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Scintillators — General characteristics

Principle:
» dE/dx converted into visible light
* detection via photo sensors
[e.g. photomultiplier, human eye ...]

Features:

* sensitive to energy

» fast time response

* pulse shape discrimination

Requirements:

* high efficiency for conversion of
excitation energy to fluorescent radiation

* transparency to its fluorescent radiation
to allow transmission of light

* emission of light in a spectral range
detectable for photo sensors

* short decay time to allow fast response

Detector 3



Scintillators — basic counter setup

Thin window Mu metal Shield
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Scintillator Types:
* organic scintillators
* inorganic crystals

* gases
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Photo sensors:

* photomultipliers

* micro-channel plates
* hybrid photo diodes

* silicon photomultipliers
(51PMs)

Detector

CURRENT




Scintillation Detectors

Energy deposition by a ionizing particle
— generation
— transmission of scintillation light

hotodetector :
scintillator \ P — detection

Inorganic (crystalline structure)  Organic (plastics or liquid solutions)

Up to 40000 photons per MeV Up to 10000 photons per MeV

High Z Low Z

Large variety of Z and p p~1g/cm?

Un-doped and doped Doped, choice of emission wavelength
ns to us decay times ns decay times

Expensive Relatively inexpensive

E.m. calorimetry (e, v) Tracking, TOF, trigger, veto counters,
medical imaging sampling calorimeters.

radiation hard (100 kGy/year) medium rad. hard (10 kGy/year)
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Inorganic scintillators

Some crystals are intrinsic scintillators in which the luminescence is
produced by a part of the crystal lattice itself. However, other crystals
require the addition of a dopant, typically fluorescent ions such as
thallium (Tl) or cerium (Ce) which is responsible for producing the
scintillation light (in both cases is the scintillation mechanism the
same):

» The energy is transferred to the luminescent centres
which then radiate scintillation photons.

For example, in the case of thallium doped sodium iodide (Nal(Tl)),
the light output is ~40,000 photons per MeV deposited energy.
This high light output is largely due to the high quantum efficiency of
the thallium ion, disadvantage rather slow (250 ns) decay time.

Detector



Inorganic scintillators

Inorganic crystals form a class of scintillating materials with much higher
densities than organic plastic scintillators (typically 4-8 g/cm3) with a
variety of different properties for use as scintillation detectors.

Due to their high density and high effective atomic number, they can be
used in applications where high stopping power or a high conversion
efficiency for electrons or photons is required.

= total absorption electromagnetic calorimeters, which consist of a
totally active absorber (as opposed to a sampling calorimeter)

» as well as serving as gamma ray detectors over a wide range of
energies.

Many of these crystals also have very high light output, and can therefore
provide excellent energy resolution down to very low energies ( few
hundred keV).



Organic scintillators

are aromatic hydrocarbon compounds containing linked or condensed
benzene-ring structures.

Scintillation light arises from transitions made by “free” valence
electrons of the molecule — very rapid decay time ~ ns

| Naphtalene
Aromatic hydrocarbon
compounds:
e.g. Naphtalene [CioHs] Antracene

Antracene [Ci4H1q]
Stilbene [C14H17]

Very fast!

Decay times of O(ns)] Scintillation is based on electrons

of the C=C bond — n-bond

o _ _ p orbital p orbital p-p overlap
Scintillation light arises from '

delocalized electrons in m-orbitals ... % 55 ;
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Scintillation principle
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Organic scintillators — scintillation mechanism

radiationless Molecular states
singlet states

S
Ex. enefgy states ° | 491 ¢

in the soplvent

2 triplet states

non- T

radiative

\ _|_1
fluorescence phosphorescence

AJ Y
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Organic scintillators — transparency

- Stokes-Shift
Transparency requires: > .
% Absorption
Shift of absorption = Emission
and emission spectra ...
Shift due to A
> 81
o 9 . * Excited State
Franck-Condon Principle € \ E
Excitation into higher vibrational states i S D
De-excitation from lowest vibrational state j\ i’w
itation 1 . 1014 \ = =7"."
E?<C|tqt|on tlme scale : 10_128 =7
Vibrational time scale : 107'< s \ ==/,
S1 lifetime . 108 s | =L . Ybratonal
V=0 Nuclear

distance
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Decay times

t t
N (t) = Aexp(——)+ Bexp(——)
z-f z-s
N(t)...number of emitted photons
A,B....weight factors
Toueenn. decay time (fast, slow)

N(t)
AN

|
V slow

sum

fast

Detector

time t
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Time dependence of scintillation pulses
(equal intensity at time zero)
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Organic scintillators — properties

Scintillator

Density

Refractive

Wavelength [nm]

Decay time

material [g/cm?] Index for max. emission constant [ng] FIRHE AL
Naphtalene 1.15 1.58 348 11 4-103
Antracene 1.25 1.59 448 30 4-104
p-Terphenyl 1.23 1.65 391 6-12 1.2-10
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 2.4-10%
NE111* 1.03 1.58 370 1.7 2.3-10%
BC400™ 1.03 1.58 423 2.4 2.5-10?
BC428* 1.083 1.58 480 12.5 2.2-107
BC443* 1.05 1.58 425 2.2 2.4-10

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




Organic scintillators — properties
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Organic scintillators — properties

Light yield
(in absence of quenching)
dL dE z b
Y i
dx dx ' E § /’LAEAR RESPONSE
5 ¥ e
S...scintillation efficiency 3 i 200 ,/ T
o ¥ ..'dﬂk
e 00 , g T PARTICLES
. . (= 7/ [}
Quenching — non-linear E B ¥’ 475 protons
response due to saturation 3 y
of available states S 20 (;_,,Eln
/{5: ELECTRONS a_ENERGY Mev
0 £+ I | B E—
> Birks’ formula accounts § PROTON ENERGY Mo 1° O
for the probability of = TR 5 2 |
. | ©
quenching . | ool i
i S= ol or 0bs 02 0B 00bs
— dxdE | 000 2 5 o0 2 5 o4 2 8 0 2 s 0
dx 2
1+ ke gy dE/dx «Wﬁ?m

kg....Birks” constant
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Events / 10 channels

Events / 10 channels

Temperature dependence
of the Scintillator Bicron BC-400
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Some remarks

Aging and Handling:

Plastic scintillators are subject to aging which diminishes the light yield. Exposure to
solvent vapors, high temperatures, mechanical flexing, irradiation, or rough
handling will aggravate the process.

A particularly fragile region is the surface which can “craze” - develop micro-cracks
- which rapidly destroy the capability of plastic scintillators to transmit light by total
internal reflection. Crazing is particularly likely where oils, solvents, or fingerprints
have contacted the surface.

Attenuation length:

The Stokes' shift is not the only factor determining attenuation length. Others are
the concentration of fluorines (the higher the concentration of a fluorine, the greater
will be its self-absorption); the optical clarity and uniformity of the bulk material; the
guality of the surface; and absorption by additives, such as stabilizers, which may
be present.



Some remarks

Afterglow:

Plastic scintillators have a long-lived luminescence which does not follow a simple
exponential decay. Intensities at the 10~ level of the initial fluorescence can persist
for hundreds of ns.

Radiation damage:

Irradiation of plastic scintillators creates coluor centres which absorb light more
strongly in the UV and blue than at longer wavelengths. This poorly understood
effect appears as a reduction both of light yield and attenuation length. Radiation
damage depends not only on the integrated dose, but on the dose rate,
atmosphere, and temperature, before, during and after irradiation, as well as the
materials properties of the base such as glass transition temperature, polymer
chain length, etc.



Inorganic Scintillators — Properties

Numerical examples:

NaI(TI) Amax = 410 nm: hv = 3 eV
photons/MeV = 40000

T =250ns

PBWO4 Amax = 420 nm; hv = 3 eV
photons/MeV = 200

T=0ns

Scintillator quality:
Light yield — €sc = fraction of energy loss going into photons

e.g. Nal(Tl) : 40000 photons: 3 eV/photon > €sc=4-10*-3eV/10%eV = 11.3%
PBWQ4: 200 photons; 3 eV/photon > &sc=2-10°-3 eV/10° eV = 0.06%
[for 1 MeV particle]

Detector 20



Pulse shape discrimination, e.g. BaF,

Barium fluoride (BaF2) is presently one of the fastest scintillator.
It has an emission component with sub-nanosecond decay time.
Time resolutions of ~200 ps are possible.

>

proton time T ST

., 600f

% I

S photon g 400;
:

3 s |

= 2 200
v Z

0 1 . ) ! | L L L 2 | :
L fast component (20ns) ¢ 400 800
| total light output (2ps) [ total light output =——p-

signal integration width
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Light output of inorganic crystals shows strong
temperature dependence

Nal{Tl) (From Harshaw catalog)
il /"\ ‘
80+ //
‘ Csl(Na}
ol \
BGO -
BRO

4O Csi(TI)

N

PbWO,

Relative light output-percent

20 ] t i 1 ] L l
-100 -60 -20 0 20 60 100 140
Crystal temperature -degrees centigrade
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Energy dependence of the light output
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Scintillation emission spectra for BaF,
at various temperatures 400 A+———1——

Number of photons (arb. units)

Balk,
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Detector

300
Wavelength (nm)
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PMT Quantum Efficiency

- e Hamamatsu PMT R2059 —1
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Scintillator Density Index of Wavelength Decay time Scint M
composition (g/cm3) refraction of max.Em. Constant Pulse tes
(nm) (US) height?

Nal(TI) 3.67 1.9 410 0.25 100 2)

Csl 4.51 1.8 310 0.01 6 3)

Csl(TI) 4.51 1.8 565 1.0 45 3)
3.19 1.4 435 0.9 50
BaF, 4.88 1.5 193?%20 oﬂogge 155
BGO 713 2.2 480 0.30 10
Cdwo, 7.90 2.3 540 5.0 40
PbWO, 8.28 2.1 440 0.020 0.1
CeF, 6.16 1.7 ggg gggg 5
GSO 6.71 1.9 430 0.060 40
LSO 7 1.8 420 0.040 75
YAP 5.50 1.9 370 0.030 70

1) Relative to Nal(Tl) in %; 2) Hygroscopic; 3) Water soluble




Inorganic Scintillators —> expensive
Advantages
high light yield [typical € ~ 0.13]
high density [e.g. PWO ~ 8.3 g/cm?]
good energy resolution

Disadvantages
complicated crystal growth
large temperature dependence

Organic Scintillators — cheap
Advantages
very fast
easily shaped
small temperature dependence
Disadvantages
lower light yield [typical € ~ 0.03]
radiation damage



Scintillation in liquid Nobel gases

Decay time constants:

Materials:
| Helium 11 =.02 ps, T2=3 ps
Helium (He) Argon :T1<.02pus
Liquid Argon (LAr)
Liquid Xenon (LXe)
De-excitation and
Excited dissociation
molecules
Excitation J‘J\j__r"
/7 3 ‘@ —> LAr : 130 nm

Collision LKr : 150 nm

: : [y
\ [with other gas atomsj] \ LXe : 175 nm
®—0»—
onization

lonized /‘
molecules ® Recombination
o
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Light transmission through light guides

In coupling a scintillator to a photodetector through a light

guide, it is tempting to couple a large area scintillator to a
small area detector.

» This could save money and also small photodiodes
could be used

BUT, the efficiency of light transmission through a light
guide is limited by

= the angle of total reflection

= conservation of phase space (Liouville’s theorem)

I out

Aout (A
/

A

=

= A:‘n)

out

in in

... Querschnittsflaiche am Ubergang zum Szintillator

... Querschnittsfliche am Ubergang zum Photodetektor

... gesamte Lichtintensitat bei Eintritt in den Lichtleiter

« --- gesamte Lichtintensitat bei nach Ubertragung durch den Lichtleiter



Light guide — different geometries

“fish tail”

——
\.

Light guide

PM

LE LA

Detector

Scintillator

PMT

Light guide

“adiabatic”




Light guide — conditions at the interface of dissimilar
optical media (n,>n;)

Surrounding medium (refractive index = ny)

Scintillator (refractive index = ng)

. N
6. = arcsin—+
nO
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Light guide — variation of pulse height with length

=

11 }—

104

9
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8 4l %\ total internal reflection
- § with reflective covering
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NEE urface painted — NE reflector paint
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Length of light guide (cm)

d.....specular reflector, wo. light guide e.....diffuse reflector, e.g. Teflon
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Photo detectors

Purpose: Convert light into detectable electronics signal — usually we are
iInterested in the visible and UV region

Threshold of some photosensitive material

uv ! visible CaAs
threshold for photo effect G
TMAE,CSI mUHIGIlt(GII
<= bialkali
_TEA.I <==n E (eV)
12.3 49 3 2.24 1.76
| | | L
| | |
| I I >
100 250 400 550 700
A (nm)

standard requirement
high sensitivity, usually expressed N
as quantum efficiency —

Detector

photoelectrons

N

photons .



Photon detectors - Photo Multiplier Tube

Purpose:
» Convert light into detectable
(electronic) signal

main phenomena:
 photo emission from photo cathode
 secondary emission from dynodes.
dynode gain g=3-50
e.g. total gain for 10 dynodes,
with g=4
G =410~ 106

photocathode

focusing
electrode

accelerating
electrode

first dynode

multiplier

anode

key

Detector

\

Hﬁ_ﬁ
8

—~ NN AN

AN Y

NN S

Y /s

z
7

window

— input optics

envelope

last dynode

foot

pumping stem

base
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PM Tube

Incident light

Semitransparent
photocathode

_ / h
/
Y
Typical
Photocathode LE/// photoelectron
to dynode No. 1 trajectories
electron optics \\ /
/ 14
14
- 14
/
Electron Vacuum
multiplier 7| enclosure
. \ B

1-Netefignodes 14: Focusing electrodes
13: Anode 15: Photocathode
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Photo Multiplier Tube - Dynode chain

Dynodes
Electron
R R R R R
........... K )
Lis Voltage divider =

e.g. total gain for 10 dynodes,
with g=4
G =410~ 10°
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Noise, measured “dark spectrum”
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Pulse height spectrum measured with Hamamatsu PMT R5912

due to a single electron emitted spontaneously 37



RADIANT SENSITIVITY (mA/W)

QE'’s of typical photo-cathodes

Y~ Bialkali
»— SbK,Cs
- 10% SbRbCs
Lw  Multialkali
- SbNa,KCs
E1%
= Solar blind
0.3% CsTe
(cut by quartz
-0%  window)
§ /"/ inirared\— Q.E.(%)«;:
10" v - | sk, (mA/W)
100 200 300 400 500 600 700 80D 900 1000 1100 124.—=<
A(nm)

mrd 128 (Philips Photonic) wavelength & (nm)
Detector
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TRANSMITTANCE (%)

Transmission of optical windows
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Light Qutput (L.U.)
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Multi-anode and flat-panel PMT’s

0, (rad)

[ ,
02}
.04 |
6

06 A B2 B B2 Ok D

(Hamamatsu)

Cherenkov rings from
3 GeV/c nthrough aerogel

0.6

04 -

02}

(T. Matsumoto et al., NIMA 521 (2004) 367)

Multi-anode (Hamamatsu H7546)

-Up to 8 x 8 channels (2 x 2 mmZeach);
-Size: 28 x 28 mmZ;

-Active area 18.1 x 18.1 mm? (41%);
-Bialkali PC: QE = 20% @ A, = 400 nm;
-Gain = 3 10°;

-Gain uniformity typ. 1 : 2.5;

-Cross-talk typ. 2%

max

Flat-panel (Hamamatsu H8500):
2 -8 x 8 channels (5.8 x 5.8 mm? each);
-Excellent surface coverage (89%)

IR TIERTE
-ty 255
.‘A'.‘.":'{?'
=t i

10 L N A ——

—~——
B

—

(Hamamatsu)‘" ;?‘:‘\\ -

3b Photo-detection

-

CERN Academic Training Programme 2004/2005



Microchannel plate

CHANNEL
P CHANNEL WALL
OUTPUT
INPUT ELECTRODE
ELECTRON ’ 4
O—ic. el OUTPUT
Z ELECTRONS
INPUT ELECTRODE 4|
- ‘ STRIP CURRENT
N | n “Continuous”
amamatsu) i
- dynode chain
VD
Pb-glass |

1

2D Photomultiplier”

Gain: 5-10%
Fast signal [time spread ~ 50 ps]
B-Field tolerant [up to 0.1T]

But: limited life time/rate capability
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Microchannel plate — chevron configuration

1000 to 2000V typical

1|l il |
Illl i“l 1.“" 0O Signal
. T \ Secondary
Light __ 2 a¥at>a s f electrons
photon A
S
Photo— —
electron/
Photocathode Microchanne! Ande

plates in
“chevron' configuration
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Silicon Photomultipliers (SiPMs)

Silicon Photomultipliers (SiPMs) are novel, solid state
based low level light detectors.

Due to their distinguished properties,
* very high quantum efficiency compared to PMTs
* much higher gain compared to APDs,
they are able to replace PMTs and APDs in many

applications.  [T——

MPPC 400Pixels

One of the first SIiPM
Pulsar, Moscow
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Silicon Photomultiplier — operated in Geiger mode

Breakdown, quench and reset cycle of a
photodiode working in the Geiger mode

. [
|
Quench \ Breakdown

Current
/

. S

Reverse Bias (V) \/ |
Vapd

Reset

An array of microcells
(photodiode plus quench ™™=
resistor) with summed
output

“digital” pulse output from a
photodiode working in Geiger
mode

L1 R o, bl ety !»*»x*wwg (PP Trilemosta Aty i I okt <.
‘ | [

|

¥ al= il m EETIEEE . | REETTTTIeE— . =I“$J?

Cathode




Silicon Photomultiplier — single photon counting

Oscilloscope shot showing
the discrete nature of SiPM
output when illuminated
by brief pulses of low-level
light

Counts

Photoelectron spectrum of a
SiPM, using brief, low-level
light pulses

700,

171
400 | 1 1

300 ‘

200 I ,t "

| o [
100’1‘ ] \, f"‘l’ \. \

QDC Channel



Radiation spectroscopy with scintillators

The main interactions of X-rays and y-rays in matter are:

Outgoing

Incoming electron

X-ray
photon

 photoelectric effect

Atom

« Compton scattering

e pair production

Detector
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Compton scattering o
b=m 1 4 2hv/myc?

2hv/m0(:2 )
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e ||

dE
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~<— Compton continuum —=
"“Compton | v

edge” |

N,
E
head-on collision: hy
Ec=hv—Fe }9:”“ T ¥ 2hv/mgc?
moc2
for hv >>mc? Ec = (= 0.256 MeV)
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Shape of the Compton continuum for various

gamma-ray energies
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“Small” detectors — response function

Photoelectric
absorption

' Escaping scattered
gamma ray

Single Compton scattering
hv
P Pair production

hv .
Escaping annihilation

photons
“Photopeak,””
hv >> 2mgc? or full-energy
peak
“Photopeak,” aN “Double
dN or dE escape’” [l
dE \m/ full-energy peak
peak —
Compior Compton continuum
cont.
| |
(hv—2mgc?) hv E
|
/ hy E

Compton edge Detector 51



“Very large” detectors — response function

Full-energy
peak

hv
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Intermediate size detectors — response function

Photoelectric
absarption

Compton
scattering

Escaping multiply scattered
gamma ray

hy >> 2:;1052

"Photoelectric
production absorption
Single escaping

annihilation photon

hv < QmDCQ ;?;
Single | | Fuli-
Double | escapell Il energy
danN escape . peak : peak
dE peak 1

Full- -
energy
peak
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Multiple Compton
Compton events
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Effects of surrounding materials - shielding

Photoelectric absorption

Characteristic
‘;,4. X—ray

scattering

Source ~& Detector
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Relative Intensity

Response function — Nal(T1)

1Co source
21m. x 21n. Nal crystal
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Response function — Nal(T1)
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SiPM - Silicion photo multiplier
(Avalanche Photodiodes)

Test of different types of SiPM:

SiPM Photonique, KETEK, FBK Trento
MPPC Hamamatsu

(Multi-pixel Photo Counter)

Basic performance of SiPMs, like:
timing, amplification, stability

FOPI
SIDDHARTA-2
PANDA
AMADEUS

» EU-FP7 HP2: WP28 - SiPM
» EU-FP7 HP3: WP28 - SiPM

Detector 57



SiPM - Silicion Photo Multiplier

PMT MCP-PMT SiPM
Blue 20% 20% 50%
PDE Green - Yellow 40% 40% 40%
Red <6% 6% 30%
Time precision 100 ps <100 ps 130 ps
Gain 10° 10° 10°-10°
Threshold sensitivity 1p.e. 1p.e. 1p.e.
Dark count rate Hz - kHz Hz/cm? MHz/cm?
Operation in magnetic fields <10°T <2T Yes
Operation voltage 1kV 3 kv <100V
Vout
Al electrode -
Q =2Q
700/
Rq % % £
71' Q 7\(' Q 8w
GM-APD AN :
substrate l
Vbias> VD Detector

Hamamatsu S10362-11-100U

|| {(Pedestal)

photon counting with SiPMs

SiPM = MFFC

SO R BB BT U T HT BT W
200 JaJ8 Jn J§ 18 9 /g Ja J§
L
1909 79 J9 IR J§ 13 /8 /8 18 IR J
100 e e ey
f.J8 72 18 1a 18 19 g J§ JAJR]
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SiPM frontend electronics

 differential diode readout
 accurate bias control

* on-board discriminator

* differential signal output: balanced analogue signal and LVDS

trigger

 remote slow control

Slow
Cont.,

—
IS

> A“a|ogue out

/ I

Discr.

Differential out

Detector

Voltage [V]
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Relative PDE

1

Photodetector

* Photon detection efficiency should match the emission spectrum of the
scintillator
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The Ketek SiPM seems to fit best.

Detector

Relative light output

—— KETEK 3360TS

HPK S12572-050C/P
— DPC-3200
— EJ-228 Emission
------ EJ-232 Emission
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SiPM - time resolution measurement

Vacuum box, filled with Nitrogen

Pulsed laser Peltier element
A =407 nm RF shielded box \\

0 = 25ps Attenuator SIiPM |

]

| i
& N | @ Water cooling | |

- Fiber e
Fiber-/Sipm holder /
SiPM AdvanSiD
Direct readout (no preamp) Temp sensor
High OV

Coincidence of the two signals

WavePro 735Zi, 3.5GHz, 40 GS/s . )
PC with Labview

Detector



Setup - time resolution measurement

Laser

Nitrogen generator Vacuum box

Nitrogen buffer volume RF shielded box

(not on picture)

Eibar o Manometer

Fiber coupling To vacuum pump
SIPM __
Temperature sensor

PreAmp _———— &

U
Peltier cooling
(2 stages:

water cooling — rf-shielded box - Detespgter coolin ik -
Inside RF-shielded box — thermoconductive layer g irogen inie
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Photodetector - SIPM

SiPM time resolution studies with picosecond
pulsed laser (400 hm)

2 options: Hamamatsu or Ketek (3x3 mm?)
AdvanSiD: worse timing, low PDE

SensL: also lower PDE

Ketek with optical trenches showed best results

Time resolution follows 1/sqrt(Nb of photons)
We expect ~ 60 photons per SiPM:

- Hamamatsu 100P - o ~ 40 ps

- Ketek PM3350 -~ o ~ 25 ps

“Time resolution below 100 ps for the SciTil detector
of PANDA employing SiPM”
S.E. Brunner, L. Gruber, J. Marton, H. Orth, K. SuUzuki.

L. Gruber SciTil Workshop 5 Vienna, July 2¢

Single Photon Time Resolution

2 [ . [~ 20
‘o 500 ol 10°C
o - i |e 0°C
B L L |>=-10C
300/~
200F
100
[}DI 1 ID-2I
Qvervoltage [V]
g I — 20°C
‘6‘500__ + ....................................................... —e 10°C
oo k = 0°C
B 5 -10°C
300:_. B _ ........................ e e
2000 N B
- T_h-_".,ﬂ::_ﬁ_—"'t-\ J‘_H_'_’
U_I 11 | i IIIIIIII i IIIIIIII | 111 | | | -
0 1 2 3 4 6 7 8

Overvgliage [V]



@ WNMNNMNNNM_,_H_S.“%.,”,.___..,.....,....8828 0
TR T
10000 o1 1 04
P T
(TELTEm G G EM QIR
(L0 E U G DL
((R(EW B C LM L
o001 010014 00 181
0 <0 2 0 <

2

0000000000« I WU ddINIDI* 400000000
Q00000000 O Mwimarimey b iy g ow 200000000

(@)
A
()
(q\l
S
i
>
O
Z
~
N
—

)
[}

w
W

o
Q

L
o

o
<

Detector

4
‘ _—
’, N ~——
PN N -
e A | = \\; 3§
. -
> N ¥ S
N ¥V =5
AN Y

tive detectors

2y P - \\
YR 22 VS 0§

2 27 i
’ %P&W@W\Mﬂ» s

o gy YN S B
v Ny ,Q\ Q\,Q\\/\.v\\%k.

10N-Sensi

- ’- !5 'A U 8. 1A, i
Ay 1P
lds 4

) » Ly :
= \/., ’ 7. .
"B U ¥y
- a - o
._v . ¥ " a 3 !
. f//~ » \k\\t

Application of SiPM

posi



SiPM array

* The prototype photo detector consists of 64 3x3 mm? Hamamatsu SiPMs
(MPPC S10931-100P) arranged in a 8x8 array with suitable light guides

on top.

« Each detector is readout separately
— 64 readout channels

 First, an array of 4x4 SiPMs is tested.

» The photo sensors are readout by a
16 channel preamplifier board.
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16-channel pre-amplifier board

« The SIPM module is readout by a 16 channel

preamplifier board, developed at SMI

SiPM bias

W
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The preamplifier is basically a
copy of Photonique AMP_0611
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Light concentrator SR

« An array of suitable light guides
placed on top of the detectors leads to
— increased geometric acceptance
— Iincreased signal to noise ratio
(dark count not affected by light guides)

* The light concentrator is made out of brass, the funnels were produced by
electro-erosion. Then the plate has been chrome-plated.

« |t consists of 64 regularly arranged pyramid-shaped funnels with round
edges and has been designed to be used with an array of 3x3 mm?
SiPMs.

* The dimensions are:
Total: 65 mm x 65 mm x 4.5 mm
Entrance window: 7 mm X 7 mm
Exit aperture: 3 mm x 3mm

» Simple geometry, robust, easy to fabricate 67



Efficiency measurements

step motors (x,y), Sigma-Koki DMY-235 with
25 mm total stroke and 0.25 um resolution

/

* Measurement setup:

laser

readout
fiber \ electronics

/

pin hole (~ 0.5 mm) T
SiPM array

407 nm

- The measurements were done inside a dark box

- Laser light was coupled into an optical fiber as a first collimator (single mode,
3.2 uym core diameter, angular acceptance = 7°)

- We used an additional pin hole collimator to restrict the angle further

- The fiber and collimator can be moved in 2 dimensions in order to scan the light
concentrator

- The distance between fiber and detector is ~ 1.5 mm

- The beam diameter at the detectoris ~ 1 mm

- The setup was kept at a stable temperature of 15°C

68



Conclusions

 Basically the SiPM array is working very well

* The light concentrator is behaving more or less as expected

« Explanations for unexpected behavior:
- no plateau: beam size (1 mm)

- “hot spots”: fabrication defects, inhomogeneous surface,
oval beam profile (asymmetry of “hot spots”)

- minima at transitions: defects, oxidation or dust at the edges,
no perfect matching between light guide and SiPM, incident

angles not exactly 0°

« Comparison with simulations:
From the measurements we find an average
light collection efficiency of 3.1 (57%),
which is in very good agreement with the
simulated value of 2.8 (52%).
This is a first and rough estimation but shows
that the light concentrator is working very well.

Detector

X position [mm]

y position [mm]




Application of SiPMs — HP2*-Hodoscope

octagonal hodoscope
2 layers, composed of
32 scintillating bars

Detector 70



Application of SiPM

Beam profile monitor for FOPI (3 GeV/c protons)

SOONIL i | ol R Vi
| , VIFFRRREE - i
t ¢ Q { ]
1 B
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Positron Emission Tomography - PET

Improvements due to Time-of-Flight measurement

Positron Emitter Ring detector

| —4

II == 1
I o
| i | )
'. \ 4

. - I.\A ) [

:" i
2N S
\/ —._l"\‘

| 4

- .

« Tracer (positron emitter) is injected into patient
« Accumulates in region of interest (e.g. High metabolism)

« Emitted positrons annihilate with electrons of tissue

Detector
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Time-of-Flight for PET

Ring detector

t

2

g
\

511keV annihilation photons
— Line of Response (LOR)

TOF-PET

PET

= =
22 82
£% £ 8

9 )

< o < o <

d d=c*At/ 2

*

>

Annihilation Probability equally distributed over LOR Annihilation can be localized on LOR
73
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Motivation: PET + Time of flight

Positron Emission Tomography

PET
Electron — positron annihilation — NN
Emission of two photons with 511keV at rel. angle /// " \\
Of 180° / ~ A ——— I"l \
The two photons are detected by a ring of // FFFFFFF
detectors (within coinc. time window) / /)
A LOR is drawn between the responding [ ) //
detectors - |\ L .
Statistics — Image reconstruction S N P

© E mﬁ B

= © - T

c O

c O -
TOF - PET <a

Electron — positron annihilation

Emission of two photons with 511keV at rel. angle
of 180°

The two photons are detected by a ring of
detectors

Arrival time of the 511keV photons is measured
LOR between responding detectors with a

probability distribution determined by the time _ 7=

difference of the photon detection (o) N ~
—. Need less statistics ‘EE 5 o -

- Faster image reconstruction c9 -

_ Less artifacts <s o

X
Detector 74



SciTil R&D for PANDA

Minimum material:

- 2% of a radiation length

- 2 cm radial thickness (including readout and support)

Excellent time resolution:

- 0,=100 ps

Detector
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SciTil detector layout

(SiPM

‘328 Smm

— Small plastic scintillator tiles (~ 30 x 30 x 5 mm?)

— Detect photons with directly attached Silicon
Photomultipliers (SiPMs)

— In total about 6000 tiles and 12000 SiPMs
Scintillator

4 tiles with electronics L
SciTil half barrel

R&D to optimize sensor/scintillator geometry and configuration
(incl. feasibility study)
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Plastic scintillators for fast
timing applications

EJ-232* EJ-228 EJ-204 EJ-200
NE-111A/BC-422** | Pilot-U/BC-418 | NE-104/BC-404 Pilot-F/BC-408

Light yield [% Anthracene] 55 67 68 64
Light yield [photons/MeV] 8,400 10,200 10,400 10,000
Rise time [ns] 0.35 0.5 0.7 0.9
Decay time [ns] 1.6 1.4 1.8 2.1
Wavelen. of Max. Emission [nm] 370 391 408 425
Prize per piece** (28.5 x 28.5 polished) [EUR] 80 75 65 65

* Eljen Technology, http.//www.eljentechnology.com/
** Saint-Gobain Crystals, http://www.crystals.saint-gobain.com/
*** Scionix Netherlands, http://www.scionix.nl/
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Analog and digital SIPM

Digital:
v Individual
/’ ph-e pulses

SiPM pulses

- ' ) \ B B " g :
- \ '\ ,
Vbias Vbtas
m | @ Digital
S'PM as Readout ASIC : ‘

Digital o Recharge 1 Trigger TDC i
Tme e Network
> m—m—’wrsy m—'Energy

Array of SPADs
3200/6400 SPADs per pixel

Array of SPADs (Single Photon Avalanche Diode)
Few 100 — few 1000 SPADs Signal: digital sum of trigger bins

Signal: analog sum of individual pulses (breakdowns) & digital time stamp
Pulse amplitude depend on gain/temperature from TDC

* Philips
L. Gruber SciTil WorkshopD- Yie;ﬁma, July 24, 2014 8
etector : 78



R&D with digital SiPM (DPC) - experimental setup

« Coincidence using two
scintillator tiles

« e from *Sr source

* Pinholes (Al) to define beam
direction

« Philips digital SiPM (Digital
Photon Counter - DPC) as
detector

Dark box

18 mm ;8 mm
| | |

QOSr

“gr source Plastic scintillators

sensor
(4x4 dies)

Plates with pinholes  water- and Peltier-cooling

L. Gruber SciTil WorkshopR&V&eéififa, July 24, 2014 7910



Counts

Photon spectrum

h1
Entries 27850 o
Mean 2383 QOSI" B- Emission
RMS 121.9

300

250

Max 546 keV

200

]]]]]]]

150

Max 2.28 MeV
~ 650 photons Max 2.28 MeV

100

(4]
=]

/
/
/
/
Lo v v by vy o

300 400 500 600 700 800 Q=2.28 MeV

[RTI B T N B A B
100 200

(=)
OSrrTTT

Number of detected photons

Strontium spectrum as expected using a plastic scintillator from Eljen (EJ-228)
with a size of 30 mm x 30 mm x 5 mm and the DPC

For further measurements: cut on the spectrum (AE > 0.8 MeV)

A minimum ionizing particle (MIP) in PANDA will deposit about 1 MeV in the SciTil
detector

L. Gruber SciTil WorkshoB&tafiéina, July 24, 2014 0 1



Counts

300

250

200

Time resolution

If1||If1f|III[]IIII|T1II|T1[I|II

-

1

h1
Entries 3891
Mean 0.08394
RMS 0.1061
¥? I ndf 88.55/54
Constant 303.5£6.4
Mean 0.08911+ 0.00152
Sigma 0.0881+ 0.0011

Since we have two identical scintillator tiles
we can estimate the time resolution of a single
tile by using the time-of-flight (TOF) resolution.

o, ~0_ IN2~62ps

[ B R N R tile

-0.4

-0.2

0 02 04 06 08
Time-of-flight [ns]

Time resolution with DPC about 60 ps.
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R&D with conventional SiPM - experimental setup

\‘6\5’,‘0— ok > <

« Now only one scintillator
tile

- e from °°Sr source

* Pinholes (Al) to define
beam direction

« Hamamatsu 100P as
detector

Dark box

30 x 30 x 5 mm*
|

Amp | - Osci —— PC

2 pinholes >
e 2X Hamamatsu “Amp

S10931-100P

Detector 82




Conventional SiPM - pulse height spectrum

Counts

120 L h1
i Entries 4879
100 B Mean 0.3676
i RMS 0.2379
80
60
40 2 %
- Max 2.28 MgV
20 F l,
0 L l.Jl ol b e b by bl ol da1 |
0 02 04 06 08 1 1.2 14

Pulse height [V]

%Sy spectrum as expected using a plastic scintillator from Eljen (EJ-228)

Counts

100

80

60

40

20

1 T ] T T T | 1 T [ T 1 ] LI I T

=

h2

Entries 4879
Mean 81.69
RMS 52.86

]Illlll]lllJIlJ “!:nLﬂ.In.lu“l

o

50 100 150 200 250

Number of detected photons

with a size of 30 mm x 30 mm x 5 mm and SiPM from Hamamatsu
« Factor 3 less photons compared to DPC due to smaller sensitive area
* For further measurements: cut on the spectrum (AE > 0.8 MeV)

Detector

300
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Counts

Time resolution

35 h3
C Entries 1901
- Mean -0.0001548
30 - RMS 0.3313
N x* I ndf 7745173
25 - Constant 25.09+1.44
- Mean -0.001918 + 0.009700
20 - Sigma 0.2269 + 0.0091
15
10 |-
51
THHIHI ||_|ﬂl I|_| | | I T | I | | HIFJLI’JI-‘I’-L‘IJ
15 -1 05 0 05 1 15

Time difference At [ns]

Data taking with oscilloscope
Offline waveform analysis
Software threshold: best results at
6% of the amplitude (CFD)

Energy cut: AE > 0.8 MeV (MIP)
(Amplitude > 0.2 V)

Estimation of the time resolution
of single tile readout with two
SiPM from time difference:

c . ~0. [2~113ps

til

Time resolution with conventional SiPM about 110 ps.
Potential for improvement (SiPM type, operating conditions, ...)

Detector
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Test beam at COSY (FZ Julich)

Facts:

 FZ-Jilich, COSY-JESSICA external beam line
Week no. 5 and 6, 2014 (Jan 27 to Feb 9, 2014)
During week: beam during night (9 p.m. - 8 a.m.)
On weekends: 24 hours
Beam: 2.7 GeV/c and 1.5 GeV/c protons
Intensity: ~ 10* — 10° Hz
Defocused beam: ~5cm x5cm

Activities:
« EtaPrime Experiment (GSl):
Cherenkov counters (mini-HIRAC, HIRAC, TORCH)
Multi-wire drift chambers (MWDC)
Time-projection chambers (TPC)
Plastic scintillators (SCIs)

» 3 SciTil prototypes:
« SMI prototype: SciTil + SiPM
« SMI + Philips prototype: SciTil + DPC (Digital Photon Counter)
« Erlangen prototype: SciRod + SiPM

Detector 85




The SciTil-SIPM prototype

Setup:

» Scintillating fiber grid for position resolution

in X and y: 8 + 8 fibers, 4 mm pitch

* Fibers are readout with 1 x 1 mm?

SiPMs

» 2 SciTil layers: plastic scintillators
readout with two 3 x 3 mm? SiPMs each
* No cooling: room temperature ~ 15 °C

SiPMs tested (most promising):

HPK MPPC S12572-33-050P (low afterpulse)
HPK MPPC S12572-33-025C (low afterpulse)

Ketek PM3350TS (low crosstalk)
Ketek PM3360TS (low crosstalk)

Scintillators tested (most promising):

EJ-228 EJ-232
Pilot-U/BC-418 |NE-111A/BC-422
Light yield [photons/MeV] 10,200 8,400
Rise time [ns] 0.5 0.35
Decay time [ns] 1.4 16
Wavelen. of Max. Emission [nm] 391 370

Detector

Beam 9
*.

SCI1,2,3
(Trigger)

Goal:

Fibers

SiPMs
centered
4

Plastic scintillators
28.5x285x5 mm:3
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VIP-2 apparatus — SiPMs/SDDs

w1 | |
"'!:__E{;v" \\‘.- 0', = &Q \‘
Gals b et X1




Application of SiPMs
—> Tt beam profile monitor for FOPI

Detector



Radiation protection

Recommended units Sl units given by International Commission on
Radiation Units and Measurements (ICRU), other common units in
parentheses:

Unit of activity = becquerel (curie):

1 Bg = 1 disintegration per second [ s™1] (= 1/3.7x101° [Ci])

Unit of absorbed dose in any material = gray (rad):
1 Gy =1joule kg™' (=10%erg g~' = 100 rad)
= 6.24x1012 MeV kg~' deposited energy

Unit of equivalent dose (for biological damage) = sievert

(= 100 rem, roentgen equivalent for man):

Equivalent dose H;[Sv] in an organ T is equal to the absorbed

dose in the organ D [Gy] times the radiation weighting factor wg (formerly
the quality factor Q, but wy, is “new” defined for the radiation incident on

the body).
H,. =w; -Dy



Radiation protection

Radiation weighting factors

Radiation

wer

X- and ~-rays, all energies 1
Electrons and muons. all energies 1
Neutrons < 10 keV 5
10-100 keV 10

> 100 keV to 2 MeV 20

2-20 MeV 10

> 20 MeV 5

Protons (other than recoils) > 2 MeV 5
Alphas, fission fragments, & heavy nucler 20

Detector
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Radiation protection

If there is more than one radiation type present, the sum of the
absorbed dose has to be summed up:

Tissue or organ

Tissue weighting

HT — ZWR ' DT,R
R

The sum of the equivalent doses,
weighted by the tissue weighting

factor, wy
Gonads 0.20
Bone marrow 0.12
Colon 0.12
Lung 0.12
Stomach 0.12
Bladder 0.05
Breast 0.05
Liver 0.05
Oesophagus 0.05
Thyroid 0.05
Skin 0.01
Bone surface 0.01

factors w; of several organs and
tissues of the body that are
considered to be most sensitive, is
called “effective dose” E:

E=> w; -H;
T
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Natural radiation background

Natural annual background, all sources:
Most world areas, whole-body equivalent dose rate ~(0.4 - 4) mSv
(40 - 400 mrem), can range up to 50 mSv (5 rem) in certain areas.

U.S. average 3.6 mSy, including 2 mSv from inhaled natural
radioactivity, mostly radon and radon daughters.

(Average is for a typical house and varies by more than an order of
magnitude. It can be more than two orders of magnitude higher in
poorly ventilated mines. 0.1 - 0.2 mSv in open areas).

Cosmic ray background in counters (sea level, mostly muons):
1 min~'cm™

Recommended limits to exposure of radiation workers (whole-body
dose):

EU: 20 mSv yr

U.S.: 50 mSv yr =1 (5 rem yr™7)
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Average dose per person

Source Average dose per person (mSv/yr)
World population [3.3] USA [3.4] Germany [3.5]

Natural sources
Overall 2.4 2.95 2-2.5
Cosmic rays 0.37 0.27
Terrestial 0.28 =0.1
Inhaled radon 2l 0.8—1.6
Environmental sources
Nuclear power 0.002
Baggage check at airport 7 nSv/trip
Subsonic airplane flight at 8000 m 2 uSv/hr
Medical exposures
Diagnosis 0.4-1 0.53 0.5-1.5

(e.g. 1 chest x-ray) 0.1 mSv/x-ray
Occupational 0.002 0.1-3

Detector
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Blologlcal effects

RADIATION

Sequence of events |
occurring in living o / \ .
matter due to DIRECT IONIZATION | - IONIZATION OF
radiation OF DNA OTHER MOLE'CULES,e.g.,H o
radlahon-i-i-l20 —~ H,0'+ &
H,0* —= H'+ OH’
e” + H;0 — H®+ OH™

l

OXIDATION OF DNA
-BY OH RADICALS

CHEMICAL
-RESTORATION

ENZYMATIC REPAIR =—#NO EFFECT
DNA
. RESTORED

PERMANENT DAMAGE IN DNA

* genetic effects
e somatic effects

| Y
cancer BIOLOGICAL EFFECTS
sterility




Prompt neutrons at accelerators

Neutrons dominate the particle environment outside thick shielding (> 1 m)
for high energy (> a few hundred MeV) electron and hadron accelerators.

Electron beams: x 1012

At electron accelerators neutrons C—
are generated via photo-nuclear
reactions from bremsstrahlung
photons.

%
Neutron yields from semi-infinite 7, 2 — T
targets per unit electron beam & ; )

. j:' f/. Aﬁf—f—_
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Prompt neutrons at accelerators

Proton beams: At proton accelerators the emitted neutron yields per
Incident proton for different target materials are roughly independent of
proton energy between 20 MeV and 1 GeV, and given by the ratio
C:Al:Cu-Fe:Sn:Ta-Pb=0:3: 0:6:1:0: 1:5: 1.7.
Above 1 GeV the neutron yield is proportional to E™ (0.80 < m < 0.85).

E x db/dE [cm~2 per interaction]
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Leading Edge Triggering




Zero-Crossing Triggering
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Constant FractionTriggering




