CERN Summer Student Lectures 2006
DETECTORS

Olav Ullaland, PH Department, CERN.
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These lectures in DETECTORS are based upon
(and from time to time directly lifted from):

John D. Jackson Classical Electrodynamics

Dan Green The Physics of Particle Detectors

Fabio Sauli Principles of Operation of Multiwire Proportional and Drift Chambers

Richard Wigmans Calorimetry

Christian Joram Particle Detectors
Lectures for Postgraduates Students, CERN 1998
CERN Summer Student lectures 2003

C. Joram et al. Particle detectors : principles and technigues
Academic Training Lectures , CERN 2005

H.P. Wellisch Physics of shower simulation at LHC.
Academic Training Lectures, CERN 2004

R. Gilmore and

6. P. Heath Particle Interactions University of Bristol r_l:;r;chBA:FrecThf,
http://wwwteach.phy.bris.ac.uk/Level3/phys30800/CourseMaterials/ A'r‘iZHaecz:gaio,l
http://wwwteach.phy.bris.ac.uk/Level3/phys30800/CourseMaterials/p308_slides_part2.ppt Carmelo D' Ambrosio,

Martyn Dayenpor‘r,

A good many plots and pictures from Marcella Diemoz,

Thierry Gys,
hT‘rp//pdgwebcernch/pdg/ Christian Joram,
. H H Wolfgang Klempt,
http://www.britannica.com/ < Pt it Al
Martin Laub,
Other references are given whenever appropriate. Help from (former) | Mortnawb.
friends is Dietrich Liko,
Niko Neufeld,
@m&-ﬂlmmm grﬁteﬂ';”él d Gianluca Aglieri Rinella,
e acknowiedgea. Dietrich Schinzel
5ﬂeaahﬁww»@mg£ﬂ@%&hgecmct, and

. u(enWyllie
Mmmtﬂmnlee&ta&em O, Ulalond/2006
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What T will try to cover:

* Particle interaction with matter
and magnetic fields

* Tracking detectors

» Calorimeters

* Particle Identification

and some introduction to what it is all about.

O. Ullafana/ 2006



Some units which we will use and some relationships that might be useful.

2 =2 2 2 4 energy E: measured in eV
E” = pc + m,c momentum p: measured in eV/c
mass m, : measured in eV/c?
1
v _
g=L " (0<pB<1) 7= = (Isy<)
c 1- 4

pc
E:mo}cz p =m)bc IB:E

1 eV is a small energy.

1eV=1.6101]

my.. = 1g =5.8-1032 eV/c?

v.=lms 5 E,_=103]=625-105eV

bee

E ye=14-1012¢V

However,

LHC has a total stored beam energy
1014 protons X 14 - 1012eV = 108 ]

or, if you like
One 100 T truck =
http://www.nature.com/news/2004/040105/images/bee_180.jpg Cl'r 100 km/h R

from C. Joram, SSL 2003




Cross section O or the differential cross section dG/d€2 is an expression of the
probability of interactions.

,|,| ||,e l:::: :: >4 1 :i t e Il ;u ..'

©=Ny/t ®,=N,/t

Beam spot area A, Beam spot area A,

The interaction rate, R. , is then given as:

int/

N1N2 o has the

int A / dimension area.
) 1 barn = 10-24 cm?

=04

The luminosity, £ , is given in cm?s-!

Grant Wood, Fruits of lowa: Boy Milking Cow, 1932

from C. Joram, SSL 2003 @ %/2006



Interactions

Nscat (69 (I)) o NinandQ
X
do

= NinandQ
dQ(0, D)

Target

Nt area
density of
scattering
centers in
the target
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Of other more basic units, I will (try) to keep to definitions as given in the
REVIEW OF PARTICLE PHYSICS, Particle Data Group
like:

Atomic Number Z

Atomic Mass Number A

Electron Charge Magnitude e =1.602 x 1019 C

Permittivity € €,=8.854 x 1012 F/m

Permeability i K,=12.566 X 107 N'/A? = 41t x 10-7 henry/metre

N denotes Neumann's integral for two
linear circuits each carrying the current /.

I will, from time to tfime when talking
about pressure, use older units like
torr mmHg or mbar

and not the normal pascal=N/m?

when showing original measurements.

I might even oscillate between
K and °C.

The unit in this plan is "metre", not "foot"!

O. Ullafand/ 2006



We can then start off

u ’ by Claus Grupen

"Did you see it?"
"No, nothing."
"Then it was a neutrino!”

Claus Grupen, Particle Detectors, Cambridge University Press,
Cambridge 1996 (455 pp. ISBN 0-521-55216-8)
0. Ulafana/ 2006



Pythagoras (ca. 590-500 B.C.)
invented the doctrine that the deep
structure of reality residesin

. : P s . __"":-_.;-—-' o W]
mathematical relations. A e E‘%I?T G f“'-_’u"’! i<
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Nasir al-Din al-Tusi's rendering

(in A.D. 1258) of Euclid's (325-265 B.C.)
proof of the Pythagorean Theorem.

fii8e
I will be less mathematical, there will be some, but I will mainly work with plots.
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2006
Summer Student Lectures
Detectors

Particle interaction with matter and fields.

General (and nearly self evident) Statements

=> Any device that is to detect a particle must interact with it in some way.
> If the particle is to pass through essentially undeviated,
this interaction must be a soft electromagnetic one.

O. Ullafand/ 2006



Forward Chamber A

Forward RICH

Forward Chamber B

Forwan! EM Calorimeter
Forwand Hadron Calonmeter
Foreard Hodoscope
Forward Muon Chambers

Surround Muon Chambers
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Reconstructed hadronic interactions in the material of the DEL PH |

determination of the correction factor for the VD track efficiency.

Left: Rz view; Right: Radial projection.
Physics Letters B, Volume 475, Issues 3-4 , 2 March 2000, Pages 429-447

Baricl Muon Chambers
Barrel Hadron Calorimeter
Scinnllators
Superconducting Col
High Density Projection Chamber

Duter Detector

Barrel RICH
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Very Small Angle Tagger

Beam Fpe
Vestex Detector
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Timme Progection Chamber
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detector, used for the
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To see the invisible:

Observer
Cloud Chamber

+ Magnet

Flux of particles

INDIVIDUAL
DOSIMETER

O. Ullafana/ 2006



Cloud Chamber design
C.T.R. Wilson described the new chamber in a paper to the Royal Society in 1912,

= A - ﬁ 1:} q
11_-1-.1.'2'5.-%}::' 1 f?ﬂﬂﬁﬂgﬂmﬂﬂﬁﬁ%ﬁnﬂﬁ
et eRi@ G pdo OF :‘:}ﬂ'ﬂt}ﬁﬂﬂ

Fres was Cemdensat ven shieplets

i Fao. 1.
A diog of Wilson's apparatus. The cylindrical tloud
chambgr [A) is 16.5cm across by 3.4cm deep.

s

The floor of the chamber 1s fixed|to the
top of a brass plunger which can slide
freely inside an outer cylinder.

air in the chamber saturated with water http://www.phy.cam.ac.uk/camphy/index.htm

molecules. and

Vacuum chamber http://www .bizarrelabs.com/cloud2.htm
— ' for easy steps to build one in the kitchen
valve can be opened to connect the

bulb with the air beneath the plunger. O, Ulhalond/2006



The Photoelectric Effect

Uber einen die Erzeugung und Verwanlung des Lichtes betreffenden heuristischen Gesisichtspunkt;
von A. Einstein; Bern, den 18. Médrz 1905, Annalen der Physik 17(1905): 132-148 (ref. M. Planck, Ann. d. Phys. 4, p 562. 1902)

Only by reluctantly introducing a radical new assumption
into his mathematics could Planck attain the correct
formula. The assumption was that the energy of the
radiation does not act continuously, as one would expect
for waves, but exerts itself in equal discontinuous parcels,
or "quanta," of energy. In essence Planck had discovered
the quantum structure of electromagnetic radiation. But
Planck himself did not see it that way; he saw the new
assumption merely as a mathematical trick to obtain the
right answer. Its significance remained for him a mystery.

M SO0 USSR

Ly

inetic

§\®

From this,
the following equation results:

Encouraged by his brief but successful application of
statistical mechanics to radiation in 1904, in 1905 Einstein
attempted to resolve the duality of atoms and waves by
demonstrating that part of Planck's formula can arise only
from the hypothesis that electromagnetic radiation behaves as
if it actually consists of individual "quanta" of energy. The
continuous waves of Maxwell's equations, which had been
confirmed experimentally, could be considered only averages
over myriads of tiny light quanta, essentially "atoms" of light.
At first Einstein believed that the light-quantum hypothesis
was merely "heuristic": light behaved only as if it consisted of
discontinuous quanta. But in a brilliant series of subsequent
papers in 1906 and 1907, FEinstein used his statistical
mechanics to demonstrate that when light interacts with
matter, Planck's entire formula can arise only from the
existence of light quanta—not from waves.

Egneic = hf - W
maximal kinetic energy of an emitted electron
Planck constant (6.626 x10-34 Js)
frequency

work function David Cassidy, Einstein and Our World
http://www.physics.nwu.edu/new335/PDF/planck.pdf

O. Ullafand/ 2006



Floure 1

oM microscope
scintillation screen

10 scattering foil
= Gaigéalghﬁa[gﬁﬁsdan's
g
£ o R dat ns . le
=
Z 4B
=10 Theaoretical scattering
? of one point charge
£ ”.’I 5 oft another
Z Rutherford
.

10° [ | formula

10

0 200 40°F 60°F BOF 100° 120° 140F
scanering angle

http://hyperphysics.phy-astr.gsu.edu/hbase/hframe.html

Ernest Rutherford
and Hans Geiger with
apparatus for counting
alpha particles,
Manchester, 1912

(Source: Science Museum) ~50 years
O. Ulaband/ 2006 Knight Bachelor in 1958



Bethe-Bloch, energy loss dE/dx and tracking detectors.

Rutherford = —
Scattering dQ 256r°¢

(non relativistic)

number of beam particles
target material in atoms/volume

b | M2 t target thickness
7 and b is the impacw
b o Zo€

m, .£,E.V,

i
-
L

L

Ener'q el
If Energy >ilonize if Geiger and Marsden's
B < = F data points
nergy < lentzéd 2
d E Z Eﬂ Z & fgt 10t Theoretical scattering )
= Z In an © B of one point charge 2mr Vo
dx 87z'g m, V2 2 10'f off another In
0j =2 Ly Rutherford me]l
10°t | formula

ons in the atom
transfer is

i i i § i i 1
0° 200 400 60F  BOP 100° 1200 140°
Scatiering angle rgy.

Substituting in the maximum 10
(non relativistic) energy transfer:



[CRLI 37 {1984)
(Interpolated values are
not marked with points)

Barkas & Berger 1964

\* / Bichse] 1 QQE
.

0 1[] ED 3[] 4[] 5% B0 ?D ED QD 100

||.|.'|||||I.JJ|||I.JJ||I.I.I.|||||]JJ|

} 10£1eV

Mean excitation energies (divided by Z)
as adopted by the ICRU [9] . Those based on experimental measurements are shown by symbols
with error flags; the interpolated values are simply joined. The grey point is for liquid H,; the
black point at 19.2 eV is for H, gas. The open circles show more recent determinations by Bichsel
[11]. The dotted curve is from the approximate formula of Barkas [12] used in early editions of
this Review.

*x
[Stopping Powers for Electrons and Positrons," ICRU Report No. 37 (1984)

http://pdg.Ibl.gov/2004/reviews/passagerpp.pdf

O. Ullafand/ 2006



) —
< —
: dE  In(f’ = —
Until now: oc n(ﬁz ) g R\““-\_
dx ﬂ =y \\\
8 \*\
S S
B —— T =N
//,// \‘
As(B2>1, 2l Particle velocity BB |

the Rutherford formula becomes inaccurate.

Simplest modifications give Mott formula.
___ First order perturbation theory do
____Assumes no recoil of target
__No spin or structure effects. dC

ZJ(?)Z md # szz}

and as
has now to be solved for
dE € max d O a) close interactions
—— & E— dg the electrons are free
dx E,0t de b) distant interactions

the electrons are not free

O. Ullafand/ 2006



dE 1 E ax > : :
—|—| e—5|In - p for close interactions
dx close 8cu

2
_(d_Ej oc l{ln[z(ﬁ 7/) Moo } — ,82 @ for distant interactions
distant

Th erm models the density effect, the
polarization of the medium.

% AN What we would expect to see:
= _x —
” T
g —1/p? fall of f
5 N i
< —— _
P a minimum:
g ﬂi At ___ minimum ionizing particle: a MIP
-~
L:Jé | a relativistic rise

0.1 1 10 100

By=p/m the 8 term should pull it down:

the Fermi plateau.

For all the missing steps:

see J.D. Jackson, Classical Electrodynamics, Section 13 or equivalent O Ullalond/ 2006



2 02,2
dE_ L Z[W\[1, 2By T,
— Az 2 N 2 -
dx A\ﬁj 2 I
| | | ]
— ut on Cu ]
; - \ Bethe-Bloch Radiative ]
E - g -
= B |
B, 10 E '
= Radiative =
= - Minimum  effects .
2 lonization reach 1% e m=—=3
= - Nuclear g T B
_ y P, pa Without |
1 | | | | & | | |
0.001  0.01 0.1 1 10 By 100 1000 104 10° 106
I I ] I I I ] ] I I
(0.1 1 10 oo, 1 10 o, 1 10 100 |
[MeV/c] [GeVic] [TeVic]

Muon momentum
Stopping power (=(dE/dx)) for positive muons in copper as a function of
By =p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in
kinetic energy). Solid curves indicate the total stopping power.

http://pdg.lbl.gov/2004/reviews/passagerpp.pdf

O. Ullafana/ 2006



The density effect.

ll]El
g E

(The minimum is approximately
independent of the material.

|
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|
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0.1 1.0 10 100 1000
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0.1 1.0 10 100 1000
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0.1 1.0 10 100 1000 10000

Proton momentum {GeV/c)

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

http://pdg.Ibl.gov/2004/reviews/passagerpp.pdf @ m'a / 2006
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Distribution of log,,(d£/dx) as a function of
log,,(p) for electrons, pions, kaons and
(anti-)protons. The units of d£/dx and momentum
(p) are keV/cm and GeV/c, respectively. The
colour bands denote within £1¢ the dE/dx
resolution.

170 means Bichsel's prediction for 30% truncated
dE/dx mean.

NIM Volume 558, Issue 2 , 15 March 2006, Pages 419-429

the STAR experiment

1 i 3 I i I

] 0.5 1 1.8 2 2.5 3

Particle mamentum p {GeVie)

dE/dx in the TPC vs. particle
momentum (p) without (upper panel)

and with (lower panel) TOFr velocity
cut of |1/4-1|<0.03.
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Range of particles in matter.

0000 =T T T [ Ty

Poor man’s approach:

Integrating dE/dX from Rutherford
scattering and ignoring the slowly
changing in(term).

Const.
AN

1

20000 ¢

20000 f
10000
5000 |

2000 |
1000
500

\I—IE liquid
He gas

200 |
100

RIM(gem? GeV-l)
&

I3
[}

: a5energy//
0000 ——rr 3=
C\I’]_"\\
=
5 000
)
=
o
—
— OO
=
©
N
S
S as energy square
|
1O 100 000 10000 100000

Kinetic Energy Proton (MeV)

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.

http://pdg.Ibl.gov/2004/reviews/passagerpp.pdf
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Electrons (and positrons) are different as they are light.

o
e Ze e’
Ze
Bremsstrahlung
Pair production
e Ze Ze
1 Ill'.:'-.l IIIII| I I IIIIII| 1 I T rnrrri
I b Positrons —-II].EI]
= Lead (Z=82) .
- I".'l
Electrons 1
=10 T o Jpas~
Eﬂ,'f : 13 " Bremsstrahlung i N;ﬂﬂ
9y | -f----**"”a/ 1 & Fractional energy loss per
g F \ lonwzation —{0-10 radiation length in lead as a
0.5~  Moller () I function of electron or
" positron energy.
ul 10 100 1000

E ﬂ'u']E"h"} http://pdg.Ibl.gov/2004/reviews/passagerpp.pdf @ m'a / 2006



Define X, as the Radiative Mean Path. LE 1 dE
X, + Radiation Length XO E ,de
1 16 7 ) Z2 A
— N.Z c(oh) |In)|— = X, oc —
x 3N () [In0}=-= X, =
| OO ¥
& i\\'\._
S RS
O
>
S 10 A \k\\”é* =
S
%
4
F
| 10 100
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apart from a (nice) definition, what exactly is Radiation Length ?

1 X, is the distance over which an electron/positron looses
63.2% of it energy in Bremsstrahlung. X

The energy loss probability across a path lengthx ——= P_, =l-e o

Pick up again ) )
2
P O%X {E ! } -
I ons n | O% =3 Ly
S 0.1 0 Bl X,
< o
© = Eg=mc |2 =21.205MeV
= \\ o
g S The characteristic energy
A RN
O 0.0 —=—e
E T -
o ~
2 ~
= ‘\"\.
= ~
= ™~
O N
< 0.001 h
100 | 000 I 0000

Pion momentum (MeV/c) O. Utlafand/ 2006



and (if you have no magnet) you can use it for
measuring momentum

AR B AR A0 >

}é &

E

o .. +

= P R

O D e

I 2-" + 4 GeVic

.

4

=

E O * I I I 1 1 1
0.2 0.4 0.6 0.8

Radation Length (X))
OPERA

N
/) N\

— g 3
Ys \ \
| b ] \
[ AY
A Y B C
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We will now move on to detectors.

HA HA! It felt like weeks 'Please read all the included

and years and days and instruction manuals.’
surely hours before we '
could get on with the |

detectors. At long last we

O. Ullafand/ 2006



From ionisation to detection

e

Primary and secondary ion pair
production given at atmospheric

pressure and for minimum ionizing

particles.

N, lem=5-7Z

Gedanken experiment.

(this time leave the cat outside the box )

Let a charged particle pass through a gas

or, about 100 e” /cm in argon gas

=1.6 10-7 C

volume.
k] ®q Q
G e
©| I
5 ..
> | | | L '
5 | | Ne -7
= | ® | ® -
a 20 | | 09 .~ I + 200
Z" H, e . T
4 ® N | ~
| 2 I~
e 7
| .\ |
: )‘." o
s _¢°
O QA/‘P : T T T O
0 20 40 60
7 @NTP

Ntotal/cm
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That was all
planmneo for this Llecture

O. Ullafana/ 2006



Some words on 8-electrons and other fluctuations.

In the ionization, the ejected electron

will have a kinetic energy: O<T<T, .

Awi‘rh kinetic energy T, and
corresponding momentum p, is produced at

an angle © given by T
e pmax

Do 1o

where p__is the momentum of an electron
with the maximum possible energy

transfer 7.
This (knock-on) electron can therefore
have enough energy to ionize (far) away

from the primary track.

cos® =

Knock on:
K+p—=>K+p
p slow
{ high ionisation

http://www.ep.ph.bham.ac.uk/user/watkins/seeweb/Bubble.htm
Written by Peter Watkins of Birmingham University. The web pages were produced by Tom Adams of Cheltenham College.

O. Ullafand/ 2006



Some more words on 0-electrons and other fluctuations.

This leads to large fluctuations in the
measurement of the deposited energy:

Landau/Vavilov

fluctuations.
(Normally) approximated by:

Jf(A)=

e—(/1+e_’1)

27T

Most likely

Average

Gauss fit to maximum

TTTTTTTTTTTTTT!’l"rT‘r‘r'r‘r'r-r-r-r'r'r-r-r'r-r i

20

' i

30

i

40

50 &0

Energy Loss (A.U.)

70
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My First Straw Tube

Cathode:
A metallic cylinder of radius R
Anode:
A gold plated tungsten wire of radius r,
7"0 - 10 !J,m Charged
Mro = 1000 particle
10000 \
% 1000 \\
5 EE—
i T
100
0 10 20 30
\ Distance from anode in units of anode radius

o (ionization) = f(E, gas} ‘ .

0. Wllaand/ 2006



From field to ionisation

Approximate computed curves showing the percentage of electron energy
going to various actions at a given X/p (V/cm/mmHg)
Elastic:  loss to elastic impact
Excitation: excitation of electron levels, leading to light emission
and metastable states
Tonization: ionization by direct impact
Kinetic:  average kinetic energy divided by their "temperature”
Vibration: energy going to excitation of vibrational levels

| OO \
k\ L T
N P N Argon
—
Elastic) /] N
f L
/ /Exmta tion \t\
5 N N
5 50
\\ | i 1 ™
onzation 4
\\ /] r‘:f‘-ffliwmu
F, \h"-- /f/“" "‘:‘“r
W ~ ]
/ %_-"-_
O
O. | | | O | OO0 | Q00
L. B. Loeb, Basic Processes of Gaseous Electronics Xf P
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From ionisation to gas amplification.

Let 1/o. be the mean free path between each ionization
o=0u(E, density, gas type)

temperature, pressure
E=E(r)

f’z a(r)dr
The gas amplification, M, is then givenby M =¢™

Korff's approximation:

...--—-""""'f##
Bp p= 1000 mbar /r‘iﬂ___,_,__..a,..-_ﬂ..-—
_ E ~ ..-'f_____..--'
« pXAe > /// p=900 mbar
3

Where 4 and B are gas /

dependent constants and
p is the pressure.

| 000
Electric field (V/cm)

1 Q000
O. Ublakand/ 2006



From Korff's approximation to gas amplification.

Gas Amplification
O
LN

o
M

1
ro (RY) —
ln(rj " } :> M:exp
- J o(r)dr
M =e™ //
/f

" Ar:CO, 80:20% He

= Ne
e Ar

Co,

| 000

| 500

Anode Voltage (V)

2000

A
B

Bpr, ln£
_ "o
VO e Vo
R
In—
I’O |
A B
Torr/cm V/Torr/cm
3 34
4 100
14 180
26 350
20 466
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Drift of electrons

under the action of the electric field.

Kole, 0
E COE /j{ .
% I O 1’/ 5
3 294 K T ;" 5
e 760 Torr : - -
S / 5
D i 0.] O
— L
% .f"p :::"'
o A =
< d / =
O 0. — 0.0
1 +
rf
0.0| > 0.00
10Y 10 104

Electric Field (V/cm)
O. Ullafand/ 2006



The drift velocity of the positive ions

under the action of the electric field is linear with
the reduced electric field up to very high fields.

y tions = gy tions x |} where Ut o< 1/p and diffusion D *ions oc T tions

Ar

Ar

Ar
IC4H 1o
CH,
CO,

Tons

IC4H ot
CH+
CO,+
IC4H o+
CH+
CO,+

Mobility
cmé/V/sec
1.56

1.87

1.72

0.61

2.26

1.09

velectron ~ 103
V.

on

in CO, with E=10* V/cm

O. Ullafand/ 2006



Electric field

GeoreEs CHarPAK, Nobel Lecture, December 8, 1992

s

K}
a
|

Eleciron® to anode
(fast) —_

1r

c
S Drift region in Drift region in |
® variable field constant field
107"¢ E -
= =
[ Field along - 1
< X axis n + iy
) Tons™ to cathode G
Field along . (SIOW) p ot
y axis P
-2 I

0.01 0.1
Distance from centre of wire (cm)

p
> | m A A
iz 3 Pt Z _h\(
:--. ; = [ |r Y -H, f "
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Different stages in the gas
amplification process next to
the anode wire.

CLOUD TRACK PICTURE OF A SINGLE ELECTRON AVALANCHE

Cloud track picture of a single electron avalanche

O. Ullafand/ 2006



Formation of Current and Charges in an Tonization Chamber
V 1

jwc—=F .
Delta deposit i
dq |
- lEz v/d TI i '

Tonizing track
. )

bva §OF
I £ ]’ -

W.J. Willis, V. Radeka; NIM 120(1974)221




From movement of charges to signals.

Signal induced by (mainly) the positive ions moving in a high electric field.
Assume that all charges are created a distance A from the anode.

rp+A
A L e L
ICV, 5 dr 2re,l A
signal — _[ O In K (/Cis the total capacitance)
lC V, dr 27Z€OZ 7o+ A

ro+A
230 CHARPAK

A is of the order of afewpum — Vv, =V /100

The basic fact in a wire proportional chamber is that if a
negative pulse is obtained on a wire by the development of an
avalanche, then positive pulses are obtained simultaneously

on the neighboring wires.

from
G. CuarPAK, EVOLUTION OF THE AUTOMATIC SPARK CHAMBERS,
ANNUAL REVIEW OF NUCLEAR SCIENCE, Vol. 20, 1970 5

Figure 25, Pr
Cha 1 Ll=

O. WUllafand/ 2006 e zlm

._;,CR
I

m,
U‘4 percent freon 13 B1. 100 percent efficiency.

tional amplification at the limit of space charge saturation
mm, d=20 gm. “SFM magic mixture': argon+4iso



Operation of proportional chambers.

10
| e Iy ‘Z:;§ L
77 More or less any gas can be used.
wl ]
3 ol -'/// X
a'; Ar : Kruthof J'x a(-x )dx
P /‘r Kr : Kruthof M = e 1
Q.01 ] ¥e : Kruthof
i - = NZ : Bowl
/ [ — — Ne : Kruthof
0.001 / Lo
| 10 100 | 000 :
Elp (V/em/mmtg) reduced to O C 35

The Penning effect. Eil |
The action of excited statesin ~ “ LN T
ionizing atoms of lower ionizing R R LN
potentials is an example of inelastic O AL T ’5W&§.

impacts of second class.
The metastable states are

. O o ~ ™ __:"“——-__,_____ T e S
responsible for the effect. S >,
Ep - & 2 c-nx-__“'“"-—-,___ J_,-" 000! % Arm
Kruithoff and Penning’s data #88 gt Ne
O. WUblafand/ 2006 for Ne/Ar mixtures. N8



a brief excursion to a Life in an Excited State

25

T ST A A - A R Metastable states are long lived
‘ _é states that are dipole-forbidden
2 — 5 — 7 from decaying to the ground state.
23 4 — 1
s 4 5 ey states
22 = -
lomsation
21 " 3 Z_ - I * by
9 "t colhsion
1 b -
P w0f 25 ~] 1 L
E metastable 23g n
O 19p metastable 1
w y 20 e
4= - Y
Collected
ar . at
anode
| Helium
oF — http://raptor.physics.wisc.edu/talk/part 3a.htm 4 —
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Nearly all gasses can be used. Noble gases.

Helinl De-excitation of a noble gas is only possible
wavelengths (nm) I8 the emission of a photon.
A If the photon energy is above the ionization
447.148 s threshold for other molecules in the set-up,
471.314 m .
195 1 m new avalanches will be created.
501.567 s — Permanent discharges
504.774 w e ~—
587.562 s .
667.815 m Add poly-atomic gases as
quenchers.
Refer 5eV
(& e.lence ) ) . 1|:|‘ v
Jenkins, F A and White, H E , Fundamentals of Ogiics, 4E, McGraw-Hill, 1976 -
http://hyperphysics.phy-astr.gsu.edu/hbase/quantiiiifhelium.html — 107
vy V3 Va § i:;
‘.'AT' ‘ .E 100 h \U, | \\
C) ;‘O CJ"f . Cr 'D C.L.% 10 N
symmetric stretch asymmetric stretch bend 8 i .
O
l o ol
8. B 0O '
PN 2 om
.09 0,0 @ . s v
. . - '2 .
vibrations
100 nm 1000 1 10 pun 100 pun 1 mum
What the water molecule can do. Wavelength
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Gas amplification and the saturation effects.

Ne 2 T Gerger-Muller F_____- 1 | 0000
_: . counter _ f "'--_,_:__.*
1 lomzation o Y Y Y —7
: chamber :_ ! ! ' 'é
" | Lirruted ' ' 1 '
_: " proportionality R\ ] .
9 [ [ [
s 10 B = : / : 1000
8 = 7—
QO . ——~—a/P : A
8 [] [] “- /I,/ [] []
g [ [ "‘ // 1 [ o
S 0° e 00 3
B o y ——— :
o = y !
5 : s o ——
— r—"'_/, / *
= [ .
E ] / ‘I i [}
21 p ! N
NONN=: . = e,
—B ——~ e ——
: = Proportional : ‘. : :
— S
: chamber " . ! '
ol. : N
| O |
O 200 400 600 8500 1 000

Voltage (arbitrary scale)

ou: alpha-particle
=highly ionising
particle

241 .
os Am:

5.443 MeV
5.486 MeV

B: electron
~minimum 1onising
particle

cosmic ray

or radioactive source
like

106 )
44 RU 239 kev
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(some) Additional effects

There will also be effects due to the way the
electrons are collected at the anode.

The electric field of the chamber will be
screened by the positive ions.

CAUTION “<* RADIATION AREA

@ The gas amplification will therefore change as
the angle between the electric field and the
ionizing particle changes.

- T ‘ -
[l_o N . -
= - . +
- . LN . -
L/ - L WP
- ™ L
- ~ LN -
B ’ -
i = - "-.‘n"‘u"':'
3

PW—%

Other effects.
Drift velocity and diffusion of the S—— VAR N

. . D i t’r ; eﬁ-\ﬂ
electrons changes with the gas mixture. N //;’ﬁ \‘:‘%‘\
( y ‘.,"“‘.u"‘»n X E'!i‘ -/1. \ ﬁﬁ \ \ I..:‘I\'.'-_
,,,:,.,.\ “‘.“ v ) ~\\ \ , 7

A magnetic field will change the drift
path of the electrons as well as the NS
diffusion. , < t.ot, = t.

O. WUblaland/ 2006




cat hOd{fi Classic multi-wire proportional chamber
Typical parameters:

Sy .%Ldll .

d:20 um
Still possible to calculate by hand
cathode (but straw tubes are easier)

) X )
~ " _In{4sin?| == |+4sinh?| ==
d—0o S S S

_ Vo and E. = sVy
O=54 d i ﬂd{l_slnﬂd}

(Z) 27l y

T 2In ~ 5 e
The positive pulses induced by the positive
ions onto the neighboring wires is much
greater than the negative pulses induced
electrostatically. The net effect is thereby
positive.

0.

Advanced calculations of electric field, drift, diffusion and
signal formation can be done with programs like Garfield.
(Try first Ohm's Law.)

O. Ullafand/ 2006



That is about all that is (really) needed to know about gas based tracking

detectors.

HOWS BUSINESS ?

With these tools, we can now make:

Multi Wire Proportional Chambers MWPC
Time Projection Chambers
Time Expansion Chambers
Proportional Chambers
Thin Gap Chambers
Drift Chambers
Jet Chambers
Straw Tubs
Micro Well Chambers
Cathode Strip Chambers
Resistive Plate Chambers
Micro Strip Gas Chambers
GEM - Gas Electron Multiplier
Micromegas - Micromesh Gaseous Structure

(and some I have surely forgotten.)

There are, though, some gory details that we will have a closer look af.

O. Ullafand/ 2006



CAST Micromesh gaseous detector

v' Low background materials

v The operating gas is at
atmospheric pressure.

v 10* amplification is easily
achievable.

v High field ratio: 100%
electron transparency.

v No space charge effects due
to fast collection of positive
ions.

e

L
CONVERSION GAP (3mm) |
Fypym -5

R

LIFICATION

Development/construction/operation
Saclay-Demokritos-CERN

n =

On thispicturé, wecanéee Jet.Chamber :
behind a lens, Gedrges Charpak- |

and a particle detector

O. Ullafana/ 2006



start with Drift Chambers

| , o \( —DEL AY_l_
scintillator Stop DC
Start
: Measure the arrival time
on wire
' drift  y#® gnode
> / > < >
low field region high field region
—» drift — gas amplification
I
To be solved:

Left-Right ambiquity

C. Joram, SSL 2003

O. Ullafand/ 2006



Electric
Field |
| |
-
b 4 Electron Swarm Drift
 As, At
S b >
\ | N
Anode Wire «— "L
: @
Drift -
Single electron Several electrons Many electrons Error on first
~ electron:
/o
/ \ T
Y BN I B3z - 21/3lnN
\ Detection N=100 o~ 040,

F. Sauli, Gas filled Detectors, IEEE 2002 threshold :
0. Ublaland/ 2006




E and B fields

L tanf, =w 7 B
ElB
1+ wt P
Vg =V
5 0 1+6()22'2 \4?
v B
B
7 mean collision time
w=eB/m Larmor frequency
VB — VO ) g
. E A
E”B GL :GO = 1'/ \ O-LVB

F. Sauli, Gas filled Detectors, IEEE 2002
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Some planar drift chamber designs
Optimize geometry — constant E-field
Choose drift gases with little dependence vy (E)— linear space - time relation r(t)

10%

....................................................................

Field Wire

Plates 0\ ®
Sense Wire

10 104

10°
-10

10% g—r ’ v '
F Volts 3
100f ©m i
I-Beam for field shaping u
A 103 ;_ ]
\ Sense Wire 1

10° . : . A

10° r : . r—
Volts 3
1ok I o o o o o i 104 cm _§
Field Wire o 2 ] : J
........................................ . R
b TN | o
Plates 10 3 ° ) ) ) o T F 3
- 05 02 09 -8 -23 30 kv T -

1 1 1 L 1 i 1L '|02 L A - L

0O 10 20 30 40 50 60 o 1t 2 3 4 5
W. Klempt, Detection of Particles with Wire Chambers, Bari 04 (mm] [cm]
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MAGNETIC FIELD EFFECTS:

DISTORSIONS IN DRIFT CHAMBERS

H=0

t (ns)

H=>0

W. de Boer et al, Nucl. Instr. and Meth. 156(1978)249

150

100

50

T T T T 7 T T T 600
B = 0kG B a14.3kG
? ?
\ - so0
\ . 0. b U. a
e - 30° .-30° s
. tvan'
\- \0 d — &LDO
v\ ¢ ,
\N f I
N S A
p ¢ J e o
NN b s
AR s f ,-’
\\ : ;4 ;
RN £ 7/ 1
\.\. {J .f f{
\:\o / ¢ f',
\ s ]
\}_ ) ’1 qu' ", 100
S
| | 1 | B \ ’:-.:;.l L 1 1
] <] 4 2 2 & 6 4
X{mm) X {mm}
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Time Projection Chambers (TPC)

Large volume active detector.
full 3-D track reconstruction
x-y  from wires and segmented cathode of MWPC
74 from drift time

and
dE/dx gas volume with
E & B fields
x‘. V
o —> /
®
5 % drift %
< ‘8% /
“E
A QQ % 7' %
y /4 -« > /
R b
z
o
x 3
?g,;f?, wire chamber
Dy to detect
projected tracks

O. Ullafand/ 2006



More on TPCs

Usually B || E improvement of diffusion
Drift length > 1m
Rather (very) stringent requirement on homogeneity of £ and B field
Space charge by ions .
"Slow" detector

t,~ 10— 100 us

Outer Field Cage
& Swupport Tube

Inner [0
Field
Cage [0

Sector
Support—Wheel

The ALICE TPC



That was all
PL&I VI, for this lecture
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Space charge

problem from positive ions, drifting back to medial membrane
— gating

Gate open Gate closed

Gate wires

Cathode wires

Anode wires

il

ﬁ ((mum;‘

Cathode pads

O. Ullafand/ 2006



MICRO-STRIP GAS CHAMBER (MSGC)

THIN ANODE AND CATHODE STRIPS ON AN
INSULATING SUPPORT

Drift electrode

Anode strip

~5 mm
S
ST
Wi
Wittt - Nl '
Cathode width: 90 um
Glass{support Anode width: 10 um
Pitch: 200 um
Back plane

Cathode strips

J. van der Marel, Microstrip and Microgap Chambers

O. Ullafana/ 2006



Gas Electron Multiplier - GEM

I I RAT A
| (AMlmine
(IELLEIAE

O HHH
1

\\\\\\\\

Thin metal-coated polymer foil
chemically pierced by a high
density of holes.

On application of a voltage
gradient, electrons released on
the top side drift into the hole,
multiply in avalanche and transfer
the other side.

Proportional gains above 103 are
obtained in most common gases.

Thickness:
AV:

Hole Diameter:

Pitch:

~ 50 um
400 - 600 V
~ 70 um
~140 um

-4 HV
DRIFT
Ep  DRIFT
-\_\_\_‘—\—\_\__ _____________________
SR SsSSSSE0SREENREREREES GEM 1
E; TRANSFERI
ssSSSSSSESSaSEREEERERE CTEM2
E'I:-.‘, TRAMSFER 2
ssssssssazEsasBOESBRe CEM3
EI IMDTCTION
READOUT
BOARD

F. Sauli, Nucl. Instrum. Methods A386(1997)531
http://gdd.web.cern.ch/GDD/



MICROMEGAS:
Thin-gap parallel plate chamber

|
|

il

e i
L l||m|| I

Drift Elecirmde

Micromesh

— — = 50-100 pm

Readout Strips

55-60 kV/em

60-100 kV/em

3éme Atelier Micromégas IPHE, Univ. Lausanne, March 9-10, 2000 by Peter Cwetanski
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An example on the software tools available in the
understanding of the detectors:

Micromegas 3D Simulations

» Computation of field maps using 3D Finite Element Method.
Software: Maxwell 3D Field Simulator © (Ansoft Corp.)

- Obtain gas transport parameters for operating gas with Monte Carlo
simulation using imonte 4.5 (author: Steve Biagi).

- Input of field maps and gas parameters in detector simulation

software Garfield (author: Rob Veenhof). 9. Uhodons/2006



Connecting the dots
to find the tracks and some properties
of the passing particles.

The BI g Bear, Ursa M aj Or, is the third largest constellation in the skies, seen at northern sky in evening of spring. The
constellation has no first magnitude stars, but the Big Dipper that forms the bear's tail is a rough guide on the clarity of the evening's
sky. Though Ursa Major contains no bright celestial objects, it has plenty of galaxies in outer space.

Location: Ooizumi vil., Yamanashi prefecture, Honshu

Copyright(c) 2000 by Naoyuki Kurita, All rights reserved.
http://www.ne.jp/asahi/stellar/scenes/english/seiza.htm
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Position of the impact point.

One or several wires will be set
depending on the particle orientation
with respect to the chamber plane.

Let s be the wire spacing.
The position of the impact point on the
plane of wires is then given with

a precision of about:

S
o(x)z—
12
The theoretical lower limit is:
o(x) =

if we assume that a particle next to a wire will only set this wire
and a particle passing between two wires will set these wires.

Further reading in
R. Frithwirth et al., Data Analysis Techniques for High-Energy Physics
Try also
A.G. Frodesen et al., probability and statistics in particle physics
or similar.

O. Ullafana/ 2006
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n= . )
/ \ ! Most likely Yeah, Just .q/of'f
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\: Py It is still a
— Vavilov to me/

Gavuss fit to maximum

rrT”[H ‘m”H””””TTTTTTTrrTrnrn 11111111111111
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The challenge with dE/dx measurements:

Long tails.
Do many measurements and build aw
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dE/dX measurement from the DELPHI TPC

dESsAX g0 o
=

10

'-II ' 5
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A e LR R L. |
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http://pubxx.home.cern.ch/pubxx/tasks/hadident/www/dedx/#A1.5.1 Tf&:k_ I]]Dl]]ﬂmum ln Ge“l” @ UWaland/ 2006



Momentum measurement.

e ]S 2

For a uniform magnetic field along the particle
trajectory

B dl 2 6 i
j = 0.3¢B C sma_l_SsmOt

p=03g——

where a is the angle between the trajectory and B. B in

.. ©B / ftesla,pin GeVic, ¢ in electron charge, C, S and R in mand o
. " and @ inrad.
................... N B
o
g4¢, p
Z )
- We can clearly also measure
- the charge, ¢, of the particle.
AR
s
-
-"’.’
= >
X
Y
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Error in momentum measurement
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(more on) Momentum measurement.

Rectangular bending magnet. The initial and final
displacement and divergence (x,,x,), (X,.x,) is
defined with respect to the central particle of
the beam.

(x,"=dx./dz)

It is usual to operate the magnet symmetrical:
— 0=P=0/2

[ cos 3 : |

Rsm(o + :

_| coser sin(a'+ f) X N x, |1 Rsing| x :>¢:OO3BL
0 cosa X, x, || 0 1 X, T p

| Cosﬂ E kGm/GeV/c

The central momentum is
given as
p(GeV/e) =3 103 M (2)/i(A)

O. Ullafana/ 2006



AACHEN-BONN-CERN-MUNICH-OXFORD COLLABORATION

WA 21
EVENT 294/0995

BEBC, equipped with the

AL
LR - :
B vp—~D'pu largest superconducting
k’n' 3 o__ 4 . N N
Lt D v\* magnet in service at the time.
7 Ju"f'y
po Le*y
Kt
l—+—p——§r7T+
nm-
btrp—np

68681

NEUTRINO
BEAM

MOMENTUM IN GeV/c

D* (excited D-meson, carrying the "charm" quantum number): production and
decay during a wide band exposure in experiment WAZ21, in the BEBC liquid

hydrogen bubble chamber.
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Generic tracking issues.

Secondary vertices.
High spatial resolution.

O. Ullafana/ 2006



2006
Summer Student Lectures
Detectors

Solid State Detectors
Scintillators

and
Photon Detectors

The Nuclear Spectroscopic  Telescope  Array The Nuclear Spectroscopic Telescope Array
(NuSTAR), which will take a telescope for focusing (artist’s conception shown here) would be the
high-energy x rays into space and above the first satellite mission with a high-energy x-ray
atmospheric interference. NuSTAR will fly 525 focusing telescope in space and would
kilometres above Earth’s surface and stay in orbit for provide a 1,000-fold increase in sensitivity
3 years. It will be the first hard x-ray focusing Over previous missions.

telescope in space and will observe energies from 10
to about 100 kiloelectronvolts, providing a 1,000-fold

increase in sensitivity over previous missions. .
O. Ulbaband/ 2006



Conductor Cv | 5€ Iﬂ_lt%
 Ag1.5110° >
Folyvenylchlornde
109
Semi
Conductor g
onaucLol Polytetrafluoroethylene
| GED

Insulator

-8 -6 -4 -2 0 2 4 & & 1012 14 le 1& 20
Log | O Volume Resistinty (€2 cm)

The Hollow of the Great Wave off Kanangawa (The Big Wave) by Katsushika Hokusai @ ~ / i
. WUllafand/ 2006



Allowed and forbidden energy bands.
In metal one band is only partially filed.
In a semiconductor, the valence band is (nearly) filled
and the conduction band is (nearly) empty.

N\

% Conduction \5

Tm NG\

Valence
Band

----------------
* L L O -
_100#""0‘&0“##0

LLLLLLLLLELLERERLCACERLELRERLEAELELLARLLEL

Metal Semiconductor Insulator
O. WUblaland/ 2006



. . . WA A
Excitation of a semi conductor 4
T | *.
A S = Electrons
S
# §
S 1l
S
x \ )
———————— FERMI
== =t \
Ex,_.r I E{a B Holes
e ]
. 3
IS
S
|
> > >
. Number of FProbability of # of Electrons
H *‘ States a State bein /Uit Ener
/Unit Energy Occupied ’ /Unit Volur?;
-2 JUnit Velume
10 =i S(W) P(W) S(W)*P(W)
Auger |
Effect 5 w—-w,
, S(WYoc AW?2 P(W) o< exp| — L
Auger effect: an electron from a higher ) (W) < exp kT
shell to a vacant electronic state and . W, = Fermi Level
ejecting an electron from the same higher = the Energy where P(W)=1/2

shell. O. Ullafana/ 2006



Try to make a detector
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Electron Configuration for Si:

K 2
L 8
M 4 + 4 bybonding — 8 group
Eg =l eV
R
el
Doping of semiconductors. g
P, As, Sb z WFERM[ W oA

Y
Conduction Band

I

5 electrons in the M-shell
—1 electron with binding
energy 10-50 meV J

Valence Band
II”lm”W“W

0 66
60 6 p-Type

|é/

=

J
I

B, Al, Ga
3 electrons in the M-shell
—1 electron missing

o 0.6

Valence Band

http://phys.educ.ksu.edu/ for Visual Quantum Mechanics @ CZCEUMA / 92006



Acceptors a N, N
=5
Donors
Conduction band P
mesas | s
Fermi level ‘EEE‘__ = -~cam e;emnﬂ:_
foles -+  —~ __‘,:itfw_____________
Valence band
AV
__//1/_ A p-n junction without bias:
A JAVidv= -F

- Peak electric field at the
/ \ boundary between the p and the n.

a dE dv= ple &

- Clear depletion layer.

Carrie
Holes - a’erggrr

FElectrons

D. A. Fraser, The physics of semiconductor devices
Lt
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Depletion
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Silicon Detector
(principle sketch)
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Flip-chip assembly

Pixel detector bump bonded
to a read-out chip

aluminium layer _

high resistivity __
silicon ety

electron
p type silicon -

flipehlp———— 7]
bonding

pixel readout — using silicon

. s : When a charged particle crosses
i ipD - the silicon , in the order of
SlfclEOmCS Chlp 10 000 free electrons and holes
are created .
If an electric field is applied ,
those electrons are collected .
They produce a pulse visible

to the readout electronics .
performed by
GEC
Marconi Materials LTD charged particle
Caswell . UK.

F.Riggi, ST-INFN-CERN Workshop, 23-24 October 2002
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The DELPHI Vertex Detector
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Ko, and Lambda reconstruction
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The beginning was:
EAS)’ MNEXT  sTEP :

SUBDIVIDE ONE ELECTRODE

SHALLER CAPACITY —>

Vi 2 The MESD after chemécal srippng

| | (i <« J And the ATLAS Silicon
. Ve " Tracker is moved mcmually
| R ; inside the ATLAS
e e . ) - . Transition Radiation
P ; Nucl. Instrum. Methods Phys. Res. : -4 A\ [ I v Tr‘qcker"

.A silicon surface barrier microstrip detd -
Heijne, E H M ; Hubbeling, L ; Hyams, b U , sattom, r , Lazey
Vermeulen, J C ; Wylie, A ; Nucl. Instrum. Methods Phys. Res.

> U > b

: 178 (1980)

A multi electrode silicon detector for high energy physics experiments /
Amendolia, S R ; Batignani, G ; Bedeschi, F ; Bertolucci, E ; Bosisio, L ;
Bradaschia, C ; Budinich, M ; Fidecaro, F ; Foa, L ; Focardi, E ; Giazotto, A ;
Giorgi, M A ;Givoletti, M ; Marrocchesi, P S ; Menzione, A ; Passuello, D ;
Quaglia, M ; Ristori, L ; Rolandi, L ; Salvadori, P ; Scribano, A ; Stanga, R M ;

Stefanini, A ; Vincelli, M L ; IFUP-TH-80-2. @ Cl. EEE E /2006



and the prophesy of what will come (and hit you):

TESLA

Foam Cryostat e
and Faraday Cage

DEPFET features

Thin (< 50 tm, 0.11% Xo)

Small cells (25 ym x 25 tm)

Fast (50 MHz/line, 25 kHz/frame =2 Mpix/module)
Low power (< 5W/full detector)

Cos ® =0.96 translation of the three or four letter words:

5
=

Ladders

Barrel 2-5
Gasket L=100mm L=250mm

seal
Stripline

Total > 500 MPixel (w. 25x25 um cells)
tremendous hit rate (80 hits / mm2/ bunch train)

Pierre Jarron, Academic training, Monolithic pixel detectors, 12-14 January 2004

g CMOS (Complementary Metal-Oxide Semiconductor)

CCD (Charge-Coupled Device)

MAPS (Monolithic Active Pixel Sensors)
HAPS (Hybrid Active Pixel Sensors)
DEPEET (DEPleted Field Effect Transistor)

HOWS BUSINESS 7 _

. "UWatand/ 2006



Cos 8=0.96

7

> Zia— Al Striplines

1- CCD Ladders . i {dd . ‘éam —

Some places to look B b e i i
for additional information:

HAPS http://home.cern.ch/~caccia

MAPS http://ireswww.in2p3.fr/ires/recherche/capteurs/index.html

http://www te.rl.ac.uk/med
CCD http://hep.ph.liv.ac.uk/~green/Icfi/home.html
DEPFET http://atlas.physik.uni-bonn.de/

Vertex detectors web page
for the Linear Electron-Positron Collider project
http://sbgat252.1n2p3.fr/ires/recherche/capteurs/ECFA_vertex/

P. Jarron, Microelectronics and Nanoelectronics:

Trends and Applications to HEP Instrumentation
http://agenda.cern.ch/fullAgenda.php?ida=a036647
0. Ublafand/ 2006



Scintillation

http://www.bicron.com.

Light Collection

and

Photon Detection

O. Ullafand/ 2006



Scintillators Inorganic Crystalline Scintillators

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

Energy bands in impurity activated crystal

Conduction Band

5
o R — Na(Tl)
l 9 p N — Csl(Na)
i ) &
B 2l £ T 5
o |6 ~¥— lraps 23 { \//\
n | A= <]L_:
L] = I — ]
= 215 > 2
E TO—T-G|3 5 \
P\ . \
=
JA R

200 400 00 500
Wavelength (nm)

Valence Band
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Strong dependence of the light output
and the decay time with temperature.

—— BGO — Nal(T) ——CsI(T). Csl(Na)

Jeols, N —
) ] \'\\_
= 80 /? N\ el
E N
R y \
3 60 \\
£ N \
S E \
40
: \
I
© 20
0/
0
-100 -50 0 50 100 150

Temperature (°C)

* Bismuth germinate Bi,Ge,0,, is the crystalline form of an inorganic oxide
with cubic eulytine** structure, colourless, transparent, and insoluble in water.

** From the Greek eulitos = "easily liquefiable", in allusion to its low melting point.

O. Ullafana/ 2006



Liquefied noble gases: LAr, LXe, LKr

de-excitation and

excited dissociation
molecule 4 -
excitation . A N\w
" A2 g UV
C0 colhision i A
A Wlth cﬂ.‘-‘_ﬁ. - '\?)Oﬂm {AI”)
R atoms | 50nm (Kr)
ionization [ p+ N Ag"‘ N Aé | | 75nm (Xe)
ionized T
molecule S recombination
o

Also here one finds 2 time constants: from a few ns to 1 us.

from C. D'Ambrosio, Academic Training, 2005
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oo o Photon Absorption

= " E—— 1 '_”_ — YAP:Ce sk 1

Alg(1.56 keV) | N 0 R I ) )

e asmien The intensity I of a gamma beam
W traversing a target of thickness d is

[=1¢e"

£

5wl | \\ i 1l | Where p is the sum of three

8 Fr i processes taking place in the material:
5t |

= !

Q |

S 10 SRR i 4 5
- =gl Photoel. Abs. —7*10Z
= 1

g 1t RN =25 Compton scatt. —Z

o N Rkt HHI

8 N & e 1 "'_"!\

= - 1 : :

= on pf | W]l] Pair production — 72

:"E" S ] ] [ P | S — - E—— B — LM

b . =

L . 411 £ -\ Pair pr-oducﬁon ,J" /
L e — : \\.')’J

Cantill
0.01 - — — L
0.001 0.01 0.1 05 1 10

Energy (MeV)
* YAP (Yttrium Aluminium Provskite YAIO; ) crystals

from C. D'Ambrosio, Academic Training, 2005 0. Ublaland/ 2006



Sarntetor | Densiy | indexof | GTETR | Congant | Puse | Notes
(nm) (us) height?

Nal(Tl) 3.67 1.9 410 0.25 100 2)

Csl 4.51 18 310 0.01 6 3)

CsI(Tl) 4.51 18 565 1.0 45 3)
CaF,(Eu) 3.19 14 435 0.9 50
BaF, 4.88 15 L 93?%20 obggga 155
BGO 7.13 2.2 480 0.30 10
Cdwo, 7.90 23 540 5.0 40
PHWO, 8.28 2.1 440 0.020 0.1
CeF, 6.16 17 228 8:828 5
GSO 6.71 19 430 0.060 40
LSO 7 18 420 0.040 75
YAP 5.50 19 370 0.030 70

1) Relative to Nal(Tl) in %; 2) Hygroscopic; 3) Water soluble

from C. D'Ambrosio, Academic Training, 2005
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That was all
plavuned for this Lecture

O. Ullafana/ 2006



Orqganic Scintillators

C
Benzene C H, “ |
C
I
H

Single Bond = sigma Bond

a little bit of chemistry:

; Pi Bond

Double Bond = one sigma + one pi Bond

O. Ullafana/ 2006



Many of the properties of organic molecules such as benzene can be attributed to
molecular orbitals which are delocalized over the entire molecule and lead to
increased stability of the molecule.

If we have atoms with parallel p atomic orbitals, we get
more kinds of pi modes by adding and subtracting them.

There are 6 pi electrons in
benzene. These electrons fill
3 bonding pi molecular
orbitals

In addition, combining the
carbon p orbitals, gives 3
antibonding molecular orbitals.

The pi electrons form the basis for the scintillation mechanism.
They are quantized in a series of singlets S;; and triplets T;;

http://bouman.chem.georgetown.edu/genchem.html
http://library.thinkquest.org/10429/low/geometry/geobody.htm

O. Ullafand/ 2006



Pi electron energy levels

~10-11
10 sec non-radiative transition
~ 10 sec
3
=
To
o
’ - """'--.... T
Fluorescence f
10-8 - 109 sec Phosphorescence
peak ~ 320 nm > 104 sec
L 4 h A
* L
50 . z

O. Ullafand/ 2006



Saa

Son

Son

Practical organic scintillators uses
a solvent

+ large concentration of primary fluor
+ smaller concentration of secondary fluor

A

Saolvent

fluor

The emitted wavelength is always longer or equal
to the incident wavelength. The difference is
absorbed as heat in the atomic lattice of the
material.

Intensity

Fluorescence:

Stokes loss

i =
4 -4
Ny [V
= =
QL L
s
] o

= o =
BN g
8 =g
= O T
— m_
= o 9
Wl < =

>
Photon Energy

O. Ullafand/ 2006



Photon detectors

Main types of photon detectors:

- gas-based
- vacuum-based
- solid-state
- hybrid
Photoemission threshold W, of various materials
Ultra Violet Visible . Infra Red
(UV) . - (IR)
TMAE,Csl a a GaAs
p— . . N
- <= " [Multialkali
TEA <z=m - - <=
12.3 4.9 3.1 2.24 1.76 145 E[eV]
: ; ; ; ; ; -
B 49220
: ; ; ; ; ; -
100 250 400 550 700 850 A [nm]

from T. Gys, Academic Training, 2005 O, Ublfund / 92006



The photoelectric effect

3-step process:

absorbed ys impart energy to electrons (e) in the material;
energized ¢'s diffuse through the material, losing part of their energy:
e's reaching the surface with sufficient excess energy escape from it;
= ideal photo-cathode (PC) must absorb all ¥s and emit all created ¢'s

Semi-transparent PC

Optical

Y :
%_ Energy-band model in semi-conductor PC
Eo : ] EAapp< 0
yenergy E, {Ef“app "0 ] |Ea =C ' - =
O i —
Ec ~ y Wph>Eg Eg f } 4 ]th = Eg
E Fr Yy ___ . L iSsSi
A\ B = < \ Photoemission
_____ EF por-\mmo oo 1B \ threshold W,
/ h e (Photonis) o '
o

Opaque PC

v
window >\/I\/‘ mg/' Vacuum Ae_//\!\x,\/g\/\ I/

Substrate

Band gap Eg Ey =hy > th — EG + EA Electron affinity E,

from T. Gys, Academic Training, 2005
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QE's of typical photo-cathodes

Photon energy E, (eV)

12.3 3.1 1.76 1.13
, Tl BO0SBEC
i i
| |
GaAsP ' o
s |Ga_AS ---------- |
\ e T\ QE = 25 % |
- AT, T i
— 102 eeert ,//_;)tt \ \ QE=10%
= L P B . e \ \
_;’ 08 il Erf L i P —~ \
E o .- Far il o~ ~
= == / = N ‘
= / \ \
@ 10 03— 3 — QE-1%
E A T | LW | -‘LI'I' \ S W P © =
” r 1\ HT -O-CsF 1= i
E -07 Aﬂ o f--- g \ \
%: — - ’—-_‘F \¥ \_ \
.t N t 09
é 100 |ae”] [‘ : N QE = 0.1 %
= = = —
B ————— 1 Multialkall <
(Solar \ T bt . J— \ ultialkali N
RS Bialkali \
',.bllnd) \ \ l \(Hamamatsu)
1012l
100 200 300 400 500 600 700 800 900 1000 1100

WAVELENGTH (nm)
Bialkali: SbKCs, SbRbCs Multialkali: SbNa,KCs (alkali metals have low work function)

from T. Gys, Academic Training, 2005 O. Ulaland/ 2006



5-20 (Sb-Na,-K-Cs) tri-alkaline photo cathode

Tonisation potential

with quartz window.

Photo-electric work function

Alkali bi-alkali Cs 2.1eV
Cs 3.894 ¢V Sb 8.64 K 2.3
K 4.341 Na 2.8
Na 5.139 Sb 4.8
0.3 lE'DCJ nm
eV ' IOMIZATION LIMIT
e \ 4 I3
L N 5
@ 0.2 \
2 \ i
L
= \ 2 -
k)
C:fﬁ 0.1 i\m -
\ Level diagram of Na
b\
Q E — ﬁa e_;t \ Other alkalis have
\ essentially the same
0 scheme.

FPhoton energy (eV)

O. Ullaland 2006



Photo Multiplier Tube Anode

Photo
Cathode

I

Dynodes

i

Photon-to-Electron Converting Photo-Cathode
—?

Dynodes with secondary electron emission

Typical gain=10° . Transient time spread = 200 ps

O. Ullafand/ 2006



What is

Secondary Electron Emission

Approximately the same as the Photo Electric Effect.
On electron impact, energy is transferred directly to the electrons in

Materials in common use

are.

Ag/Mg, Cu/Be and Cs/Sb.

Use has also been made
of negative affinity
materials as dynodes,
in particular GaP,

the secondary electron emission material allowing a number of

secondary electrons to escape.

Since the conducting electrons in metals hinder this escape,
insulators and semiconductors are used.

Equipotential lines

Photo cathode

—
x}?h\l Accelerating
5 @J % <clectrode
A N First
T\ Dynode
Illl. I: ‘l. f--
Electron
Y paths

N\ Focusing electrode

O. Ullafand/ 2006



Gain fluctuations of PMT's

- Mainly determined by the fluctuations of the number
m(d) of secondary e's emitted from the dynodes;

- Poisson distribution: Py(m) = 6"’
m!
- Standard deviation: Om _ V& _ 1
5 o5 s

= fluctuations dominated by 1st dynode gain;

CuBe dynodes E,>0

o 15—
c° AgMgO(Cs)
q) 10 — ‘.@
S CuBeO(C %
t uBeO(Cs)
O
S« O
w (Photonis) ---!-
8 . |
20 50 100 200 500 . \:]ooo | _ ---
E energy Pulse height

from T. Gys, Academic Training, 2005

SE coefficient &

Counts

100 |
80 |

60 |

o

(Photonis)

0 02z 04 06 08 1 12 14 18 1.8 2
E (keV)

Eenergy

GaP(Cs) dynodes E,<0

~ 1B.pe

~(H. Houtermanns, .
©NIM 112 (1973) 121) .

o,

Pulse height

O. Ullafand/ 2006



The Micro Channel Plate (MCP)

CHANNEL

CHANNEL WALL
/ OUTPUT
INPUT f ELECTRODE

ELECTRON
o 2. OUTPUT
T ELECTRONS

INPUT ELECTRODE #
“ 0 “Continuous”
amamaisu .
dynode chain

Pb-glass

b O a
Pitch: 3um |[@)'g
Kind of 2D PMT: L)
+ high gain up to 5 10%;
+ fast signal (transit time spread ~50 ps);

+ less sensitive to B-field (0.1 T);
- limited lifetime (0.5 C/cm?);

i

'I\ r. -
(Burle Industries) & : a4
" FJ o N
' A -

- limited rate capability (LA/cm?); Lo

from T. Gys, Academic Training, 2005 O. Ulaland/ 2006



Physical principles of Hybrid Photo Detector

Take one Add
Photo Multiplier Tube Remove dynodes and anode
Silicon Sensor
o AL o \ inside tube
ef'c;t;lrfggg ‘ \ f input optics g
accelerating 7
electrode 4
first dynode \ —LY

/ envelope

A
multiplier 'C-‘\)

'/.q l:/ last dynode HYbrid

anode ’/:E : photocathode Photo
i Diode
K foot
f"% DA K
[ pumping stem =
ey .J ‘ ‘ H base
— electron —
focusing /v AV
[Kinetic energy of the impinging electron] | \electrodes ~~d
— [work to overcome the surface] — —
Electron-hole pairs =
[Silicon ionization energy]
‘Lv—v—v—v—v—v—v—v—v—v—v—v—v—v—v—v—v—}

~ 4 - 5000 electron-hole pairs — Good energy resolution . [THTTHTEITTHT
silicon

Sensor

O. Ullafand/ 2006



But...
+ Electronic noise, typically of the order of > 500 ¢

2 ) 2 2 2
Ototal = Oint. + OF + Oclec. >> Oint .

loss
» Back scattering of electrons from Si surface

20% of the electrons deposit only a fraction o<e<1 of
their initial energy in the Si sensor .

— continuous background (low energy side)

<2 d(PC-5))

~
i

.

Number of photoelectrons

0 1 2 3 4 5 6 7 8 9 10

Sihecon

10000

experimental curve

back scattering
————— simulated distribution pr‘obablll"'y at E = 20 kV

3 parameters.

-0 z0.18

7500

50004

25004

Number of counts per channel

C. D’ Ambrosio et al.
NIM A 338 (1994) p. 396.

T T T ) T 1 T T
0 1000 2000 3000 4000 5000 6000 7000 8000

Channel number Q. Q(MM/QOO(O'



And we should now be ready to look at
Cherenkov radiation and Transition radiation

O. Ullafana/ 2006



Particle Identification
Cherenkov Radiation
Transition Radiation
Time-of-Flight




Some of the processes at th Rela‘rivis’r@

NS——

| | |
= ut pn Cu ]
"g100 R
:_"_’ Bethe-Bloc Radiative ]
U ]
= i
g i
=
= Radiative E
= Minimum| effects ]
e lonization | reach 1% ==
4 |t - .
o <u 1= U B --T— ----- —]
o= Without &
1 | | | & | | I
0.001  0.01 0.1 1 10 By 100 1000 104 10° 106
| | | | | | | I | |
| 0.1 1 10 100 1 10 100 1 10 100
[MeV/ el [GeV/id] [TeVic]

Muon momentum

The density effect in the energy loss is intimately connected to the
coherent response of a medium to the passage of a relativistic particle
that causes the emission of Cherenkov radiation.

O. Ullafana/ 2006



Cherenkov Radiation with a classic twist:

A charged particle with velocity f3 [=v/c
in a medium with refractive index n n=n(/)
may emit light along a conical wave front.

The angle of emission is given by:

\ ®
] \ cos©® = ﬂ*n( 7y
m [
p | | ,r"'- and the number of photons by:
7 in’
: d—N=N0°I'Sln2®
n=n(/) : ‘ dA A

// l N =4.6-10°- [MA) MA)] I(cm)-sin” ©

1

For some missing steps:
see J.D. Jackson, Classical Electrodynamics, Section 13 or equivalent O, Ullafand,/ 2006



The same, but let us consider how a
charged particle interacts with the medium

m

—_

p

Conservation of
energy and momentum

The behavior of a photon in
a medium is described by
the dispersion relation

Lom )
2

o -
E

—T""q

),
k
el
If:
w<<m=~L
k<< fym=p
—
then:
cos© = :

O. Ullafand/ 2006



The
Cherenkov
radiation
condition:

e real M
0<cos(®)<I /

C()SG)C:IBL
‘7

and

Imaginary part of relative electric
permeability expressed as

where n is the refractive index

W.W.M. Allison and P.R.S. Wright, RD/606-2000-January 1984

Re(g)- |

RANGE (m)

T TTTI |
Argon at normal density
N\
\
1‘ N,
o \\\ LY
NN
A
\
\
AY
\\
| 100 | O000
Photon energy (eV)
R
—== Argon still at =03
- normal density —
: 107
=SS =
Q
; IO —
K 107®
r 100 | 0000
Photon energy (€V) 0. Ullaband/ 2006



(

Imaginary part of relative electrnc

Some words on refractive index

The normal way to express n is as a power series.

For a simple gas, a simple
one pole Sellmeier approximation:

6 5 4 3 2 eV
005085 | S | |
. 325
n—1)-10° = : S|
1 O
Argon — ( > \L/U
A(nm) Q |
b, % 1_
I~ +
=16.8 eV T
° N
- ™~
= =~
L H"""-..
j0® \JE = Tty F—
=S g 275
) 1 200 400 600 800
]
3 g I AN Wavelength (nm)
g ’ O - e \\\ LY
3
1 NN
N { \
S \ 2— 2
25 \\ — ®,*=(plasma frequency)
S 2 — — o< (electron density)
5 % | /P!/ i For more on the plasma frequency, try Jackson, Section 7 (or similar)
& (4 q \ or go to sites like
1 00 | 0000 http://farside.ph.utexas.edu/teaching/plasma/lectures/node44.html

Photon energy (eV)

O. Ullafand/ 2006



A practical example
\

1
cosezﬁ - M:\/(Ap)z.k(?%.tgﬁﬂe)z
> m p
m=L
by ~ 16 bands

s o ap—— W m

e s I

B... = 0. 75 .

Ap/p> 5%107 %
A6 15 mrad g 05 k™™ u“wuuuu"
[ 1 cm 5

bl
.......|||||||| HH
0 , 4 5 S 7

Momentum (GeV/c) O. Ulbafand/ 2006




Spherical mirror

Threshold Cherenkov Detector

To get a wider momentum range for <
particle identification, use more than
one radiator.

Cherenkov gas B

Assume
Alradiator: »n=1.0024
r'adia‘ror': n=1.0003
. Positive ar“ﬂcl‘é‘mcﬁon:
‘ j M i | L Sis | 'F’hoton detector
Tom o Toom P E

Flat mirror

K
p
. — p threshold B
; - : ! K threshold B
: — — 7t threshold B
"T"""'"J " p threshold A
'i’ N, K threshold A
J_ﬂzl resho . . . .
| O 20 30 40 50

Momentum (GeV/c) O. Ulafand/ 2006



A step back

threshold

L,

the
Cherenkov
radiator

60.0 GeV/c
| >

1.000035
He

I
0!5
O. Ulaband/ 2006



Use all available information about the Cherenkov radiation:

The existence of a threshold )
The dependence of the number of photons f
The dependence of Cherenkov angle on the Ring
velocity B=p/E of the particle Imaging
The dependence on the charge of the particle < Cherenkov
> detector
+
Capability to do single photon detection o L the RICH
with high efficiency RN /,"'
with high space resolution j} J g

\
+ The spherical

mirror

The beginning:
. J. Seguinot and T. Ypsilantis,
Interaction d phOTOH Photo-ionisation and Cherenkov

poin;ri - detector ring imaging, Nucl. Instr. and
Meth. 142(1977)377

O. Ullafand/ 2006



LHCb RICH 2

SO00Z2 '8 LI

O. Ublafand/ 2006




Particle Identification
with the

DELPHI =
TPC E
and =
RICHes o
x
o
L
°
From data:
p from A
K from ® D*
T from K©°
o
=
@
o
c
o
-
o
X
C
o
@
(&)

http://delphiwww.cern.ch/delfigs/export/pubdet4.html

DELPHI particle ID

dE /dx

0.7
0.6
0.5
0.4
0.3

0.08

0.08
004gas RICH

0.02

o

107"

DELPHL NIM A: 378(1996)57 ) Q(pp.0,3/2006



More beautiful pictures
(which has next to nothing to do with)
Cherenkov radiation

O. Ulakand/ 2006




and while we are at B-measurement
Time-of-Flight (TOF) measurement -

4,

Hodoscope 2

Hodoscope

Beam

A\

Time
to
Digital
Converter
K TDC

A\
O. Ullafana/ 2006




A practical example:

TOF

For

At
Ap/p

12 m
150 ps
1 %

.5

Mass (GeV)

0.5

|

F?

1o bands

LRHRTRTERITRY

K

T

MTETTRIINERNAENAN]
mrrrrerrreywrenny

T

,...ulIIIH””H

O

il

2 3
Momentum (GeV/c)
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what can be achieved by Combined Methods

Entries

NA49 3000
Particle
identification by
simultaneous

dE/dX and TOF
measurement in the
momentum range 5 to
6 GeV/c for central
Pb+Pb collision 0

NA49, CERN-EP/99-001

O. Ullafana/ 2006



That was all
planmneo for this Llecture

O. Ullafana/ 2006



What is Transition Radiation ?

A
&(®)=n?

Cherenkov radiation domain

®, =plasma frequency

| >
@

{1.]”

If e<1 no real photon can be emitted for an infinite long radiator. Due to

diffraction broadening, sub-threshold emission of real photons in thin
radiators.

This is transition radiation.

It is emitted when a charged particle passes suddenly
from one medium to another.

O. Ullafand/ 2006



after “some missing" steps:

We will just take for granted,
that if o>>0,

then:
d’S, _20m0°| 1 1
d9dw  7mow |a, a,
1 ’
a,=—+0"+ w’2
Y @
for
Y 103
®, 20eV /—
®, 0

For all the missing steps:

ot T w3t —

LI AT FILFALT
ey Ve Ny
0.0001 TLZLFL
0.0032 26000
©

see J.D. Jackson, Classical Electrodynamics, Section 13 or equivalent

O. Ullafand/ 2006



Direction and magnitude of the radiated power

| O
- | — ~|
S ~108 £ =
5 ¥
%
5 ol =
B AN
<
0.0/ \ =
\\\
\\
0.00 |
| | O | OO
o (keV)

Total radiated power S= 102y (eV)
— which is a small number
and if o,>0,, then © =~ 7*
— which is also a small number
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from a small number to something that is detectable.

-
Q.

eriodic radiator for Transition Radiation.

S°

S \\X\X\K\-—
NS
NS

RS —=——————

S
S

O. Ullafana/ 2006



Some ++ and some — in the detection of Transition Radiation.

| = 0.1
o Z=
o)
= b1
Jg o p % 0.0 ‘-.'/\_:f“\‘":r“\ —— —
S = - v =
(03] r :":” ~
£ = Self 5 —
2 p e © : =
0.0 — “bsorption 0.001 & Production =
- — .
- | |p|||| = One foil i
0.00| | [
| o e 0.000 |
[()]
l (keV) | ® (keV)
v
p A N P
= 1O
g 3 =
[ ] (% -‘g ,A&él xaﬂ == B - 3 - g ﬁi:irj‘ﬁuﬂ
3 1y —= : =
A T = B ==——===
& ° o O s s L B ik X 7 o
P * 3 (':) O ' - Fas i g H
= ° He
@) 5 )
| a7 3 3 N
. N Co eAr L L]
. E) 0.0 ﬁir E=====
. M
- ©0.001 L
[ ]
| O | Q0O | Q00
Energy (eV)

—

M.L. Cerry et al., Phys. Rev. 10(1974)3594 @ %/2006



{Total Radiated Power}oc y

{Ionisation } +{Detected Transition Radiation} _
{ITonisation }

=7

| OO000

| Q000 /
Neolole,
-

| OO

/

0. | | |0 | Q0
Momentum (GeV/c)

Transition radiation detectors are (normally) used for_e to T separation
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The challenge:

Pulse height

A : 1 ) Threshold
MIPs v )
with \ﬂ
Landau
fluctuations
=0 =T
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ATLAS People

(al (b}

'Pw.
simulated Bd0—>J/\|I Kso n'p_ § ﬂ'+ % : E_ I“-E“““"""Iél“.“““"T”"""“-;-_
/; i e —g " ® Elu.gie:-c:-nntiné; techniqueé
A SP.° ' -’ + e " & Combined method :
' .’_f:'} yf"'j " . c E 10 -l ;___._......:__.....___.__:....__..__._,.
i \Q o f;~# \1_ o .'." o - :
"\ [ . » = - test-beam data
s Iy"ri h E & - — . -
f_,-‘ ,_f*'kr;é;;:::: 1\' g FE:L '- § -_“J'E ? S aEREEEE - EERRERR P
7d “*j _" [ =
SN - S L. i iaC" i
= S : el ; :
: 2 £ 4 : '
The small box selects a part of a pion tfrack ‘g 3 A . |
from the K ° decay and of an electron track <IN ) SRR T WU T SRR 0 W
from a Jiy decay, shown in an enlarged frame. &  ** %, %% % :
‘ ‘ Electron efficiency

NIM A 474 (2001) 172-187 @ %/2006



A little summary about Particle Identification

Pion-Kaon separation for different PID methods.
The length of the detectors needed for 3¢ separation.

10

TR +dE{

\

/

1
dE/dX / \/
aerogel
1 / g solid

PID Detector length L (35) (m)

”
107} | TOF
FWHM=100 ps
10-2 1 2 3
107 1 10 10 10
p (GeV/c)

Dolgoshein, NIM A 433 (1999)
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Calorimeters
Measurement of energy flow
Measurement of neutral particle

Electromagnetic Calorimeters
Hadronic Calorimeters

D&'s LIQUID-ARGON / URANIUM

CALORIMETER
-_""':.::"'-.. : \\ .
END CALORIMETER | A \ 'Q\\ Bunsen's
ice calorimeter
Duter Hadro i
(Coarse

(Fine & Coarse)

.
i}
||||||
| [
M=
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Crystal Ball @ SPEAR - Stanford

The first crystal calorimeter pioneering most of the features of modern barrel calorimeters

W

O\ \‘ \ /
< \\\\ "\\I I!L, Jrl / / /
e O\ f/’,f /
-y \\ /r%:m::.hmf”/

e 672+ 60 Nal(TI) crystals
 PM read out
 Eyrange 0.1—> 1 GeV

* energy resolution:
3.5% @ 300 MeV
2.6% @ 1GeV

* solid angle: 93% over 4w

From M. Diemoz, Torino 3-02-05

7. 1 /
I A , hadrons

hadrons

0-+

i T ¥ 7] T 1 ik t ] ll_ ]
Foo] 000! ¢~ ! sook NSyt
- | | ‘lj:zOD ] & ¢
i LeyX , :

-50C I i3 L L

—85 o ¢ 500 70O
i £, Mev] \ 4
'“%mysm\sm : FU /
N \ :

Counts /{ 2.5 % Bin)
2
e

7
hadrons - Charmonlum
L / spectroscopy:
etfe” > ¥ -yX

1]

¥ PR
hadrons y~ radiative

1974: J/Y¥Y discovery

1= 0+ [+ 2+t
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AN = e

Vue du calorimetre ATLAS
depuis|'un des huits
' thoroides.

O. Ullafana/ 2006



Simulated two-photon mass distribution
for SM Higgs and expected background
in the CM S PbW O4 crystal calorimeter
for an integrated luminosity of 10° pb-1,
with detailed simulation of calorimeter
response.

8000/~ T
- \ o) o]
, CMS, 10 pb
]
j=
[Yp]
=
— 6000 - _ _ I}
5 Higgs signal
=
i)
=
= 4000 - -
-]
L
2
©
> 2000 - -
L
!
o}
0 | | | | @
80 100 120 140

M.y (GeV)




The growth and the decay of a shower is a tfremendously complex statistical
process where several physical mechanisms participate.

The net result is however that the initiating particle is expanded
in ionization and ultimately in heat.

measurable.

~10m

Beam —}

/
\

\
J

water

The temperature gradient and the shock wave accompanying is

|
|

i

t~0

t=150 us

=

C. Hauviller, private communication, see also IEEE 26(1979)4134

| Q00 bar
230 bar

| OO bar
30 bar

| O par
3 kar
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How a shower looks like

Electron shower in lead. 7500 gauss in cloud chamber. CALTECH
Electron showers

‘ A Hadron showers
. i ‘:Et,igi‘.ililg--..... 5 GeV

\ I . e,
Lt be, .
MY TTTpres AT ' - 20
Lo R ; R .
. . "..,..' o ) '
. i .‘:=:f!fil"i.!i"' e ars ]0 .

20

30 : Tl

‘.
*a
* . . . .
. . L T . .
.., .’ Seay *s
T T S T R T L P S ,:-i:u-.«, e
L I L "‘,!',o'
o oet e e AT .
wit Lottt .
.t H P

40 S
F.E. Taylor et al., IEEE NS 27(1980)30
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We will only look at some (very) basic processes.

For (more) interested people, look in:
J.P. Wellisch, Physics of shower simulation at LHC, at the example of GEANT4.

http://agenda.cern.ch/fullAgenda.php?ida=a036558#2004-03-01
M. Diemoz, Calorimetri elettromagnetici a cristalli per la fisica delle alte energie.

http://www.gsr.unito.it/trasparenze2005.html

and then try

Richard Wigmans, Calorimetry, Energy Measurement in Particle Physics

Some questions

to be asked: m\What makes a signal

mWhat reacts
mWhat defines the shower topologies
m\What processes are happening
mWhat defines the electromagnetic content in
a hadronic shower
mWhat is invisible energy
mHow different are different calorimeters
and so on
and soon ........

“Those are interesting questions Timmy.
| suggest you ask your search engine.”

We will start off with the electromagnetic shower.
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—

Stopping power [MeV cmZ/g]

I I T ]
. ] - Bethe-Bloch for heavy particles.
E P \ Bethe-Bloch Radiative E <<
Lt -
0} 25 dE 1
E Radiative __ .
F lomionceach - Stopping Power =—=F - p—
= S A W dx X
1 Y | | L § | w“hmlltﬁ I 0
oool 001 0.1 1 10 By 100 1000 104 10° 108
|0_|1 i 10 1r|m| |1I 1|0 160| |i 1|0 1E|JU|1-.1] H r”| l L ”l[ T
[MeV/e] [GeVic] [TeVic] —
Muon momentum 3 Positrons Lead (Z _ 82] ] DZD
| Electrons i
o0
Sl Bremsstrahlun o
S -
S5 | —o.10
— F * ‘ A
05 lonization i
: Moller (e7) |
.Elec‘rron. (pos.l‘rron) \ Bhabha (€9 e
interaction with il
matter. > |/ Positron —
0 ann}hll?tllnrll I 111 e 1
1 10 100 1000
E eV)
1.7 19.6 196 By



Bremsstrahlung

Bremsstrahlung is the emission of € Z
photons by a charged particle
accelerated in the Coulomb field of
a nucleus.

The radiative process is characterised by:

Impact parameter : b

(non-relativistic!)

Peak electric field prop. to  e/b?

Characteristic frequency ®. o< 1/Ate<v/2b o Ze

do, Z° ,

5 o > 0, =0.58-Z° (mb)
dw @

We now have an additional pho’ron.@
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Pair_production

e e Ze
Creation of an electron/positron
pair in the field of an atom.
As the two diagrams are more or
less identical, we would expect
the cross sections to be similar. Ze

O i =ZGB ~0.45mbx Z*
9

O. Ullafand/ 2006



{a) Carbon { £ = 6)

1 Mb o - pxperimental Fyge —
E i
Photon total cross sections &
as a function of energy in carbon and lead, é i
showing the contributions of different g 1l
processes. E
2
5
lb
10 mb

(b} Lead (Z = 82) -

G,.— Atomic photo-effect 3 o -experimental Gyg

(electron ejection, photon absorption) Sl

O Rayleigh — COherent scattering E —
. . ™
(Rayleigh scattering-atom E |
neither ionised nor excited) g
G compton — 1NCODETENT SCattering g N
(Compton scattering off an electron) 3 .
K, = Pair production, nuclear field a Knue |
K. = Pair production, electron field -
— b g
10 mb R Y
10 eV 1 keV 1 MeW 1 GeV 100 GeV

PhotonEnergy 9 qff0.n2/2006



|‘11|ff1|| T 1|1]||[ T ff]lll_
i SR ) —0.20 Critical Energy
| Electrons i
= 1-0_— —0.15 —~
o} Bremsstrahlung :
35 -
i —0.10
| Ionization i i+
05  Moller (¢ - Critical energy
Bhabh —{0.05 . E
. lonization = Bremsstrahlung
Positron =
N —— o
1 10 100 1000
E. E (MeV)
Electron (positron) interaction with matter. | QOO
> E
g R"““-h
o]
0o > | 00 -+
E o/ 5 =ty
C - ey
» O “""“H.__‘___‘
T‘G , O -;_T —
K;) T
+
-
O
|
| 1O | OO
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Number of tracks

My first Electromagnetic Calorimeter

Rossi B. Approximation to

Shower Development.

1) Electrons loses a constant
amount of energy (¢) for each

radiation length, X,

2) Radiation and Pair production
at all energies are described
by the asymptotic formulae.

A

| ] N [
| | / ) lonzation losses
| Shower H I \ / Collision losses
] v
process | | \. Compton scattermg
N ‘l/ of'soft y i
}' \\I-
T ™
/ Maxmum at ~ e
. _ " S
Y ’ I'qrarlu:le =~ E — ~l_
0 10 20 3
Detector Depth (Xo)

()

You can also use
EGS4, FLUKA,
GEANTA ...

but they are less
easy to
understand
immediately.
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JV_256

Depth (m)

Big European Bubble Chamber filled with Ne:H, = 70%:30%,
3T Field, L=3.5 m, X ~34 cm, 50 GeV incident electron

From M. Diemoz, Torino 3-02-05

O. Ullafand/ 2006



0.08

0.06

0.04

0.0z

EM showers: longitudinal profile

Shower profile for
electrons of energy:

10, 100, 200, 300... GeV

t =14In(Ey/E,)

Ntot o< EO/EC
Longitudinal containment:
toso, =t ..+ 0.08Z + 9.6

- E. o 17 ‘ shower max

shower talil

Shower parametrization 10

dE / dX, (%)

| | |
Longitudinal development
EM showers (EGS4, 10 GeV g)

- Pb

-+ Fe
—— Al

From M. Diemoz, Torino 3-02-05

10 15 20 25 30 35
O. Ublakand/ 2006



EM showers: transverse profile

Transverse shower profile

* Multiple scattering make electrons move away from shower axis
* Photons with energies in the region of minimal absorption can travel
far away from shower axis

Moliére radius sets transverse shower size, it gives the
average lateral deflection of critical energy electrons
after traversing 1X,

75% E, within 1R,,, 95% within 2R,,, 99% within 3.5R,,

From M. Diemoz, Torino 3-02-05
O. Ullafand/ 2006



20 GeV Y in copper (simulation)

charged particles only all particles

J.P. Wellisch

O. Ullafand/ 2006



Hadronic Calorimeters (are [very] difficult to model)

20 GeV T in copper (simulation)
s e S = -

A

.
A
HH] n o tt, *
il t 20
SCPEL At

A

J.P. Wellisch

Hadronic Showers (&, n, p, ...) <}
Propagation : inelastic hadron interactions

— multi particle production E
Nuclear disintegration 6
very LAR
Neutrino
/_J

Weak interactions -
secondaries : mostly hadrons

O. Ullafand/ 2006



Getting neutrinos to Gran Sasso
and
detecting them

Emilia-Romagna
Monte-Maggiorasca
Monte-Prato
Monte-Giove

Monte-Emilius
Piemonte
Alessandria
tory of Gran Sasso

11.4km

732km
neutrino beam ———

CERN NEUTRINOS TO GRAN SASSO
Underground structures at CERN

June 05: R Sl o
-Second magnet and full i ||k o
mechanical structure installed. e A st 1
-Started installation of the targetin  [}| e N ik
Super module 1: 8 planes of Target |
Tracker and Brick Wall installed

out of 31.




Just for the record: Description of hadronic showers.

Energetic particles in a shower are close to the original axis
They define the shower core
The main part of the electromagnetic fraction
of the shower
They define the longitudinal shower shape

The energy going towards secondary proton reactions is very small in
hadronic showers
(In a sampling calorimeter, most secondary
protons will not reach the active media)

There is a large number of neutrons in a hadronic shower
They spend a significant amount in invisible energy
(excitation, break-up of nuclei ...)
They carry most of the transverse momentum

79's carries a substantial fraction of the energy in a hadronic shower
They are created next to the shower core and
they decay immediately, generating much of
the electromagnetic content

O. Ullafand/ 2006



Nuclear Interaction Length A,

is the average distance a high-energy hadron has to travel inside a medium

before a nuclear interaction occurs. _7
A

P=e

Probability not to have interacted after a path z

)

N_ 200

: P
@ /.’,.f"/

=

<150

43

? ﬂ, oc AO.29

L 1

—

— | OO

S

0

o

8 50

=

T

Y,

SEe

= 0 50 1 00 150 200 250
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back to

Electromagnetic Calorimeters and fluctuations

The energy measurement of a shower is
proportional to the energy deposit in the

calorimeter and thereby to N.=— X
. . T 0
the number of particles created in the shower £
If the detector has _ E
a lower energy cut-off r=/ (EC);XO
40
b BHABA scattering TASSO I
8 30- ‘ g
LA
S 20.
©
Q Ap
E 104 7%
- P ¢ B
< Yl e :
O += * = o 1 A—a x
5 20, 5 20 25
Eﬂﬁr‘ﬂ}’ {G«EV} 0. Ulbaband/ 2006



what is

a Sampling Calorimeter

?

A fraction of the total energy is sampled in the active detector

Particle absorption
and
Shower sampling
are separated.

—
E

Absorber: f

Radiation Length Xo(q/cm2)

Active detector:

Scintillators
TIonization chambers
Wire chambers

2N

100

S

LN

T
3

o

100

>

ZN%E%MZIO%

at 1 GeV
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what is Homogeneous Calorimeter ?

The total detector is

the active detector. The detector should (clearly) be

transparent to photons.
Crystal scintillators
(Cherenkov light also works.)

E T T TTTTT T T T TTTIT T T T TTTTT T TTTT T .- TTTTTT
_..ﬂ \ /samplmg
B 01} AN calorimete

Crystal \\
Ball

_Ng

: \ .
N L
s \\ NLEPH
e B e e
o(E) ~ Limited by ) UA2
photon statistics > (: crysa
( E) - . calorimeters
o o
—=1-2% £ N
at 1 GeV 3 '
o
0.01 0.1 1 10 100 1000

Energy (GeV)

From M. Diemoz, Torino 3-02-05
O. WUblaland/ 2006



How to: limit the fluctuations

Landau
Geiger
Streamer
Saturated avalanche

Liquid/Solids
o(E)

»

(proportional mode) j E

Argon Gas 7 mm 1 - } = 6%
Landau

.
Liquid Argon 3 mm O'( E)
~ 300 times more
1onization

'

E

J

The energy resolution of a calorimeter is usually

parameterized with the following terms:

a 1s the stochastic term
b is the constant term
C 1s the electronic noise contribution

o(E)

o(E)

> } =0.4% = —} = 6%
Landau Total

in sampling calorimeters |

:_} - 8.5%
Total

O a
E E

ohoL
M E

The difficult one
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How to: limit the fluctuations in sampling calorimeters ||

2

. =

24

Something of the best we can
do at the moment:

20

Silicon Tungsten calorimeters

O

1a

12

| =g

o z =] = 12 15 13

(if you can afford it)

3z X
- ] L3, \
. -
Y e 1® -thieag
ol ched feyd ,
o

_ / The radial coordinate in units of pads

The depth within the calorimeter, numbered by detector layer

Excellent space and energy resolution!

OPAL CERN-EP-99-13
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Why is Space Resolution

Consider a m° - decay

an issue in calorimeters ?

QO 50 30 Emax (GeV)
e | | |

75 9% Conidence level

Ly
Tﬂﬂ ...»-"’"H d
)ﬂ-:"f oL
'\-\\H
0 s
min E 71_()
For a calorimeter with
limited granularity, .
this would give: B2 60
&
amin — 2leM N A0
0 R m(ﬂ'o) 2
_ )
:>E(” )max = g 20
M =
-
<71

Gé
A

O
O

O. Ullafana/ 2006



That is all folks.

l. Write a paragraph
explaining the use of
particle identification

in high energy experiments.

There is no exam.

A GAS MASK, A SMOKE GREMADE
AMD A MELICOPTER. ... THATS

AL I OASK .
x
Al = q‘
Ny :
SV :
i
— %




back-ups

WHAT IS

M JUsT dLAD 1
N R HAVE My HEALTH i)
RESOLUTION? -

e




| | | | I I
. | | ,11 L/ lonization osses
The shower maximum 2 | Shower H ! \\‘ /| Collision losses
§ process | \ | \ d Compton scattering
= I’ of softy -
B
= ~
E / ~C
Z / ."».-111.\: i at N
/ >—: Eparticle < & ~N— -
I L 1] | | T ———
0 10 20 30
Detector Depth (Xo)

Shower maximum M)

and there must be a
difference between

e and y

U. Amaldi, Physica Scripta 23(1981)409



Lateral shower development

The lateral spread of the shower
is mainly governed by the multiple
scattering of the electrons.

Define the Moliére Unit:

R, = (Characteristic Energy)x(Radiation Length) / (Critical Energy)
=21 MeV XX, /€ o A/Z(gcm?)

A
XOOC?
E =goc 77

95 % of the shower is
contained inside a cone with
radius 2R,



Propagation of a Shower

Calorimeter

.. Shower axis

@©B

Electromagnetic Shower propagated by Y



Solid-state photon detectors

Photodiodes:

- P(I)N type;

- p layer very thin (<1 mm), as visible light is rapidly
absorbed by silicon;

- High QE (80% @ A = 700nm);

- No gain: cannot be used for single photon
detection; -

»

Avalanche photodiode:

N-Contact

- High reverse bias voltage: typ. 100-200 V (Cathode)
— due to doping profile, high internal field Incident P.Contact
and avalanche multiplication; - : 4
. High gain: typ. 100-1000; " s
. Used in CMS ECAL: (http://micro.magnet.fsu.edu) Y fu
Avalanche

N-Layer P-Layer  Figure 1
from T. Gys, Academic Training, 2005




Generic tracking issues.
Secondary vertices.
High spatial resolution.

1 mm

not shown



and what is a Resistive Plate Chamber (RPC)?

READOUT
STRIPS X

HV I N Al/ INSULATOR

O . ———— GRAPHITE COATING

D o e

ELECTRODE (BAKELITE)
GAS GAP

T ESSSSSSESSSSSSSSSSS——— <« READOUT
STRIPS Y

High Voltage (8 kV)

amm | RESISTIVE PLATE (6w 5) -

Initial condition After a discharge electrons

after applying high are deposited on anode and
voltage positive ions on cathode

2 mm \ GAS GAP (£~ 1)

2mm J RESISTIVEPLATE (€=5)

High Voltage (8 kV)

High Voltage (8 kV) 2mm o
sw  Surface charging of = ppn [P2frrvs —o weeess
.. electrodes by

--------------------- current flow through
RESISTIVE PLATE (€ = §) PQSISTIVC pla.'.es

" RESISTIVE PLATE (£ « 5)

2 mm

amm J RESISTIVE PLATE (€ = 5)

2 mm

2 mm

L. Crotty et al, Nucl. Instr. and Meth. A337(1994)370

nhot shown



TRANSITION AVALANCHE TO STREAMER

[

10 |||V E Horl'ilﬂl‘lll scale Mlnlliqulrl'
A [ Bt : Vertical scale 10mY/square
O T T A T T LY RN LR IR PRI RN LR LT

.Huriznnul -u.:l;! l0dnelsquare i
Vertical seale 20mV/square

.........

S T Hooooooo I R T e

Horizontal scale 20ntizquare
Vertical scale 20mV/square

R N e T I O e T T |

Herlzontal scale 20nsisquure

Vertical scale 50mV/square

not shown

NORMAL AVALANCHE

STREAMER

R. Cardarelli, V. Makeev, R. Santonico, Nucl. Instr. and Meth. A382(1996)470



RPC RATE CAPABILITY: AVALANCHE VS STREAMER OPERATION

> 1 -
0 I L\ R
S 09 >§ \ . MODE
0.85
S S T
0.75 F p=31011i)cm 3.510°Q cm
0.7
0.65 - | | | | R
0'6 ~11 Lty IR 1t 1Ll 2! L LLLtt] 3 qc) :
10 1 10 10° 10 S 1 Fa PO
. 2 “— -U ' Onr‘mx*
particle flux  Hz/cm = - >3¢50
09 F o)
5 o
0.8 |
0.7 % H.V.= 10300V
-0 H.V.= 10000V
AVALANCHE 0.6 [® H.V.=9900V
MODE 05 :llllllll 1 llllilll 1 llllllll I
10° 107 10"

not shown particle flux  Hz/cm?



RPC RATE CAPABILITY:

DEPENDS ON GAIN AND ELECTRODES RESISTIVITY

PROPORTIONAL
(AVALANCHE)
OPERATION:

not shown

3.0 6,0E+05
“metallic” limit (PPC) o
................. p=4x107 Q2 cm ! |Ng =200 ﬂ
25 1. p=3x10% 02 cm b . | 5,0E+05
N [PeSSsnEEE p=4x10"" Q ecm
Q open symbols: 5 mm diam. beam
o 20 4 solid symbols: 2 mm diam. beam 4 0E+05
o
bl T e P
% 15 T : - 3,0E+05
R |
O . ju ]
O - o
« Y .
3 1.0 T 2,0E+05
o€ "‘m\ Sq e
\q\ ‘\ol
o m\l;\ ¢ o, —} 1,0E+05
LU\QH. o
m‘h
Electionic treshold (80 1C) el
I ot e et | | ! -} 0.0E+00
1,0E+01  10E+02  1,0E+03  10E+04 1,0E+05 1,0E+06  1,08+07  1,0E+08
Counting rate (Hz/crm™)
MATERIAL VOLUME RESISTIVITY
(Q.cm)
Pestov glass 10°-101°
Phenolic (Bakelite) 1019-10%1
Cellulose 5.10%2
Borosilicate glass 1013
Melamine 2.1013 P. Fonte, Scientifica Acta XIII N2(1997)11

Effective gain



Quadrant View

Beam Pipe

Trkr
Ecal

Heal

Coil
— MT
—_Endcap

Endcap Hcal
—_Endcap Ecal

— VXD
Endcap Trkr

A word of encouragement -_—| |
before we start: —
T | I I >

2 4 6

Thisdetector can't be built (without lots of work)
Breidenbach, M;
Stanford, CA : SLAC, 30 Aug 2002 .-4p

Abstract: Most of us believe that et e detectors are technically trivial compared to those for
hadron colliders and that detectors for linear colliders are extraordinarily trivial. The cross
sections are tiny; there are approximately no radiation issues (compared to real machines) and
for linear colliders, the situation is even simpler. The crossing rate is miniscule, so that
hardware triggers are not needed, the DAQ is very simple, and the data processing
requirements are quite modest. The challenges arise from the emphasis on precision
measurements within reasonable cost constraints.
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http://www.newscientist.com/lastword/answers/lwa674bubbles.html
http://www.pbs.org/wgbh/nova/barrier/





















