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Scintillation detectors in general @&
= principle of scintillation detector

= dE/dX converted into visible light
= detection via photo sensor (photomultiplier, human eye)

= detect radiation via scintillation
= one of the oldest methods of particle detection
= example: particle hits ZnS screen - flash of light

= main features
= sensitivity to energy deposit
= fast time response
= pulse shape discrimination - PID
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Scintillation detectors in general @&
= requirements

= high efficiency for conversion of deposited energy to
fluorescent radiation

= transparency to its fluorescent radiation to allow the
transmission of light

= emission of light in a spectral range detectable for
photosensors

= short decay time to allow fast response
= scintillating materials
= [norganic crystals

= organic crystals
= polymers (plastic scintillators)

TAPS BaF, crystals
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Basic Detector Setup

Thin window Mu Metal Shield Irorl Protgctiue Shield
Particle e _ : "
— I L
l Output
= topics ona
= scintillators PMT Pulse
= propagation of light
= photon detection ; '\‘\\
= applications / N

5 10 Time [ns]
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Inorganic crystals

= - PbWO, crystals from |
2 ! the CMS electromagnetic
calorimeter

One of the last
CMS end-cap crystals
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Inorganic crystals

= crystals (electric insulators)
with impurities (sometimes

introduced via doping, citon | 3
band e e
e.g. Nal(Tl)) e v.:;v
« sodium iodide (Nal) cctva £ 5 traps
. L 2 =
= cesium iodide (Csl) K'J._:—" I
. i i I
barium fluoride (BaF,) sorlaion TR
= |[ead tungstate (PbWO,) T
: : : Energy bands in
" WOrkan p”nClpIe impurity activated crystal
= energy deposit via ionization g i eeonee,

-> promote electrons into higher bands
= energy transfer to impurities
= emission of scinillation photons
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Inorganic crystals: time constantsg

A h
l'.

40 ]

= time constants
= fast: recombination from activation centers [ns - ps]

= slow: recombination from traps [ms — s]

Light Output

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

Fast N _ Ae—tXTf —}—Be_tXTS

Component

\ ( 7¢ : decay constant of fast component
7s : decay constant of slow component

SlOW
Component

Time
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Inorganic crystals: light output

12
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= scintillation spectra of
undoped and doped
Csl crystals

= strong temperature
dependence of light
output (in contrast to
organic scintillators)
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Light output & PMT sensitivity

= spectral sensitivities of PMTs
compared to emission spectra

210t Siailais S-1 Response

G |

= PMT Y y T »
T BGO c
& 4100 >
> D
= 1a
> 180 €
* >
2 { £
5 T 180 3
- § =
g %
O Csl (T1) 140 _
s * ®
) N Csl (Na) e
— A y 120 o
= | Nal (T1) > IS

0 1 1 1 1 1 O
300 400 500 600

Wavelength [nm]
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Scintillation in (noble) gases (@&
 many gases exhibit some degree of scintillation D

= response to 4.7 MeV a particles Amaz [nm] /4. TMeV
i No 390 00
= careful in Cherenkov detectors! He 390 1100
Ar 250 1100

= cryogenic (liquid) noble

De-excitation and

gas scintillators ¢ ieq dissociation
molecules @
Excitation \/\J—J*,_‘
o ®—® — 130 o

Collision L Kr : 150 nm

@ \ [with other gas atoms] \ [ Xe : 175 nm
® — » — ®
lonization

IDn||zed| /
MOIECUIES Recombination
- fast and slow decay time _ @

constants = PID
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Inorganic scintillator properties @&

Tcterar | lom | aex | o cmksen. | conetent g | PTOONSMeV
Nal 3.7 1.78 303 0.06 8-10*
Nal(Tl) 3.7 1.85 410 0.25 4-104
Csl(TI) 4.5 1.680 565 1.0 1.1-104
BiaGesO12 7.1 2.15 480 0.30 2.8-108
CskF 4.1 1.48 390 0.003 2-10°
LSO 7.4 1.62 420 0.04 1.4-10%
PbWO4 8.3 1.82 420 0.006 2-107?
L He 0.1 1.02 390 0.01/1.6 2-107
LAr 1.4 1.29* 150 0.005/0.86 4-10*
| Xe 3.1 1.60" 150 0.003/0.02 4-10*

* at 170 nm
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Inorganic scintillator properties @&
= a numerical example
= Nal(T1):  Amax =410 nm; hv = 3 eV

photons/MeV = 40000
T=250ns

. PbWO4 Amax = 420 nim,; hv =3 eV
photons/MeV = 200
T=6nS

= light yield gq.: fraction of energy loss going into photons
= Nal(TI): 40000 photons; 3 eV/photon > & =4-10*3 eV/10% eV = 11.3%

m PbWO4: 200 photons; 3 eV/photon - &, =2-102-3 eV/108 eV = 0.06%
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Application in large experiments
= BaBar at SLAC

= 6580 CsI(TI) crystals - g
» depth: 17 X, = gl

= volume: 5.9 m3

= read-out: Si-photodiode (gain = 1) =~ ™
= read-out noise: 0.15 MeV
= dynamic range: 104

= CMS at LHC

= 76150 PbWO, crystals

= depth: 26 X,

= volume: 11 m3

= read-out: APD (gain = 50)
= read-out noise: 30 MeV

= dynamic range: 10°
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Organic scintillators

= aromatic hydrocarbon compounds e
= naphtalene: C,Hg
= antracene: C,,H,

Antracene

= scintillation

= based on electrons of
the C=C bond

= light arises from delocalized electrons in & orbitals
= transitions of ‘free’ electrons

1t bond
Amaz[nm|  7[ns]  light yield rel. to Nal /‘\
naphtalene 348 96 12% / 9 /

anthracene 000 440 30 50%

Two
pz orbitals
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Organic scintillators

= principle of operation of organic scintillators

=valence electrons S, Triplet states
pair wise in &t states T

= molecular level scheme

- singlet states bS1 i
= triplet states 3-4 eV NT TD
= energy absorption !
> excitation of & electrons ' o
-fluorescence: S, > S, ~ Cnoletstates iR Mg

(in UV range - wavelength shifters!)
=jonization followed by recombination populates T states
=phosphorescence: T 2> S,
=excitation of 8 electrons - thermal deexcitation

=other ionization = radiation damage!
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Organic scintillators

= material should be
transparent for radiation
-> shift of emission and
absorption spectra

Stokes-Shift

Absorption

Intensity

. Emission

= Stokes shift due to Franck-
Condon principle

= excitation into higher
vibrational states on
atime scale of 1014 s

= vibrational time scale: 1012 s

= deexcitation from lowest
vibrational state . Nuclear
(S, lifetime: 108 s) cistance
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Plastic or liquid scintillators &=

'l !" .-] iy '_r'_l'

LA vid| R
ol L 'l-ﬂ;ll}:}._f
I e

= organic scintillator material
In practice
=solution of organic scintillators
(solved in plastic or liquid)
+ large concentration N 44
Of primary ‘ﬂuor, ‘ . V/'.L Scintillator array
] | with light guides
+ smaller concentration of

secondary ‘fluor’ (wavelength
shifter)

LSND experiment
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Plastic or liquid scintillators @

A

Primary fluorescent B

Energy deposit in base - Good light vyield ...
material > excitation - Absorption spectrum
matched to excited
states in base ﬁecgndar}; C
material ... Horescen
Solvent Wave length
s J, shifter
= l Primary Fluor
v f’m_ A Secondary
l S Fluor
1B o
Excitations : Ya 1 ALY Sic
\/\/\f\/\/‘/} l \/\};\%‘,} , l | ‘,;:;
Soa - —
— . Som Soc
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Plastic or liquid scintillators@a

Some widely used solvents and solutes

solvent secondary tertiary
fluor fluor
Liquid Benzene p-terphenyl | POPOP
scintillators | Toluene DPO BBO
Xylene PBD BPO
Plastic Polyvinylbenzene | p-terphenyl | POPOP
scintillators | Polyvinyltoluene | DPO TBP
Polystyrene PBD BBO
DPS POPOP
N\ O
) - Polystyrene [ > >
0] N
T o-Terphenyl
T
H H
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Wavelength shifting

= Wworking principle
=absorption of primary
scintillation light
=re-emission at longer
wavelength
= adapts light to
spectral sensitivity
of photo sensor

= requirement:
good transparency wavelength (nm)
for emitted light

Polystyrene Primary  Secondary

emissions

absorptions
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Organic scintillator properties

Sclnhllgtor Density Refractive Wawelength [mq] Decay time Photons/MeV
material [g/cm?] Index for max. emission constant [ns]

Naphtalene 1.15 1.58 348 11 4-103

Antracene 1.25 1.59 448 30 4-10%

p-Terphenyl 1.23 1.65 391 6-12 1.2-104
NE102* 1.03 1.58 425 2.5 2.5-10%
NE104* 1.03 1.58 405 1.8 2.4-10%
NE110* 1.03 1.58 437 3.3 2.4-104
NE111* 1.03 1.58 370 1.7 2.3-10%
BC400* 1.03 1.58 423 2.4 2.5-10°
BC428* 1.03 1.58 480 12.5 2.2-10%
BC443* 1.05 1.58 425 2.2 2.4-10%

* Nuclear Enterprises, U.K.
** Bicron Corporation, USA
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Organic scintillator properties

=with quenching (non-
linear response due to

= light yield

= without quenching g"‘” |

500
%—L @ §§ 4
de ~ Odx 5 |

“‘é K0

S 50

L]

)

saturation of available v
states): Birk’s law 3 ;
dE ze |
al _ dz )i
dr ~ " 1+ kBIE =

=where kB Is a
parameter that needs
to be measured
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Scintillators: comparison

Inorganic Scintillators

Advantages high light yield [typical; €sc = 0.13]
high density [e.g. PBWOa4: 8.3 g/cm?]
good energy resolution

Disadvantages complicated crystal growth
large temperature dependence Expensive

Organic Scintillators

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

Disadvantages lower light yield [typical; €sc = 0.03]
radiation damage Cheap
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Propagation of light

= I[N the scintillator itself

T

a absorption N, = Ngexp (_E) with L : absorption length

= reflection at the edge, total reflection for 6 > 6; = sin-i{(n./n,)
typical scintillator: n,~1.4, 65 ~ 45°

; = careful shaping needed in order
- /\ not to lose too much light
\ \ PM } green wavelength shifterB[?':;x:SGD nm)

blue (A, = 420 nm)
fluorescence light
e

= alternative: light collection UV emission
via 2"d wavelength shifter
along the edge of the /
scintillator on. particlh

POPOP

scintillattor

AV AVAVAV AV AV AW

AVAYAVAW AW AN N oW N N WA WA A ot
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Light guides

= light guide
(plexiglas, optical fibers)
= light transfer by total

internal reflection (maybe
wavelength shifter in addition)

Light guide

= Liouville’s theorem

= AX AQ, = const. - keep area
constant since divergence is
constant when guiding light

=use small curvatures to e
maintain total reflection | —
for photons captured once fish tail
- adiabatic light guides (e.g. ‘fish tail’)
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Photon detection

L R

all g B ) R

[ jﬂ:. _'_i?
P

= goal: convert light into detectable electronic siI

= principle: use photo-electric effect to convert
photons into photo-electrons (p.e.)

= what Is needed?
= high photon detection efficiency (PDE) or
= quantum efficiency: QE =N, /N
= (some) available devices
= photomultipliers (PMT)
= silicon photomultipliers (SiPM)
= micro channel plates (MCP)
= photo diodes (PD)

photons
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Photocathode —____

B e =:"f"'.::-j'::§
et B
Electron optical ‘ \!
input system \ﬁ:
Focusing ... }J
electrode

Photomultipliers (PMT)

First dynode ——] 4 fuas |

A

= principle: Multiplier—_| A
= electron emission from | g%
photo cathode [ ('\

» secondary emission from "% ﬂ 2

dynodes (gain: 3-50)
= typical PMT gain: > 106
- PMTs can count single photons
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PMTs: photocathode

= y conversion via Sl S

photo effect Al LTI R e

v
! o ZModified
1o P | kmL —N

Photon = 4} 11 Sl VRS JPPOE. RYS NN A Extended

T T Y INT \N“Lﬂ N S—20

! A +—1 + m—
24—ttt — 104 |
entrance window : ' | 1 ok AR
e —- o % & tm b =

SOOI A=Y S~20 |

— S—-
) |
- #_LIA’_?_‘;"‘_ ] O::*E\(§”4 FK‘»— -
EARveX Y, 0.5 VTR
20— =R s w o e
photo T . IO
eeinoce T AvEATEA
L] 0.1 L1
L e 4 =F — 600 700 B0 900
Electron "“‘+_—‘_—J" j*_“?"‘ ———— | T =
L, Sl GO | o .Y
= 3-step process 12 | A l
_ _ ———- ‘,
= electron generation via 1 L
ionization § |

\C S-20

- propagation through : I \\\f\f;fé"dfds,—zo

cathode o Al matanats| | \ x
. —=#==-Fused silica windows+——1- +— Nt o= B
= escape of electron into 3 0 e O

vacuum 100 200 300 400 500 600 700 800
Wavelength nm

= Q.E. ~10-30% (with specifically developed alloys)
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Dynodes

' N/ N LI5S
= / / / S
N P / / 77/
—~ yryy Vs, /
/7 <
Electron /) /
LSS S /S 3 R 2
vy S 4 g
/ / 4 SIS & A -
'y, Iy 4 S o
!/ / s >
> Y/ o
/ -
/

Anode

R R R R R

Us Voltage divider
= multiplication process = typical values
= ¢- accelerated towards dynode =3 =2-10; n = 8-15
- further e produced = avalanche = gain G =3§"=10°-10°

- secondary emission coeff. = gain fluctuations

0 = #(& produced)! #(€incoming) " 6 = kUp; G = ay(kUp)"
produce incoming dG/G =n dUp/Uy = n dUg/Ug
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PMTs: energy resolution
= energy resolution is influenced by

= linearity of PMT: high dynode currents can lead to saturation by
space charge effects; I, a n, possible over 3 orders of magnitude

= photo electron statistics as given by Poisson statistics:

- dFl  Photons
N o—Te _ _ _ "
P n(ﬂ'e) — e ¢ with ne given e dx . MeV Shie Q

n! by dE/dx ...

For Nal(Tl) and 10 MeV photon;

_ . photons/MeV = 40000;
on/(n) =1/\/ne N =02 Q. —0.05 n. = 20000
on/(n) =0.7%

= secondary electron fluctuations:

) o 5_5 1 with dynode gain ; On/<n> dominated by
Pn (O) — n! and with N dynodes ... first dynode stage ...
2
. On 1 1 1

... important for
single photon detection
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5
15 - | I
For standard o0
. _ dynodes
detection of o Y
single photons - CuBeO(Cs)
=
a b
3 -
L Philipz photonic
1 1 i 11 1§ I 1 L 1 1 | -] ]
20 50 100 200 500
[E‘u’]
® L ‘
ol I S i .
S | ! ;
S e |
";u""'#f"—; TR
S !
Large O | |
S {JuBe d fnode
. H | x*
.. vields better — - |
energy resolution Ny 4
- Philips photonic - "-"'»_h : :
| . ﬁ”“'h--__-._
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Fhilips photonic

Negative
electr on affinity (NEA)

6% 04 08 08 1 12 14 16 18 2

E [keV]
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i
o 2pe
P |
.'J Ea
R Y
I| L .
f". Houtsrmanns
/ e, NIM 112 (1973) 121
NAE dynode — ™-._
] i J 1 ] ] ] ] |HM-W|-°"°"-°—-
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PMTs: dynode chain

= optimization of o
. PMT gain B I TLLLLLLLLLL ) =
: ?nodg Isolation LL__Jrrrrrﬁr‘rrr E
= [Inearity .~
m It ti Boxand [~ - ~ ~~  \
tran.5|t time grid [Jlf}\jzg__\ : E
* PMTs in general very
sensitive to magnetic Y v i

N "~ 7
/ 77NN NN
BN SNBSS N L

Cathode Ancde

. focused | {
fields B
= shielding is even required O o
for earth field (30-60 pT) =

Circular /7,
focused |/

WiTmm
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PMT in magnetic field  @®

» B field disturbs focusing of photo electrons
secondary electrons
(typical kinetic energies < 200 eV)

= requirement in region of dynodes: B<104T

= typical effect: current decreases by factor 2 if B
field increases from 0to 0.15x 104 T

= possible solutions
= shield small field by so-called p-metal

= use of ‘mesh type’ dynodes
= use of micro channel plate or photo diodes

EMMi_/Heidelberg, 21.06.2017 34 R.Averbeck, IE == 1L



Micro Channel Plate

CHANNEL
I CHANNEL WALL
OUTPUT
INPUT ELECTRODE
ELECTRON : ;
o— Zmgl: OUTPUT
@ ELECTRONS
INPUT ELECTRODE #| .
- STRIP CURRENT
; ; L “Continuous”
(Hamamatsu) — .
b1 dynode chain

Pb-glass

"2D Photomultiplier”

Gain: 5-104
Fast signal [time spread ~ 50 ps] o,
B-Field tolerant [up to 0.1T] | (@ure ndusttes) |

- , “ A )
But: limited life time/rate capability 0ol praKW §
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Photodiodes

= photo diode: gain =1 (see Chapter
on semiconductor detectors) '
= avalanche photo diode - silicon PMT
= pixelized photo diodes operated B | E B
In Geiger mode
= energy: #photons seen in all pixels
= granularity: 103 pixels/mm?
= gain: 10°
bias voltage: <100 V
efficiency: ~30 %
Insensitive to magnetic fields
works at room temperature
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Pulsar, Moscow

One of the first SIPM
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Silicon photodiodes

()

R.Averbeck, Im = 1L

37

Heidelberg, 21.06.2017



Applications

ey

= fast sighals = time of flight (TOF) measurements
= energy measurements

= crystal calorimeter
-> precise electron/photon energy

= sampling calorimeter: alternating layers of
absorber (Fe, W, U) and scintillator with
wavelength shifters and PMTs
-> electromagnetic & hadronic calorimetry

= fast tracking/vertexing
= scintillating fibre hodoscopes
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TOF (and position) with scintillators @

T4,X0)
x | (To:Xo I | —x
Tl :To—l—— |4 % L—X |T2:TO_I_—
V ' q| V
|
| )
Cartoon
| |
PMT1 ¢ n PMT2
! L :
Tor - Ji+T)-L/v
7 T,, T, : Timing measured by PMT1,2
L : slat length
" — v : light velocity in scintillator
Y position = L 2T2 V

EMMi_/Heidelberg, 21.06.2017 39 R.Averbeck, I === I



TOF example

® TOF measurement of

charged particles with _ PHENIX High Resolution TOF
scintillators oo ALitAu No = 200 A GeV ||
e .[ +
tZLZE p2+m2 .§4: K >
cf c P 1
e [ d ]
)2 Sof )
I d
— — | — et 10
Y= (Lj S E
-4 K P -
e example: PHENIX F El
experiment at RHIC PR TN B

e time resolution ~ 100 ps 25 30 35 Gimeof Flight Ins]

e pion/kaon separation up
top =2.4GeVic

EMMi_/Heidelberg, 21.06.2017 40 R.Averbeck, IE == 1L



Scintillator

: PBWO4 [Lead Tungsten]

Photosensor : APDS [Avalanche Photodiodes]

Number of crystals: ~ 70000
Light output: 4.5 photons/MeV

S I T 13777 17737 T iiaas o
W T 77 7y s
W / W 2 5575 3
[ i ,I."g'f il =8y, /7' AN ,/ A
Z

g

;

\\Y

!

|

ECAL (EE)
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H1l: spaghetti calorimeter

Scintillator : BICRON BCF-12
Photosensor : Photomultipliers
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Scintillating fibre hodoscopes

= scintillating fibres: diameter ~1 mm (or Iess)
-> fast vertexing

Figure: Track in scint. fibre array, fibre diameter 1 mm.

Figure: 60 pm fibre in a fibre bundle covered with cladding of
lower n, single track resolution few tens of pm.
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