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We will just concentrate on
Particle Detectors




[ he History of Instrumentation’is'VERY Entertaining

v' A look at the history of instrumentation in particle physics

= complementary view on the history of particle’physics, which is
traditionally told from a theoretical point of view

v The importance and recognition of inventions in the field of
instrumentation is proven by the fact that

-> several Nobel Prices in physics were awarded mainly or exclusively
for the development of detection technologies

Nobel Prizes in instrumentation (“tracking concepts”):

s 1927: C.T.R. Wilson, Cloud Chamber

+ 1960: Donald Glaser, Bubble Chamber

 1992: Georges Charpak, Multi-Wire Proportional Chamber



1968: MWPC — Revolutionising the Way Particle Physics is Done

Detecting particles was a
mainly a manual, tedious and
labour intensive job — unsuited
for rare particle decays

1968: George Charpak developed
the MultiWire Proportional
Chamber, which revolutionized
particle detection and
High Energy Physics -
which passed from the manual
to the electronic era.

Electronic particle track
detection is now standard
in all particle detectors




Detector & Measurements:
How Do We Do Physics Without Seeing?

The Goal: to see what others cannot see ... i%"ﬁﬂ

Quarks. Gluons. Neutrinos. All those damn particles you can't
see. That's what drove me to drink. But now | can see them!




Interactions of Particles and y-Radiation with Matter

=> If the particle is to pass through essentially undeviated, this interaction must be a soft
electromagnetic one.

=» Otherwise, measure energy loss or total energy for total absorption detectors
(Particle ID from gaseous detectors, Cherenkov detectors, Transition Radiation
Detectors, Calorimeters, Energy measurement from Calorimetry)

v' Charged patrticles
lonization
Photon Emission:
- Bremsstrahlung
- Cerenkov Radiation
- Transition Radiation
- Excitations (Scint.)

v Detection of y-rays
Photo Effect
Compton Scattering
Pair Creation

v Detection of neutrons
- Strong interaction

v Detection of neutrinos
- Weak interaction




Schematic View of a Particle Collider Detectors

€ There is not one type of detector which provides all measurements we need ->
“Onion “ concept -> different systems taking care of certain measurement

E Detection of collision production within the detector volume

- resulting in signals due to electro-magnetic interaction
- exceptions: strong interactions in hadronic showers (hadron calorimeters)

- weak interactions at neutrino detection (not discussed here)

Tracking Electromagnetic Hadran
chamber calorimeter calorimeter

P'hﬂ lons ¥ e = -
”' undetected
neutrinos...

electron positron

muons

ions proton

electromagnetic hadronic

showers
muon detection with
energy measurement improved momentum
momentum measurement by creation and total measurement (long
absorption of showers lever arm)

by curvature in magnetic field



5 particle types detected in Collider Experiment: Muon
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5 particle types detected in Collider Experiment: Charged Radron
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5 particle types detected in Collider Experiment: Neutral Hadron
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5 particle types detected in Collider Experiment: Phot
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Charge Particle Interactions

v (Multiple) elastic scattering with atoms of detector material
mostly unwanted, changes initial direction, affects momentum resolution

v" lonization .
the basic mechanism in tracking detectors 7‘\

v" Photon radiation e
- Bremsstrahlung
initiates electromagnetic shower in calorimeters, unwanted in tracking
detectors
- Cerenkov radiation (Contribute very little to the energy loss < 5%)
hadronic particle identification
also in some homogeneous electromagnetic calorimeters (lead glass)

- Transition radiation (Contribute very little to the energy loss < 5%)
electron identification in combination with tracking detector

v Excitation
Creation of scintillation light in calorimeters (plastic scintillators, fibers)



Elastic Scattering

¢ Most basic interaction of a charged particle in matter

- elastic scattering with a nucleus

= Rutherford (Coulomb) scattering
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Hans Gelger

An incoming particle with charge
Z interacts elastically with a

target of nuclear
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¢ Approximations 107} formue

Rutherford
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no spins

Scattering angle

UK Science Museum

] | Ernest Rutherford

UK Science Museum

¢ Scattering angle and energy transfer to nucleus usually small

No (significant) energy loss of the incoming particle

Just change of particle direction




Multiple Scattering

¢ If thick material layer: Multiple scattering

- after passing layer of thickness L particle leaves with some
displacement ry,,, and some deflection angle 6,

L L P A

distribution of

©, = width of distribution

deflection angle

T Sy

@plane \ Gaussian is good

approximation
(except for tails)

¢ Multiple scattering dominates
momentum measurement
for low momenta (see later)




Multiple Scattering

Precision of track reconstruction (and also combinatorial background, ghosts etc) from
hits in tracking layers is often limited by multiple scattering

-« X > = Minimum of material
- X/2 -
\ 13.6MeV [ 1 L
—_— ) 0, = z 1+ 0.038In| —
TN ¢ W A fep X Xo
H‘"“gm,.___H yplane Yplane
plane —= S| ¥ \ Smaller for high energy,
A Blan for small material depth,
_ 4 for large radiation length.
T 38
£ : 65
)]
5 =h . multiple
o ' ®.- - 01+ Cu?tlcr_nb
IN) L= = scaltering
Y 2 GeVic . Jf - o 4 o s
L 3CeVic .---""" + 2 op01-
] an + NUPPEPPETES =
O 2 # P T - -46\/ 2 : single
[0 1.--°.-- + evic < 0.001F ! scattering
O [T T | events
Y N N — 0.0001
0.2 0.4 0.6 0.8

Radation Length (X)) : scattering angle8 —»




Momentum Measurement in a Magnetic Field

¢ Charged particles are deflected by magnetic fields
- homogeneous B-field — particle follows a circle with radius r
‘pf [GeVie] =03-B[T] -r{m] | «—___ [heasuementof p; via

\ measutring the radius

- this is just the momentum component 1 to the B-field
transverse momentum p;,

- no particle deflection parallel to magnetic field

- if particle has longitudinal momentum component
— particle follows a helix

total momentum p to be
ptrans‘ p measured via dip angle A

P,




Momentum Measurement in a Magnetic Field

@ In real applications usually only slightly
bent track segments are measured

® Figure of merit: Sagitta
Segmentofacircle: s =1 —-

With the radius-momentum-B-field relation: . — ﬁ% = g =

In general, for many measurement points:
® Weak dependence on number of measurements: sqrt(1/N)
o = 350 VI[N + d)pr

PT

® w Je larger the magnetic field B, the length L and the number of measurement points,

and the better the spacial resolution, the better is the momentum resolution
ex.. N=7,L=0.5 B=2T, o(x) =20 um, pt= 5 GeV/c:
Apt/pt=0.5%,r=8.3m,s=3.75mm




(Heavy) Charge Particle Energy Loss Due to lonization

Bethe-Bloch f ormula Many equivalent parameterizations in the literature ~ Quantum mechanic
calculation of Bohr

Valid for heavy charged particles (m,, i4en™>>M,), €.9. proton, k, p, m stopping power

2me’ By
I 2

Mélax)—2ﬁ2—5(ﬁy)—g

Fundamental constants
=0.1535 MeV cm?/g r.=classical radius of electron
m.=mass of electron
N,=Avogadro’ s number

Absorber medium c =speed of light

| = mean ionization potential Incident particle

Z = atomic number of absorber z = charge of incident particle
A = atomic weight of absorber B =v/cof incident particle

p =density of absorber y = (1-p2)12

O =density correction W, .,= max. energy transfer

C = shell correction in one collision

Note: the classical dE/dx formula contains many features of the QM version: (z/b)?, & In[]

—0E _4zNzZ'r;mc ]n%

dx B b

min



(Heavy) Charge Particle Energy Loss Due to lonization

200 SR IR B Bethe-Bloch formula
nfonCu| 4 Minimum

20,0} I=322eV E., ionizing particles (MIP): | By = 3-4
4
E Radiative effects .
o 100 become important 4 dE/dx falls|~ B-2] kinematic factor
> col H | Approx Trngy |precise dependence: ~ 53]
2 I g dE [dx wlthnutB o _ S
& 14%% '\ Minimum __.—+ dE/dxriseq ~ In(By)*|relativistic rise
S 20 Fgm?regl' *\ ionization R T -ﬂ: [rel. extension of ransversal E-field]
s g .
| M cut =05 MeV | Saturation at large (By) due to

10 -~ 4 g-5/3 Complete dE /dx .= density eﬁecucorrectian d)

: ‘_ 4 [polarization of medium]
0.5 -I.JI.I| 1 1 ||.|k|1| i L1 l!!I]J Ll 1"”'1 k l ||||||| Ll ':I':";F"'
0.1 1.0 10 100 1000 10000
By=p/Mec
Units: MeV g™ cm?
de 7’
( «—-In|a

MIP looses ~ 13 MeV/em
[density of copper: 8.94 g/cm?]

Py =3-4




(Heavy) Charge Particle Energy Loss Due to lonization

Understanding T

- 7t on Cu
1/B%-dependenc ethe-Bloch formula o V - I=322¢V
Remember: "

ds
Am_/ﬂﬁ_/ﬂﬁ
v

.e. slower particles feel electric force of
atomic electron for longer time ...

Radiative effects
become important

Approx Ty ax
dE | dx without §

Minimum
lonization

100 % | \
“shell |

correct. |

—~dE /dx (MeV g lem?

“{ Complete dE/dx

1 |II||]| L |||]|.i i L1
10 100

111 I.I 1
1000 10000

Relativistic rise for By > 4:

High energy particle: transversal electric field increases
due to Lorentz transform; E, => YE,. Thus interaction cross section increases ...

A fast moving
particle particle

at rest '
Corrections:
———*

Y gross low energy : shell corrections
high energy : density corrections




(Heavy) Charge Particle Energy Loss Due to lonization

Density correction:

Polarization effect ...
[density dependent]

Understanding
Bethe-Bloch
formula

-> Shielding of electrical field far from
particle path; effectively cuts of the
long range contribution ...

More relevant at high y ...

[Increased range of electric field; larger bmax; ...]

For high energies:

0/2 — In(hw/T) +1n By —1/2

Shell correction:

Arises if particle velocity is close to orbital
velocity of electrons, i.e. BC ~ Ve.

Assumption that electron is at rest breaks down ...
dE )

Capture process is possible ...

50.0 [y
‘\\ dE [dx « p~53 nt on Cu
_20.0f ﬁ\dE/dxﬂ ﬂ-2 I1=322eV
3 ‘ Radiative effects
w 10‘0':_ become important
¢ -1 Approx Ty
= 5.0 I 1005 1 dE /dx without &
3 fshellow \ Minimum L
-%. - _ior?rect. ‘,\_ -_:.‘wmzatlon [ e o
| "
BEN S~
o« B2
1.0 - b 5—?:’3/(. Complete dE /dx
0.5 bl e e ed e
0.1 1.0 10 100 1000 10000
By=p/Mc
Density effect leads to
saturation at high energy ...
Shell correction are
in general small ...
z2|, 2mcpy C
’mcps S In(C2 W )28 L8+ =
pAﬁZL ( IE ) ﬁ2 Z




dE/dx Minimum is Approximately Independent of the Material

||||l|,|j;|

Hs liquid

:

- dE/dx (MeV glem?)

1.0 10 100 1000
Py = ol Mc

1.0 10 100 1000
Muon momentum (GeVicy

10000

Lsand
1000

0.1 1.0 10 100
Plon momentum (GeV/c)

0.1 1.0 10 100 1000
Proton momentum {GeV/c)

10000

Mean energy loss rate in liquid (bubble chamber)
hydrogen, gaseous helium, carbon, aluminium,
iron, tin, and lead.

"3:,%;} =2aNrime e s [hfw W)~ 2% - 5{46:;}—%]

v" Dependence just on 3 (and Z/A).

v'  For p and n strong interactions with
matter should also be considered.
They become non-negligible at higher
energy, and explain shower formation.

v' For p radiation losses occur starting
from E(n) = 100 GeV.

v'  For protons they start at even higher
energy !

Minimum ionization:
ca. 1-2 MeV/g cm™

i.e. for a material with p =1 g/em? = dE/dx = 1-2 MeV/cm
Example :

Iron: Thickness = 100 cm; p = 7.87 g/lcm?
dE=1.4MeVg'cm?* 100 cm * 7.87g/cm? = 1102 MeV

= A 1 GeV Muon can traverse 1m of Iron




Particle ID from dE/dx for Charged Particles: Idea

Simultaneous measurement of p and dE/dx
defines mass m,, hence the particle identity

/K separation (2c) requires a dE/dx
resolution of < 5% (not so easy to achieve)

(arbitrary units)

»»
=
=
i
©

10" 1
momentum p (GeV)

dE/dx is very similar for minimum
ionizing particles

Average energy loss for e, u, ©, K, p in 80/20 2 Energy IO‘.SS fluctuates and shows

Ar/CH, (NTP) (J.N. Marx, Physics today, Oct.78) Landau tails.

p(GeV/c)



Dependence on Absorber Thickness

The Bethe-Bloch equation describes the mean energy loss

When a charged particle passes the layer of material with thickness x , the
energy distribution of the d-electrons and the fluctuations of their number
(n5) cause fluctuations of the energy losses AE
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Restricted energy loss f

Tcut = 10 dE/d)dn
~Fogm="2dFE/dx;

Landau/Vavilov/Bichsel Ap/ x fc
x/p=1600 um -

Asx (MeV g_l cmz)

w
<

1.50 2.00
T T T T T T T T T T T T

500 MeV pion in silicon i
640 pm (149 mg/em?) 7

320 pm (74.7 mg/em?) ]

~ 160 um (37.4 mg/em?)
80 um (18.7 mg}cmz) ]

Mean energy
loss rate

1.0 10.0

* Muon kinetic energy (GeV)

1000.0

300 400
A/x  (eV/um)

For a realistic thin silicon
detector ny < 1-10,
fluctuations do not
follow the Landau

distribution




Mean Particle Range
Integrating dE/dX from Rutherford | 00000 === =
scattering and ignoring the siowly AT q/
Changingln(term). =t e o e e e e e 2 s e o

Q
o)
o

Range in Iron (g cm™?)

as energy square

o

Ho lquid
He gas 00
] Kinetic Ener@y Proton (MeV)

Const. _,
Range =R~ Z EKmetzc
1 ml
Range is approximately proportional to the
kinetic energy square at low energy and
approximately proportional to the kinetic
energy at high energy where the dE/dX is

about constant.

1000 10000

RIM (g cm? GeV-l)
&

[
=




Energy Loss at Small Momenta

Small energy loss
-> Fast Particle

Small energy loss
- Fast particle

Discovery of muon and pion

Large energy los
- Slow particle



Energy Loss at Small Momenta

v energy loss increases at small By For By < 0.05 there are only
v particles deposit most of their
energy at the end of their track

= Bragg peak
Not used in HEP but is basic for

medical application, hadron therapy
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relative dose

18 MeV
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= Important effect for tumor therapy

Possibility to precisely deposit dose
at well-defined depth by E, .., variation

depth in water [cm]




Energy Loss dE/dx: Electrons (Positrons)

Electrons (and positrons) are different as they are light
— Bethe-Bloch formula needs modification
—>Incident and target electron have same mass
- Scattering of identical, undistinguishable particles

Energy loss for electrons/positrons involve mainly two different physics
mechanisms: dE

_<a> lonization B ln(E)

But collision between identical particles + electron is now deflected

Excitation/ionization

Bremsstrahlung : emission of photon by scattering with the nucleus
electrical field

At high energies radiative processes dominate

3 <dE> o E

dX/gee NT

energy loss proportional to 1/m? — main relevance for
electrons (or ultra-relativistic muons)



I T ]
oo . Bethe-Bloch for heavy particles
E Bethe-Bloch Radiative % 4
é ]
E
=3
= 10 Radiative g . d E 1
E P joam Stopping Power =—=F - p—
. | o dx Xy
o.olm n.tln 0.-1 T 1|0 By 1z|10 m-oo 10-4 1c|15 mlﬁ
B ) e e e aaaa
: Positrons Lead (Z=82) __D'ZD
| Electrons ]
[ \ ] o0
- b Bremsstrahlung 1
S & 1 &
SIS {1 &
P —~~ —0.10
05 Tonization il
. Moller {E‘)I -
Electron (positron) N Bhabifa (¢ _ C_”t'cal energy E;
interaction with matter | lonization = Bremsstrahlung
> : dE 1dE
Positron =
ol onmihitation L) = (Ee)
1 £ 10 100 f606
c E (MeV)
1.7 19.6 196 py




Total Energy Loss for Electrons

Define Radiation Length X, = as the Radiative Mean Path :

I.e. the distance over which the energy of electron/positron is reduced by a factor e by
Bremsstrahlung. Measured in units of [ g/cm?2 |

from I‘\IIIIII| I IIIIII| T TTTTT] dE E
PDG 2010 Positrons —0-20 _<_> Yy
Neglected for : \ / Lead (Z - 82) : X Brems XO
majority of Elect i - |
/. y _polEeeton o5 X, = radiation length in [g/cm?]
applications 7. 10-15 ~
Moller Bremsstrahlung | (_Lan ¥ A
e & - Lo, 183
3 02 4aN 7 n—>
'_|| 4 Ionization 4 Z
05— . Aft fone X
) i S~ oRgr (€7) - er passage of one X,
¢ ¢ e 4 N roni (t3_r|t|CfIBenergytEChl ‘ electron has lost all but
B B ( Bﬂbha (et onization = Bremsstrahlung (1/e) of its energy (63%)
e N{ annihilago \M " E. = critical
] ° v U] 10 100 1000 o = CTHical energy
e E (MeV)
Bhabha dE dE
N , Fractional energy loss per radiation length in lead |—(E.)| =—(E,)
Arihlation as a function of electron or positron energy dx Broms (X Ton

Fractional energy loss per X, in lead as a function of electron/positron energy




Energy Loss for Photons

Photo-Effect Compton-Scattering Pair creation

e+
Y e’

4 : : jjgfz e
.
>-—<V!
Nucleus

Nde A e

Energy loss for photons >
three major physics mechanisms :

InE
~ and atomic compton =Z

N\

Independent of energy !

/|
Probability of pair creation in 1 X, is e, mean free path of a photon before

creating a e*e pairis A, = 9/7 X,

pair



Particle Interactions: Photons
#* Photo effect

used at various photo detectors to create
electrons on photo cathodes in vacuum -
and gas or at semi conductors (surface) Al O @

- Photo Multiplier Tubes (PMT) -
- Photo diodes O photo C zZ

Y + atom — atom™* + e-

Compton scattering (e y scattering)

not used for particle detection

- was/is used for polarization measurement of
beams at e*e- machines and could be used to
create high energy photons in a gg - collider

* Pair production (y — e‘e’)

Iinitiates electromagnetic
shower in calorimeters,
unwanted in tracking detectors

y+e 2> ete+te + Y .. |opening angle = 0°(!




Photon Interactions: Overview

o o -experimental G,

X y energies (< some 100 keV)
3 § photo

[+

». o oo (76 ® Photo effect dominating at low

pe % effect

Carbon (Z=6) * Compton scattering regime

Cross section (barns/atom)

~ some 100 keV up to ~10 MeV
centtorng N - exact energy domain depends on Z
“blue sky? _ e

- low Z: wide energy range of Compton scat.

- large Z: small energy range of Compton

scat.
(by Lead (Z = 82)

o -experimental Gy

% Pair production dominating at high

"\ Lead (2=82) energies (> ~10 MeV)

0p.e. = Atomic photoelectric effect (electron ejection, photon absorption)

Cross section (barhs/atom)

ORayleigh = Rayleigh (coherent) scattering-atom neither ionized nor excited

OCompton = Incoherent scattering (Compton scattering off an electron)

— Pair nradintian rnaelaar fald

, A _ For photons, it is not the energy, which is attenuated,
oev | Mev v L put the intensity : photons are absorbed or deviated

Photon Energy

10 mb



Radiation Length (X;)

.= Main energy loss of high energy photons/electrons in matter

— pair production (y) and bremsstrahlung (e?*)
' Can characterize any material by its radiation length X,
— 2 definitions (for electrons and for photons)

X, = length after an electron looses all but 1/e of its energy by Bremsstrahlung
X, = 7/9 of mean free path length for pair prodution by the photon
' Very convienient quantity

— Rather than using thickness, density, material type etc. detector
often expressed as % of X,

— tracking detectors should have X, as low as possible (<< 1 X,)
ATLAS and CMS trackers: 30% - 130% X,

not really “transparent”, high probability to initiate electromagnetic showers in
tracker far before electrons/photons reach calorimeters

“pre-shower” detectors in front of calorimeter should detect and correct
measured ECAL

energy for such early showers
— calorimeters should have X, as high as possible (typically 20...30 X,)



6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1. Revised May 2002 by D.E. Groom (LBNL). Gases are evaluated at 20°C and 1 atm (in parentheses) or at STP [square brackets|.
Densities and refractive indices without parentheses or brackets are for solids or liquids, or are for eryogenic liquids at the indicated boiling
point (BP) at 1 atm. Refractive indices are evaluated at the sodium D line. Data for compounds and mixtures are from Refs. 1 and 2. Futher

materials and properties are given in Ref. 3 and at http://pdg.1bl.gov/AtomicNuclearProperties.

Material 4 A (Z/4) Nuclear ® Nuclear @ dE /dz|,;, ® Radiation length©  Density Liquid  Refractive
collision interaction MeV Xo {g/cm?} hoiling index n
length Ap length A; { 3 } {g/em?®} {cm) ({g/f} point at ((n — 1)x10°
lg/ 01'112} {e/ sz} g/em for gas) 1latm(K)  for gas)

Hj gas 1 100794 099212 433 508 | (4103) 61287 (731000) [0.0838)[0.0309] [139.2]

Hs liquid 1 1.00794 0.99212 43.3 50.8 4.034 61.2879 866 0.0708 20.39 1.112

Do 1 2.0140 0.49652 45.7 54.7 (2.052) 1224 724 0.169[0.179)  23.65 1.128 [135)]

He 2 4.002602 0.49968 49.9 65.1 (1.937)  94.32 756 0.1249[0.1786] 4.224 1.024 [34.9]

Li 3 6.041 0.43221 5d.6 73.4 1.639 82.7 155 0.534 =

Be 4 0.012182 0.44384 5.8 75.2 1.594 65.19 3528 1.848 —

C G 12.011 0.49954 60.2 86.3 1.745 42.7 188 2.265 © —

Na 7 14.00674 0.49976 61.4 BT.8 (1.825) 3799 471 0.8073[1.250]  77.36 1.205 [298]

D9 8 15.9904 0.50002 63.2 01.0 (1.801) 3424 30,0 1.141[1.428]  90.18 1.22 [296]

Fs 9 18.9984032  0.47372 65.5 05.3 (1.675) 3293 2185 1.507[1.696]  85.24 [195]

Ne 10 20.1797 0.49555 66.1 06.6 (1.724) 2894 240 1.204[0.9005] 27.00 1.092 [67.1]

Al 13 26.981539 0.48181 T0.6 106.4 1.615 24.01 8.9 2.70 —

Si 14 28.0855 0.49848 T0.6 106.0 1.664 21.52 0.36 2.33 3.95

Ar 18 30.048 0.45059 76.4 117.2 (1.519) 19.55 140 1.396[1.782]  87.28 1.233 [283]

Ti 22 47.867 0.45948 7.9 124.9 1476 16.17 3.56 4.54 =

Fe 26 55.845 0.46556 N2.8 131.9 1.451 13.84 1.76 T.87 =

Cu 20 63.546 0.45636 85.6 134.9 1.403 12.86 1.43 8.96 —

Ge 32 72.61 0.44071 8.3 140.5 1.371 12.25 2.30 5.323 =

Sn 50 118710 0.42120  100.2 163 1.264 8.82 1.21 7.31 =3

Xe 54 13129 0.41130 1028 1649 (1.255) 848 287 2.053[5.858]  165.1 [T01]

W (L 183.84 0.40250 1103 185 1.145 6.76 0.35 19.3 —

Pt 8 195.08 0.39084 1133 189.7 1.129 6.54 0.305 21.45 —

Pb 82 2072 0.39575 1162 194 1.123 6.37 0.56 11.35 —

U 02 238.0289 0.38651 117.0 199 1082 6,00 =032 =18.95 =




- shower maximum (peak of energy deposition) slightly energy dependent
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¢ - . —-0.15 —~
\ ‘I:-; Bremsstrahlung 7 ;lgn
E_ = critical energy where N - _:0 o 5
energy loss (lonization) = s 1
energy loss (Bremsstrahlung) b 1
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Electromagnetic Cascades (ll)

Longitudinal profile Transverse profile

Multiple scattering for electrons

Shower profile for
electrons of energy:

110), 14010}, 7(010), S010)... (€=

Photons with energies in the region
of minimal absorption travel away
from shower axis

= Moliere radius sets transverse
shower size, it gives the average

lateral deflection of critical energy
electrons after traversing 1X,

Transverse shower containment:
75% Eq within 1Ry, 95% within 2Ry, 99% within 3.5Ry

= Calorimeter granularity !



6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1. Revised May 2002 by D.E. Groom (LBNL). Gases are evaluated at 20°C and 1 atm (in parentheses) or at STP [square brackets|.
Densities and refractive indices without parentheses or brackets are for solids or liquids, or are for eryogenic liquids at the indicated hoiling
point (BP) at 1 atm. Refractive indices are evaluated at the sodium D line. Data for compounds and mixtures are from Refs. 1 and 2. Futher

materials and properties are given in Ref. 3 and at http://pdg.1bl.gov/AtomicNuclearProperties.

Material Z A (Z/A) Nuclear *| Nuclear | dE /dz|,;, * Radiation length®  Density Liquid  Refractive
collision |interactidn MeV Xp {g/em?) boiling index n
length Ap| length A { 3 } [g/em®} {cm) ({e/f} point at ((n — 1)x108
{g/ 01'112} {e/ em? g/em for gas)  1atm(K)  for gas)

Hj gas 1 100794 009212 433 | 508 | (4103) 61289 (731000) (0.0838)[0.0209] [139.2]

Hj liquid 1 1.00794 0.99212 43.3 50.8 4.034 61.287 866 0.0708 20.39 1.113

Dy 1 2.0140 0.49652  45.7 54.7 (2.052) 1224 724 0.169[0.179]  23.65 1.128[138]

He 2 4.002602 0.49068 49.9 65.1 (1.937)  94.32 756 0.1249[0.1786] 4.224 1.024 [34.9]

Li 3 6.941 0.43221 54.6 73.4 1.639 82.7 155 0.534 =

Be 4 9.012182  0.44384  55.8 75.2 1.594 65.19  35.28 1.848 =

C G 12.011 0.49054 60.2 86.3 1.745 A2.7 188 2.265 © —

Na 7 14.00674 0.49976 61.4 7.8 (1.825) 3799 471 0.8073[1.250]  77.36 1.205 [298)

09 8 15.9994 0.50002  63.2 91.0 (1L801) 3424  30.0 1.141[1.428]  90.18 1.22 [296]

Fy 9 180084032  0.47372 65.5 05.3 (1.675) 3293 2185 L.507[1.696]  85.24 [195]

Ne 10 20,1797 0.40555 66.1 06.6 (1.724) 28094 240 1.204[0.9005] 27.09 1.092 [67.1]

Al 13 26.981539  0.48181 706 106.4 1.615 24.01 8.9 2.70 —

Si 14 28.0855 0.40848 T0.6 106.0 1.664 21.82 0.36 233 3.95

Ay 18 30,048 0.45059 T6.4 117.2 (1.519) 19.55 140 1.306[1.782]  87.28 1.233 [283]

Ti 22 47.867 0.45948 799 124.9 1.476 16.17 3.56 4.54 —

Fe 26 55.845 0.46556 H2.8 131.9 1.451 13.84 1.76 T.RT =

Cu 20 63.546 0.45636 85.6 1349 1.403 12.86 1.43 8.96 —

Ge 32 72.61 0.44071 883 140.5 1.371 12.25 2.30 5.323 —

Sn 50 118710 0.42120  100.2 163 1.264 8.82 1.21 7.31 =2

Xe 54 13129 0.41130 1028 169 (1.255) 848 287 2.953[5.858]  165.1 [T01]

W T4 183.84 0.40250  110.3 185 1.145 6.76 0.35 19.3 —

Pt 8 19508 0.30084 1133 189.7 1.129 6.54 0.305 21.45 —

Pb 82 207.2 0.39575  116.2 194 1.123 6.37 0.56 11.35 —

U 092 238.0289 0.38651  117.0 199 1.082 6.00 720.32 ~218.95 =




Nuclear Interaction Length (1))

¢ Similar as radiation length but important for hadrons

¢ Development of hadronic cascade (shower) by strong
interaction of hadron with nucleus *

'\
!

multiplicity « In(E) @

- L ) . -
Hadronic showers have two main components =~

- hadronic

charged hadrons, breaking up of nuclei (binding energy) nuclear fragments, neutrons

- electromagnetic (the unwanted part) \
“Invisible” energy =

decay of neutral pions: 7%= 2y (100% branching ratio) large energy fluctuations

Hadronic and EM energy component usually have different
detector responses, e.g.

- 100 GeV hadronic energy # 100 GeV EM energy measured in detector




Radiation (X;) and Nuclear Interaction Length (1))

¢ Typical radiation length
- gases, e.g. Argon ~100 m
- |light materials, e.g. Aluminum, Silicon ~10 cm
- heavier metals, e.g. Iron, Copper, Lead ~ 0.5 - 1.5 cm
ForZ>6. A, > X,

Material A . [g,."'cn]i] Xo [g.-"'cmi] s [[g."'cm *'] 100 ]
Hydrogen (gas) 0.0899 (gN) 63 50.8 ] 4

Helium (gas) 400  0.1786 (gN) 94 65.1 1 \
Beryllium 9.01 1.848  65.19 75.2
Carbon 12.01 2.269 43 86.3
Nitrogen (gas) 14.01 1.25 (gh) 38 87.8
Oxygen (gas) 16.00 1.428 (gN) 34 91.0
Alummium 26.98 27 24 106.4
Silicon 28.09 2.33 22 106.0
Iron 55.85 7.87 13.9 131.9
Copper 63.55 8.96 12.9 134.9
Tungsten 183.85 19.3 6.8 185.0
Lead 207.19 11.35 6.4 194.0
Uranium 238.03 18.99 6.0 199.0

A and X, in cm




Energy Loss by Photon Emission

Instead of ionizing an atom or exciting the matter, under certain conditions the photon
can also escape from the medium.

= Emission of Cherenkov and Transition radiation. This emission of real photons
contributes also to the energy loss.

Interaction of charged particles
with medium via

. . . charged
Electromagnetic interaction particle

atomic
electron

Three possible processes:

lonization (see above)
Cherenkov Radiation
Transition Radiation charged

particle

For the derivation of the energy loss
or the intensity of the emitted radiation consider ...

Charged particle with velocity v = BcC
Medium with dielectric constant € = €1 + iez ... nucleus

Répresents/describes interaction of
(virtual) photons with atoms of medium




Energy Loss by Photon Emission

lonization is one way of energy loss 5
emission of photons is another... M
Optical behavior of medium is

characterized by the (complex)
dielectric constant

schematically !

Im £

Re Vs = n Refractive index

optical

Cerenkov
radiation
Y] oo oo o o

i absorptive X-ray
Im £ = k Absorption parameter

ionization | transition radiation

Imaginary part: photon energy [eV]
Photon absorption A optical
[~ absorption cross section] Re £-1 region resonance
region X-ray
Real part: | region

Refraction /\ A >

[ modification of phase velocity]
C l \/
S

u(w) = (@) Both (Cheflenkov & Trahsition) effects| are not really
contribuling to the epergy loss of the particles!




Cherenkov Radiation

¢ Cerenkov radiation is emitted when a charged particle passes

though a dielectric medium with velocity 582 8,,., = ﬁ speed of light

in medium

- classical picture: wave front or cone under Cerenkov angle

Typically O(1-2 keV / cm)
or O(200-1000) visible photons / cm

continuous wave front light cone emission
emission from track when passing thin medium

- number of emitted photons per unit length and unit wave length interval
A

dN/d A dN/dE

N 1
e @oc > @— const /

mainly UV photons!




Transition Radiation

¢ Predicted by Ginzburg and Franck in 1946

-~ emission of photons when a charged particle traverses through the
boundary of two media with different refractive index

-~ (very) simple picture medium | vacuum
charged particle is polarizing medium B

polarized medium is left behind when particle ,/: \
leaves media and enters unpolarized vacuum

electron
formation of an electrical dipol with (transition) radiation

¢ Radiated energy per boundary 7 «y

- only very high energetic particles can radiate significant energy
need about y > 1000

[ Simulated emission spectrum
in our present energy range reachable with - of a CH, foil stack
accelerators only electrons can radiate

but probability to emit photons still small
A
137

need many boundaries (foils, foam) N 5 SUNS SOR S
2 4 [} g 10 12 14 16 18 20 22
to get a few photons

E . KaV

-2

photon energy maximum
in X-ray region (8 keV)

dN /dE + 10

N photons R il




Transition Radiation Detectors

- Typical emission angle: @ = 1/

* Energy of radiated photons: 4
» Number of radiated photons: az?
» Effective threshold: y> 1000

particle

=» Use stacked assemblies of low Z material with many transitions
+ a detector with high Z gas

Detection Principle:
[Electron-ID] Slow Note: Only X-ray

signal (E>20keV)
Electron photons can

traverse the many

devdx | radiators without
| Wires being absorbed
|

Radiator foils




R =1082 mm

R=122.5 mm
R =88.5 mm
R =50.5 mm

R=0mm

Hmm{

Example: ATLAS Transition Radiation
Tracker (TRT)

High threshold probability

Straw tubes with xenon-based gas
mixture

4 mm in diameter, equipped with a 30
um diameter gold-plated W-Re wire

o
)
3]

o
N

0.15

o
-

0.05

0

e P

ATLAS Preliminary

gi’f %ﬁ

:_ . Electron candidates

: =  Generic tracks i

L 0 Electrons (MC) ' Cloct

B X ectrons

- o Generic tracks (MC) ﬁ' from Conversions

L Mainly Pions ," .

L R R iﬂ-iﬂi%% """" E

- TRT endcap ]

_I L1 L L L L1l | L L L I | ‘ L L L | | | | ]
10 102 y-factor 10? 10

10
Pion momentum (GeV)

1 10
Electron momentum (GeV)



Neutron Interactions with Matter

Neutron has no charge, can be detected only through charged particle produced in
(weak or) strong interaction => short range => very penetrating

Conversion and elastic scattering for E < 1 GeV. For instance
n+°Li 2 a+3H, n+3He2p+3H E < 20 MeV
n+p 2>n+p E<1 GeV

Hadronic cascade for E > 1 GeV

Neutrons can travel sometimes for more than 1 us in detectors
= outside electronics readout window ...

TP37 © neutron fluence (n/cm?/yr)

e —

A lot of low energy neutrons
produced in LHC experiments
Interactions in the whole cavern

(e.g. ATLAS experiment)... =y —
200 :‘]!lﬂ"v;‘ ‘—‘ e
BT W p——

250 S00 750 1000 1250 1500 1750 2000 2250
Zicnt)

At r=11 cm, photons flux of 30 MRad !
100 Rad ~ 6.241012 MeV/kg deposited energy (1J/kg)




Neutrino Interactions with Matter
Only weak interaction

v+n2>F+porantiv+p 2 +n = detect the charged lepton and the
nucleon recoil

Detection efficiency in ~1 m iron about 6.10-7...
Whatever technological improvement, neutrinos detector can only be huge
detector

In collider experiment, indirect detection :
‘Fully” hermetic detector (!)
Sum all visible energy/momentum
Use beam energy constraint - neutrino(s) are taking the missing
energy/momentum



Material Dependence
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Summary of Interactions of ELECTRONS with Matter

I IIIIIII:I

||||!'I

— [onization loss 4

L1 IlIIIII. .

95 MeV

:

AN PR
6 ;

T T 1 IIIII'

| r||l|

N S

LI I|II|

26Fe

11§l

10

102

103

In high Z materials

1 Increasing Z particle multiplication
at lower energies

o Electrons lose energy by: ionization radiation
dE dE

‘ritical energy €, — (ion) = — (rad
Critical energy ¢ - (ion) - (rad)

e x 1/Z  PDG: e =610MeV/(Z + 1.24)

3

-]
o

Rossi / PDG
€.=19.6 MeV

e
==

dE/dx x Xy (MeV)
I o
S S

bJ
o

ionization = brems
€.=25 MeV

L L L 1 1 -l I
20 50 100
Electron energy (MeV)




Summary of Interactions of PHOTONS with Matter
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1 Increasing Z
o Photons interact by:
1) Photoelectric effect o x Z°, B~
g 7, B!

3) Conversion into e*e~ o increases with E, Z, asymptotic at ~ 1 GeV

* 100 keV
o 1 MeV

Photoelectric cross section (b)
e

e

F1G. 2.3. Cross section for the photoelectric effect as a function of the Z value of the absorber.
Data for 100 keV and 1 MeV +s.




Summary of Interactions of Particles with Matter

Bethe-Bloch for heavy charged , Radiation length X,
particles et/e 1

e UL UL L
HXZMeV/cm for a MIP

H, liquid

lonisation + Photoelectric effect

N

E

| | IIII|IIII|II I|IIII|IIII|IIII|III‘_T‘

« Compton effect

Ng '
g
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11111 1 1 IIIIII| 1
10 100
py=p/Me
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1.0 10 100 1000
Pion momentum (GeV/c)
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Proton momentum (GeV/e)

Interaction of hadrons : many different particles produced,
interaction length A,
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