Emission

Absorption

Excited State

Ground State

Vibrational 
States

Nuclear
distance

E
ne

rg
y

λ
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Shift of absorption 
and emission spectra ...

Transparency requires:

Shift due to 

Franck-Condon Principle

Excitation into higher vibrational states 
De-excitation from lowest vibrational state

Excitation time scale 	:	 10-14 s 
Vibrational time scale	:	 10-12 s 
S1 lifetime 		 	 	 	 :	 10-8 s

S1

S0



Plastic and Liquid Scintillators

solution of organic scintillators
[solved in plastic or liquid]

 + large concentration of primary fluor
 + smaller concentration of secondary fluor
 + ...

In practice use ...

Scintillator requirements:

Solvable in base material

High fluorescence yield

Absorption spectrum must overlap
with emission spectrum of base material 

Scintillator array
with light guides

LSND experiment



Plastic and Liquid Scintillators

Excitations γA

γB

γC

S0A

S1A

S1B

S0B

S1C

S0C

Solvent

Primary Fluor
Secondary 
Fluor 

Wave length
shifter

Energy deposit in base 
material ➛ excitation

Primary fluorescent 
  -	Good light yield ... 
  -	Absorption spectrum 
	 matched to excited 
	 states in base 
	 material ...

Secondary 
fluorescent 

A
B

C



Plastic and Liquid Scintillators

Some widely used solvents and solutes

POPOP

p-Terphenyl

Polystyrene

......



Wavelength Shifting

Schematics of
wavelength shifting principle

Absorption of
primary scintillation light 

Re-emission at 
longer wavelength 

Adapts light to spectral 
sensitivity of photosensor

Principle:

Requirement: 

Good transparency
for emitted light



Organic Scintillators – Properties

Scintillator
material

Density
[g/cm3]

Refractive
Index

Wavelength [nm]
for max. emission

Decay time 
constant [ns]

Photons/MeV

Naphtalene 1.15 1.58 348 11 4⋅103 xxx  

Antracene 1.25 1.59 448 30 4⋅104 xxx  

p-Terphenyl 1.23 1.65 391 6-12 1.2⋅104 xxx  

NE102* 1.03 1.58 425 2.5 2.5⋅104 xxx

NE104* 1.03 1.58 405 1.8 2.4⋅104 xxx

NE110* 1.03 1.58 437 3.3 2.4⋅104 xxx

NE111* 1.03 1.58 370 1.7 2.3⋅104 xxx

 BC400** 1.03 1.58 423 2.4 2.5⋅102 xxx

 BC428** 1.03 1.58 480 12.5 2.2⋅104 xxx  

 BC443** 1.05 1.58 425 2.2 2.4⋅104 xxx  

* Nuclear Enterprises, U.K.
** Bicron Corporation, USA



Organic Scintillators – Properties



dL

dx
= L0

dE

dx

dL

dx
= L0

dE
dx

1 + kB dE
dx

Organic Scintillators – Properties

Light yield:
[without quenching]

Quenching: 
non-linear response due to 
saturation of available states

Birk's law:

[kB needs to be determined experimentally]

Also other ... 
parameterizations ...

Response different ... 
for different particle types ...



Scintillators – Comparison

Organic Scintillators

Inorganic Scintillators

Advantages    high light yield [typical; εsc ≈ 0.13]
	 	 	 	 	 	 high density [e.g. PBWO4: 8.3 g/cm3]
	 	 	 	 	 	 good energy resolution

Disadvantages	 	 	 complicated crystal growth
	 	 	 	 	 	 large temperature dependence
	 	 	 	 	 	

Advantages	 	 	 	 very fast
	 	 	 	 	 	 easily shaped
	 	 	 	 	 	 small temperature dependence
	 	 	 	 	 	 pulse shape discrimination possible

Disadvantages   lower light yield [typical; εsc ≈ 0.03]
	 	 	 	 	 	 radiation damage

Expensive

Cheap



Scintillation Counters – Setup

Scintillator light to be 
guided to photosensor

➛ Light guide
	 [Plexiglas; optical fibers]

'fish tail'

	 Light transfer by 
	 total internal reflection
	 [maybe combined with wavelength shifting]

Liouville's Theorem:

Complete light transfer
impossible as Δx Δθ = const.
[limits acceptance angle]

Use adiabatic light guide
like 'fish tail'; 

➛ appreciable energy loss



Scintillation Counters – Setup

2008 JINST 3 S08003

supplies which power the readout are mounted in an external steel box, which has the cross-section

of the support girder and which also contains the external connections for power and other services

for the electronics (see section 5.6.3.1). Finally, the calorimeter is equipped with three calibration

systems: charge injection, laser and a
137

Cs radioactive source. These systems test the optical

and digitised signals at various stages and are used to set the PMT gains to a uniformity of ±3%

(see section 5.6.2).

5.3.1.2 Mechanical structure
Photomultiplier

Wavelength-shifting fibre

Scintillator Steel

Source

tubes

Figure 5.9: Schematic showing how the mechan-

ical assembly and the optical readout of the tile

calorimeter are integrated together. The vari-

ous components of the optical readout, namely

the tiles, the fibres and the photomultipliers, are

shown.

The mechanical structure of the tile calorime-

ter is designed as a self-supporting, segmented

structure comprising 64 modules, each sub-

tending 5.625 degrees in azimuth, for each of

the three sections of the calorimeter [112]. The

module sub-assembly is shown in figure 5.10.

Each module contains a precision-machined

strong-back steel girder, the edges of which

are used to establish a module-to-module gap

of 1.5 mm at the inner radius. To maximise

the use of radial space, the girder provides both

the volume in which the tile calorimeter read-

out electronics are contained and the flux return

for the solenoid field. The readout fibres, suit-

ably bundled, penetrate the edges of the gird-

ers through machined holes, into which plas-

tic rings have been precisely mounted. These

rings are matched to the position of photomul-

tipliers. The fundamental element of the ab-

sorber structure consists of a 5 mm thick mas-

ter plate, onto which 4 mm thick spacer plates

are glued in a staggered fashion to form the

pockets in which the scintillator tiles are lo-

cated [113]. The master plate was fabricated

by high-precision die stamping to obtain the dimensional tolerances required to meet the specifica-

tion for the module-to-module gap. At the module edges, the spacer plates are aligned into recessed

slots, in which the readout fibres run. Holes in the master and spacer plates allow the insertion of

stainless-steel tubes for the radioactive source calibration system.

Each module is constructed by gluing the structures described above into sub-modules on a

custom stacking fixture. These are then bolted onto the girder to form modules, with care being

taken to ensure that the azimuthal alignment meets the specifications. The calorimeter is assembled

by mounting and bolting modules to each other in sequence. Shims are inserted at the inner and

outer radius load-bearing surfaces to control the overall geometry and yield a nominal module-

to-module azimuthal gap of 1.5 mm and a radial envelope which is generally within 5 mm of the

nominal one [112, 114].

– 122 –

Photomultiplier

WS fibre             

Scintillator Steel
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  tubes
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Photon Detection

Purpose	 : 	Convert light into a detectable electronic signal
Principle	 : 	Use photo-electric effect to convert photons to
	 	 photo-electrons (p.e.)

Requirement	: 	

High Photon Detection Efficiency (PDE) or 
Quantum Efficiency; Q.E. = Np.e./Nphotons

Available devices [Examples]: 	

	 Photomultipliers [PMT]

	 Micro Channel Plates [MCP]

	 Photo Diodes [PD]

  	
HybridPhoto Diodes [HPD] 

Visible Light Photon Counters [VLPC]

Silicon Photomultipliers [SiPM] 



Photomultipliers

Principle:
Electron emission 
from photo cathode

Secondary emission 
from dynodes; dynode gain: 3-50 [f(E)]

Typical PMT Gain: > 106

[PMT can see single photons ...]

PMT
Collection



Photomultipliers – Photocathode

γ-conversion 
via photo effect ...

4-step process:
Electron generation via ionization  
Propagation through cathode
Escape of electron into vacuum

Electron

Photon

entrance window

photo
cathode

Q.E. ≈ 10-30%
[need specifically developed alloys]

Bialkali: SbRbCs; SbK2Cs



UB

Photomultipliers – Dynode Chain

Electrons accelerated toward dynode
Further electrons produced ➛ avalanche

Secondary emission coefficient: 
 δ = #(e– produced)/#(e– incoming)

Multiplication process:

 δ = kUD; G = a0 (kUD)n

dG/G = n dUD/UD = n dUB/UB

Typical:  δ = 2 – 10
       n = 8 – 15  ➛ G = δn = 106 – 108

Gain fluctuation:

Dynodes

Electron

Anode

Voltage divider



Photomultipliers – Dynode Chain

Venetian
blind

Box and
grid

Linear 
focused

Circular 
focused

Optimization of

PMT gain
Anode isolation
Linearity
Transit time

B-field dependence

PM’s are in general 
very sensitive to B-fields !

Even to earth field (30-60 μT). 
μ-metal shielding required.
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ne = 20000
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√
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Photomultipliers – Energy Resolution

Energy resolution influenced by:

Linearity of PMT: at high dynode current possibly saturation 
by space charge effects; IA ∝ nγ for 3 orders of magnitude possible ...

Photoelectron statistics: given by poisson statistics.

with ne given 
by dE/dx ...

Secondary electron fluctuations: 

For NaI(Tl) and 10 MeV photon;
photons/MeV = 40000;
η = 0.2; Q.E. =0.25

light collection
efficiency

with dynode gain δ;
and with N dynodes ...

σn/<n> dominated by
first dynode stage ...

... important for
single photon detection



Photomultipliers – Energy Resolution

For
detection of
single photons

Large δ !

E [eV] E [keV]

pulse heightpulse height

1 p.e.
1 p.e.

2p.e.

δ δ

CuBe dynode

NAE dynode

co
un

ts

co
un

ts

'standard' 
 dynodes

CuBe dynode

Negative 
electron affinity (NEA)

GaP(Cs)

Philips photonic

Philips photonic

Philips photonic

Houtermanns
NIM 112 (1973) 121

... yields better
energy resolution



Micro Channel Plate

"2D Photomultiplier"
Gain: 5⋅104

Fast signal [time spread ~ 50 ps]
B-Field tolerant [up to 0.1T]

But: limited life time/rate capability
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SiPM Layout

Avalanche region

Silicon PhotomultipliersSilicon Photomultiplier: Geiger Mode

• Pixels operated in Geiger mode 

(non-linear response)
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Reverse Bias Voltage

no amplification

linear 

amplification
non-linear 

Geiger mode

Breakdown Voltage

Chapter 2 Light Detectors

the device is covered with an anti-reflecting SIO2 layer for protection purposes. Aluminium

tracks on the surface connect all pixels to the common bias voltage.

ICFA Instrumentation Bulletin
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Figure 1: (a) Silicon photomultiplier microphotograph, (b) topology and (c) electric field distribu-

tion in epitaxy layer.
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Figure 2: SiPM pulse height spectra.

Figure 2.13: Left: Schematic view of the SiPM topology: A few micrometer thick layer of p−-doped

material on the low resistive substrate serves as a drift region (see also right side of the picture). An

electron generated in this region will subsequently drift into the region between the n+ and the p+

layer where the electrical field is high enough for avalanche breakdown. The guard rings reduce the

electrical field in order to avoid unwanted avalanche breakdown close to the surface where accidental

impurity levels are higher. Right: Diagram of the electric field profile in a SiPM [17].

2.3.1 Gain and Single Pixel Response

Since every microcell of the SiPM is operated above the breakdown-voltage, high gain in the

range of typically 105 − 106 can be obtained which is comparable to the value obtained with

a vacuum PMT. The behaviour of a SiPM pixel can be explained by a circuit model which is

shown in the following figure:
• AULL, LOOMIS, YOUNG, HEINRICHS, FELTON, DANIELS, AND LANDERS

Geiger-Mode Avalanche Photodiodes for Three-Dimensional Imaging

VOLUME 13, NUMBER 2, 2002 LINCOLN LABORATORY JOURNAL 339

plished by two types of circuit: passive quenching and
active quenching. In a passive-quenching circuit, the
APD is charged up to some bias above breakdown
and then left open circuited. Once the APD has
turned on, it discharges its own capacitance until it is
no longer above the breakdown voltage, at which
point the avalanche dies out. An active-quenching
circuit senses when the APD starts to self-discharge,
and then quickly discharges it to below breakdown
with a shunting switch. After sufficient time to
quench the avalanche, it then recharges the APD
quickly by using a switch.

Figure 5(a) shows the simple passive-quenching
circuit and Figure 5(b) shows the same circuit with a
first-order circuit model inserted to describe the APD
behavior during discharge. The model assumes that
once the APD has turned on and reached its resis-
tance-limited current, the ensuing self-discharge is
slow enough that the APD will behave quasi-stati-
cally, following its DC current-voltage characteristic
as it discharges down to breakdown. The correspond-
ing model is a voltage source equal to the breakdown
voltage in series with the internal resistance R of the
APD. The model predicts exponential decay of the

current to zero and voltage to the breakdown with a
time constant RC [8].

Once the avalanche has been quenched, the APD
can be recharged through a switch transistor. Another
scheme is to connect the APD to a power supply
through a large series resistor Rs that functions as a
virtual open circuit (Rs >> R) on the time scale of the
discharge, and then recharges the APD with a slow
time constant RsC. This circuit has the benefit of sim-
plicity, and the APD fires and recharges with no
supervision.

In ladar applications, where the APD detects only
once per frame, the slow recharge time, typically mi-
croseconds, imposes no penalty. There is also interest,
however, in using the Geiger-mode APD to count
photons to measure optical flux at low light levels.
With passive quenching, the count rate will saturate
at low optical fluxes because many photons will arrive
when the APD is partially or fully discharged, and
therefore unresponsive. With a fast active-quenching
circuit, the APD can be reset after each detection on a
time scale as short as nanoseconds, enabling it to
function as a photon-counting device at much higher
optical intensities.

Geiger-Mode APD Performance Parameters

In linear mode the multiplication gain of the APD
has statistical variation that leads to excess noise. In
Geiger mode the concept of multiplication noise does
not apply. A Geiger-mode avalanche can, by chance,
die out in its earliest stages. If it does, no detectable
electrical pulse is observed and the photon that initi-
ated the avalanche goes undetected. If the avalanche
progresses to completion, however, the total number
of electron-hole pairs produced is fixed by the exter-
nal circuit, not by the statistics of the impact-ioniza-
tion process. In the simple passive-quenching case,
for example, the avalanche has no further opportu-
nity to die out until the APD has discharged from its
initial bias down to the breakdown voltage. This dis-
charge fixes the amplitude of the voltage pulse and,
therefore, the total amount of charge collected in the
process, typically >107 electron-hole pairs per detec-
tion event.

The user of a Geiger-mode APD is concerned not
with multiplication noise, but with detection probabil-

FIGURE 5. Passive-quenching circuits. (a) In Geiger mode,
the APD is charged up to some bias above the breakdown
voltage V and then left open circuited. (b) Subsequently,
once an avalanche has been initiated, the APD behaves ac-
cording to a simple circuit model.

Bias > Vbreakdown

Vbreakdown

+
–

Bias

C

R

(b)(a)

Figure 2.14: Passive-quenching circuits: Left: The APD is charged up to some voltage Ubias > Ubreak

and left open. Right: During breakdown the APD behaves like a simple circuit model: A voltage

source in series with a resistor and and a capacitor [25].

One has to separate between two possible states of the pixel. The left side shows the pixel
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Doping Structure of SiPM [1]

Pixelized photo diodes 
operated in Geiger Mode

Single pixel works as a binary device 

Energy = #photons seen by
summing over all pixels

Principle:

Granularity	 :	 103 pixels/mm2

Gain	 	 	 : 	 106

Bias Voltage	 :	 < 100 V
Efficiency	 	 :	 ca. 30 %

Works at room temperature!
Insensitive to magnetic fields

Features:

E,
 V

/c
m



Silicon Photomultipliers

HAMAMATSU 
MPPC 400Pixels

One of the first SiPM 
Pulsar, Moscow



Silicon Photomultipliers

CALICE
HCAL Prototype



Scintillation Counters – Applications

Time of flight (ToF) counters
Energy measurement (calorimeters)
Hodoscopes; fibre trackers
Trigger systems

Particle track in
scintillating fibre hodoscope

ATLAS
Minimum Bias Trigger Scintillators



H1 – Spaghetti Calorimeter

Scintillator	 : BICRON BCF-12
Photosensor	: Photomultipliers



CMS – Crystal Calorimeter (ECAL)



CMS – Crystal Calorimeter (ECAL)

Chapter 4

Electromagnetic Calorimeter

4.1 Description of the ECAL
In this section, the layout, the crystals and the photodetectors of the Electromagnetic Calor-
imeter (ECAL) are described. The section ends with a description of the preshower detector
which sits in front of the endcap crystals. Two important changes have occurred to the ge-
ometry and configuration since the ECAL TDR [5]. In the endcap the basic mechanical unit,
the “supercrystal,” which was originally envisaged to hold 6×6 crystals, is now a 5×5 unit.
The lateral dimensions of the endcap crystals have been increased such that the supercrystal
remains little changed in size. This choice took advantage of the crystal producer’s abil-
ity to produce larger crystals, to reduce the channel count. Secondly, the option of a barrel
preshower detector, envisaged for high-luminosity running only, has been dropped. This
simplification allows more space to the tracker, but requires that the longitudinal vertices of
H → γγ events be found with the reconstructed charged particle tracks in the event.

4.1.1 The ECAL layout and geometry

The nominal geometry of the ECAL (the engineering specification) is simulated in detail in
the GEANT4/OSCAR model. There are 36 identical supermodules, 18 in each half barrel, each
covering 20◦ in φ. The barrel is closed at each end by an endcap. In front of most of the
fiducial region of each endcap is a preshower device. Figure 4.1 shows a transverse section
through ECAL.

y

z

Preshower (ES)

Barrel ECAL (EB)

Endcap

= 1.6
53

= 1.4
79

= 2.6
= 3.0 ECAL (EE)

Figure 4.1: Transverse section through the ECAL, showing geometrical configuration.
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The barrel part of the ECAL covers the pseudorapidity range |η| < 1.479. The barrel granu-
larity is 360-fold in φ and (2×85)-fold in η, resulting in a total of 61 200 crystals.The truncated-
pyramid shaped crystals are mounted in a quasi-projective geometry so that their axes make
a small angle (3o) with the respect to the vector from the nominal interaction vertex, in both
the φ and η projections. The crystal cross-section corresponds to approximately 0.0174 ×
0.0174◦ in η-φ or 22×22 mm2 at the front face of crystal, and 26×26 mm2 at the rear face. The
crystal length is 230 mm corresponding to 25.8 X0.

The centres of the front faces of the crystals in the supermodules are at a radius 1.29 m.
The crystals are contained in a thin-walled glass-fibre alveola structures (“submodules,” as
shown in Fig. CP 5) with 5 pairs of crystals (left and right reflections of a single shape) per
submodule. The η extent of the submodule corresponds to a trigger tower. To reduce the
number of different type of crystals, the crystals in each submodule have the same shape.
There are 17 pairs of shapes. The submodules are assembled into modules and there are
4 modules in each supermodule separated by aluminium webs. The arrangement of the 4
modules in a supermodule can be seen in the photograph shown in Fig. 4.2.

Figure 4.2: Photograph of supermodule, showing modules.

The thermal screen and neutron moderator in front of the crystals are described in the model,
as well as an approximate modelling of the electronics, thermal regulation system and me-
chanical structure behind the crystals.

The endcaps cover the rapidity range 1.479 < |η| < 3.0. The longitudinal distance between
the interaction point and the endcap envelop is 3144 mm in the simulation. This location
takes account of the estimated shift toward the interaction point by 2.6 cm when the 4 T mag-
netic field is switched on. The endcap consists of identically shaped crystals grouped in
mechanical units of 5×5 crystals (supercrystals, or SCs) consisting of a carbon-fibre alveola
structure. Each endcap is divided into 2 halves, or “Dees” (Fig. CP 6). Each Dee comprises
3662 crystals. These are contained in 138 standard SCs and 18 special partial supercrystals
on the inner and outer circumference. The crystals and SCs are arranged in a rectangular

Scintillator	 : PBW04 [Lead Tungsten]

Photosensor	: APDs [Avalanche Photodiodes]

Number of crystals: ~ 70000
Light output: 4.5 photons/MeV
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supplies which power the readout are mounted in an external steel box, which has the cross-section

of the support girder and which also contains the external connections for power and other services

for the electronics (see section 5.6.3.1). Finally, the calorimeter is equipped with three calibration

systems: charge injection, laser and a
137

Cs radioactive source. These systems test the optical

and digitised signals at various stages and are used to set the PMT gains to a uniformity of ±3%

(see section 5.6.2).

5.3.1.2 Mechanical structure
Photomultiplier

Wavelength-shifting fibre

Scintillator Steel

Source

tubes

Figure 5.9: Schematic showing how the mechan-

ical assembly and the optical readout of the tile

calorimeter are integrated together. The vari-

ous components of the optical readout, namely

the tiles, the fibres and the photomultipliers, are

shown.

The mechanical structure of the tile calorime-

ter is designed as a self-supporting, segmented

structure comprising 64 modules, each sub-

tending 5.625 degrees in azimuth, for each of

the three sections of the calorimeter [112]. The

module sub-assembly is shown in figure 5.10.

Each module contains a precision-machined

strong-back steel girder, the edges of which

are used to establish a module-to-module gap

of 1.5 mm at the inner radius. To maximise

the use of radial space, the girder provides both

the volume in which the tile calorimeter read-

out electronics are contained and the flux return

for the solenoid field. The readout fibres, suit-

ably bundled, penetrate the edges of the gird-

ers through machined holes, into which plas-

tic rings have been precisely mounted. These

rings are matched to the position of photomul-

tipliers. The fundamental element of the ab-

sorber structure consists of a 5 mm thick mas-

ter plate, onto which 4 mm thick spacer plates

are glued in a staggered fashion to form the

pockets in which the scintillator tiles are lo-

cated [113]. The master plate was fabricated

by high-precision die stamping to obtain the dimensional tolerances required to meet the specifica-

tion for the module-to-module gap. At the module edges, the spacer plates are aligned into recessed

slots, in which the readout fibres run. Holes in the master and spacer plates allow the insertion of

stainless-steel tubes for the radioactive source calibration system.

Each module is constructed by gluing the structures described above into sub-modules on a

custom stacking fixture. These are then bolted onto the girder to form modules, with care being

taken to ensure that the azimuthal alignment meets the specifications. The calorimeter is assembled

by mounting and bolting modules to each other in sequence. Shims are inserted at the inner and

outer radius load-bearing surfaces to control the overall geometry and yield a nominal module-

to-module azimuthal gap of 1.5 mm and a radial envelope which is generally within 5 mm of the

nominal one [112, 114].
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CALICE – Analogue HCAL

3x3 cm2 Tile Mounted SiPM
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1 m3- Prototype
38 layers

2006/2007 CERN Testbeam
[2008/09, Fermilab]

Sandwich structure:
- Scintillator Tiles+WLS+SiPMs (.5 cm)
- Stainless steel absorber (1.6 cm)

Scintillator	 : Plastic
Photosensor	: SiPMs
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