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3. Cherenkov Detectors

Exzellenzcluster Universe e\

Particles polarise the medium

« for v larger than velocity of light in polarisable medium (€): Cherenkov radiation

=

C

epfr>1 < v>

n
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7
symmetric polarisation

V<<

destructive

interference (P << 1)

energy loss: = sin
dEdx he
v>&
n
asymmetric polarisation — emission
cosO = — Teilchen
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constructive
interference p ~1 measurement of 6 — 3

measurement of (p, ) —= m — particle ID
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3 - 1 C h eren kov Dete Cto rsS Exzellenzcluster Universe &)

RICH1
1
. how to use ? e W
VIEW e threshold (old) n
e imaging (modern)
T Teilchen
-—
BEAM
e parallel emission of light ;
under fixed angle along
trajectory

e rotational symmetry around trajectory

e imaging with spherical mirror results into ring
e Cherenkov radius r = f 0

COMPASSE "N RICH
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3 = 1 C h e re n kov Dete Cto rs Exzellenzcluster Universe e)

Cherenkov oholo_q'.;

Light detection: T R W E—
C ) | i\ ) ]
e Photomultipliers (often UV sensitive - depends on ra : W £ - |
- e.g. HPD
- large diameter PM (Kamiokande)
e Gaseous detectors TGEMs/RETGEMs
- MWPC g
- ThickGEM ; oo
- entrance window (GEM surface) coated with Cs| === ====----~ FrTTmmmmmee MESH

CF, radiator ]

charged particle . PHOTOSENSITIVE
(; 7= i o =,

A

collection
electrode

pad cathode
covered with

electronics
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3 . 1 C h e re n kov Dete Cto rs Exzellenzcluster Universe _@_

threshold Mirror

To photomultipliers

Scale-¢m

imaging

Beam Cherenkov detector: Triggerable Cherenkov counters
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3 - 1 S u pe rka m i (o) ka n d e - Japan Exzellenzcluster Universe | <. n

MU
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50,000 tons pure water

11,200 photo sensors (45cm diameter each )
41.4m height, 39,4 m diameter

goal: secondary particles from neutrino reactions
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i
3.2 Transition Radiation sz U eé

Generated when a charged particle passes any interface of two dielectrics with
different refractive index n;

at interface: readjustment of E-field
— time variation of E-field — radiation

E
frequency spectrum of radiation dependson — =y
m

. . : 1
emission angle a w.r.t particle trajectory: o X — 1

intensity small

many interfaces needed: nz;; >> 100
intensity depends on plasma frequency
materials: np = 1 (air), n1 = carbon fibres, polyethylene fibres, lithium foils

m —
137
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3 . 2 Tra n S iti o n Rad i at i o n Exzellenzcluster Universe @é

Energy spectrum N(w) hardens with vy

soft photons reabsorbed by ,radiator”

effectively: only X-ray part of spectrum emerges from stack of transitions
Photon flux of X-ray transition radiation for small angles 0, and B ~1 (n2 = 1):

P2
d’°N. W’ nZe’
= ? 6, -4sin’ ok —p+602+L2 w, =
dodQ m°w 4c | Y €y

2

1 1
/7 +o /w® +6; 1y +6?

= Maximumat 0, ~ %

Neglect interference term, integrate over dQ:

dN. 2 W o
v 2 ln(y—p) for w < ywp =  Total energy flux ?Y h(Dp

do 7mw 0

[W.W.M.Allison, P.R.S. Wright, in: Experimental Techniques in High-Energy Nuclear and Particle Physics, T. Ferbel ed., 1999]
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3.2 Transition Radiation

Exzellenzcluster Universe @

single interface
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3.2 Transition Radiation

; )
Exzellenzcluster Universe Q

Energy dependence of detectable transition radiation (X-rays)

MEASURED SIGNAL [ARBITRARY UNITS)

LORENTZ FACTOR ¥ =E/mc?

Ml

5 0 T = ] =
: | absorption of X-rays in gas:
e i T ]x , =
: §/§ : . | 4 - use noble gases (Xenon, Krypton
L 1 - absorption edges in X-ray region
L 7 o ELECTRONS | j
1 - ETHAFOAM
o0 * PIONS j RADIATOR
N ,,é/ o PROTONS
m ELECTRONS  FIBRE |
s RADIATOR
1 J 1 I 1 J )| l | l 1 6
16° 10! 102 10’ i0* 10° 10

energy dependence exhibits effective threshold behaviour

— typically used for e/m separation

But: 1t/ separation or energy measurements of heavy nuclei in space !!
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3 ) 2 Tra n S iti o n Rad i ati o n Exzellenzcluster Universe @én

2

w = /7 : thickness of radiator
mEE S 91 Be

The last maximum occurs at:

radiator TR detection chamber
A b LTSI
: - TR photon typically overlaid with
. particle track
e - KeV photo electron to be detected in

R ) the presence of electron clouds from
ionization
- - use thin detectors (gas)
- - integrated method gives small signal

LT
over large background (Landau tail !!)

- in differential detection: 6 electrons
are major background

A

/

longitudinal charge profile in detector

- s

pulse height
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Exzellenzcluster Universe @

3.2 Transition Radiation

Owing to Landau fluctuations of electronic energy loss: use many TR sub detectors

e straw tube trackers (filled with Xe) embedded into a foam/matrix structure of radiator

e sets of radiators (set of many interfaces)/ detection modules

cathode cathede oion 4  electron f
pads wires p=1.0 GeVi/c - fibres-17um
I : gaﬂ' RALILITE TR T (L PRE B ST I AP R S REL R (R L TR P KT, LR R
v | amplification = _ =
i, region st G0 o
LR e b i
O = .
TR D 40
R o) -
lect (ST Y NN T N LS 3
:I::l;ﬂr:"‘”‘-:r:j.ﬁ:_"x:i::: HOE L 20
R ST D
phgiy ::‘T\-"'H:l' i Al E
.'|'-|'|'||T' 14y I e | ﬂj{j’l—.. I |
electrondrift: | | 1| l [k ||| drift region o i L R ILR AT .
dlrmtmn"«.,ub:; bty ;:l.; Ly : 3
H R TR AR £ = S HEHH Bl 150 electron
ey, R L
HHRH SHAE |
el D e 50
= o
% > s radiator stack ' _
—— 7 (100 polypropylene foils L S Gy R

/

ALICE: pion rejection by factor 100

Drift time (us)
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3.2 TranSition Radiation - ALICE Exzellenzcluster Universe &) Fuun

6 modules. radiator / Time Expansion Chamber (TEC)
e rohacell radiator for mechanical stability
e fibre radiator for yield optimisation

g
@ ¢ Data _geets
o o
h - i
[ e .
= -
8 10° e &
0o - 2
- : - /,n
& - F N
) s ch
« 8000
P2 Y 6000
3 F ','.-..--""} A 3000
10 = AuFioot, dN_jdy ™ 1500
.
0.8 0.85 0.9 0.95
Electron efficiency

two different radiators
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3.2 Transition Radiation

m
; Q\
Exzellenzcluster Universe =
MU

Avcrage corrected time over threshold

ATLAS TR Tracker (many straw tubes embedded in radiator):

e set low threshold for tracking
e set high threshold for TR signal detection

eganesafoccfencnssssscnihesssccnrasafassnsnsnsss

v: " ke I

; ;
: Combined method:

lllllllllllllll

w LS 0
P(GeVic)

v wall y WX
X
0% Xége ’ P
wae

High-threshold probability

0.4F

0.3

0.2

0.1

TTTT

adFarDOme

15=7 TeV ATLAS Preliminary
Data 2011
nl<0.625

Cata, o from 2

DCrakin, & froen Nig
Simulation, " from 2 [=]
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Particle Identification - Summary Sasterzistr nierse. % [0

TR | | e+ 1dentification
TOF 0ol 0

dE/dx
RICH D i

} /K separation

10-1 100 10! 102 103 104
p [GeV/c]
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RecapitUIation Exzellenzcluster Universe = & QI

* Whatisan MWPC
« ,arrangement of adjacent Geiger counters”

What is a Driftchamber ?

» Coarse position information: wire number - fine information: drift time of
electrons

What is a TPC
« 2 coordinates through a 2D Anode, 3rd coordinate via drift time
What is the Cherenkov effect

» emission of dipole radiation through polarisation of medium
for VParticles > ¢/n

What is Transition Radiation

« emission of dipole radiation by modulation of medium polarisation at
interfaces. Occurs for every value of energy. Practically detectable for
for yParticIes > 1000

Which energy are useable TR photons and how to detect them ?
« X-ray; gaseous counters filled with heavy noble gases
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nm
- Exzellenzcluster Universe %
Particle Detectors B

Paul TU Munchen
stephan.paul@ph.tum.de

g2 pixeldefipcle 3 N By B

e
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4. Semiconductor Detectors Excellenzoluser Universe . [0

Grofie Silizium | Germanium
Ladungszahl Z 14. 32.
Atomgewicht A 28.1 72.6
Semiconductors: Dichte [g/CIXIZ] 2.33 5.32
. . ~ innerer Widerstand (300 K) [Qem] 230000. 45.
solid with energy band structure -~ eV band gap | gyergicliicke (300 K) [eV] 1 0.7
Energieliicke (0 K) [eV] 1.21 0.785
ionizing particles generate Elektron—l\.‘lf)lzlhtéit (390 K) .!cm-/'\fs] 1350. 3900.
. ) Loch-Mobilitit (300 K) [em*/Vs] 480. 1900.
charge carrier pairs:
can be collected through electric field (as in gaseous detector)
Nichtleiter Halbleiter Leiter
A http://Ip.uni-goettingen.de/get/bigimage/6798
£ ||Feitungsband
6 eV
Energy deposit in semiconductor ~ 3 eV to generate a charge carrier pair
gas detector ~ 30 eV, scintillation detector ~ 100 eV
Problem: at room temperature very many free e- - hole-pairs: doping or cooling
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http://lp.uni-goettingen.de/get/bigimage/6798

O pn unc Ion Exzellenzcluster Universe

Si, Ge. 4-valent atoms
Doping of semiconductor: grid positions are occupied through 3 und 5-valent atoms

5-valent : ,too many“ electrons ,donors® n-doping
3-valent: ,“too few” electrons ,,acceptor”, p-doping

shift of Fermi-levels through ,impurities’
- normal doping: 1013 atoms/cm3
- heavy doping: 1020 atoms/cm3 (used for contacting layers n*or p* material)

Banddiagramm
beilT =0K

Kristallgitter Banddiagramm Kristallgitter
bei T=0K . idung wikipedia
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4. pn-Junction

Exzellenzcluster Universe @

Abb.. Wikipedia

neutral region

neutral region

‘ holey
s rloctrons
£
£2
¥¥ p-doped n-doped
g
5=
=
3
- >~
- r
E-fieid
QT Charge ®
a
e

E T Electric field

| T voltage

/f ) AV built-in
) voltage
i j

“depletion zone“: no free charge carriers
at p-n junction; zone can be enlarged
through applying voltage (,,bias”)

depletion zone ~ 70 um in Si
at 300 V bias voltage: 5 mm

PN Junction

MN-region l P-region

Built-in

0.3-0.7V

M

- ERdE
- +
_ — I+ ++ =+
- I PSS
= .7 = —:+ + 4+
| + 4
I, |\ —
—
____Sﬁ_——— l Potential
"I—IF
PMN-junction
N-region l‘ P-region
- - I + o+
- +
___ I +++
_I—_— | +++I—
_ [ L
- - I + o+

Iwider depleticml
| layer |
i

| T |

I I
Reverse Biasing Voltage

Zero Bias —
R I1=0
+
- I +
o—o o—0
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Exzellenzcluster Universe

Pre-amplifiers/
Shapers

Q. Churge -ﬂ_.plllhﬁg

resistor nebwork

“lectrode strips f

Backplane, i" - type silicon ©

+ Bias Voltage' k
o ~ 10um a;
Continuous development: e tk
. T
Pixel detectors, e.g. ATLAS High purity ‘ a,

detector ~ 80.000.000 read-out channels ="

‘ Electrode strips

Problems:
radiation exposure, Q,
read-out speed
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http://hep.fi.infn.it/CMS/sensors/Silicon_Detector.gif

4.1 Strip Detectors

Exzellenzcluster Universe @

20pum

F -4
2um Si0s Al 1um
" /
T -
Tp

n-type Silicon

two possibilities: AC and DC coupled strips

double sided segmentation: requires more
elaborate structure owing to space charge

effects

SiO,

Al Al
A Y
++++++++++++
¥ B ke
nt [ p* (p-stop) n*
e accumulation layer
n-type Silicon
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4_2 Pixel Detecto rs Exzellenzcluster Universe @ d

front end
electronics

,Flip-Chip' Technologie: \

under-bump metal =— bump connection

sensor

particle track

RD 19, E. Heijne et al., NIM A 384 (1994) 399

72



4.2 Example Pixel Detector - ATLAS o)

6 Schelben
(288 Module)

= Der Pixeldetektor:

= 1744 einzelne Module
+ ~B0 Millionen Auslesekanile

1 Detektormodul

~14m

3 Lagen
(1456 Module)

73



4.2 Example Pixel Detector - CMS ExcslenzcusterUnverse

Pixel size: 100 ym x 150 ym

Barrel Pixel: Forward Pixel:
3 barrel layers at rof 4.3, 7.3, 104 cm 4 disks at z of £35.5 and +46.5 cm
11520 chips (48 million pixels) 4320 chips (18 million pixels)

Modules dilted by 20° for better
charge sharing
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4.3 New Developments

e sensor thickness (reduction multiple scattering)
e low noise
e monolithic (built in amplification)

Solutions:

e DEPFET detectors (Depleted P-channel Field Effect Transistor) - Belle 2
accumulated electrons drift underneath the gate of a FET
— modification of the source drain current — built-in amplification

e Monolithic Active Pixel Sensors (MAPS) A
standard IC CMOS technology Fabricated
- Active volume: thin p-epitaxial layer
= charge collection by diffusion
= small signal charge: ~ 1000 e-
= |long collection time: ~ 100 ns (gpubstrate \

oxide

10-15 pm

p-epitaxial layer

w ohmic)
= small depletion voltages \

partide
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4 . 3 N ew D eve I (0 p men ts Exzellenzcluster Universe @

e High Voltage Monolithic Active Pixel Sensors (MAPS) (Peric)
- fabricated in standard IC CMOS technology

very low noise (small capacitance)

amplification on chip (transistors)

high voltage (15 um depletion zone) 60-100 V

fast charge collection (200 ps)

thin substrate

high radiation tolerance

deep n-well:
- separates transistors from bulk HV
- collection region for electrons

e Usage foreseen
- Mu3e

- ATLAS upgrade

Potential energy (e-)
~15um

I. Peric’, A novel monolithic pixelated particle detector implemented in high-voltage CMOS technology, Nucl. Instrum. Meth. A 582 (2007) 876
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e
5_ Photon Detection Exzellenzcluster Universe - q

Interaction of photons (UV, visible) with matter
detection of scintillation, Cherenkov, astronomy etc..

Effects:
photoelectric effect: small energies D B2 E e (K, LM —Schale)

- 2
Compton scattering: medium energies £, , . << E <2m

Pair creation: high energies: £ > 2 c”

Photon spectrum stays unaltered with straight transmission through matter !
But: reduced intensity

I(z)=1Ip-e*° extinction law extinction N,
' extinction coefficient o RN
A
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5.1

Exzellenzcluster Universe

Mass Absorption Coe

Absorption length A (g/em2)

100 rrrrem rrrem rrrrm rrernm Lorrnm

10

4

10 6 o lLllllll | llllllll | G | lllllll 1 llJLlll[ 11 lJJllll J = | llJllll 1 1 lllllll 1 llllllll et | lllllll L L L1

10eV 100 eV 1 keV 10keV 100keV 1MeV 10MeV 100MeV 1GeV  10GeV 100 GeV
Photon energy

A=1/(u/p) Fig.: PDG 2012
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5.1 Photon Detection

Exzellenzcluster Universe

Photoelectric effect
- kinetic energy of outgoing electron

- cross section S

- *
y+Atom — e +lon

- maxima at ionisation threshold (K, L, M - edges) i
B
5
Compton scattering B
- scattering off quasi free electrons y+Atom — y'+ ¢ +lon | ©
Eiektron -'5
: o |2
- Cross section .
o.xZ(l-¢) flire=—= << 1 g vor dem /:a*’
me” : MO .
£ Welleniange
.4
Photon mit
Wellpmlanoe 5 |

low energy (atomic shell)

10%

H

0 00 0.0 21

] -:lnf |

E, iMeY]
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5.1 Photon detection Exzellenzcluster Universe g

Distribution of Compton scattered electrons

(Klein-Nishina model)

E, 1
o L -
i Fil ) 1+ (E,/m.*)(1 — cosf)

- maximum energy < energy of incoming y
- sharp edges for maximal energy y
, Compton edge"

Pair-creation y+Atom — ¢ +¢" + Atom
E>2m =1.022MeV

cross section: g, e

o= g5(A/XoNa)

- =05 MeY

hv = 1.0 MeV

¥



5.1 PhOton DetGCtion Exzellenzcluster Universe

Photoslecinc
alsoiplion

Escaping scattered
amma ray

Single Compton scattering

Pair production

Escaping annihilation

photong
hoto peak: energy full
Compton edge: max. momentum P P gy Tuly
. transferred through photo effect
transfer through Compton scattering
“Photopeak "
A < 2 mge? hv =3 2 myc? or full-energy
peak
m “I-'hm:lmﬂk,' ﬂ
dl \/‘ T =y o
poak
Compion
cont.
Compton conlinuwm
/ | |
hy E the=2niyc?) he g

Compton edge
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nm!
5.1 Application: Compton-Telescope Crasterecsernverse [

Observation of high-energy y-radiation (0.2 — 10 MeV, e.g. COMPTEL)

= Supernovae, Active Galactic Nuclei, Gamma-Ray Bursts

measure
et )., — E! = E' (1. detector)
Y (2. detector)

* position of interaction

Incident

Comp

Gamma
Ph : . _
e kinematic Compton & determine 0

Orcanis: g T oo => determine source on ring
Liquid T
Scintillator

Scat d

iy Many events =

Photon
Inorganic phete:alecia

oto-electric .

e ion apsorption  ONly method do determine momentum

direction of a
AGATA
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5.1 PhOton DetGCtion - Summary Exzellenzcluster Universe

Total cross section (Frequency of reactions)

P | 1 1 I I I I I o T | ] T | 1 1
leigh [~ i
Rayleig (a) Carbon (Z = 6) — % (b) Lead (Z = 82) -
o - %%
+Compton 1 Mb - ; o - experimental Gy, = g o -experimental Gy,
\ ! IMb~ o -, —
E X O 9 v
: z -
- - Z
= 3 )
g Skl : ducti g pair production
e pair production E
2 ~ 1kb -
= =
8. 2
% 2 =
A & =
o Z B
8]
b}
1b =
10 mb
~ 10mb A -
10V 1 MeV 1GeV  100C 10 eV | keV | MeV 1GeV 100 GeV
Photon Energy Photon Energy
Fig.: PDG 2012
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Recap itu I ation Exzellenzcluster Universe 1@ n

FMI.I

 What is the semiconductor detector
« ,pn junction with reverse bias -depletion zone *

What is a fully depleted semiconductor detector ?
» depletion reaches from n* to p* zone

Why do we need to fully deplete
» largest number of signal ion pairs - lowest thermal noise

What is a silicon strip detector ?
« spatially segmented pn-junction with structured ,read out”

What are the processes leading to photo absorption and for which

energies are they relevant ?

« photo effect (E < 0.1 MeV), Compton scattering (0.01 < E<2 MeV), pair
creation (E <>1 MeV)

What is the Compton edge ?

« electron energy corresponding to the largess possible momentum
(energy) transfer in Compton scattering. Cross section vanishes beyond

Emax
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5.2 PhOton DetECtiOn Exzellenzcluster Universe

Photomultiplier:
Principle:
- Generate electric signal from photons
- amplification & collection of electrons

Methods:

Gas/solid/vacuum based systems,

e.g. silicon photodioden, APDs, silicon photomultiplier
Example: photomultiplier

Incoming photon
Photocathode Spectral Responses o WRidon
100 cathode Dynodes

o
-
I

&= Cs-Te
&= Cs-Sb

[ Multialkali
_

0.001 — —
100 200 300 400 500 600 700 800 900 1000

Wavelength (Nanometers) Fig: Olympus Fig: CHROMacaden

Quantum Efficieny (%)
1

e
o
-
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5-3 Silicon DGVices: PIN diOde Exzellenzcluster Universe @

Diodes photodiodes:

Cathode
Diode Circuit Symbol . . . .
® pn junction operated in reverse bias
photon absorbed in depletion zone generating
Z S charge carriers
e charge carrier collection at anode and cathode
_ e band gap in silicon: 1.2 eV
P-N Junction

Electrode _,.-"'" Anaili ¢ }\min =~ 1100 nm
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nm!
5.3 Silicon Devices: Avalanche Photodiode eeeusseruies “ Bl

. Avalanche Photodiode Gain and Dark Curren
Avalanche photodiodes: o K
photon absorption in depleted area
G electrons drift to avalanche region g Dark Current (nA)
. . . =1w-
. / / high electric field causes 2
] (]
o . . e . g Fi 2
maximum amplification by breakthrougfg e s
N b and voltage drop through land resistor
«: p\ 1 ) _1_% )
A 0 500 1000 1500 2000 250
L thermal bulk current is also amplified PEFSRESELronn

T negative temperature profile: (high T — enhanced lattice vibration
— energy loss of e — increases bias voltage required)

5 Guard Rlng 100 .. e e
; yd Electric Field Strength et NN
< Ve \
G%(j-'l-) Avalanche %-B g0 RS \
________ Reglon | 2__. \ \
! 3 \
p-@ -3 1 \‘.
® 3 ——— PMT \
{ o - APD \.\
Depletion Region - photodiode "
p+ ) o 200 400 600 800 1000 1200

wavelength (nm)
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5.4 Silicon Devices: Silicon PMs Excellenzolster Universe.

FMU

Array of many (parallel) avalanche photodiodes: operation in Geiger mode (unit signal height)
Photon energy: pulse height determined by number of APD-cells fired

Section of KETEK SiPM Microcell

Quenching

Trench

100-1000 APD cells cm-

Avalanche Metal
region contact

L T
- [

substrate 7\

Single microcell | Anode Single microcell

Front contact

ode



nm!
5.4 Silicon Devices: Silicon PMs Crasterecsernverse [

Number of pixels fired

Characteristics:

e dark count rate (thermal charge carriers cause Geiger discharge)

e after pulsing

e gain saturation

e (optical) cross talk: triggered by APD avalanche emitting photons

e photon detection efficiency : Q.E. x X Geiger probability
(FF: ~30% to ~80% depending on cell size)

e total size: 1 x1 mm2to 6 x 6 mm?2

SIS
- <o g . . . T
1000 - 0388 23 e low light intensity: linear w.r.t. number
_ o g " of photons
100 - Og\? . 678 ® for Nfireqd > 50% Nceis deviation from
o . .
| g ¥ & 4096 linearity by 20%
10 5 QSQ Ncells e two photons hitting the same cell are
: 89 indistinguishable
18
1 10 100 1000 10000

Number of photoelectrons
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5.4 Silicon Devices: Silicon PMs Excollenzoluster Universe %

& (Typ. Ta=25 °C, A=408 nm) $12571-025C/P (Vop=Ver +3.5 V)
, Ta=25%
$12571-100C 50 e B
~~ 50 A i d :
& $12571-025P
g “ |
o 4
& _
bt 30
§ 30 ..512571-025C
$12571-025C
3 2 2 ' '
-
g $12571-050C
T 10 ! ! ! : 10
0 0
0 1 2 3 4 S 300 400 5S00 600 700 800 900
Overvoltage (V) Wavelength (nm)
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6 - SCi nti I I ation Exzellenzcluster Universe @ "u{'

Principle:
- ionising particle looses energy in scintillator — excitation of material
- de-excitation through light emission in scintillator

- detection light sensitive detector
ionizing particle

scintillator light guide photo detector

necessary energy deposit:
Emission of UV-optical Licht: luminescence :
-"fluorescence” ... time constantt< 1085 CisHio 60 eV/Photon
- "phosphorescence” ... time constantt > 10-8s Plastik 100 eV /Photon
P NaJ  25eV/Photon

possibilities: organic und inorganic scintillators HEo HNeYy Kok
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6. Scintillation

mn
Exzellenzcluster Universe ;@_‘
liMU

Inorganic scintillators :

- crystalline structure

- 40000 photons / MeV deposited energy
- high Z

- “slow” : ¥ microsecond decay times

Examples: Nal(Tl), Csl(Tl), BGO, PWO,
liquid nobel gases

functional principle:

|

| sichtbares

L

Valence
D

fhai) ;

H;J ,L“

Licht
=

/

Incadent
raciation

/

Cenduction .
Ifu;-;t'.‘j)" : —— —\ r'-‘— w TI Aktlva tDF
Bacombination ‘ - == Activator states
EXCIATION Whv .h V

Organic scintillators :

- liquid, solid (plastics)
- polycyclic hydrocarbon

(pigments e.g. naphtalene)
- 10000 photons / MeV

- low Z, low density
- ,fast”: nanosecond decay time

examples: anthracene, BC400
functional principle:

excited
atomic state

vibrational states /""_ b’

energy

fig: Krane
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6. Scintillators - Overview

m
,'*.
Exzellenzcluster Universe . n
MU

e crystalline structure
e high light yield: up to 40000 ph/MeV
e high Z, varying p
e doped & undoped
e mostly slow: decay time ~us
e expensive (e.g. PWO ~4 €/cm3)
e good radiation hardness
e applications
- electromagn. calorimetry
- medical imaging

- X-ray spectroscopy

e crystalline, liquid, plastic
e low light yield: up to 10000 ph/MeV
e lowZ p~1g/cm3
e doped
e fast: decay time ~ns
e relatively inexpensive
e fair radiation hardness (10 kGy/yr)
e applications:
e trigger, veto
e time-of-flight
e tracking

e sampling calorimeter
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6.1 Inorganic Crystalline Scintillators

Exzellenzcluster Universe _@_

The most common inorganic scintillator is sodium iodide activated
with a trace amount of thallium [Nal(Tl)].

Energy bands in impurity activated crystal

o

5
= — Na(Tl)
Conduction Band + — Csl(Na)
onduction Ban £ 4 — Foim
° >
o
v oA £ |
Q ~ O -
§ 0o < O\
N =90 ¥~ Traps 52 \
0 SRR )
L o | © o
. 9135 K / \
57 ¢ S| =1 3 =
0
200 400 600 800
Valence Band Wavelength (nm)

often > 2 time constants:

e fast recombination (ns - pus) from activation

center

e delayed recombination due to trapping (100 ms)
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6.1 Inorganic Crystalline Scintillators Exzellenzcluser Universe i@dn

FMU

PbWOQO, ingot and final polished CMS
ECAL scintillator crystal from Bogoroditsk
Techno-Chemical Plant (Russia).

Lead Tungstate crystal SIC-78
from China
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6.3 Liquified Noble Gases: LAr, LXe, LKr Excellnzcuster Unverse

de-excitation and

excited dissociation
molecule v
excutatlon = ; \A) ,\/\[\N\r
‘A cc>t|||1|5|on N A 1300 (A
o . ;thomg > - | 50nm (Kr)
onization (o + /‘\2 - A2 175nm (Xe)
o |omzed o
molecule ° recombination
o

Also here 2 time constants common: fromafewnsto1s

from C. D'Ambrosio, Academic Training, 2005
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6 . 4 I_ig ht co I I ectio n Exzellenzcluster Universe @ i

diffuse reflecior
"
scintilator lighguide PMT D
% housing photodiode in flourescent reflector photodiode
optical grease

{a) Szimdlatos-Lachtlpitar-Sebund irelekircrmmesranll acher

light guide

oplical grease
() Lichlesming durch Tavalrsfleion
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6 . 4 I_i g ht co I I ectio n Exzellenzcluster Universe @

Geometrical adaptation:

« Light guides: transfer by total internal reflection (+outer reflector)

Light guide

s Scintillator PMT
|
C e i Light quide
“fish tail” adiabatic
« wavelength shifter (WLS) bars
_ WLS green
small air gap __, S ) Photo detector

blue (secongdary)

UV (primary)
scintillator

primary particle
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6. Scintillation

What makes a good scintillator ?
- high conversion efficiency of deposited energy into light

- Transparency forits “own” (self-emitted) light

- light emission in “useable” wavelength
detection of high through light detector (PM or else - later)
- fast decay of emission (high count rates)

' time of flight
Usage e TR measurement
- Energy measurement: _ -
amount of light o deposited energy
- time measurement R
fast response of scintillators ?;.3}"..‘7\:
- pa rt!cle |.dent|f|.cat|on: | = Vetkanataalysator
light intensity depends on particle type Ampatucen-
(energy loss according to Bethe-Bloch) s I_Z L

Novosibirsk Physics School - Particle Detectors | Stephan Paul | 17.9.-21.9.2018 99



6 . S c i n ti I I ati o n Exzellenzcluster Universe e)

insulation
conductive painting
[cathode potertial)
glas bulb

scintillator light guide

photo-cathode

housing (screens)
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Exzellenzcluster Universe Q

6.5 Scintillating fibre tracking R

light transport by total internal reflection

<—— typ. 25 um
cladding
(PMMA)
n=1.49

polystyrene
n=1.59

Ny

/1
2

typically <1 mm n
in one direction

0 zarcsinmy =69.6°  JO _13 19,
m A multi-clad fibres for improved aperture

cladding (PMMA)
n=1.49

typ. 25 um
fluorinated

dQ =53%

core
431: polystyrene

n=1.59

and absorption ter claddi
length: A>10 m for visible light etan 9

typ. 25 ym
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Exzellenzcluster Universe

6.5 Scintillating fibre tracking

Arrangements

o200 Q OOO

0.0 9PPRRF
0= o0 OOO O.»OO:
00 0000 O

0 0-0 00000,
00 Yo 00000
GO 000000

“0O~ YOro00RC0,
0 00 000
PP R0
0020070000,
00RO 00
OOOOOO OO G
002090 SO 008

(®) O
CRD CREE e
0rCs, 00070 OO0
)

Q
O
OJ OO@
%e)
¥ Q000

Qmw\

O- 0000

(H. Leutz, NIMA 364 (1995) 422)

Hexagonal fibres with double cladding.

Charged particle passing through stack

of sc

illuminated

Only central fibre

1mm)

ibres (diam

ing f

intillat

Low cross talk !

«ND2
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6.5 Fibre Tracker for Antimatter Detection in=8pace~ @an

@ MAPT Technical Overview

>+ 900-channel active-target spectrometer
> no B field

= scintillating fibers & silicon PM

£

\
\

“
L 3
-

‘.‘;\'\ %!
e
‘n“;‘

ELw
s
L \\
»
>
%

A
- L
»

\
ST
)
X

L

» .
A -
ala

| TRy |

Novosibirsk Physics School - Particle Detectors | Stephan Paul | 17.9.-21.9.2018 (03



6.6 New Production Methods - 3D Printing

Directions:

« Clean t+
may, s 8

Attach tre'ed

Scmtlllatlon samples from Long Lab/JLAB b heeks
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Recapitu | ation S T G

 What is an avalanche photo diode ?

* PIN diode with an extra p+ layer to generate large electric fields for
amplifications (gaintyp : 100)

What is an organic scintillator and what is it used for ?

« Polystrene based material with colour centres (e.g. anthracene) and doped with
wavelength shifter material for higher transparency

What is an inorganic scintillator and what is it used for ?

« Crystalline material typically with doping (e.g. Tl) for higher transparency

What is a SiPM and what are the benefits ?

« Matrix arrangement of APDs. Digital readout (# of APDs fired). High quantum
efficiency, fast, little noise, cheap, good linearity (scales with APD density)
 How is an optical fibre built-up ?

 scintillating core with cladding(s) for well defined transitions of refractive index.
Light propagation through total internal reflection.
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7. C alorimetry Exzellenzcluster Universe 2. q

High energy particles form showers

- electromagnetic important: full deposit
- hadronic (absorption) of energy

For charged and neutral particles:

- et and hadrons
- neutrals particles (n, vy)

conversion of energy into
* jonisation
e excitation of detector material

Energy determination through detection of ionisation, Cherenkov light,
scintillation. Best: proportional to particle energy
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7. Calorimetry

Cm
Exzellenzcluster Universe = E
MU

Electromagnetic shower: Bremsstrahlung by et and
pair production — Material with high charge number Z

Homogeneous oder stapled set-up of a calorimeter:

Homogen: BGO*, PbWO, ", anorganic scintillators AE/E ~
liquid noble gases AE/E ~ 10%

——ee

L — ——— s —

1L

I gy - - -

path length of all particles is
proportional to initial energy E,

Foto:

Novosibirsk Physics “BG0O: Wismut-Germanium-Oxid “*PbWO : Bleiwolframat 3 107



7. Calorimetry

Hadronic shower:

- material with large A
-strongly interacting primary particles
-inelastic hadronic interaction

cascade of pions and nucleons
pions: 1/3 w+, 1/3 -, 1/3 n0

fast electromagnetic component
slow hadronic component

100

' \ —
Exzellenzcluster Universe Q n

characteristic reaction length

hadronic calorimeters are very massive 1N Hadronic
o\ \,‘ . }\-x Nuclear jnt-length
10 |'a * -
hadron | E
v ZA | Electromagnetic
; ——
. o —1 ! - W
, n 2, and X, in cm
o 01 leeslica]
0,?. 0 10 20 30 40 S0 60 70 80 S0 10

z
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nm!
7.1 Electron-Photon Showers csterssier nvese. < [

*£>1GeV= processes become

% |
//’/
~ 1 E ) e+ 1 "",;-:
energy-independent RO B
e q\'ﬁg-{:‘
* fotal number of particles after 7 X, \?ﬁ
= ¢ radiation lengths: N ~ 2! =7
F EO/Z EO/," EO/B t0/16
H “() il — 4 + i i + i —_— -
* each with energy ot E(t) 0 1 2 3 4 5 6 1 8 tiX,)

—

 Shower development stops when E(t) < E_ (energy loss mainly by collisions)

E(t y = Eg L E 5 3 s In (Eo/Ec) e length of calorimeter increases
T, T ey T 8 T R In?2 only logarithmically with E,
: : : E,
* Number of particles in shower maximum: N_ . = T x F,

Monte Carlo simulations (EGS4, GEANT4)
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7-1 LongitUdinaI Energy DepOSition Exzellenzcluster Universe @

Empirical parameterization (t > 1): U L B WL R m i = 1
| B ?30 GeV elec?;ron E
dE (b ¢ )a— e_bt 0.100 :— incident on iron — 80 g
—=FEb 5 - ] =
dt I'(a) S 0.075 Je0 &
= C - 7
= : ] ¢
with maximum at 9 0.050 [ ¥ 40 &
c - Photons N o : e
a-1 E 5 1/6.8 °N_ O - ;E;
=——=In—2+0.5 (Y ) 0.025 - M 0 — 20 Z
e b E. € B Electrons/ %0, ]
.r'. 1 L l L L 1 L l 1 L 1 1 l J.:.l ™
0.000 4 0
. : 0 5 10 15 20
a, b: material parameters ¢ = depth in radiation lengths
b=0.5 EGS4: 30 GeV electron in Fe

95% Of tOtaI energy iS Contained in [Particle Data Group, Phys. Lett. B 592, 1 (2004)]

1355% & Liiac -+ 0.082 + 9.6

Determines length of calorimeter !
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nm!
7.1 Transverse Energy Deposition Crasterecsernverse [

10
» Multiple scattering of e- near o
critical energy

* Finite opening angle between e-

1074
and et from pair production

* Large range of Bremsstrahlung

photons

1 1075

5

Radius (Moliere uniis)

Characteristic parameter:

E
R, =Lix, E = | me? 2 212MeV
o

Scales as X, & independent of material if expressed in units of X,

In: [W.R. Leo, Techniques for Nuclear and
Particle Physics Experiments, Springer (1994)]
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7 . 1 Tra nsverse E ne rgy D e pos iti on Exzellenzcluster Universe @g

AW
XO OC_Z A
Z >:RMOC_
E xZ7' z

~90% of shower energy contained in R < 2R,,
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7.2 Electromagnetic Calorimeters Crasterecsernverse [

e Shower containment (20-35 radiation length) : use high Z material
e High energy resolution: reduce shower fluctuations: optimise on active material
e High position resolution - lateral segmentation

e Homogeneous calorimeters
- LySBO, Csl (Nal) crystals, PbWOy : collect scintillation light from charged shower particles
- Pb-glass : collect Cherenkov light from charged shower particles (fast)

e highly longitudinally segmented structures
- LAr : collect/count charged particles from shower

fluctuations in deposited energy in active sampling layers
e sampling fraction : ratio active / passive material - f,,,, : Sampling fraction for MIPS
e sampling frequency : # sampling elements - d: thickness of active sampling layer

o a

— = —— with a = 0.027 -
E \/E fsamp

(for non-gaseous calorimeters)
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7.2 Electromagnetic Calorimeters Crasterecsernverse [

op N N
' i D = =—+4+—+4+(C
of homogenous electromagnetic calorimeters : Z I \/E

e N: noise term - electronic noise, pile-up
e S: stochastic term - light collection efficiency, stochastic fluctuations of light yield, collection..

e C: constant term - intrinsic non-uniformities, radiation damage - calibration issues

Effect on experiment: Position resolution vs energy resolution: Higgs : H, — yy

M = \/2E1E2(1 — cos 012)

CMS: excellent energy resolution
ATLAS: excellent position resolution

— Mass resolution for Higgs about the same for both experiments
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7.2 Electromagnetic Calorimeters - ATLAS  ewenswserumess Bl

ATLAS electromagnetic Calorimeter
Accordion geometry absorbers immersed in Liquid Argon
Liquid Argon (90K)

+ lead-steal absorbers (1-2 mm)
+ multilayer copper-polyimide readout board

— lonization chamber.
1 GeV E-deposit > 5 x 106 e

e Accordion geometry minimizes dead zones.
e Liquid Ar is intrinsically radiation hard.
e Readout board allows fine segmentation

Test beam results: o(E)/E = 9.24%/v'f ©0.23%

AELAT
AEps + AEpy

sampling fraction: F = ~ 19%
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_nm
7. CMS Electromagnetic Calorimeter Sasterzistr nierse. % [0

e 61200 lead tungstate (PbWQ,)
scintillating crystals
- Xo=0.89 cm; Ry=2.19 cm
e APD readout

2.8% 2%
OF _ 2.8% - 12% 0.3%

CMS: Test beam results: £ \/EWTE[GE:V] 5 0.3

116



7.2 Electromagnetic Calorimeters - Examplegqemsuseuiese ©

FMU

Shashlik calorimeter: sandwich of W/LYSO crystals with longitudinal WLS fibre readout

14mm

T

W (2.5mm)

Le—""

LYSO (1.5mm)

4x WLS fibers

1x Monitoring fiber
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7 . 3 H ad ron i C C a I (o) ri m ete rs Exzellenzcluster Universe & qﬂ

according to strong interaction : unit is As(scales with mass number A)

pion production including nt°

electromagnetic shower component du to z°, n—yy

nuclear breakups generate neutrons and fragments (may escape detection)
nuclear binding energy is ,,lost"

e 1+ decay generates v escaping

large fluctuations in fraction of visible hadronic component
— sampling calorimeter sufficient

Detector sheet with position resolution:
— determine shower position from reconstruction

bit: owing to electromagnetic 7, n — yy component — no typical hadronic
shower profile

Novosibirsk Physics School - Particle Detectors | Stephan Paul | 17.9.-21.9.2018 (IS



7.3 Hadronic Calorimeters

Electromagnetic sector

Eo=fon E

€ vis

A A
70 production
_ /7
Incoming hadron

High-energy

N

. - —1 Sampling
(Energy E) " collisions E"=E"+Ey" |——|E™"Y
E,=(1—f. )E ;h.' Egis = hE, ZaE invis z AEws g Einws vis 2 Eabsorbed
Hadronic sector g &5 &7 A%y
: /4 2% 2 I o I
.. L '4: =8 -8’ o0
B —14=1S o o W
incident [--] \ aE, .
energy |- A Bl BDaE %
'.'.'. .-.-.. -..-.. P v'
* 99% longitudinal containment requires a thickness 71~ o BB A
- 5 at 20 GeVto 8 A, at 150 GeV /
) . . absorber  detector YAE. =E.
e Hadronic energy resolutions of 1% requires plates sheets vis  vis
- longitudinal shower containment at the 99% level
i - I?teral containr|1|1ent of 98% or better op _(07=T)
e Resolutions: typically
E \/E
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nm
7.4 Compensating Hadronic Calorimeters  ectensuseruniese © Bl

: Use ONE calorimeter for electromagnetic AND hadronic showers

- electromagnetic and hadronic components have different efficiency for signal
production ¢, and €,
- pions and protons have different signal response functions (e.g. baryon # conservation)
- electromagnetic fraction is energy dependent (and different for m and p) l
- large fluctuations in electromagnetic component fen

CMS foreward cal

< f., > =1—[E/E,]*! Epis material dependent (0.7-1.3 GeV) | » 1
k: 0.82 for pions, smaller for protons | £ 0.9 ; B oemeT
. 308
- HCAIs become strongly non-linear S
< 0.7
signal S. I
: €e = €h ?.eﬁh\/l :«i‘ ().6 n
g/g=1 ¥ 05
§ 0.4 ' 4 poons
; f. ' ¢) . f:;:::o ratio p/x
P £ /6;<] S 037360 300 400
Energy (GeV)

E (hadron)
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7-4 Compensating Hadronic Calorimeters Exzellenzluster Universe €&

ZEUS calorimeter: Uranium scintillator (compensated)
e Uranium has small binding energy (reduced invisible fraction)
e Teflon coating of uranium plates (n-p elastic scattering)

ATLAS calorimeter: Energy (GeV)
a9 10 20 50 100 500 oo
h ~

25! e ila
—_— ~
N N
@ 20 ey
B %g% . > 100 GeV
= B 2y S o
kS| ¥ g ‘e,
§ 10 . [ 50%/ i 1 N .
> i = '
£ i
8 5 S .
. Y ... N
@ ¢ ATLAS E+H [Aba 10] B e R

A ZEUS FCAL [Beh 90] -l
0 "

0.30 025 0.20 0.15 0.10 0.05 0
~—— I/VE (GeV)
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7.4 Compensating Hadronic Calorimeters  etrusertiese ?‘-ﬂ

e enhance response to hadronic shower component

- catch neutrons through teflon coating of passive material ( n — p elastic scattering)
e reduce response to electromagnetic component

- magic mix: choose ratio of active to passive material to be 1:4

- use high Z absorber material

Example: SpaCal calorimeter : Pb-scintillating fibre system has excellent hadronic resolution

Energy (GeV) —>
) 10 20 40 80 150

8

" Nucl. Instrum. Methods Phus. Res. Sect. A 1991, 303, 481-50¢ ‘ -]

16- |

;%
[ I,
® 12} i SR
m [ R 1
\6 8 \‘*\
[ %, 1 0% R
.\’rF
4r £ re 1-028 '
.' ‘\‘,— 00.1 ?.l'!_l'," \\\\ |
0 e R =4 N
0.5 0.4 0.3 .2 01 0
<~ INE
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7.4 Combined Calorimeters Crasterecsernverse [

: Use ONE calorimeter electromagnetic AND hadronic showers

e Separation of electron and hadron showers (PID)
e saturation due to nuclear fragments (non-MIP)
* shower leakage (longitudinal/lateral)

electron/hadron separation:
e longitudinal segmentation: hadron showers start later (deeper in calorimeter)
e |ateral segmentation and dual read-out

- quartz fibres measure Cherenkov light by electrons/positrons

- scintillating fibres measure light from any particle

- ratio and timing give clean indication for e/h separation

Best (test beam) performance so far: DREAM collaboration
e Tungsten/fibre/quartz fibre RO with SiPM

e fully compensating calorimeter

® measure fen (doesn’t work for jets)
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7.4 Combined Calorimeters

DREAM SPACAL
$e 56 66 1;”0 09,998, 8, ..
70505 0y S ® o~
. o o e 00 00

40— k254 ‘;;Tm: Ld

5 04 15 10 S

012345
(G5 AT TN HS )

SCALE (mm)
Fiber pattern RD52
Energy (GeV) —
s 10 20 40 100 o 10 20 50 100 500 o=
10— T T oY 127 LB m Bl
b -
T | T
] 4 SPACAL or A SPACAL
o ZEUS o ZEUS
o
: N 8 o
— 6F o V3
& 1 % o
Y 6 A
Q \ \
B 4 : 5.
"u o 4> \O
& ©a
2+ .b.‘b > "{_.
2 2t 3
a) Electrons a b) Hadrons X
0 X
05 04 03 02 01 0 03 02 0.1 0
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7.5 Calorimeters for Particle Showers Crzlenzoser Unverse &

Calice: a particle tracking calorimeter

' \ Particle Jet Energy depositions
P in calorimeters
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7 . 6 Tech nolog i cal Deve I opme nts Exzellenzcluster Universe '@q

embed scintillating fibres into a granular tungsten powder and epoxy (fixation)
use SiPM readout

X140 __ 188 5m

.
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7. Calorimetry - Principle Arrangements Sasterzistr nierse. % [0
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7.1 Large Detectors
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m
; e\
Exzellenzcluster Universe & n

FMI.I

8.0 Bubble Chamber

Principle
* Generate supersaturated liquid (expansion of a liquid)
* lonisation clusters are condensation nuclei — bubbles

e Flashlight illumination and light reflection at bubble surface

under pressure
7

/’ \\ expansion

over pressure

N

compression

valve

flashlight

valve

flashlight

L]
liquid

©
<]
o
(=]
<
<
Q

o
(-]

pressure window
2

00C00DOCOVOAGC o
000000009
P e000o

L]

o

o
0B
g

camera

principle
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8.0 BUbee Cham bers " Exzellenzcluster Universe

Lty f:f.:...,m-" .

‘@a

Foam bath accident at BNL

fire alarm at the hydrogen
bubble chamber

AL

[Bapaaaits T -

%

A - PR ko
'-"'l’“ e = A
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8.0 Inventor of Bubble Chamber Crasterecusernverse [

Donald Arthur Glaser (*1926 - 1T 2013)
e |nventor of bubble chamber 1952
e Nobel prize 1960 (aged 34 years)

Quits particle physics shortly after Nobel prize
and became micro biologies

company start-ups in biotechnology

After selling of companies: neurobiologist

Novosibirsk Physics School - Particle Detectors | Stephan Paul | 17.9.-21.9.2018 131



Not covered in these lectures crasterztstr Unverse. [

Further important issues:

Readout electronics

- front-ends
- DAQ

Reconstruction algorithms
- track reconstruction
- shower reconstruction

Trigger

- trigger scheme
- triggerless readout (see DAQ)
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RecapitUIation Exzellenzcluster Universe = & QI

What is the critical energy

« energy of an electron at which e-loss through Bremsstrahlung equals e-loss
through ionisation

What is an electromagnetic cascade ?
» series of alternating processes : bremsstrahlung und pair creation

How does a hadronic calorimeter work ?

« Conversion of particle energy to number of loaded particles. Integral
measurement of their energy losses yields mass for total energy

What limits the energy resolution for hcals (intrisically) ?

 fraction of it's electromagnetic component with large fluctuations and
different detection efficiency
How does a bubble chamber work ?

* in supersaturated steam: bubble formation at ionisation sites. Stereo
flash light image of the bubble distribution in one volume
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