Calorimetry
Peter Krizan
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Calorimetry:

Energy measurement by total absorption, combined with spatial
reconstruction.

Calorimetry is a “destructive” method
Detector response o E

Calorimetry works both for

« charged (ex and hadrons) and

* neutral particles (n,y)

Basic mechanism: formation of electromagnetic or hadronic showers.

Finally, the energy is converted into ionization or excitation of the matter.



Generic LHC Detector for all Particles
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Mean energy loss by lonisation

Bethe-Bloch formula
For different materials
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Figure 27.3: Mean energy loss rate in liquid (bubble chamber) hydrogen, gaseous
helinm, carbon, aluminum, iron, tin, and lead. Radiative effects, relevant for

muons and pions, are not included. These become significant for mmions in iron for
v 2 1000, and at lower momenta for muons in higher-Z absorbers. See Fig. 27.21.



Energy loss by Bremsstrahlung

Radiation of real photons in the e

Coulomb field of the nuclei of the absorber
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Effect plays a role only for e* and ultra-relativistic
(>1000 GeV)

For electrons:
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Xu, la [cm]

Material Z A plefeny] Xo[glemr] A, [g/em’)
Hydrogen (gas) 1 1.01 0.0899 (gn) 63 508
Helium (gas) 2 400 01786 (oM 04 65.1
Beryllium 4 9.01 1848 6519 75.2
Carbon 6 1201 2.265 43 86.3
Nitrogen (gas) 7 14.01 1.25 (gf) 38 8738
Oxygen (gas) 8 16.00 1.428 (g) 34 01.0
Aluminium 13 2698 27 24 106.4
Silicon 14 2809 233 22 106.0
Iron 26 5585 787 139 1319
Copper 29 6355 8.96 120 1349
Tungsten 74 18385 19.3 6.8 185.0
Lead 82 20719 11.35 6.4 194.0
Uranium 02 23803 18.35 6.0 1090
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7, and X, in cm
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Electrons: fractional energy loss, 1/E dE/dx

Critical energy E.
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Figure 27.10: Fractional energy loss per radiation length in lead as a funetion of
electron or positron energy. Electron (positron) scattering is considered as ionization
when the energy loss per collision is below 0.255 MeV, and as Mgller (Bhabha)
scattering when it 1s above. Adapted from Fig. 3.2 from Messel and Crawford,
Electron-Photon Shower Distribution Function Tables for Lead, Copper, and Air
Absorbers, Pergamon Press, 1970. Messel and Crawford use Xo(Pb) = 5.82 g/cm?,

but we have modified the figures to reflect the value given in the Table of Atomic

and Nuclear Properties of Materials (X(Pb) = 6.37 g/cm?).



(Leo) | energy loss (radiative
/ + lonization) of
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electrons and
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Interaction of
photons with
matter
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Figure 27.14: Photon total cross sections as a function of energy in carbon and
lead, showing the contributions of different processes:

Op.e.

TRayleigh =

TCompton =

Knuc
Ke

Tg.d.r.

Atomic photoelectric effect (electron ejection, photon absorption)
Rayleigh {coherent) scattering—atom neither ionized nor excited
Incoherent scattering (Compton scattering off an electron)

Pair production, nuclear field

Pair production, electron field

Photonuclear interactions, most notably the Giant Dipole Reso-
nance [46]. In these interactions, the target nucleus is broken up.



Electromadgnetic Cascades (showers)

Electron
shower in a
cloud
chamber
with lead
absorbers

Simple qualitative model

: - Consider only
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only logarithmically on £,

After 1 = ¢, the dommating processes are ionization.

Compton effect and photo effect — absorption.



d.E‘ . - N V{4 -
Longitudinal shower development: ~ —-<t“e” Detailed model: "Rossi
E 1 aproximaton B

E. In2
95% containment fose, I +0.082+9.6

Shower maximum at fmax =

Size of a calorimeter grows only logarithmically with E,

Transverse shower development: 95% of the shower
cone is located in a cylinder with radius 2 R,,

Determined mainly by

21 MeV 5 multiple scattering of
Ris = X, [em € ' -
v =—p %o [g/em”]  Moliere radius shower particles

n 100 .—.._.- -Al._l :{'

. e
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« | E
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g transverse

development scale
with Xg, Ry
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N

Lengitudingl energy deposit arbdrary units )

(C. Fabjan, T. Ludlam, CERN-EP/82-3T)

Depth [Nyl

Example: E, = 100 GeV in lead glass cm

E=11.8MeV >t =13, ty =23 -—‘3

X,=2cm, Ry, —18)( = 3.6 cm

46 cm



¢ Energy resolution of a calorimeter (intrinsic limit)

E
Nl o Z0 total number of track segments
C

o(E) o o (N) 1 1 holds also for hadron

o

E N JN ” [E, calorimeters

Also spatial and angular resolution scale like 1AE

Relative energy resolution of a calorimeter improves
with E,

More general:

olE)__ 2 gpel
E <E \ E
Stochastic Constant term Noise term
term
Inhomogenities Electronic noise
Bad cell inter- r'a_idioactivity
calibration pile up

Non-linearities

|

Quality factor |



Calorimeter types

* Homogeneous calorimeters:

= Detector = absorber

= good energy resolution

= limited spatial resolution (particularly in
longitudinal direction)

= only used for electromagnetic calorimetry

* Sampling calorimeters:

= Detectors and absorber separated — only part
of the energy is sampled.

= limited energy resolution

= good spatial resolution

= used both for electromagnetic and hadron

calorimetry



Homogeneous calorimeters

Two main types: Scintillator crystals or “glass” blocks
(Cherenkov radiation).

— photons. Readout via photomultiplier, -diode/triode

. Scintillators (crystals)

Scmnllator Density | X [cm] | Light T, [ns] A, [om] | Fad Comments
[glem’] Tield Dam
MeV [Gy]
irel. vield)
Nal (TI) 367 259 4=10* 230 415 =10 hydroscopic,
fraple
CsI(TI) 451 1.86 F=10* 1005 565 =10 Slightly
i0.49) hyzroscopic
CSI pure 451 1.86 410t 10 310 10 Slightly
(0.0:0 36 310 hyzroscopic
BaF, 487 2.03 0* 0.6 20 10
(0.13) 620 310
BGO 713 1.13 g=10° 300 480 10
PbWQ, 828 089 =100 10 =440 10t Light yield =f{T}
10 =330
Relative light yield: rel. to Nal(TI) readout with PM (bialkali PC)
. Cherenkov radiators
Material Density | Xpfem] [n Light yield hooe [mm] | Rad. | Comments
[g/cnr’] [pe/GeV] Dam
(rel p.e) [Gv]
SF-3 408 254 167 | &0 350 107
Lead glass (1.5=107%
SE-6 520 1.69 181 | 200 350 107
Lead glass (2.3=107)
PbF, 7.66 083 1.82 | 2000 10’ Not available
(3=107) In quantity

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




Examples

OPAL Barrel + end-cap: lead glass + pre-sampler
(OPAL collab. NIM A 305 (1991) 275)

~10500 blocks (10 x
10 x 37 cm?, 24.6 X),
PM (barrel) or PT
(end-cap) readout.

o(E)/E =0.06//E ®0.002

Spatial resolution
(intrinsic) = 11 mm
at 6 GeV

BGO E.M. Calorimeter in L3
(L3 collab. NIM A 289 (1991} 53)

11000 crystals, 21.4 X,,
temperature monitoring +  Carben fiber wall (0.2 mm}

control system —
light output -1.55% / °C

To ADC

Kemon lamp fibers

E BGOcrfstalEJ ===

6 | 24 em Phats diade

K

'E-i— !
o oe/E < 1% for E > 1 GeV
50 i spatial resolution <2 mm
2 _ 4 (E >2 GeV)

cFJ b Partly test beam results |

01 02 04 T2 & o020 &0

E (Ge¥]



NA48: LKr lonisation chamber (T = 120 K)
no metal absorbers — quasi homogenous !

GuBs ribbons

Ouner rads

Frant plate

e I
Ll T
' SEE===—

Baam tube

M=———PRack plate

Spacer plales

14 I'II]:I-’
Cu-Be ribbon electrode .
\" . - -'
E ..j- -\.\ .-f_.-"'
E alE1E = WAE B + (C/00 P A
o with & = 5,25 %, B = 0.47% ond © = 40 May e
Zasl o wthA=32E® BE-020%onal = a0 e -~ [[ﬂ:[[x’,’f"l
E T /[I]:ﬂ] R e
Sz} ® 0elo  prototype f,L_;f sl
E‘ » O Monie Carlg &f’}’,f: 5
Tas L + full device (prel.)
*
L
Gyy = 1 mm
ol oy~ 230 ps
Y% S m T 1o~ 97 run: reduced performance

energy (cev)  dUE 1O problems with blocking

(. Marzulli, NIM & 384 (1996) 237,
M. Martini et al., VII Intemational Conference
on Calorimefry, Tuscon, 1997)

capacitors — lower driftfield:
1.5 kV/em rather than 5 kV/icm



Sampling calorimeters

Absorber + detector separated — additional sampling
fluctuations

T
detectors absorbers f Detectable track segments

Ny

d

MWPC, streamer tubes ————,
warm liquids

TMP = tetramethylpentane,

TMS = tetramethylsilane
cryogenic noble gases:

mainly LAr (Lxe, LKr)
scintillators, scintillation fibres, silicon

detectors mm_’/

L]

L]

L]



¢ ATLAS electromagnetic Calorimeter
Accordion geometry absorbers immersed in Liquid Argon
(RD3 [ ATLAS)
Liquid Argon (90K)
+ lead-steal absorbers (1-2 mm)
+ multilayer copper-polyimide
readout boards

— lonization chamber.
1 GeV E-deposit — 5 x10° &

Accordion geometry minimizes dead
zones.

Liquid Ar is intrinsically radiation hard.
Readout board allows fine segmentation
(azimuth, pseudo-rapidity and
longitudinal) acc. to physics needs

A Lt

Test beam results, & 300 GeV/ (ATLAS TDR)

L Coferlort J.11ESE4 DS | .08
L Wi 2873 [~ [} .

' cigma azes |* [VO(E)/E = a/ JE®bIES®c Spatial and angular
2o - o.os [ 28 unifarmity =0.5%

N [ o=(3.99E029)% . .
ooom - 103 SROTS amab b={182 2188 Mew Spatial resolution

r S £ =i 350045 ~5mm / E12
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Material in front of calorimeter

Showers start in ‘dead’ material in front of calorimeter
(other detectors, solenoid, support structure)

Install a highly segmented pre-shower detector in front
of calorimeter

- recover lost energy 0.10 : ,T,ﬁ?::;

- improved background s}

Leadglass, presampler corrected

rejection due to good 16Xy Al

spatial resolution

-
= 006

Leadglass
no material

- improve angular .

resolution
- 5o/

2735 1 20 15 50
e energy [GeVv]
(C. Beard et al., NIM A 286 (1990) 117)

OPAL end cap
calorimeter +
pre-shower



Nuclear Interactions

The interaction of energetic hadrons (charged or
neutral) is determined by inelastic nuclear processes.

hadron /" a
~ L
\ multiplicity = In(E)
"
—— p,= 0.35GeVlc
—_— P

Excitation and finally breakup up nucleus — nucleus
fragments + production of secondary particles.

For high energies (>1 GeV) the cross-sections depend
only little on the energy and on the type of the incident
particle (p, w, K...).

T ipal ?‘5{}'0;‘1{}'? (o] =35mb

In analogy to X; a hadronic absorption length can be

defined
efine A A

i1

1
o« A* because Gy EU{}AD'?

- NOinet
similarly a hadronic interaction length
A 1
.H.-I = o 43 '::I'I < 'H'ﬂ

*Nfiﬂ-a'm'a.{



Xu, la [cm]

Material Z A plefeny] Xo[glemr] A, [g/em’)
Hydrogen (gas) 1 1.01 0.0899 (gn) 63 508
Helium (gas) 2 400 01786 (oM 04 65.1
Beryllium 4 9.01 1848 6519 75.2
Carbon 6 1201 2.265 43 86.3
Nitrogen (gas) 7 14.01 1.25 (gf) 38 8738
Oxygen (gas) 8 16.00 1.428 (g) 34 01.0
Aluminium 13 2698 27 24 106.4
Silicon 14 2809 233 22 106.0
Iron 26 5585 787 139 1319
Copper 29 6355 8.96 120 1349
Tungsten 74 18385 19.3 6.8 185.0
Lead 82 20719 11.35 6.4 194.0
Uranium 02 23803 18.35 6.0 1090
ForZ>6: 1,> X,
7, and X, in cm
100 4
I:\\Q’\
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I[] E l‘ w *
1 - XU
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n ||
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Interaction of neutrons

Neutrons have no charge, i.e. their interaction is based
only on strong (and weak) nuclear force.

To detect neutrons, we have to create charged

particles.

Possible neutron conversion and elastic reactions

n+56Li »o+3H

n+ 1B - a+7Li E, <20 MeV
n+°He - p+°3H .
nN+p—n+p E,<1GeV

(H. Meuert, Kemphysikalische Messverfahren, G. Braun Verlag, 1966)

¢ [barn]

T T T T L T n

T high energy
100 MeV+

~—fast
100 keV+
- epithermal
101 eV
102 eVt thermal
102 eV

A

cold

ultracold

En

In addition there are
= neutron induced fission E,~Ep=7peV

1
40

m hadronic cascades (seebelow)y E, > 1 GeV



Hadronic casacdes

Various processes involved. Much more complex
than electromagnetic cascades.

Hadronic + electromagnetic
component

charged pions, protons, kaons ... neutral pions — 2y —

Breaking up of nucle1 electromagnetic cascade

(binding energy). a(z®)~ In E(GeV) - 4.6

neutrons, neutrinos, soft ¥'s example 100 GeV: n(m®)~18

muons .... — invisible energy

Large energy fluctuations — limited energy resolution



Longitudinal shower development

on- 8 =94 b3
tmax (A7) =~ 0.2In E[GeV]+0.7 For Iron: a = 9.4, b=39

E =100 GeV

fose, =alnE+b —> 150, = 80 cm
:hlrblE dan
‘E? T M ; E
e K
'_g_ Joa ‘E {é
. P o3
; } 100 Gev ; - Hadronic showers are
] ) 5 much longer and
’ S broader than
, | L e T j I5Gev | |

o : : : : electromagnetic ones!

Longitudingl  depih { &

Laterally shower

'Y - . (B. Friend &t al., NIM
CﬂnSiStS Df '_'1[] GeV/ae Tl in Fe A136 (1976) 505)
core + halo. g1
95% containment .5510._
in a cylinder of EE |
radius 7. 52

12 8 4 0 L Bcm

Iron: 4;=16.7 cm lateral shower position



® CMS Hadron calorimter

Cu absorber + scintillators

l

2 x 18 wedges (barrel)
+ 2 x 18 wedges (endcap) =~ 1500 T absorber

Scintillators fill slots and are read out
via fibres by HPDs

Test beam o 65%

: E _ 0270 s
resolution for - = ©5%
single hadrons v




4 scintillating tiles of the CMS Hadron calorimeter




Atmosphere as a calorimeter

Need:

» detect high energy cosmic rays

 Measure their energy

 Determine the identity (gamma or hadron, which hadron)

ldea: use atmosphere as a detector + calorimeter

Virtues:
A lot of material
 Transparent

Use Cherenkov light emitted by charged particles to determine the energy of
the incoming cosmic ray.



Gamma- Detection of

g high-energy
| gamma rays

~ 10 km

using Cherenkov
telescopes

Shower mainly E-M.
Thousands of relativistic
particles give Cerenkov light in
upper atmosphere



Khomas Highland, Namibia, (23°16'S, 16°30'E, elev. 1800m)
Four @ = 12 m Telescopes (since 12/2003) E;, ~ 100 GeV

108 m? /mirror [382 x @=60cm individually steerable (2-motor) facets]
algminized glass + quartz overcoating R > 80% (300<A<600 nm)
N B e : e “ﬁ@

Focal plane:_
960 * 29 mm Photonis XP-2920 PMTs (8 stage, 2 x 10° gain)
=420 nm

Bi-alkali photocathode: A
+ Winston Cones

peak
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