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QOutline: scintillation counters

* Scintillators
* The detection principle

Energy loss -> light emission
* Inorganic scintillators
* Organic scintillators

* Transmission of light

* Light detection

* Photomultipliers

* (Avalanche) photo-diodes
* Hybrid photon detectors

* Applications of scintillation detectors
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Scintillation counters

Radiation detection by scintillation is one of the oldest detection methods
Rutherford, 1910

Alpha particles hit a zinc sulfide screen

— emit a flash of light

radioactive
_~substance
General properties:
beam of allpha
* Energy loss by traversing particles — excitation of atoms/molecules s
— de-excitation by EMISSION OF VISIBLE LIGHT
* Photons must be transmitted efficiently to ...
... a photon detector
O
==l
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Scintillation counters

Radiation detection by scintillation is one of the oldest detection methods
Rutherford, 1910

Alpha particles hit a zinc sulfide screen

— emit a flash of light

General properties:

A replica of an apparatus used by Geiger and Marsden to

* Energy loss by traverSing partiCIeS — excitation of atoms/molecules measure alpha particle scattering in a 1913 experiment.
— de-excitation by EMISSION OF VISIBLE LIGHT Source: Wikipedia

* Photons must be transmitted efficiently to ...
... a photon detector

* The scintillating material should be transparent for the wavelength of the ———— next slide
scintillation light
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Scintillation counters

The scintillating material should be transparent for the wavelength of the scintillation light to avoid
re-absorption in the scintillator

Stokes shift

absorption

probability
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Scintillation counters

Scintillating materials

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

* Inorganic crystals

* Organic scintillators
* Organic crystals
* Plastic scintillators
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Scintillation counters

Scintillating materials

Luminescence: light emission with a characteristic
spectrum caused by certain inherent molecular or

crystalline properties of materials. 0 Different mechanisms of light emission

_ O Different time scales involved
* Inorganic crystals

O Different applications:

* Organic scintillators - Timing, trigger, veto counters
* Organic crystals - Time-of-flight measurements
* Plastic scintillators - Energy measurement (calorimeters)

- Tracking detectors

®
A4
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Scintillation counters

What are the most important properties for a good scintillator material?

s.masciocchi@gsi.de
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Scintillation counters

Qualities of a scintillator:

* The fraction of energy loss going into photons should be as high as possible:
conversion into light should be as efficient as possible (light yield)

* The number of photons per deposited energy should be proportional to the energy
released (linearity)

* The material must be transparent for the scintillation light (large absorption length)

* The decay time of the luminescence (duration of the excitation and light emission
processes) should be as short as possible (fast signals)
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Different scintillation mechanism, largely based on the electronic structure of the carbon
atom.

Often very fast light emission
- well suited for fast timing applications

Possible forms:
* Crystals (like anthracene or stilbene)
largest light yields, but brittle and difficult to handle. Crystal axis dependence.

* Liquids (like xylene or benzene)
low light yield, few photons at detectable wavelengths and in fast time.
Materials dissolved in liquids (e.g. p-terphenyl C,;H,, dissolved in benzene C.H,)

sometimes also with the addition of a wavelength shifter (like POPOP).

* Plastic scintillators (e.g. Polystrene or Polyvinyl as base material -> next slide)
By polimerisation of the base material, liquid scintillators can be solidified and can be formed in
any shape
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Organic scintillators: scintillation mechanism

Carbon: 6 electrons in K-shell (1s) and L-shell (2s, 2p)
Electron orbitals different depending on the shell occupation in compounds

CoHs

Benzene
molecular formula

Sigma bonds
sp’ hybridized orbitals

\C/H AN c/
I | — ] |
H N 2 e PN
|
H

)
Kekulé structures H
(resonance forms)

Delocalized pi
6p orbitals system

720 0

Planar hexagon
bond length 140 pm

Benzene ring
simplified depiction
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Organic scintillators : scintillation mechanism

Luminescence from transitions between the
molecular sz electron levels

Following excitation (10-'4s):

« Radiationless transitions S, = S,, in ps time
(10-12s)

« From S,,to S,: prompt fluorescence in ns
scintillation light (10°-10%s)

* Singlet — triplet transitions suppressed: triplet
states metastable: phosphorescence in ms

* If electrons jump back from triplet to singlet
states, the de-excite immediately: delayed
fluorescence (us to ms)

Jablonski Energy Diagram

Excitation
(Absorption) Eﬁxcited Singlet States

-15 Vibrational
10 " Seconds Ei% 3 :I_En&m.j, States
Internal 3 | Internal
Cnnueﬁsinn ; 4 '} Conversion
an —
Vibrational ¢ (DL Flu?:ﬁgﬁ::me
Relaxation 11 = afal g
(10" 10 gec) © : =5 Excited
SRR S, ——3 Triplet
1 State
Flugmsn?enne Inbersvst 0 ||:T1}
9 .o ntersystem
(10°%- 107 Sec) cms‘l_;mg
Intersystem
Crns.{'lng Non-Radiative
ity Relaxation
(Triplet)
Quenching
el . Phnsghnresnence
Non-Radiative g 3 |=|i (107 107 Sec)
Relaxation o 1—F—— -
ey, o FIEUI"E 1

Ground State

http://micro.magnet.fsu.edu/primer/techniques/fluorescence/fluorescenceintro.html
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Organic plastic scintillators

base primary secondary
scintillator  dye(1%) dye (0.05%)
Sy f g
: A :
A O 2
S1| v dE : : A %
10°m Ay %
. 4

or

hoton 2
B photon 1 P

] 1

S 10%m
W . ] m
o< Forster trankition Lq/ld

photon 3

(a) Wavelength shifting: principle.

PVT - p-ter]phenyl I |
;o Iy
n, ' POPOP

absorption

Kolanoski, Wermes 2015

emission

200 300 400
Stokes shift i

(b) Absorption and emission spectra.

Typically: achieve large Stokes shifts by having

N —

base material: initial energy absorber (e.g. PVT, PS, etc.)
first agent: large light yield, good spectra conformity to base

solvent (e.g. p-terphenyl)
3. second agent, acting as wavelength-shifter for light

transparency (e.g. POPOP) and to match photon detector

sensitivity
Scintillator Base Primary additive  Secondary additive

liquid benzene p-terphenyl POPOP
toluene DPO BBO
xylene PBD BPO

plastic polyvinyl benzene (PVB) p-terphenyl POPOP
polyvinyl toluene (PVT) DPO TBP

polystyrene (PS) PBD BBO/DPS

Abbreviations are as follows: PBD = CyyH2N>O; DPO = Cy;5H;1NO; BPO =
CQ]H15NO; TBP = 012H2704P; BBO = CQ7H19N02 POPOP (C24H15N202); DPS
= diphenylstilbene.

Scintillators and photon detectors, June 7, 2021
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ADVANTAGES: + Simple handling to realize any shape
+ Cheap fabrication

+ Robustness and reliability
+ Good spatial resolution with scintillating fibers
+ Fast timing

DISADVANTAGES: - Low light yield (1 photon per 100 eV energy loss)
- Sensitivity to solvents and greases
- Sensitivity to high temperatures
- Aging effects and limited radiation hardness: decrease
of light yield and attenuation length for light transmission
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Time response of scintillating organic molecules:

« Prompt fluorescence: decay time constant

* Gaussian g(t) to account for excitation and rise time
« Additional component from delayed fluorescence (slow, several hundred ns): decay time constant z,

Light intensity: t t

Generally |, > |,
Details depend on the scintillating material

But also on the impinging radiation: p, a, n, y

Note: neutrons detected by (n,p) reactions EE][
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Signal time shape depend on the impinging

radiation: 10 = | | | | .
P, a, N,y = 5 =
stilbene .
Reason: their different ionisation densities 0 b ————
> F =
lonisation processes are considered the reason for % - 3
transitions between the singlet and triplet energy = e AN i B
levels % = =
= With larger dE/dx deposit by ionisation, the = . .
transitions to triplet states and back to singlet B | a.radlfcltlong =
become more probable BT astnedtrons e
= The delayed fluorescence component becomes - ' .
more important || y radiation
1 ' ——
0 200 400 600
Particle identification time (ns)
by pulse shape discrimination °
==l
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Inorganic crystals

Crystal lattice =% energy bands

empty
conduction band
- * Excitation brings electrons to the
nearly empty conduction band
EG ~9eV conduction band
©0cc0ccccccoe * Direct de-excitation (recombination)
Eg~ eV conduction band produces photons of inconvenient A
A
7 7 * They might get trapped =% delayed
/ e et fé %W% 7 b / ﬂuoylfescinceg or hzz horescencey
/ valenge band 7 % valence band / %/ valence b;':md pnosp

* Electrons can also reach lower energy
(a) insulator (b) semiconductor (c) conductor levels (in the band gap, from dopants)
from which that can return to a lower
level by emitting a scintillation photon
or lattice vibrations
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Inorganic crystals

Conduction Band

A Exciton Band
_______ Activator
Excited
a2 aa States
Band Electron
Gap Trap Scintillation
Forbidden Hhe
Band Activator
7 Ground State
~ Valence Band
Forbidden Band

S.E. Derenzo, Scintillation Counters, Photodetectors and Radiation
Spectroscopy, IEEE Short Course Radiation Detection and Measurement

1997 Nuclear Science Symp.

8/2/201

Crystal lattice =% energy bands

Excitation brings electrons to the
conduction band

Direct de-excitation (recombination)
produces photons of inconvenient A

They might get trapped =¥ delayed
fluorescence or phosphorescence

Electrons can also reach lower energy
levels (in the band gap, from dopants)
from which that can return to a lower
level by emitting a scintillation photon
or lattice vibrations

s.masciocchi@gsi.de
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Inorganic crystals

Crystals of electric-insulator type (energy gap ~ 4-12 eV)

with energy levels which enable radiative transitions in optical region = Luminescence centers

Conduction Band Extrinsic luminescence centers:
$ Beslmio A Introduced via doping of ions as activators(e.g. Tl in
—————— Excited Na|(T|))
=Ml ———  States
Band Electron
G b} B o .. .
¥ rap Bt Intrinsic luminescence centers:
RO Eiion Present as intrinsic property of the scintillator. Different
Y ‘ aAGuti Siate processes possible, e.g.
' Valence Band & - - 5d-4f transition from Ce3+ in CeF3
Fombidden Band - electrons transfer between metal and ligand orbitals

(e.g., Bi** © 0% in BGO or W** & O? in PbWO4)
- processes that involve excitons, i.e. loosely bound (0.01 eV)

e-h pairs that can move within the crystal

S.E. Derenzo, Scintillation Counters, Photodetectors and Radiation e g CSl N 3 | B 3 F
Spectroscopy, IEEE Short Course Radiation Detection and Measurement cor ’ ’ 2
1997 Nuclear Science Symp.

8/2/201
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Inorganic crystals

An example: Nal(Tl) thallium doped sodium iodide

* Light production:
 Wavelength: A, =410nm (~3eV)

* Decay time: v =250ns

« Radiation length: X, =2.6 cm

* Fraction of energy going into photons:
light yield: €, ~ 11.3 % good!
38,000 photons with 3 eV per MeV energy loss
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Inorganic crystals

ADVANTAGES:

DISADVANTAGES:

Sodium iodide
Cesium iodide
Bismuth germanate
Barium fluoride

Cerium fluoride
Lead tungstate

* High light yield
* High density

- Good energy resolution for compact detectors

Complex crystal growth

- Very expensive detectors

type Amax[nm] T[us] photons per Xp[cm]
MeV
Nal(TI) 410 0.23 38000 2.6
Csl(TI) 565 1.0 52000 1.9
BGO (bismuth germanate) 480 0.35 2800 1.1
BaF> slow component 310 0.62 6300 2.1
BaF, fast component 220 0.0007 2000 2.1
CeF3 330 0.03 5000 1.7
PbWO4 430 0.01 100 0.9

s.masciocchi@gsi.de
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Inorganic crystals

To be kept in mind: the spectral distribution of the light emission must match the absorption

and sensitivity of the photon detector

The light output
strongly depends on
the TEMPERATURE!
(differently from
organic scintillators)

(¥

PMT sensitivity

/

Bialkali PMT
BGO

Nal

Spectral intensity

300

4

| 1 | |
350 400 450 500 550
A[nm]
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Inorganic crystals: radiation damage

High radiation fluxes can damage the inorganic crystals.

Consequences:

1. Influence on the scintillation mechanism (light creation)
2. Radiation-induced phosphorescence (afterglow)
3. Absorption of light by radiation-induced defects (color-centers)

Inorganic crystals very good for
electro-magnetic calorimeters:

at high rate experiments (e.g. LHC)
= radiation hardness is an issue!

PbWo,

e.g. CMS,
ALICE PHOS
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BABAR Detector

Inorganic crystals: calorimeters 2=

Magnet Coil

ﬁ . Electron/Photon Detector

BaBar (SLAC) e

. Support Tube

‘ Vertex Detector

e 6580 Csl(Tl) crystals
« Depth 17 X, ©
* Total 5.9 m3

* Readout: Si photodiodes (gain=1)
* Noise: 0.15 MeV

* Dynamic range: 10*

Output

Cable Preamplifier
Board

Fiber Optical Cable
to Light Pulser
Diode
\ Carrier
—_] Plate
Aluminum —s
Frame
Silicon \
Photo-diodes | H—L1

TYVEK
(Reflector)

Aluminum

oil Csl(T) Crystal
(R.F. Shield)

Mylar
(Electrical
Insulation)
CFC
Compartments
(Mechanical 2
Support) T e

Fig. 3. Left: Photograph of a CsI(TI) crystal lit from the bottom by a light bulb.
Right: Schematic drawing (not to scale) of a crystal with attached electronics.
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Inorganic crystals: calorimeters

CMS at the LHC (CERN)

Barrel crystals

-

i v .
"~ " PbiSi preshower”

S=oO

e 76150 PbWO, crystals
« Depth 26 X,

* Total 11 m?
* Readout: avalanche photodiodes (gain=50)
* Noise: 30 MeV

* Dynamic range: 10°

Endcap “Dees”
Barrel with “supercrystals”

Super Module (5x5 crystals)
(1700 crystals)

PbWO,

+ Fast
+ Small radiation length
+ Good radiation hardness
- Few photons
~100-200 photons per MeV
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Scintillation counters: overview

Inorganic

High light yield (e, ~ 0.13)

High density

Good energy resolution for compact
detectors (calorimetry)

Moderate timing

Large temperature dependence
Elaborate handling

Complex crystal growth

Very expensive detectors

(can be) Radiation hard (high rate
applications)

Organic

« Low light yield (g, ~ 0.03)

* Fast timing (trigger, time-of-flight, PID)

* Simple handling to realize any shape, robust

* Small temperature dependence

* Cheap fabrication

* Good spatial resolution with scintillating
fibers

* Sensitivity to solvents and greases
* Sensitivity to high temperatures
* Aging effects and limited radiation hardness

s.masciocchi@gsi.de
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Quiz: Assign the best scintillator for the given applications

Application A:
calorimeter@e+e- collider
max. particle flux: 100 Hz/cm?
Energy range: 50MeV - 5GeV

Application B:
calorimeter@hadron collider
max. particle flux: 10 kHz/cm?
Energy range: 500MeV - 100GeV

Application C:
Particle ID with ToF method
max. particle flux: 1kHz/cm?
Energy range: 50MeV - 1GeV

Application D:
measure o’s & suppress ‘S
max. particle flux: 100Hz/cm?
Energy range: 500keV - 5MeV

Material 1:
Photon yield:
Decay constant:
Radiation tolerance:

Material 2:
Photon yield:
Decay constant:
Radiation tolerance:

Material 3:
Photon yield:
Decay constant:
Radiation tolerance:

Material 4:
Photon yield:
Decay constant:
Radiation tolerance:

Material 5:
Photon yield:
Decay constant:
Radiation tolerance:

Organic Scintillator
1.5 photons / keV
3ns & 450ns
reasonable

Inorganic scintillator
12 photons / keV
1.8 ns & 630 ns
excellent

Organic Scintillator
2 photons / keV
0.8ns

good

Inorganic Scintillaor
8 photons / keV

3 ns

excellent

Inorganic Scintillator
41 photons / keV
2.3 ns

good

s.masciocchi@gsi.de

Scintillators and photon detectors, June 7, 2021

31






Propagation of light

In the scintillator:

Absorption: N =N, exp(-x/L)
L = absorption length

Reflection at the edges

charged

particle )
n=1 /I/

n=1.4

N

10)2838p ojoyd

total reflection for 6 > 6, = arcsin(ny/n;) scintillator

Typically:n ~1.4 -» 6,, = 45°

It can be helped, by wrapping the scintillator in
material with the proper refraction index

s.masciocchi@gsi.de
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Propagation of light

charged

In the scintillator:

particle )
n=1 /I/

n=1.4

 Absorption: N, =N, exp(-x/L)

L = absorption length \

* Reflection at the edges

scintillator

10)2838p ojoyd

total reflection for 6 > 6,,, = arcsin(n,/n,)

Typically:n ~1.4 —» 6,, = 45°

It can be helped, by wrapping the scintillator in
material with the proper refraction index

N

scintillator

10)28189p ojoyd

/
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Propagation of light

In the scintillator:

 Absorption: N, =N, exp(-x/L)
L = absorption length

* Reflection at the edges
total reflection for 6 > 6,,, = arcsin(n,/n,)

Typically:n ~1.4 —» 6,, = 45°

It can be helped, by wrapping the scintillator in
material with the proper refraction index

charged

particle )
n=1 /I/

N

n=1.4

scintillator

10)2838p ojoyd

mirror

nl/f/

scintillator

10)28189p ojoyd

/
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Light collection and transmission

diffuse refletor

Z

p-metal shield
¥

amplifier

readout

e
. . H ol || FEIEEINIGTRE R e o | s S —
scintillator light guide it i

\
\

optical grease

Scintillator Photon detectors
producing light — [ LIGHT GUIDE } — (photomultipliers, photo-diodes)

housing

The light guide
* Provides the coupling to the photon detector and readout system
* With as little light loss as possible

It might be mandatory to:
* Connect the scintillator and the photon detector geometrically (matching of shapes)
* Transport the light further away from the scintillator, if e.g. the PMT needs to be further away from a

high magnetic field region °
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System with a photomultiplier

« Scintillator and light guide are wrapped by
a reflector foil, to limit light losses at the
walls

* At the interfaces scintillator-light guide,
and light guide-PMT: use optical grease or
optical glue, for better contact

photomultiplier light guide scintillator

e SAAT ALLALLEL LA A LL LA R AL L AR R RANY
!

(a) Scintillator—light guide-PMT system.

photo- light guide
scintillator

p-metal shielding

voltage
divider )
housing
|-

complete assembly

(b) Components and complete assembly.

s.masciocchi@gsi.de
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Example: Fish tail light guide

photomultiplier

* In light guides the fraction of detected light is limited

light guide

scintillator

(a) Light guide in the form of a fish tal.

by Liouville's theorem (product of width and divergence e %Otal reflection
is constant). \ ]
U oo
Aout N s .
fdet S scintillator N 0, T
Ain \
de. N d
| | | scs light guide et PMT
* This does not include losses from photons emitted \ 0, l
outside the cone of total reflection. \
* Optimization of light collection efficiency includes \ 0
- using adlqbatlc light guiding', i.e. avoiding sharp . Kolanoski, Wermes 2015
bends or kinks and large angle changes. T —
- wrapping of light guide to improve relection i
s.masciocchi@gsi.de
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System with photodiodes

Photodiodes and avalanche photodiodes good,
when the input light intensity is sufficiently high

(e.g. from high energy photons) photodiode in direct fluorescent reflector
optical contact \wavelength shifter

mirror

N

: 5
! FAY

B—signal

Coupling to scintillators can be:
* (a) direct

* (b) via a wavelength shifter diffuse

reflector —1 |
]

Consider:
- Collection area of photodiode best small ,
(smaller noise, lower cost) |
- WLS collects larger amount of light (even
with small losses at the internal reflection)
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System with wavelength-shifting fibers

For large timing or calorimetric applications, using e.g. plastic scintillator bars:
Wavelength-shifting fibers are embedded in scintillating elements:

* 1-3 mm diameter

* Up to several meters long

* Fed to multichannel PMTs or SiPMs

8m

scintillator bars

metres

__________

"‘-‘\Ti__ _______________ B0 NS to optical |
. 0 0
_—_g_-ﬁ—_ E— = =
‘ e ———————— | n n
" wavelength shifting fibre s =
scintillator bar
reflective coating optical connectors optical connectors |
|
clear ] ) clear
(a) WLS fibre readout of a scintillator bar. fibre : \ fibre
ribbon . multiplex ribbon
multiplex e p
cable i box cable
oX -

From neutrino oscillation experiment MINOS (b} Eicingillsor arvay with, WIS Hbre reaont:
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Photon detection

Conversion of light into an electronic signal

* Photomultipliers:
systems with photo-cathode and electron
amplification
* Dynode system
* Micro channel plate

* Semiconductor-based photon detectors:
* Photo-diodes
* Avalanche photo-diodes

* Hybrid systems:
* Hybrid (avalanche) photo-diodes

Silicon photomultipliers (SiPM)

s.masciocchi@gsi.de Scintillators and photon detectors,
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Photomultiplier tube (PMT)

‘,-"impinging photon

anode \ .
\\ photoemission

\

electron multiplier
|

B ve ol
\/ YA

I T T

photoelectron ( PE

/ /[L r \ PMT window

I

IIIIIIfIIIIIII

I I |

—

voltage divider/base / dyno{ie1 / i
/

dynode 12 focus ;
o photocathode
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photocathode

Photomultipliers i: 7%

Operation principle:

* Photo-electric effect in the photocathode
v + atom — atom* + e

.-"impinging photon

electron multiplier

anode \ ‘ \

photoemission

 Electron amplification in an electrode system 1= \f N B e
in an evacuated glass tube: dynodes § A, mE
* Electrons are accelerated towards dynodes / / / \PMTw'n i

* Knock out further electrons in dynode

voltage divider/base

 Secondary emission coefficient ¢ P - dmadei focus
5 # leaving e™ photocathode
~ # incident e—

* Amplified signal readout at anode
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Photomultipliers 47 -=

Threshold of some photosensitive materials

GaAs ...
* Entrance window: L I T,
* Typically thin glass: imposes cut-off at low wavelengths ‘ﬁ_—' ikl oy
* Sometimes replaced by quarz (lower A) 123 49 3 2.24 176
| , C
I(IJO 25IO 40|0 5l50 760
A (nm)
* Photocathode: o
Quantum yield:
y 0— #photoelectrons ~ 10 — 30% T
# phOtOnS CsTe /F%vwlultialkali
10 — red-extended — |
* Special materials to optimize quantum yield - e == Muttialkall —
e T,=hv-W - / // \ i \
W = work function 1 \ ; \\
in metals: 3-4 eV (too high! as photon energy) \
special alloys: bialkali, multialkali W = 1.5-2 eV \ \ \

0.1
100 200 300 400 500 600 700 800 900 1000

Wavelength (nm)

Number of B dE y photons

photo-electrons: Ne X light collection efficiency X quantum efficiency ®

T dx MeV
===l

45
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Photcemission

Photomultipliers 4+ ===

* Dynode system:
Secondary Electron Multiplication (SEM)

Very sensitive to magnetic fields:
* Housing in shielding material (mu-metal)
* Place them further away from scintillator,
where B field lower or absent

Gain:
# dynodes n=8-15
typically 6 =2-10

-G =0"=10°— 108

Limitations to energy measurements:
* Linearity of PMT can be limited by
saturation effects due to space charge
* Fluctuation of SEM, first stage dominates

photocathode

focussing
o e/lectrode

dynodes

vacuumtight
glass tube

anode

cathode

'—'\/-./-./\

S AR R

(a) Linearly focusing dynodes.

ANMNNN
| J
4

|

TV

anode

voltage divider

cathode

TR

B RSN N

TV
TR
TV A
RN
TV A
TV
TR\

anode

(b) Photomultiplier with slit-like dynodes.
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Micro channel plate

secondary electrons

L

104 -107 parallel channels (glas tubes) of 10-50 um /-/W\ -éoutput
primary " electrons

diameter, 5-10 mm length - -
radiation o
. . . . . . (a) MCP principle.
Channels coated inside with resistive layer acting as
. v
continuous dynode soovmw_’,olov700 300V

] i} i} i

. microchannel

Electric field applied between the two ends

?
%@%
4y

N
e

e

. 2-15 cm [N
Advantages: RN ~ 400 pm

* Can be operated inside a magnetic field
* Good for timing applications, reduces the
dependence on path length of photoelectons

in normal PMTs f \
photocathode channels anode(s)

(b) MPC cutout. (c¢) Chevron-channel structure.

Fig. 10.15 Microchannel plate photomultiplier (MCP). (Figure (c) adapted from [350] with
kind permission, © 1977 IEEE).
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Photodiodes

E-field

.
>

Photoelectric effect in diode itself _,
(intrinsic region) \

Z

Kolanoski, Wermes 2015 X Y

p diff. F———=

depleted
region

-— upper metal contact e
-— p - diffusion intrinsic
-— intrinsic region

-— n - diffusion .
—n* ohmic contact n diff.
-— lower metal contact

Gain = 1

05-1mm

With respect to PMTs:

+ much larger quantum efficiency
over a larger wavelength range

+ cheaper

+ more compact

+ low voltage needed

+ can be operated in magnetic fields

(a) Principle. (b) Electric field.

- Small sensitivity at low light
intensity g
- Worse time resolution (c) Photograph.

- Small sensitive area
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Avalanche photodiodes (APD)

Not to scale

Amplification achieved with an additional buried pn- l
junction, called metallurgical junction (high doping and

equal in concentration, of both p and n type)

* Very high electric field

* Amplification of charges: gain ~ 10 — 1000 —HV
(creates excess noise, in addition to the one from

leakage current)

Photons absorbed in n-type thicker substrate

Diameters from 100 um to 1.5 cm

+

metallurgical
junction

©

-]

B
-

n ' p

s

S2S IS NI PN LIS

MMM

e

gain =100

absorption multiplication
Y
E

Example: readout of CMS PbWO, calorimeter

Can be operated in Geiger mode: = Single Photon Avalanche Diode (SPAD)
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Hybrid photon detectors

(avalanche)

Finode photodiode

photocathode system photocathode

photon hoton
photo P photo

\[\_/\_/'\> electron \/\M electron
pl

10-20 kV

(@) PMT (b) H(A)PD

Combine photocathode with semiconductor photon detector: [] Hybrid (Avalanche) Photo Diode

* Use of photocathode extends the wavelength range of photodiodes to short wavelengths

* Using the (Avalanche)PhotoDiode instead of the dynodes removes the problem of operating in a
magnetic field

* Semiconductor diodes can be structured, to create anodes with spatially resolving pad or pixel

structures
o
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Hybrid Avalanche Photodiode (HAPD)

Photosensitive photodiode
+

Array (e.g. 12x12) of avalanche

voov

_).

photodiodes

Photoelectrons are accelerated
to produce up to 103 e/h pairs in
the silicon

APD further gain of 40-50

Excellent Signal/Noise

High energy resolution (first
stage crucial)

Excellent timing resolution
Operate welluptoB=1T

. multialkali-
window
photon photocathode
_ * |
£ |'I
£ H ~10 kV
o J
N | DL !
APD array
72 mm 30mm
_imT_ 1.6mm 4mm i
| |
: |
H == o — - — - — - e i g
i S

(a) Composition.

Count

6000

O I S S N S S

% /\ i 2pe. | é _ §E

4000

3000

2000

1000

pedéswl ;

3:p.e. I —

0 Y SIS TR T T I RCW | T

200 400 600 800 1000 1200 1400 1600
ADC

(b) Photoelectron spectrum.
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Silicon Photomultiplier (SiPM)

(no photocathode)

G-APDs: APD pixel array operated in
limited Geiger mode
= Sensitivity to single photons

* Small pixels (15-70 um)

 Gain ~ 10¢

* Digital pixel response

* Breakdown quenched via resistors

Assuming a photon hits one cell
— signal intensity is given by the
number of pixels firing

red blue amplification
photon photon

. zone
guard ring
\ SIIIL / coating

my

p substrate

(a) SiPM cell.

Source: Kolanoski/Wermes 2015

antireflex

quenching - G

resistor

/) avalanche zone "

trench

(b) SiPM array.

Direction of electric field

) Source:
Hamamatsu.com

I
<
5

Avalanche region n

il T
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T MPPC Pixel

...........................

Cruenching resistor

(no photocathode)

APD (Geiger mode) !

G-APDs: APD pixel array operated in
limited Geiger mode
= Sensitivity to single photons

* Small pixels (15-70 um)

 Gain~ 1068

* Digital pixel response

* Breakdown quenched via resistors

50 mV

Assuming a photon hits one cell
— signal intensity is given by the
number of pixels firing

10 ns

&
| y
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Applications

Energy measurement, calorimetry

Inorganic crystals + PMT or APDs

Sampling calorimeters: absorber (Fe, W, U) + scintillator + wavelength-shifting fibers
Time-of-flight detector for particle identification

Scintillating fibers for tracking
LHCb SciFi tracker

Nobel gas scintillators
Xenon1T experiment, Dark Matter searches

s
X )
A4
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Applications: (homogeneous) calorimeters with inorganic crystals

BaBar (SLAC)
e 6580 Csl(Tl) crystals, 5.9 m3
* Readout: Si photodiodes (gain=1)

Output

Cable  poamplifier

Fiber Optical Cable Board

to Light Pulser

Diod
ri

Plat

e
Carrier
; late
L]
Aluminum —s| ,/
Frame \
Silicon
Photo-diodes ul —] /

i
TYVEK
(Reflector)

Aluminum
Foil
(R.F. Shield)

Mylar
(Electrical
Insulation)
CFC
Compartments [ -
( Meﬁh aaaaa | o 4

aaaaa

Csl(T) Crystal

Fig. 3. Left: Photograph of a CsI(T1) crystal lit from the bottom by a light bulb. §
Right: Schematic drawing (not to scale) of a crystal with attached electronics.

CMS at the LHC (CERN)

e 76150 PbWO, crystals, 11 m3

* Readout: avalanche photodiodes (gain=50)
PbWO,

+ Fast

+ Small radiation length

+ Good radiation hardness
- ~100-200 photons/MeV
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Applications: sampling calorimeters

Calorimeters realized alternating:
* Passive, heavy materials (Fe, W, U)
* Sensitive material [] scintillator

signal readout

passive
(Fe,Cu,PB,U,..))

Kolanoski, Wermes 2015

active
(sci., LAr, Si, ...)
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Applications: sampling calorimeters

Calorimeters realized alternating:
* Passive, heavy materials (Fe, W, U)
* Sensitive material [] scintillator
* (a) connected via light guide to PMTs
* (b) and (f) with embedded wavelength-shifter,
leading to PMTs, APDs or SiPMs
* (e) scintillating fibers act as active medium

Kolanoski, Wermes 2015

) : signal readout passive . acti\{e
(spaghetti calorimeter) 9 (Fe,Cu,PB,U,..)  (sci,LALSi,...)
(a) scintillator ()

scintillator
absorber —m

(b) inti :::E::: ....

scintillator ::::::::::: (e)
absorber ::::::::::: abs.\zrber

PMT WLS fibres

Sl
200090853

0939530355
........
wavelengtgh 005005300

0
O Sy O
oooooo

shifter PO05 50 O 'spaghetti' type

light guide

scintillating
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Applications: TOF detector

Scintillator bars, in PHENIX experiment at the Relativistic Heavy lon Collider (RHIC)
at Brookhaven National Laboratory (BNL)

PHENIX High Resolution TOF

| (ToXo) I = - |
T,=];)+£ x4 L—x |T2=TO+L X < 6 Au+Au \s = 200 A GeV 5
B L v S 10
I 8 P
— - -
.II ‘I Cartoon E 4m K p
PMT1 » 2 L ’
H L e 5 2f e 16
e | d .
TOF — (1, +T)—- L/v B %0_ -
T,, T, : Timing measured by PMT1,2 o I d
L : slat length @
YpOS e Tl' ._.T2 A Eg?\t Sglg(])city in scintillator ﬁ -2 | g .10
ition = v i a
2 - ) i 0
af K P i
I=£=£Vp2+m2 Time i 1 —§1
Cﬂ C p reSOIUﬁon -GTI L1 'rTI Ii:I '; ?lll‘».-l ;:IEI‘ 1 | 1111 ] 1111 | 1 | ! 1111 | 1111 | L1111 | 1111 E
~ 10 15 20 25 30 35 40 45 50 55 60
y £\ | 100 ps Time of Flight [ns]
P~ Jm L) O
Courtesy of Ralf Averbeck (GSI
v (Gsh ES
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Applications: scintillating fibers

Scintillating fiber: Polysteren (PS) core (n~1.59) + plexiglass (PMMA) cladding (n~1.49)

PMMA

S

Particle

PS —

Square fibres

-~ Cladding
= )\/ (PMMA)
| |_— Core (PS)
«— T
m——
e—— S >

Cladding Thickness : T=2% of S
Numerical Aperture : NA=0.55
Trapping Efficiency :4.2%

Courtesy of Christian Joram (CERN)

hexagonal fibres

C.D. Ambrosio et al.,
NIM A 325 (1993), 161

Even double cladding for better light reflection

Particle

glass capillaries with
liquid scintillator

Annis P, et al. NIM A367
(1995) 377
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Applications: scintillating fibers for LHCb

P Scintillating fibre mat:
X
XUVX o pelde 6 layers + epoxy glue

>

Sm
,mean position
signal
amplitude
l\ Silicon Photomultipliers (SiPM)
[==] i po)s 60mixel - 32.59 mm
v N | L —— A : 128z;hunnel ‘
ixel = Tl channel H
. ’./ g \ {4 h S | N . ‘ !
6m X e ,f’Q\El. ,,z b HHH
AL KK 5| fired pixel ~ UEEES aans g
' St 1 | g
L N u;/f”.;\kv"" photon g ~EH | g
* 1024 mats, 128 modules o ANAE TR HHHHTH H
* 340 m2total area SEB |~ 1§ “=S. l
* ~ 11,000 km of fiber C DR R T
* 4096 SiPM arrays [] 525,000 SiPM channels Fa wai 7 “T
. ibre | | A
1 channel = 96 pixels (62x57 um?) N | -
3 varticle

Courtesy of Christian Joram (CERN)

s.masciocchi@gsi.de Scintillators and photon detectors, June 7, 2021



Applications: scintillating fibers for LHCb

Scintillating fibre mat:
6 layers + epoxy glue

( A ! {
[ o - N N N .

1 \
e i e i e e

P P PN PPN N PPN PN PN PN PN N N i

*\’_\f—\f-\"f—'v\)h..dh"\ By

f*\-—f"\f‘\h-&"'\f"\ -
| k

_mean position

* 340 m? total area 7t
° ~ 1 1 ,OOO km Of f|ber : (- -. .l‘ "}
* 4096 SiPM arrays — 525,000 SiPM channels § waan| & i hvas

fibre | | I

1 channel = 96 pixels (62x57 um?) R A | . 0.250 mm

signal
amplitude
; Silicon Photomultipliers (SiPM)
[==] i P> 60m ixel N 32.59 mm
‘. i (L .A:i. ! : 128 channel «
channel | M
pixel | o~ =t HH
/ "\. f “-, T 1T !
1.‘\ " 1\_! > "irl‘-.' | I 1 ‘. Iv ‘
n L] AT IS . (MR A =
i |} N fired pixel = e . o
o " % . 4 4t T
AN (WA } g
P <« XK. A photon g | NEBY aaa. 5
* 1024 mats, 128 modules FEIN et Tk |EsEp(anas H

rarticle

2

Courtesy of Christian Joram (CERN)
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Applications: XenonlT dark matter experiment

Nobel gases exhibit some degree of scintillation
Cryogenic liquid gases: LAr, LKr, LXe produce photons in the UV region (130-175 nm)

Xenon1T experiment, Gran Sasso
Search for WIMPs

Dual phase TPC: Top Pis | [T [ [ [

Scintillation light produced both in
the liquid Xe and in the gaseous Xe

AdaA Gate

Photons are readout out by PMTs: | | jquid xe ,

248 (127 top, 121 bottom) 1 &
low-radioactivity PMTs | i R _
* 76.2 mm diameter AT Drift
* Bialkali-LT photocathode: 34.5% Eiald

quantum efficiency at 178 nm l o

e 12dynodes LA
e Gain>3x108 e Bottom Screen

[Bottom PmTs| | [ [ [
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