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On Tools and Instrumentation

“New directions in science are launched by new
tools much more often than by new concepts.

The effect of a concept-driven revolution is to
explain old things in new ways.

The effect of a tool-driven revolution is to discover
new things that have to be explained”

Freeman Dyson, Imagined Worlds

-> New tools and technologies will be extremely
iImportant to go beyond LHC
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Physics Nobel Prices for Instrumentation

1927
1939
1948
1950
1954
1960
1968
1992

- C.T.R. Wilson, Cloud Chamber

- E. O. Lawrence, Cyclotron & Discoveries

- P.M.S. Blacket, Cloud Chamber & Discoveries

. C. Powell, Photographic Method & Discoveries

- Walter Bothe, Coincidence method & Discoveries

- Donald Glaser, Bubble Chamber

. L. Alvarez, Hydrogen Bubble Chamber & Discoveries
- Georges Charpak, Multi Wire Proportional Chamber

All Nobel Price Winners related to the Standard Model: 87 !
(personal statistics by W. Riegler)

31 for Standard Model Experiments

56 for Experiments and instrumentation

13 for Standard Model Instrumentation and Experiments 31 fOI’ Th eo ry
3 for Standard Model Instrumentation

21 for Standard Model Theory

9 for Quantum Mechanics Theory

9 for Quantum Mechanics Experiments

1 for Relat
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The ‘Real’ World of Particles

E. Wigner:

“A particle is an irreducible representation of the inhomogeneous Lorentz
group”

Spin=0,1/2,1,3/2 ... Mass>0

ANnais or MaTHEMATICN
Vol. 40, No. 1, January, 1939

ON UNITARY REPRESENTATIONS OF THE INHOMOGENEOUS
LORENTZ GROUP*

By E. WicNER
(Received December 22, 1937)

1. OrRiGIN AND CHARACTERIZATION OF THE PROBLEM

It is perhaps the most fundamental principle of Quantum Mechanics that the
system of states forms a linear manifold,’ in which a unitary sealar product is
defined.” The states are generally represented by wave functions® in such a way
that ¢ and constant multiples of ¢ represent the same physical state. It is
possible, therefore, to normalize the wave function, i.e., to multiply it by a
constant factor such that its scalar product with itself becomes 1. Then, only a
constant factor of modulus 1, the so-called phase, will be left undetermined
in the wave function. The linear character of the wave function is called the
superposition principle. The square of the modulus of the unitary scalar
product (¥, ¢) of two normalized wave functions ¢ and ¢ is called the transition
probability from the state ¢ into ¢, or conversely. This is supposed to give the
probability that an experiment performed on a system in the state ¢, to see
whether or not the state is ¢, gives the result that it is . If there are two or
more different experiments to decide this (e.g., essentially the same experiment,

E.g. in Steven Weinberg, The Quantum Theory of Fields, Vol1l



The ‘Real’ World of Particles

W. Riegler:

“...a particle is an object that interacts with your detector such that
you can follow it’s track,

it interacts also in your readout electronics and will break it after
some time,

and if you a silly enough to stand in an intense particle beam for some
time you will be dead ...”



Particle Detector Systems
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Cloud Chamber

Wilson Cloud Chamber 1911

W. Riegler/CERN



Cloud Chamber
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Cloud Chamber

Positron discovery,
Carl Andersen 1933

W. Riegler/CERN

Magnetic field 15000 Gauss,

chamber diameter 15cm. A 63 MeV
positron passes through a 6mm lead plate,
leaving the plate with energy 23MeV.

The ionization of the particle, and its
behaviour in passing through the foil are
the same as those of an electron.



Rochester and Wilson
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Cloud Chamber

Particle momenta are measured by the bending
in the magnetic field.

‘... The VO particle originates in a nuclear
Interaction outside the chamber and decays after
traversing about one third of the chamber.

The momenta of the secondary particles are

1.6+-0.3 BeV/c and the angle between them is 12
degrees ... °

By looking at the specific ionization one can try to
identify the particles and by assuming a two body
decay on can find the mass of the VO.

‘... if the negative particle is a negative proton, the
mass of the VO particle is 2200 m, if itis a Pi or Mu

Meson the VO particle mass becomes about 1000m

10



Nuclear

'‘EXPLOSIVE' DISINTEGRATION OF A NUCLEUS

W. Riegler/CERN

Emulsion

Film played an important role in the
discovery of radioactivity but was first seen
as a means of studying radioactivity rather
than photographing individual particles.

Between 1923 and 1938 Marietta Blau
pioneered the nuclear emulsion technique.

E.g.

Emulsions were exposed to cosmic rays

at high altitude for a long time (months)

and then analyzed under the microscope.

In 1937, nuclear disintegrations from cosmic
rays were observed in emulsions.

The high density of film compared to the

cloud chamber ‘gas’ made it easier to see
energy loss and disintegrations.

11



Nuclear Emulsion

Discovery of muon and pion

W. Riegler/CERN

Discovery of the Pion:

The muon was discovered in the 1930ies
and was first believed to be Yukawa’ s meson
that mediates the strong force.

The long range of the muon was however
causing contradictions with this hypothesis.

In 1947, Powell et. al. discovered the

Pion in Nuclear emulsions exposed to
cosmic rays, and they showed that it decays
to a muon and an unseen partner.

The constant range of the decay muon indicated a
two body decay of the pion.

12
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Bubble Chamber

In the early 1950ies Donald Glaser tried to build
on the cloud chamber analogy:

Instead of supersaturating a gas with a vapor
one would superheat a liquid. A particle
depositing energy along it’ s path would

then make the liquid boil and form bubbles along
the track.

In 1952 Glaser photographed first Bubble chamber
tracks. Luis Alvarez was one of the main proponents
of the bubble chamber.

The size of the chambers grew quickly
1954: 2.5’ 7 (6.4cm)

1954: 4’7 (10cm)

1956: 10’7 (25cm)

1959: 72’7 (183cm)

1963: 80’ " (203cm)

1973: 370cm

13



Bubble Chamber

‘old bubbles’

Ubesdeuck Unterdruck

KOMpressions- Expanziorsventil

verhl
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Stampel

BlirIzlinrnen _B[”Iﬂj[ﬂ“ ‘new bubbles’
Fliszigkeit 2 Unli
4 nlike the Cloud Chamber, the Bubble Chamber
d-? could not be triggered, i.e. the bubble chamber
) o had to be already in the superheated state when
ChNR4GEN0acao [=1.1- 1. . .
- enafpaseany, the particle was entering. It was therefore not
% %
o % useful for Cosmic Ray Physics, but as in the 50ies
o s 5, A particle physics moved to accelerators it was
3 “Drucktenster possible to synchronize the chamber compression
Kamera . .
with the arrival of the beam.

For data analysis one had to look through millions
of pictures.

W. Riegler/CERN 14



Bubble Chamber

BNL, First Pictures 1963, 0.03s cycle

W. Riegler/CERN

Discovery of the Q- in 1964
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Geiger Rutherford
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Tip counter, Geiger 1913
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In 1908, Rutherford and Geiger
developed an electric device to
measure alpha particles.

The alpha particles ionize the gas, the
electrons drift to the wire in the electric
field and they multiply there, causing a
large discharge which can be measured
by an electroscope.

The ‘random discharges’ in absence of
alphas were interpreted as ‘instability’, so
the device wasn’t used much.

As an alternative, Geiger developed the
tip counter, that became standard for
radioactive experiments for a number
of years.

16



Detector + Electronics 1929

In 1928 Walther Miiller started

to study the sponteneous
discharges systematically and
found that they were actually caused
by cosmic rays discovered by
Victor Hess in 1911.

By realizing that the wild discharges
were not a problem of the counter, but
were caused by cosmic rays, the
Geiger-Miiller counter went, without
altering a single screw from a device with
‘fundametal limits’ to the most sensitive
iIntrument for cosmic rays physics.

W. Riegler/CERN

‘Zur Vereinfachung von Koinzidenzzidhlungen’
W. Bothe, November 1929

Coincidence circuit for 2 tubes
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1930 - 1934

Rossi 1930: Coincidence circuit for n tubes

G, G, G,

W. Riegler/CERN

Cosmic ray telescope 1934

OROPOROP ¢
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Scintillators, Cerenkov light,
Photomultipliers

Sl FLectronic Digage) feonoefang ¢
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In the late 1940ies, scintillation counters
and Cerenkov counters exploded into use.

Scintillation of materials on passage of
particles was long known.

By mid 1930 the bluish glow that
accompanied the passage of

radioactive particles through liquids was
analyzed and largely explained

(Cerenkov Radiation).

Mainly the electronics revolution begun
during the war initiated this development.
High-gain photomultiplier tubes, amplifiers,
scalers, pulse-height analyzers.
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Anti Neutrino Discovery 1959
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Reines and Cowan experiment principle
consisted in using a target made of
around 400 liters of a mixture of water
and cadmium chloride.

The anti-neutrino coming from the
nuclear reactor interacts with a proton
of the target matter, giving a positron
and a neutron.

The positron annihilates with an
electron of the surrounding material,
giving two simultaneous photons and
the neutron slows down until it is
eventually captured by a cadmium
nucleus, implying the emission of
photons some 15 microseconds after
those of the positron annihilation.

20



Multi Wire Proportional Chamber

Tube, Geiger- Muller, 1928
Multi Wire Geometry, in H. Friedmann 1949

rrrrrr?

G. Charpak 1968, Multi Wire Proportional Chamber,
readout of individual wires and proportional mode working point.

L L L L L L ] Zh

W. Riegler/CERN 21



MWPC

Individual wire readout: A charged particle traversing the detector

leaves a trail of electrons and ions. The wires are on positive HV.

The electrons drift to the wires in the electric field and start to form an
avalanche in the high electric field close to the wire. This induces a signal on

the wire which can be read out by an amplifier.

Measuring this drift time, i.e. the time between passage of the particle and
the arrival time of the electrons at the wires, made this detector a precision

positioning device.

W. Riegler/CERN
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W, Z-Discovery 1983/84

UALl used a very large
wire chamber.

Can now be seen in
the CERN Microcosm
Exhibition

This computer reconstruction shows the tracks of charged
particles from the proton-antiproton collision. The two white
tracks reveal the Z's decay. They are the tracks of a high-
energy electron and positron.

W. Riegler/CERN 23



LEP 1988-2000

™ Vertex
Detector

Inner Tracking
Chamber

Time Projection
Chamber

Electromagnetic
Calorimeter

. Superconducting
Magnet Coil

. Hadron

Calorimeter

. Muon
Chambers

. Luminosity

Monitors

The ALEPH Detector

All Gas Detectors
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LEP 1988-2000

Aleph Higgs Candidate Event. e*e > HZ > _bb +j

0 OO
ALEPH-XDALL 9 Apr 2001 version k1 X11/XU11

00-06~14 2:W
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. 9/9/2014

Increasing Multiplicities in Heavy lon Collisions

e+ e- collision in the
ALEPH Experiment/LEP.

DALI_F1

ALEPH ™™
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Au+ Au+ collision in the
STAR Experiment/RHIC
Up to 2000 tracks

Pb+ Pb+ collision in the
ALICE Experiment/LHC
Up to 10 000 tracks/collision

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46
Fill : 1482

Run : 137124
Event : 0x00000000D3BBE693

W. Riegler



ATLAS at LHC

Large Hadron Collider at CERN.

The ATLAS detector uses more than 100
million detector channels.

27
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AMANDA

Antarctic Muon And Neutrino Detector Array

28 W. Riegler/CERN



AMANDA

South Pole

29 W. Riegler/CERN



AMANDA

AMANDA-II
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i Photomultipliers in the Ice,

ta looking downwards.

8 Ice is the detecting medium.

i
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30 W. Riegler/CERN



AMANDA

Look for upwards going Muons from Neutrino Interactions.
Cherekov Light propagating through the ice.

- Find neutrino point sources in the universe !

AMANDA
Array

- 'Muon
.
.AMANDA

v Neutrino

W. Riegler/CERN



Event Display
/

32

AMANDA

B 2 4 8 10 12 14 16 18 20 22 24
ot(h)

Up to now: No significant point
sources but just neutrinos from
cosmic ray interactions in the
atmosphere were found .

The Ice Cube neutrino
observatory is designed so
that 5,160 optical sensors
view a cubic kilometer of
clear South Polar ice.

/4 fnimotions

IceCube animation

W. Riegler/CERN



CERN Neutrino Gran Sasso

(CNGS)



Tau Candidate seen!

Hypothesis:
T (parent) - hadron (daughter) + 7T, (decaying instantly to Y4, Yp)+ V. (invisible)
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AMS

Alpha Magnetic Spectrometer

Try to find Antimatter in the primary cosmic rays.
Study cosmic ray composition etc. etc.

Was launched into space on STS-134 on 16 May 2011.

W. Riegler/CERN
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AMS Installed on the
space station.

36




A state of the art particle
detector with many ‘earth LY
bound’ techniques going to S Z
space !

Hellum Vessel

37 W. Riegler/CERN
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Uss:
Unique

Support
Structure

\

Wake Radiator
& Electronics

Tracker
Radiator

Zenith Radiator

TRD:
Transition Radiation Detector

TOF (s1,s2) Time of Flight

- <«— Tracker Radiator

sl GPS

Grapple
Fixture

TOF (s3,s4) ~Ram Radiator
Time of Flight

RICH:
Ring Image
Cherenkov Counter

Lower USS

ECAL:
Electromagnetic
Calorimeter

USS Keel

PAS:
Payload Attach System
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Detector Physics

Precise knowledge of the processes leading to signals in particle
detectors is necessary.

The detectors are nowadays working close to the limits of theoretically
achievable measurement accuracy — even in large systems.

Due to available computing power, detectors can be simulated to within 5-
10% of reality, based on the fundamental microphysics processes (atomic
and nuclear crossections)

e.g. GEANT, FLUKA, MAGBOTLZ, HEED, GARFIELD

39 W. Riegler/CERN



Particle Detector Simulation

Electric Fields in a Micromega Detector

40

Very accurate simulations

of particle detectors are
possible due to availability of
Finite Element simulation

programs and computing power.

Follow every single electron by
applying first principle laws of
physics.

For Gaseous Detectors:
GARFIELD by R. Veenhof

Electric Fields in a Micromega Detector

Mesh: -425 V

60-100 kV/em

55-60 kV/cm

Anode: 0 V

W. Riegler/CERN



Particle Detector Simulation

Moore’s Law

The Fifth Paradigm Logarithmic Plot

I) C. Moore’s Law:
Computing power doubles 18 months.

II) W. Riegler’s Law:

The use of brain for solving a problem
Is inversely proportional to the available
computing power.
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Knowing the basics of particle detectors is essential ...

41 W. Riegler/CERN
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Interaction of Particles with Matter

Any device that is to detect a particle must interact with it in
some way -> almost ...

In many experiments neutrinos are measured by missing
transverse momentum.

E.g. e*e  collider. P,,,=0,
If the Z p, of all collision products is #0 > neutrino escaped.

“Did vou see it?”
“No nothing.”

Claus Grupen, Particle Detectors, Cambridge University Press, Cambridge 1996 (455 pp. ISBN 0-521-55216-8)
42

“Then it was a neutrino!™

W. Riegler/CERN



Interaction of Particles with Matter

N 4 : ' v Run Number: 152409, Event Number: 5966801
\\.% Vi ' s Date: 2010-04-05 06:54:50 CEST

_i EXPERIMENT

W-ev candidate in

7 TeV collisions
p,(e+) = 34 GeV

ne+)= -0.42

E,ms = 26 GeV

M, =57 GeV

43 W. Riegler/CERN
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These are all the known 27
particles with a lifetime that
is long enough such that at
GeV energies they travel
more than 1 micrometer.
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The 8 Particles a Detector must be able to Measure and Identify
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The 8 Particles a Detector must be able to Measure and Identify
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CMS
A Compact Solenoidal Detector for LHC

FORNARD MUCH CEAMEERS TRACEER CRYSTAL ECAL
CALORMETER

Total weight : 12,500t —
Overall diameter : 15.00m bl
Overall length  : 21.60m = RETIRN YOKE
Magnetic field : 4 Tesla
UI ; | | , |
m m 2m m
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon
Silicon
Tracker
3 Electromagnetic
}J! I '] Calorimeter
Hadran Superconducting
Calorimeter Solencid
Iron return yoke interspersed
Transverse slice with Muon chambers
through CMS

T Barniy, GERN, Felmay 2004
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Diameter: 22m
< || | weight: ~ 7000t

CERN AC - ATLAS V1997

(ACORDE }——— [Absorber)

Tracking
Chambers

2] Detector characteristics
< .
Muon Detectors Electromagnetic Calorimeters - §7 | Width: 44m
A ’- %)
<«

Solenoid Dipole
Magnet

Forward Calorimeters

End Cap Toroid

P\
=

(HMPID ) : <
il I
PHOS J (1S ] (pc

Barrel Toroid Inner Detector Shielding

vacuum chamber

|
]
(] ~ o central detector

electromagnetic
_ calorimeter

hadronic
- calorimeter

. N <<
= ‘muon chambers

Detector characteristics U

Width: 22m
Diameter: 15m
Weight:  14'500t
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Creation of the Signal
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Detectors based on Registration of lonization: Tracking in Gas and
Solid State Detectors

Charged particles leave a trail of ionization (and excited atoms) along their
path: Electron-lon pairs in gases and liquids, electron hole pairs in solids.

The produced charges can be registered = Position measurement = Tracking
Detectors.

Cloud Chamber: Charges create drops = photography.
Bubble Chamber: Charges create bubbles - photography.
Emulsion: Charges ‘blacked’ the film.

Gas and Solid State Detectors: Moving Charges (electric fields) induce
electronic signals on metallic electrons that can be read by dedicated
electronics.

—In solid state detectors the charge created by the incoming particle is
sufficient.

—>In gas detectors (e.g. wire chamber) the charges are internally multiplied in
order to provide a measurable signal.

52
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- / v ) o t ‘h‘k Cbh,
12266V = Zce{l/c ‘
1=2.9eV

2.5 x 108 e/h pairs/cm

By

The induced signals are readout out by dedicated
electronics.

The noise of an amplifier determines whether the
signal can be registered. Signal/Noise >>1

The noise is characterized by the ‘Equivalent
Noise Charge (ENC)’ = Charge signal at the input
that produced an output signal equal to the noise.

ENC of very good amplifiers can be as low as
50e-, typical numbers are ~ 1000e-.

In order to register a signal, the registered charge
must be q >> ENC i.e. typically q>>1000e-.

Gas Detector: g=80e- /cm = too small.

Solid state detectors have 1000x more density
and factor 5-10 less ionization energy.
“>Primary charge is 10%-10°times larger than is
gases.

Gas detectors need internal amplification in order
to be sensitive to single particle tracks.

Without internal amplification they can only be
used for a large number of particles that arrive at

the same time (ionization chamber).

W. Riegler/CERN

53



Principle of Signal Induction by Moving Charges

, _ The electric field of the charge must be
A point charge g at a distance z, calculated with the boundary condition
that the potential ¢=0 at z=0.

Above a grounded metal plate ‘ q

‘induces’ a surface charge. For this specific geometry the method of
images can be used. A point charge —q at
% g distance -z, satisfies the boundary

The total induced charge on the condition = electric field.

surface is —q.

Different positions of the charge result The resulting charge density is

in different charge distributions. -q o(X,y) = g E,(X.y)
The total induced charge stays —q.

Jo(x,y)dxdy = -q

qzo

E.(r,y)=—
.,( J) QWSO(IQ—I_yQ—I_Z%)%

=

E.=E, =0  o(ry) = L. (x,y) Q —f f o(z,y)drdy = —q
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Principle of Signal Induction by Moving Charges

If we segment the grounded metal ® The charge induced on the individual
plate and if we ground the individual g v strips is now depending on the position
strips the surface charge density O z, of the charge.

doesn’t change with respect to the If the charge is moving there are currents
continuous metal plate. flowing between the strips and ground.

- The movement of the charge induces a
current.

-

L] D elwjele]

w/2 9 w
Q1(z0) / / (r.y) dzdu———] il(till( - )
w /2 T -2140

dQl[fo(f)} dﬁ()(ﬁ) _ 4@'“-’ "
dzp dt mldzo(t)? + w?]

20(t) = 2z — vt

i) = 21[ (1) = —
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Signhal Theorems

What are the charges induced by a moving charge on
electrodes that are connected with arbitrary linear impedance
elements ?

One first removes all the impedance elements, connects the
electrodes to ground and calculates the currents induced by
the moving charge on the grounded electrodes.

The current induced on a grounded electrode by a charge q
moving along a trajectory x(t) is calculated the following way
(Ramo Theorem):

One removes the charge q from the setup, puts the electrode to
voltage V,while keeping all other electrodes grounded. This
results in an electric field E,(x), the Weighting Field, in the
volume between the electrodes, from which the current is
calculated by

L) = -~ B0 5 = -

T

L, [#(6)]5(t)

These currents are then placed as ideal current sources on a
circuit where the electrodes are ‘shrunk’ to simple nodes and
the mutual electrode capacitances are added between the
nodes. These capacitances are calculated from the weighting
fields by

Al Al
Crm — V, % E?n C‘nn - E Cnm Cn'm = —Cpm N 7& L
w

m



W.Blum

W. Riegler
L.Rolandi
Particle Detection
More on signal theorems, readout Wlth
lect ' tc. be f di o
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Electromagnetic Interaction of Particles with Matter

Z, electrons, q

M, g=Z, e,

Interaction with the
atomic electrons. The
incoming particle
loses energy and the

atoms are excited or
ionized.

9/9/2014

_-e0
"i
o\
Interaction with the In case the particle’s velocity is larger
atomic nucleus. The than the velocity of light in the medium,
particle is deflected the resulting EM shockwave manifests
(scattered) causing itself as Cherenkov Radiation. When the
multiple scattering of particle crosses the boundary between
the particle in the two media, there is a probability of the
material. During this order of 1% to produced and X ray
scattering a photon, called Transition radiation.

Bremsstrahlung
photon can be emitted.

W. Riegler, Particle Detectors 58




lonization and Excitation

m, § = Lot

/’? A
s | 5
e ) S —
F Pt E f\e(a f‘ILij:r -~ 7/ .
/’,’ ! /
,// Fl,r E b 3 > e )

P 1
P 1
1

@ >

M.v.g= Zyep X
While the charged particle is passing another charged particle, the Coulomb Force
IS acting, resulting in momentum transfer

3

Elzzfﬁ L s EZI Z:H'ﬁ
v = 5 330 - Ap =
dreg(he 4 v=t=) /b2 4 242 a

) Fy(tdt = ==
The relativistic form of the transverse electric field doesn’t change the momentum
transfer. The transverse field is stronger, but the time of action is shorter

”:Z|Z-H'ﬁh /x 23] ZE"'.[-JI
F, — A F,(t)dt
Y 47:_".;;.{11)'! —+ ’_:"I"Efz;l'i-"'“ P — ';{ }" -l-I:_nI'Iri
. A2 R
The transferred energy is then AE = W8P _ 25 2774
M m (4mwsg)2v2h?
1 2Z%e y Z3 27} AE(electrons)  2m,
AE(electrons) = Zs M(nucleus) = —-2 ' : ~ 4000
AE(electrons) ff”mr (1m0 20202 AE(nucleus) 2 Zamm, (d7z0)?020 AE(nucleus) -

- The incoming particle transfer energy only (mostly) to the atomic electrons !
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lonization and Excitation

Target material: mass A, Z,, density p [g/cm3], Avogadro number N,

A gramm > N, Atoms: Number of atoms/cm3 n,=N,p/A [1/cm3]
Number of electrons/cm3 n,=N, pZ,/A [1/cm?]

/ 2222’?”?; 2 ff;’; '.?Z—_;Z?mrrj o { i
Ablelectrons) = = meom. @2 ~ PR ¢ o @
(-,_ Y

-Irrzgffru,.:-?:'f Nap bmaz iy
32 A Sy b

binaz
dE = —/ n AFEdr2bmdh = —
[

With AE(b) > db/b=-1/2 dE/E S E._=AE(b,.) E.. =AE(b,__)
i E a2 2; ?21 N J,E'zp ‘maz E - r' m}fgi_\ VAT i E ..
o= 2rr;m 2 A ﬁ i3 = -2 2 1 | B

LTI

E...~| (lonization Energy)

min

9/9/2014 W. Riegler, Particle Detectors
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Relativistic Collision Kinematics, E, .,

M.p. E = m m,p=0,F= e’

---@- > @

e ——————

M. p" E" = \/p"2c? + M2cA

1) P22 4+ M2 + me® = /p?e? + m2et + /p2c? 4 M2 o

f [
p=pcost 4+ p cosa . i .
2) p”z = p'l + p" - QFJ‘IJ"I s H

0=p'sinf + p"sine

-I . . . Imc? pe? cos? @
1+2) E* = VR +mlet — mes = !

z
[mr-z + PP + ;Uzr"'] — p2e cos?

T T Y R
K e pe e o
E* ! = Emr-‘.iz";zF

, .
TraarLr = F‘ = ] "
(m? + M2yt + 2my/p?e? + M2t ( M M=
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Classical Scattering on Free Electrons

1dE Z 7 2m.c?(3242F _
:—ZMT Me 22l Nai—1In MeC 7 10—

pdl 32 A I 8

This formula is up to a factor 2 and the
density effect identical to the precise
QM derivation =

—dE/dx MeV g‘lcmz)
W
|

1/p

Bethe Bloch Formula

10 100 1000 10000
By = p/Mc

. 2
B AN
pdr — — 32

I ' 2

/ Density effect. Medium is polarized
Which reduces the log. rise.

- 9, 202.2 Am,
% [111 e’ S g2 008 -’)} 3(Bv) = In hwp,ffﬂn,af-—%

Electron Spin
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Bethe Bloch Formula

1 dE Z: Z [ 2m.c*B22F . 8(B)
T = Arrime® L NS [In T S — i ~ 0.9
P dx e 92 A I | 9 Fur Z>l, | ~167 eV
50.0 prrore
For Large By the medium is being polarized by the »“\ dE [ dx o =573 £ on Cu
strong transverse fields, which reduces the rise of \dEIdxn-:ﬁ 2 I=322eV

the energy loss = density effect

At large Energy Transfers (delta electrons) the

liberated electrons can leave the material.

In reality, E,,, must be replaced by E_,; and the
energy loss reaches a plateau (Fermi plateau).

Characteristics of the energy loss as a function
of the particle velocity (By)

The specific Energy Loss 1/p dE/dx

« first decreases as 1/p?

*increases with In y for B =1

*is xindependent of M (M>>m,)

* is proportional to Z,2 of the incoming particle.
*is = independent of the material (Z/A = const)
* shows a plateau at large By (>>100)

odE/dx ~ 1-2 x p [g/cm3] MeV/cm

W. Riegler/CERN

eV g lem?)
=
=

dx
n
o

Radiative effects
become important

dE {dx without &

N Minimum

onization

Approx Tmu

Eglg 2.0
S 27
< 10 .-_.cg-?’3 Complete dE/dx
05 ||u|| 1 --:Illul Ll ||u|| Lol |n||| il |||1||I BT
0.1 1.0 10 100 10000
B’f:prC
63
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Small energy loss
- Fast Particle

Discovery of muon and pion

W. Riegler/CERN

Aj "'“13"4
Small energy los \"ﬁ
- Fast particle 1 -Pion RN
e’\\ Large energy loss

- Slow particle
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Bethe Bloch Formula

Bethe Bloch Formula, a few Numbers:

10 ¢
ForZ=0.5A gl I
1/p dE/dx =~ 1.4 MeV cm 2/g for By = 3 3 I
< OF Hp liquid
_S 5 E =TT [IH
lth 4 Iy
Example : E JE THI
Iron: Thickness =100 cm; p = 7.87 g/cm?3 5 f i
dE=1.4*100* 7.87 = 1102 MeV % 23_
lg B
—i
- A 1 GeV Muon can traverse 1m of Iron A I T TR T 0T
0.1 10 100 1000 10000
Py=p/Mc

This number must be multiplied
with p [g/cm?] of the Material >
dE/dx [MeV/cm]

W. Riegler/CERN Energy Loss by Excitation and lonization
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Energy Loss as a Function of the Momentum

Energy loss depends on the particle
velocity and is = independent of the
particle’s mass M.

The energy loss as a function of particle
Momentum P= McBy IS however
depending on the particle’s mass

By measuring the particle momentum
(deflection in the magnetic field) and
measurement of the energy loss on can
measure the particle mass

dE/dx {keVicm)

- Particle Identification !

Momentum (GeV/¢)

sz + M22 A Om.c?F p2 p2

LdE 2 2 |
= Amreme A Nag | ape T e

odr

W. Riegler/CERN Energy Loss by Excitation and lonization



Energy Loss as a Function of the Momentum

DALI_F1

ALEPH

Measure momentum by
curvature of the particle
track.

Find dE/dx by measuring
the deposited charge
along the track.

->Particle ID

W. Riegler/CERN 67



Range of Particles in Matter

Particle of mass M and kinetic Energy E, enters matter and looses energy until it

comes to rest at distance R.

50000

20000 1

0 )
—1 10000 |
R(Eq) = ———dFE Y
( 0) .[Eo dE/dl 5000 |
— 2000 |
ﬂllf 2 J_ ’_1 ; 1000
A oy A 1cC £ a S 500 F
R(Bov) = 727 f(Bovo) o
s 100
P 1 A ~Independent of S
R(GBov) = — = f(Bovo) the material .
Bragg Peak: !
For By>3 the energy loss is =
constant (Fermi Plateau) "Encrgic  Brag Peak
verlst
If the energy of the particle
falls below By=3 the energy
loss rises as 1/p?
Towards the end of the track |
the energy loss is largest 2> R

Cancer Therapy.

W. Riegler/CERN Energy Loss by Excitation and lonization

50 F

20
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He gas
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100 2
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A
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Range of Particles in Matter

Average Range:
Towards the end of the track the energy loss is largest = Bragg Peak -
Cancer Therapy

Photons 25MeV Carbon lons 330MeV
100
Kobalt 6(
80 Elektronen 21 MeV
S
e Photonen 25 MV
(D)
S 80 ¢ Kohlenstoffionen
(@] 330 MeV
(o)
2 " z
Q i 1: ., heBdaten:
- M, .
o ] .._'-J ! e i S Fhotonen und Elektronen
20 + la....,,..,.............#;.ql.-lui i g AKH Wien
%1 t.- Kohlenstof fronen
e LT — GS| Darmstadt

0 4 8 12 16 20 24 28
Depth of Water (cm)
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Search for Hidden Chambers
in the Pyramids

The structure of the Second Pyramid of Giza
i1s determined by cosmic-ray absorption.

Luis W. Alvarez, Jared A. Anderson, F EI Bedwa:

James Burkhard Ahmed Fakhry Adib Gugs. Asy Goned
Fikhgyr Hassan. Dennis Iverson. Gemld Lynch, Zemab Miligy
Al Hilmy Moussa Mohammed-Sharkaw: Lauwren Yazolmo

Fig. 2 (bottom right). Cross sections of (a)
the Great Pyrannd of Cheops and (b) the
Pyramid of Chephren, showing the kgown
chambers: (4) Smooth limestonecap. (8)

the Belzomi Chamber, () Belzoni's en-
trance, (D) Howard-Vyse's entrance, U
descending passageway, (F) ascending
passageway, (G) underground chamber,
{/-1) Grand Gallery. (4 King's Chamber.
() Queen's Chamber, (K) center line of
the pyramid.

6 FEBRUARY 1970

Luis Alvarez used
the attenuation of
muons to look for
chambers in the
Second Giza
Pyramid 2 Muon
Tomography

He proved that
there are no
chambers present.

Fig 13 Scamer plots showing the three stages m the combined analyne and wvisual
analysts of the data and a plot with a sigulated chamber, (a) Sigulated “x-ray photo-
graph” of uncorrected data. (b) Data corrected for the geomwtncal acceptance of the
?{nums (c) Data correctad for pyramad structure as well as geometncal acceptance
(d) Same as (c) but with sygulated chambgr, as 3 Fig 12

W. Riegler, Particle

Detactnre




Intermezzo: Crossection 1L

an q M
\ ' -
Crossection o: Material with Atomic Mass A and density p contains ~
n Atoms/cm3 4 s
: N a[mol ™Y plg/em?) ) . B e’ e
nlem ™) = ll[m‘_l_[;_:‘-.,-"-uil-:ﬁl - N4 = 6.022 x 10% mol ™!
E.g. Atom (Sphere) with Radius R: Atomic Crossection G = R?xw © o ©
OFO
A volume with surface F and thickness dx contains N=nFdx Atoms. OO 8
The total ‘surface’ of atoms in this volume is N c. /'d
X

The relative areais p=No/F=N,pG /Adx =
Probability that an incoming particle hits an atom in dx.

What is the probability P that a particle hits an atom between distance x and x+dx ?
P = probability that the particle does NOT hit an atom in the m=x/dx material layers and that the
particle DOES hit an atom in the m" layer

N, N, r :
Plryde =(1-p}"p = e "'p = exp (— ':rm .:') APD 1 1 exp (—i) dr A 1

=

Mean free path =f .r-P['.r-_aef.a-zf —H..r‘rT;F_erk
0 (1] “

."':_.; JHT

Average number of collisions/cm E —

9/9/2014
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Intermezzo: Differential Crossection

E Tl E-g'
A%

de(E L E")
dE"
-> Crossection for an incoming particle of energy E to lose an energy between E’ and E’+dFE’

Differential Crossection:
Total Crossection: a(E) = / %,;E*

Probability P(E) that an incoming particle of Energy E loses an energy between E’ and E’+dE’
in a collision:

_ 1 do(E.E")
o ml J|' nl} Il|' nli
P(E, E)dE o(E) JE dF
. . . , , , Nap do(EE")
Average number of collisions/cm causing an energy loss between E’ and E’+dE 1 iE
i E Nap ,fFrT{E E"
Average energy loss/cm: = /E TE

9/9/2014

W. Riegler, Particle

Detactnre
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Fluctuation of Energy Loss

Up to now we have calculated the average energy loss. The energy loss is
however a statistical process and will therefore fluctuate from event to event.

x=0 x=D
E A E-A

vV vV v v Y

P(A) = ? Probability that a particle loses an energy A when traversing a material of
thickness D

We have see earlier that the probability of an interaction ocuring between distance x
and x+dx is exponentially distributed

Pla)de i exp (—i) dr A _:1

Napeo




Probability for n Interactions in D

We first calculate the probability to find n interactions in D, knowing that the probability to
find a distance x between two interactions is P(x)dx = 1/ A exp(-x/A) dx with A=A/N,pc

Probability to have no interaction between 0 und D:

Plr = D)= ] - Py )de, = e—x
I

Probability to have one interaction at r; and no other interaction:

o 1 J
Pley,rg = D) = j Play )Py — oy )dro = e~
D A

Probability to have one interaction independently of o

D
D b
Plry.aos > ) = Y
1; (ry, To J }Lr

Probability to have the first interaction at &y, the second at g

. the nth
¥, and no other interaction:
= 1 o
Pl:_.]"| s L 2eanlip = I"’J - -’r’["l.l }I’f-"'z — .l :I...Pl{.f'” — =1 _:Iﬂrlr.' - F‘ N
Jp .

Probability for n interactions independently of rq.rs...x,



Probability for n Interactions in D

For an interaction with a mean free path of A , the probability for n interactions on a distance D
is given by

, 1 (D\" o @ - _ D A
IEHJ:E(I) ex = —e = A= —
—> Poisson Distribution !

If the distance between interactions is exponentially distributed with an mean free path of A=>
the number of interactions on a distance D is Poisson distributed with an average of n=D/A.

How do we find the energy loss distribution ?
If f(E) is the probability to lose the energy E’ in an interaction, the probability p(E) to lose an
energy E over the distance D ?

1 der
o dE

E
]f fE-E"f(E"YdE' f ] EfE"Vf(ENYAE"dE" 4
0

F(s) = £IH(B) = [ f(E)—PaE

f(E) =

—
.
—
3
e
—
W
—
S
—y
S
ey
e
-+
"--
—
e

0 —uF.u ) | R )
L[p(E) = P(1)F(s)+P(2)F(s)*+P(3)F(s ZMHIFM” =3 I =TT _ FF(8)=1)_{ p JAF(s)=1)

1
n=1 n=1

.
—1 [ mF(s)—1) 1 T Pls)—1)4sE
pE)y=L f T == f ' . s
&1 oF —



Fluctuations of the Energy Loss

Probability f(E) for loosing energy between E’ and E’+dE’ in a single interaction is
given by the differential crossection do (E,E’)/dE’/ o(E) which is given by the
Rutherford crossection at large energy transfers

' T T T T 1
m'u.. s

% % - do - 2w Z2et
i g | dE' m.c2[F2E"?
e} = 0
= ™ fations |lanization
u{ g m‘:::"l':tut lu distant
w 8 ! En
o) L 10 v !
© k1
gt |
oot wr | 2
Minimum ionization energy Energy tronsfer (kev)
Excitation and ionization Scattering on free electrons
o.wE
1 cHioo 1 o0 ,
plr) = — f exp(slogs+ rs)ds.= —f exp(—tlogt — xt)sin(wt) dt.
271 Je—ico T Jn 5
D.12;—
r=—+C,—1-In7 7= NapZokD s
e Ae 0.08)-
0.06
I . -
Ine = In — +23° 0.04}
t”ril.l' 0-02:_

L_
%]
=
=]
£
(=]
(=]
=y
(=]
=y
(=]
=y
-

W. Riegler/CERN Energy Loss by Excitation and lonization 76



W. Riegler/CERN

Landau Distribution

Landau Distribution

P(A): Probability for energy loss A
In matter of thickness D.

Landau distribution is very
asymmetric.

Average and most probable
energy loss must be
distinguished !

Measured Energy Loss is usually
smaller that the real energy loss:

3 GeV Pion: E’,, = 450MeV 2> A
450 MeV Electron usually leaves
the detector.

=
b

distribution

e
Ln

0.1

0.05

I N e

0

Energy Loss by Excitation and lonization

5

L L5 20
E (arbitrary scale)
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Landau Distribution

PARTICLE IDENTIFICATION

LANDAU DISTRIBUTION OF ENERGY LOSS: _ O _
Requires statistical analysis of hundreds of samples

¢
 am— v ’ - . .
Counts | 4 cm Ar-CH4 (95-5) Counts | 15 GeV/c
6000 5 bars 0001 Hrotons T electrons
N =460 i.p. '
4000 + FWHM~250i.p. | 4000 |
2000 | 1 2000 |
[
0 e — et 0 . - —
0 500 \1000 _ 0 500 1000
_ o N (i.p.) N (i.p)
For a Gaussian distribution: oy~ 211i.p.

FWHM ~ 50 i.p.
|. Lehraus et al, Phys. Scripta 23(1981)727

W. Riegler/CERN Energy Loss by Excitation and lonization 8



Particle Identification

3

i

p (GeV/c)

BLUE => PIONS RED => KAONS GREEN => PROTONS

STAR
TPC

In certain momentum ranges,
particles can be identified by

measuring the energy loss.

W. Riegler/CERN

dE/dx

28

dE/dx (keV/em)
[y} oo
=} =~

—

Measured energy loss

2 P 3 T =1 I Illl T T IIIIIII

2

e

12

1 1 1 | I ] I B l 1 1 1 | I
0.1 1 10
Momentum (GeV/o)

8 IIIlI

MAGENTA »> ELECTRONS BLACK => NO 1D POSSIBLE

dE /dx vs. Rigidity (~ 50 HIJING Events)

4.0e-06

30e-06

26e-06 -

20e-06

§0e-07
0
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Bremsstrahlung

A charged particle of mass M and charge q=Z,e is deflected by a nucleus of charge Ze
which is partially ‘shielded’ by the electrons. During this deflection the charge is
‘accelerated’ and it therefore radiated = Bremsstrahlung.

Z, electrons, q=-¢,

9/9/2014

W. Riegler, Particle 80

Detactnre

M, q=Z, e,




Bremsstrahlung, Classical

P
,—'é“ 4 q*24,°€

Wt @%e

A charged particle of mass M and
de | (2 2,2, e* )'_._’L___ . charge q=Z,e is deflected by a
d e, P (2sin §)" e nucleus of Charge Ze.
. Re kl‘;'sn('" fc.;f@wx, ; .
Because of the acceleration the
Wrifles in Tewns of Nomechn Tvegkr Q-2p'(1-we)  particle radiated EM waves >

de’ (; o 2 )2 & energy loss.
= 8r (22" &

daQ e fe . _
Coulomb-Scattering (Rutherford
Y - 13- Scattering) describes the deflection
P &P e i of the particle.

£ 3 3% —> Fvon horwell'stq [ Jackson)
g e s & 1 23 -
Lo gu ™ T i g QRatnbd gy belweon by wide Maxwell's Equations describe the

it Y o radiated energy for a given
M E £
T :‘9 , fdw [}Q L. 5 momentum transfer.
]

Q‘Q
¢

-> dE/dx

d..l; A/ j_é 12 ( \ V4 (—"nas

AT M
o ® UxbHhC T 137
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Bremsstrahlung, QM

Qﬁ,}iv_ehsslwé@%& QM 2:Me

-7
q-2,e, E+N > 13?10 23

> bighte Rblvishie + 7
¢ 4 L 2f
de' (E,e) aald _ & YT
—6‘7(/ 4 [{,[ 22540 bw &, ;C -F([ ["

S-S e e by (i i

/1 ’\1 oo
g, las ',‘(m hei| E Jn18333 )

2 A

AP i IS

Ei=E,e™% X, e ol@

Xo ?u4ia'/’?b\ &A&{“L

W. Riegler/CERN

) 8183774

Proportional to Z%/A of the Material.

Proportional to Z,# of the incoming
particle.

Proportional to p of the material.

Proportional 1/M? of the incoming
particle.

Proportional to the Energy of the
Incoming particle 2>

E(x)=Exp(-x/X,) — ‘Radiation Length’
Xooc M2A/ (p Z,* Z2)
Xo- Distance where the Energy E, of

the incoming particle decreases
E,Exp(-1)=0.37E, .
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Critical Energy

such as copper to about 1% accuracy for energies between/ﬁout 6 MeV and 6 GeV

For the muon, the second

/if on Cu

o . .
L1001 -4 lightest particle after the
> £/ ngeon Bethe Bloch Radiative 1 electron, the critical
= %, Ziegler 1 energy is at 400GeV.
@ - [ -

10 -5 | ]
@ Y oo Radigfve 1 The EM Bremsstrahlung is
5 Faudear ionization re A e 1 therefore only relevant for
oo plesses b N | fdoz==E T o B | 1 electrons at energies of

+ Without density effect
1 . | ! | past and present

4 5 6
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7
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Critical Energy: If dE/dx (lonization) = dE/dx (Bremsstrahlung)

Myon in Copper: p = 400GeV
Electron in Copper: p =~20MeV
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Pair Production, QM

p 8 For Ey>>mc?=0.5MeV : A = 9/7X,
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Bremsstrahlung + Pair Production = EM Shower

Eéc/whajul(c Skowev - ER Co(ow'uér
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Multiple Scattering

Statistical (quite complex) analysis of multiple collisions gives:

Probability that a particle is defected by an angle 0 after travelling a
distance x in the material is given by a Gaussian distribution with sigma of:

0.0136 T
Oy = - Zy ]
Bep|GeV /¢l Xy

X, -.- Radiation length of the material
Z, ... Charge of the particle
p ... Momentum of the particle

W. Riegler/CERN
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Multiple Scattering

Magnetic Spectrometer: A charged particle describes a circle in a magnetic field:

B2 & IR
{9\/" ples’1- 0.3 RI~) BL1]

L=R-© . in
5=R(ﬂ-c«>£\~'R%='§§‘ = Ry e

L‘l
APzOS'BAR-03$ %52 4S

8. F 6“‘ POA/ Vl-lakl\o\ N .. Maonvent Poix b
AP, as_ ex[") 33.83 p[ &Y]
P \F“ -
. BIT] - L2 [m]

E.g: p- 40 €V BT, L=1n, o> 200, N= 25

A¢

¥ roo1 = %

Limit & Multiple Scattering

W. Riegler/CERN
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Multiple Scattering

Mopelic Deflcbion —
U TR
) a9 1 Sopih
P bolot
I earrner kg Sl
4949, & B85 [ ) 2
= Tadepa s %f p
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Multiple Scattering

ATLAS Muon Spectrometer:
N=3, sig=50um, P=1TeV,
L=5m, B=0.4T

Aplp ~ 8% for the most energetic muons at LHC

W. Riegler/CERN
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Cherenkov Radiation

If we describe the passage of a charged particle through material of dielectric
permittivity I, (using Maxwell’s equations) the differential energy crossection is >0
if the velocity of the particle is larger than the velocity of light in the medium is

der 0 A 2 1 NapZa do dw 0l 1 1 . P
— = - - 1 — — — _—— = — —_— n = /€ o= fr
il F P NapZahe £1 A dw dE i #2n2 PV

dE 1 e { 1 N - 2ma 1 1 o 2me

dedw b ¢ #2n? drdh A2 3272 A

N is the number of Cherenkov Photons emitted per cm of material. The expression
is in addition proportional to Z,? of the incoming particle.

The radiation is emitted at the characteristic angle Q_ , that is related to the
refractive index n and the particle velocity by

1
cosO, = —

ns x
M, q=Z, e, ’l'
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Cherenkov Radiation

with velocity B> 4, =% n:refractive index

cosb, = 3
n
with n=n(A)=1
1 Cherenkov
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Ring Imaging Cherenkov Detector (RICH)

R e s o V*
4dooo AT ?
4 200 QCLV ' \ 4
(" : 4co K 3 .
st Ny 3
— , N
t 40 ) IJ ‘\‘
. \
|
q J
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/" 65 6 67 64 €3 7o
Ry Rotivg [ wn)
&7 Lt p? 4 ;i ‘
Resclulion 3= = 7%/ "0 40 T [ | TR s ™ piond
” \ s K Rl
" su: o EdE _.--ﬁl | E 12n-u.:— ;oilzba%;:lata
aceytacy o BT |
oy ¥ o
‘e -.-l L J-:I - 200 Err-l 5.2 mrad ion
(TR AN AN WA W WA A -I-I ; ........ il it
medium 1 Bmax (deg.) Npu eV~ em™) R W mgsChsianangh )
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isobutane* 1.00127  2.89 0.941 There are only “a few’ photons per
water 133 412 160.8 event =>one needs highly sensitive
quartz 1.46 16.7 106.4 photon detectors to measure the
rngs !
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LHCb RICH
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Transition Radiation

Z, electrons, q=-¢,

M, q=2, e, ‘

When the particle crosses the boundary between two media,
there is a probability of the order of 1% to produced and X ray
photon, called Transition radiation.

9/9/2014
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Transition Radiation
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Electromagnetic Interaction of Particles with Matter

lonization and Excitation:
Charged particles traversing material are exciting and ionizing the atoms.

The average energy loss of the incoming particle by this process is to a good
approximation described by the Bethe Bloch formula.

The energy loss fluctuation is well approximated by the Landau distribution.

Multiple Scattering and Bremsstrahlung:

The incoming particles are scattering off the atomic nuclei which are partially shielded
by the atomic electrons.

Measuring the particle momentum by deflection of the particle trajectory in the
magnetic field, this scattering imposes a lower limit on the momentum resolution of
the spectrometer.

The deflection of the particle on the nucleus results in an acceleration that causes
emission of Bremsstrahlungs-Photons. These photons in turn produced e+e- pairs in
the vicinity of the nucleus, which causes an EM cascade. This effect depends on the
2"d power of the particle mass, so it is only relevant for electrons.

9/9/2014
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Electromagnetic Interaction of Particles with Matter

Cherenkov Radiation:

If a particle propagates in a material with a velocity larger than the speed of light in this
material, Cherenkov radiation is emitted at a characteristic angle that depends on the
particle velocity and the refractive index of the material.

Transition Radiation:

If a charged particle is crossing the boundary between two materials of different

dielectric permittivity, there is a certain probability for emission of an X-ray photon.

-> The strong interaction of an incoming particle with matter is a process which is
important for Hadron calorimetry and will be discussed later.

9/9/2014
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Hadronic Calorimetry
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Bremsstrahlung + Pair Production = EM Shower

W. Riegler/CERN
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Conclusions

Knowing the basic principles of interaction of particles with matter you can
understand detector performance to 20% level ‘on the back of an
envelope’.

In addition it crucial knowledge when you think about a new
Instrumentation ideas.

It is up to you to design the next generation of particle detectors !
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