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B Scintillation and photo detection
= Organic scintillators
= [norganic scintillators
= Scintillator readout
= Photo detectors

B Calorimetry
* Interactions of electrons and photons in matter
» Electromagnetic and hadronic showers
» Electromagnetic and hadronic calorimeters
= Example: LAr accordion EM calorimetry
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Scintillation and photo detection

B Energy deposition by ionizing particles

= production of scintillation light (luminescence)
B Scintillators are multi purpose detectors

= trigger counters

= veto counters

= time of flight measurement

» tracking detectors

= calorimetry

= others!

M |[norganic and organic scintillators
= [norganic: high light output, but slow
= Organic: fast, but lower light output
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Organic scintillators

B Plastic scintillators are the most widely used

= lonization by charged particles
e generate optical photons (blue — green)
 densities: between 1.03 and 1.20 g cm3
o typical yield:1 photon per 100 eV of deposited energy
— MIP in 1cm thick material yields ~ 2 x 10% photons

* Response not linear with ionization density

dE

* Birks factor L,odb_, _dx
= Decay times a few ns dx 01+k5%—E
X

* rise times much faster (allows sub-ns timing)
e light decay can depend on exciting particle, allowing ID

* Production to desired shape, low cost
e also scintillating fibres

TRIUMF Summer Institute 2006, Particle Detectors Michel Lefebvre, Victoria /4



Organic scintillators

B Scintillation mechanism

Ionization excitation of base plastic . scintillation, followed by resonant
base plastic . . ] : .
dipole-dipole interaction with fluor;
strong coupling increases

10 8m Forster energy transfer

AV4 primary fluor

emit UV, ~340 nm (~1% wt/wt ) fluor shifts wavelength to where

10~4m Y the base is more transparent;

absorb UV photon secondary fluor Sh_ort_ens_ the de(?ay time of |
(~0.056% wt/wt ) scintillation and increases yield

emit blue, ~400 nm
1m : : :
! Cautions: aging and handling,

absorb blue photon photodetector ~ radiation damage, ...

Particle Data Group

= they have low Z, being mainly made of H and C

 low y detection efficiency (= only Compton effect).
 but high neutron detection efficiency via (n,p) reactions
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Organic scintillators

‘lable A6.3 FProperties of some organic scintillators -

scintillator density index of wavelength of decay time scintillation H/C
refraction maximum constant pulse height 1’ ratio %)
emission
(g/cm® (nm) (ns)

Monocrystals
naphthalene 1.15 1.58 348 11 11 0.800
anthracene 1.25 1.59 448 30-32 100 0.714
trans-stilbene 1.16 1.58 384 3-8 46 0.857
p-terphenyl 1.23 391 6-12 30 0.778

Plastics ¥
NE 102 A 1.032 1.58 425 2.5 65 1.105
NE 104 1.032 1.58 405 1.8 68 1.100
NE 110 1.032 1.58 437 3.3 60 1.105
NE 111 1.032 1.58 370 1.7 55 1.096

Plastics ¥
BC-400 1.032 1.581 423 2.4 65 1.103
BC-404 1.032 1.58 408 1.8 68 1.107
BC-408 1.032 1.58 425 2.1 64 1.104
BC-412 1.032 1.58 434 33 60 1.104
BC-414 1.032 1.58 392 1.8 68 1.110
BC-416 1.032 1.58 434 4.0 50 1.110
BC-418 1.032 1.58 391 1.4 67 1.100
BC-420 1.032 1.58 391 1.5 64 1.100
BC-422 1.032 1.58 370 1.6 55 1.102
BC-422Q 1.032 1.58 370 0.7 11 1.102
BC-428 1.032 1.58 480 12.5 50 1.103
BC-430 1.032 1.58 580 16.8 45 1.108
BC-434 1.049 1.58 425 2.2 60 0.995

b relative to anthracene
2} ratio of hydrogen to carbon atoms

3) Nuclear Enterprises Ltd. Sighthill, Edinburgh, U.K.
4 Bicron Corporation, Newbury, Ohio, USA
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Inorganic scintillators

M |[norganic crystalline scintillators
= lonization by charged particles
= Nal, Csl, BaF,, Bi,Ge;0,,, POWO,,...
= High density and high Z

= well suited for detection of charged particle and vy
 densities: between ~4 and ~8 g cm3
 high dE/dx
* high conversion efficiency for electrons and y
 often with very high light output
= often more than two time constants
o fast recombination from active centers (ns to us)
» delayed recombination due to trapping (=100 ns)
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Inorganic scintillators

Lead Tungstate crystal SIC-78

= [ight ouput has strong om cina
temperature dependence

(From Harshaw catalog)
Nal{Tl)

PWO4 final polished
cristal for CMS
calorimetry

40 Ccsi(TY)

Relative light output-percent
(8 )]
O
1

| i i 1 1 1 l
-100 -60 -20 0 20 60 100 140
Crystal temperature - degrees centigrade

20
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Inorganic scintillators

M Liquid noble gases (LAr, LKr, LXe)
= also two time constants
e few ns and 100 to 1000 ns, but same wavelegth

de-excitation and
excited dISSOCIatIOI’]
molecule

excitation (\N\N\r

Sv?t':lséog 130nm (Ar)
\ atorms 150nm (Kr)
ionization @ @ 175nm (Xe)

ionized /
Joram molecule ° recombination

e
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Scintillator readout

= [ight guides
o transfer by total internal reflection (and reflector)

PM

|

fish tail

Scintillator

PMT

Light guide

adiabatic

= wavelength shifter (WLS) bars

small airgap | | 5

scintillator

WLS

green

Photo detector

pe)

% blue (secon

primary particle
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Scintillator readout

= optical fibres
e light transport by total internal reflection

%
cladding
(PMMA)
n=1.49

polystyrene
n=1.59

do
41t

in one direction

=3.1%

typically <1 mm

e multi-clad fibres for improved
aperture and absorption length

dQd

~== —-5.304 inone direction

AT
attenuation length > 10 m for visible light

cladding

(PMMA)
n=1.49
25 um

core
polystyrene
n=1.59

fluorinated
outer cladding
n=1.42

25 um
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Scintillating fibre tracker

M scintillating plastic fibres

= many advantages

* high geometrical flexibility; fine granularity; low mass

o fast response (ns if fast readout; suitable for triggering)
= UA2 upgrade scintillating fibre tracker (1987!)

Ansorge et al, NIM A265 (1988) 33-49
Alitti et al, NIM A279 (1989) 364-375
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Scintillating fibre tracker

= JUAZ2 U PJ rade SFD Ansorge et al, NIM A265 (1988) 33-49
Alitti et al, NIM A279 (1989) 364-375

5x <0

MIp” F

B stereo + x @ axial 0 stereo -

Fig. 13. The detection of an electron in the SFD. The hit fibres
are displayed in the z = 0 plane with their radius enlarged by a
factor 3 for clarity.
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Photo detectors

B Convert light into detectable electronics signal

» use photoelectric effect to convert photons to
photoelectrons

= require high sensitivity )
* quantum efficiency = Q.E. = N, /N, 5
= many type of photodetectors  _
» gas based devices (RICH)

~15-20% for PMT
~70% for Si photo diodes

m GaAs ...
e vacuum based UV & visible .

e s0lid state TMAE CsI : ; Ikmul‘ruallt«xh

1a |

" threShOIdS &EA" : <= E (eV)
12.3 49 31 2.24 1.76

=> I : = I - T
100 250 400 550 700

Joram A (nm)
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Photo detectors
B Photoelectric effect in photocathodes

= 3-step process
e photo inonization of molecule
* electron propagation through cathode
« escape of electron back into the vacuum

Semitransparent photocathode Opaque photocathode
‘\\ 'y y
» =
PC g
(7))}
0
>
e n
€ PC
Joram
Michel Lefebvre, Victoria /15
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Vacuum based photo detectors

B Photo multiplier tubes (PMT) Xy
= photo emission from procestvode. —_ZEEEZL 1 windon
photocathode (PC) | J},
= secondary emissions " -

from dynodes
» dynode gain: g = 3 to 50 ) ;q !

» 10 dynodes with g = 4: T \;3 | o
total gain G = 410~ 106 s \_I’//f

foot

(Philips
Photonic)

pumping stem

\J7 \ base
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Vacuum based photo detectors

B Energy resolution of PMT

= determined mainly by the fluctuation of the
number of secondary electrons emitted from the

dynodes

counts

|
. S — Slngle phot(ﬂns
- Lpe

4=

¥ Qynodes _!

~ Pulse heigh spectrum
A 4¢, QI 6LE’M'[ Wlth Cu- Be

[——

A Pulse height spectrum

” of a PMT with negatice

/ 2 p.e. electron affinity (NEA)
!f Y dynodes.

\u/ 3pe
/

Y, Houtermanns,%%%%%
NIM 112 (1973) 121

oo,
o5,
e
®50q
%com

Philips Photonic

Pulse helght
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Vacuum based photo detectors

B Multi anode PMT

= example: Hamamatsu R5900 series
e Up to 8x8 channels
* Size 28x28 mm?, active area 41%
e bialkali PC: Q.E. = 20% at 400 nm
e gain G ~ 10°
* recent example: Hamamatsu flat

panel PMT
e active area > 90%
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Solid state photo detectors

m Photo diodes (PD)  m——
h -

" high Q.E. butno gain (G =1) n=intinsic) ¢

e p layer must be very thin (< 1 um); n* | )
visible light absorbs rapidly in Si

e Q.E. = 80% at AL = 700 nm

» good for read out of scintillators

B Avalanche photo diodes (APD)
= avalanche multiplication ; % e |

« high reverse bias n T
AV ~ 100 to 200V e o

 high internal field s
leads to avalanche / |

avalanche
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Hybrid photo detectors

B Hybrid photo diodes (HPD)
= photocathode (like in PMT)
» photo-electron acceleration

Commercial HPD (DEP

= silicon detector (pixel, strip, pads) PP0270K) with slow
electronic (2us shapnlwg time)
single photoelectron C.P. Datema et al. NIM A
photocathode % detection with high 4000 387(1997) 100
resolution  aseo
YA AVA Y np.e.
3000 -
eeks!
G = M 2500 p
— electron — W .
focusing ) AV 20 keV § 2000
electrodes | _ € oo
— — 3.6 eV
- 5)(103 1000
. RN
T background from e L™~ -
silicon backscattering from © 100 200 300 400 500
sensor : Channel nr
Si surface
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Calorimetry

B Energy measurement by total absorption
= works for charged and neutral particles
= spatial reconstruction
= particle identification capability

B Measured particle is lost (destructive method)
B Basic mechanism
= electromagnetic or hadronic showers

B Detector response is proportional to E
* not always true for hadronic showers

B Energy converted into ionization and/or
excitation of matter
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Interactions of electrons in matter

M |onization and bremsstrahlung

| I‘\IIIIIIl I | IIIIII| I T T
B o —0.20
B ositrons Lead (Z = 82) -
EE 0.15 ~
l > 1—||
S e
=
SR 8
I 0.10
' 0.5
0.05
critical energy
| annjbilgtion - E, = 6.9 MeV
01 10 100 1000

E (MeV)
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Interactions of electrons in matter

B bremsstrahlung
= photon produced in the Coulomb field of the

absorber nuclel r, =2.82x10 3cm
dE _ Z° 2oM -, 183 E
I =4aN, AR 2°r; EIn 13

e Iimportant for electrons and ultra relativistic muons
= for electrons

dE_E . %
dx X E=Ege

_ -1
X =| 40N Z° 2 £" 2,183 radiation length

A A e Zl/3 (normally in g/cm?)
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Interactions of electrons in matter

M critical energy
» premsstrahlung loss = ionization loss
= for electrons

Esolid and liquid 610 MeV 93 o 710 MeV
‘ /+1.24 ‘ /+1.24
= for muons
2
m
E. ~E® (—“j = 2072E°
me
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Interactions of photons in matter

B Photo-electric effect

v+ A=e + A" energy-momentum conservation requires a third
partner close by — photo effect releases electrons
mainly from the inner most atomic shell (K)

/2 4552 g1 2 4551 _E
cylohotoe_BZﬂ: 38 L re ,47'EreOL Z E 8_mC2

B Compton scattering

v+e =vy+e Ak = (1-cos8)
tomi _ >1 atomic In ¢
?:(())rr:;on o ZGCompton . )GCompton o«

e
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Interactions of photons in matter

B Pair production

Y+ A=e‘e + A In the Coulomb field of a nucleus or electron.

Only possible if E, > 2m, of course.

e>1 [ A 1 2\ e>1 )9 X

Cypair 4 o) NA Xo pair 7

B Mass attenuation coefficient u

— —uX normally p in cm2/g
IY Ioe and x in g/cm? NA

_ Li =—x O
H = Hohoto-e + Hcompton + Hpair T A
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Interactions of photons in matter

Particle Data Group

| | L, |_r | | |
A I I I I I I I I I I I
e — %
. 2,
(a) Carbon (Z=6) e %% (b) Lead (Z= 82)
I Mb [ C' o - experimental G, — g N o -experimental G,
! 1 Mb ! I%; .
P | | | . ]
g -
E ot :
=)
‘-% | E.e. ] E
2]
E 3 2
< 1k 3
] ~ 1kb
& g
2 g
g 3
g 2
= g
]
b
1b
) GCol‘nptoh .
ombrm gy Ny 10 mb
10ev 1kev 1 MeVv 1 GeV 100 Gev  10eV 1keV 1 MeV 1 GeV
Photon Energy Photon Energy
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Electromagnetic showers

B Simple model
= multiplicatio

\ i

electron shower in a cloud chamber

with lead absorbers (Joram)

Only consider bremsstrahlung (e*) and
pair production (y) — assume E large.

Multiplication stops when average shower particle energy = critical
energy. At this stage the e* will mainly lose energy through ionization
and the multiplication will stop. This happens before the photons have

less than 2m_c? energy.
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Electromagnetic showers

Let k be the number of steps needed for the multiplication to stop.

K
Y 2" =2"—1x2x2 =2

E=E.2"

The corresponding maximum number of particles in the shower Is then

E
E.

Each step takes place over a characteristic length: X, for e* and 9X /7 for v.

Assume X, for both. Then

K — 1 E
In 2
In practice, ionization
energy losses and .
fluctuations lowers K= X

somewhat this number

\

_1 44|nE—C
(E
In— —1.1 for electrons
3 Eo
B E
In — —0.3 for photons
EC

This is the number of X, needed to stop shower multiplication. This

corresponds to “shower max”. Grows like InE.
TRIUMF Summer Institute 2006, Particle Detectors
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Electromagnetic showers

B Simple model
= attenuation

Complicated mixture of ionization losses, radiation losses and Compton
scattering. But the electromagnetic shower attenuation seems to follow
the minimum attenuation for photons. The corresponding photon mean
free path is Y\ = A

N,po]"
The attenuation follows exponentially with a mean free path of .. So to
attenuate down to 95%, one needs 3A..

Y

Therefore to contain 95% of a shower energy we need an absorber

hick f
thickness o . X, ey
p y

This is actually close to experimental results!

For 100 GeV electrons on lead this gives 20X, = 11cm
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Electromagnetic showers

B Transverse shower development

= 95% containment in a cylinder of radius 2R,,

e Moliere radius
21 MeV
R, = X
M EC o
e For 100 GeV electron
In lead this gives
1.7 cm
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Longitudinal energy deposit [arbitrary units ]

103

;/__\‘

1

/ N =
' ‘\‘ ——— Cu
—— Pb
N
6>3§V/c e
N
AN
X
P
AN ///

A
bjan, T. Ludlam, CERN-ER(82-37

10

20
Depth (X1

Michel Lefebvre, Victoria
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R (90" containment) [pyJd
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Nuclear interactions

B |[nelastic nuclear processes
» determines the interaction of energetic hadrons

g N o< In(E,)

< — TC+ transverse momentum
\ np about 0.35 GeV/c
= Excitation and breakup of nucleus

e nucleus fragments and secondary particles

= Cross section depends ~only on A
e ~c A" o =35mb  Aingmol

p, N, &, K,...

o—

inelastic
= hadronic absorption length
Y\ = A
=
N AGineIastic
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Interaction and hadronic absorption lengths

Material Z A plglem®]  Xolg/lemT A, [g/lcm?]
Hydrogen (gas) 1 1.01  0.0899 (g/l) 63 50.8
Helium (gas) 2 4.00  0.1786 (g/l) 94 65.1
Beryllium 4 9.01 1.848 65.19 75.2
Carbon §) 12.01 2.265 43 86.3
Nitrogen (gas) 7 14.01 1.25 (g/l) 38 87.8
Oxygen (gas) 8 16.00 1.428 (g/1) 34 91.0
Aluminium 13  26.98 2.7 24 106.4
Silicon 14  28.09 2.33 22 106.0
Iron 26  55.85 7.87 13.9 131.9
Copper 29 63.55 8.96 12.9 134.9
Tungsten 74 183.85 19.3 6.8 185.0
Lead 82 207.19 11.35 6.4 194.0
Uranium 92 238.03 18.95 6.0 199.0
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Hadronic shower

" many processes involved

= more complex (and larger) than EM showers
« hadronic component 10— Yy
 electromagnetic component Kf,

» large energy fluctuations

y K° n
e limited o(E)
e
eV _ -
2 9\,
0.80<m<0.85 A 2
E, ~1 GeV for n* n )
E, = 2.6 GeV for p Grupen
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Calorimeter types

B Homogeneous calorimeters
= the detector Is the absorber
= good energy resolution
* [Imited spatial resolution, especially longitudinal
= only used for electromagnetic calorimetry

B Sampling calorimeters
* the detector and absorber are separated

= only sample part of the shower
 additional sampling fluctuations affect energy resolution

* [Imited energy resolution
» good spatial resolution
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Homogeneous calorimeters

B Two main types
= Scintillation crystals
= Glass blocks, through Cherenkov radiation

B Scintillation crystals

Scintillator Density | X, [cm] | Light 1, [ns] A [nm] | Rad. Comments
[g/cm®] Yield Dam.
y/MeV [Gy]
(rel. yield)
Nal (TI) 3.67 2.59 4x10* 230 415 >10 hydroscopic,
fragile
Csl (TI) 451 1.86 5x10% 1005 565 >10 Slightly
(0.49) hygroscopic
CSI pure 451 1.86 4x10* 10 310 10° Slightly
(0.04) 36 310 hygroscopic
BaF, 4.87 2.03 10* 0.6 220 10°
(0.13) 620 310
BGO 7.13 1.13 8x10° 300 480 10
PbWO, 8.28 0.89 ~100 10 ~440 10* light yield =f(T)
10 ~530
Joram

Relative light yield: rel. to Nal(Tl) readout with PM (bialkali PC)
= example: CMS electromagnetic calorimeter uses PbWO,

= example: L3 used BGO for its EM calorimeter
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Homogeneous calorimeters

B Cherenkov radiators

= Cherenkov radiation

« produced when a charged particle travels in a dielectric
(index of refraction n) at a velocity greater than the
speed of light in that dielectric (c/n).

Material Density | Xo[cm] | n Light yield Aet [Nm] | Rad. | Comments
[g/cm?] [p.e./GeV] Dam.

(rel. p.e.) [Gy]

SF-5 4.08 2.54 1.67 | 600 350 107

Lead glass (1.5x107%

SF-6 5.20 1.69 1.81 | 900 350 10°

Lead glass (2.3x107%

PbF, 7.66 0.95 1.82 | 2000 10° | Not available
(5x107% in quantity

Relative light yield: rel. to Nal(Tl) readout with PM (bialkali PC) Joram

= example: OPAL used lead glass for its barrel and end-cap
calorimeters
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Sampling calorimeters
detectors absorbers

B Sample a fraction of the shower N I

= variety of detectors used
« MWPC

e warm liquids —
— TMP (tetramethylpentane)
— TMS (tetramethylsilane) .

e liguid noble gase elements
— LAr (mainly), LKr, LXe

e scintillators, fibres
* silicon detectors
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Sampling calorimeters

SCINTLLATOR
!
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Electromagnetic calorimeters

B Use EM shower results:
= number of particle at shower max is prop. to E,
= total track length of e*is prop. to E,

B Linearity

= |f the calorimeter signal is proportional to the e*
track length

* If the EM shower is completely contained in the
calorimeter

= — then the calorimeter signal is proportional to E,

TRIUMF Summer Institute 2006, Particle Detectors Michel Lefebvre, Victoria 11/40




Electromagnetic calorimeters

B [ntrinsic limit to energy resolution .
= total number of track segments N o=
. . . . . . C
* energy resolution improves with incident energy

o(B) o(N) 1 1
E N TUN JE

= spatial resolution also scales the same way
B General parametrization

B2 opat

stochastic or constant term noise term
sampling term

comes from inhomogeneity, including electrpnic
bad calibration, non-linearity and pileup noise
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Hadronic calorimeters

B Sampling calorimeters

= EM and hadronic energy depositions are
measured with different efficiencies

m—1
e e/h ratio " " E
TC/e :1—(1—h/e)(E—oj

 if e/h = 1, the calorimeter is compensating
e non compensations worsen the energy resolution

Grupen
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Liguid argon calorimetry

B LAr ionization chamber

R

A I

13 (-

typical values:
T=87K, p=1.40g/cm?3
Xo=p 13.9cm

W =23.6 eV

U,= 2 kV over 2 mm gaps

t,~ 450 ns (compare to LHC 25 ns!) ° 2 4

considering only the electron drift
and assuming RC >> t

L (D) =i (1_

t

4

J

10

Drift Velocity (um/ns)
O R N WK TR RO
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LAr+CH4(0.5%)
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&8
Field Strength (kV em 1)

10

12

14

g TRERAARRR R NN TR AN AR ATAY!
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Liquid argon calorimetry
B ] RD3 collaboration, NIM A309

B Accordion design (1991) 438-449

* novel hermetic design

» ysed for all ATLAS EM
calorimetry

e Lead-steel absorbers
e multilayer readout boards
e LAr is radiation hard

angle change with radius to
keep LAr gap constant thickness

M. Lefebvre
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Liguid argon calorimetry

B Accordion EM calorimeter beam test results

ATLAS TDR i 3
0B a) ¥
- [+ o(E))JE=a/JVE®b/E®c 0
ko B L ! e

& 0 100 200 300 400 t (ns) =
Ghs 7=0.28 2
g a=({9.99+0.29% : =)
e b={282.2+1£.9) Mev b) ! 8
. — L — ‘ I | 1 I -
- c=(0.35+0.04)% ‘ W 200 i 2:0
L =04 !

003 a={10.424+0.33)% e © ;
- L b=({386.64+15.6) Mev -
0 — QL c
SN c=(0.27+0.08)% : 5
002 9 ? 2
[ | o
i O
i L\ o 400 o
0.01 |- . e T S
s =g . ™
i tp @)
0 PR T R T N T TN T M N T R T A T M T M NN T M T Y T S M Fig. 1. (a) Drift current and integrated charge vs time for an D:

i LA 1410 150 Z00 Za0 S0 ion chamber calorimeter. (b) Response of a shaping amplifier

Energ}r (GE.'I.',-'] to a short current pulse (8). (¢) Response of a shaping

amplifier to the current form shown in (a). The dots indicate
where the beam crossings (every 15 ns) would appear if
t,(8)=20ns.
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Lecture Il: Questions

B Question .1

= Use the numbers shown on slide 11/11 to obtain the solid angle
aperture (in one direction) quoted, namely 3.1% and 5.3%.

B Question 11.2

» Using the lectures notes, obtain the result quoted at the bottom of
slide 11/30, namely that 100 GeV electron EM showers in lead are
95% contained in a depth of 20Xo = 11cm.
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