Particle Detectors

Summer Student Lectures 2008
Werner Riegler, CERN, werner.riegler@cern.ch

¢ History of Instrumentation «— History of Particle Physics
¢ The ‘Real’ World of Particles

¢ Interaction of Particles with Matter

¢ Tracking Detectors, Calorimeters, Particle Identification

¢ Detector Systems
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Particle Detectors

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).

W. Riegler/CERN



Particle Detector Simulation

Electric Fields in a Micromega Detector

W. Riegler/CERN

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.

Electric Fields in a Micromega Detector

Mesh: -425 V

55-60 kY/cm

60-100 kV/em

Anode: 0V




Particle Detector Simulation

Moore's Law

The Fifth Paradigm Logarithrmic Plot

I) C. Moore’s Law:
Computing power doubles 18 months. 10"
Il) 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 ...
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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.”
“Then 1t was a neutrino!™

Claus Grupen, Particle Detectors, Cambridge University Press, Cambridge 1996 (455 pp. ISBN 0-521-55216-8)
W. Riegler/CERN
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icle’s velocity is larger
ity of light in the medium,

EM shockwave manifests
itself as Cherenkov Radiation. 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.
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Interaction of Particles with Matter

m, g = Loty

/’/ !
F .7 i R.e(ahvfl:rz “%/ ]
Phd 1
Fib -
|
Phe 1
-7 I
@ ' >
Mv,g=Zyen X

il
v

While the charged particle is passing another charged particle, the Coulomb Force

is acting, resulting in momentum transfer

pYAVALE
dmegul

3 ZLZQI';;': b

e
_ An = Fo(fpdt =
y dmeg(b? + f.z;'.z} v""fl'-’—l- D22 I ./._x g.r{ Je

The relativistic form of the transverse electric field doesn’t change the mome
transfer. The transverse field is stronger, but the time of action is shorter

ntum

L o= 4000

AVAT 1 /‘“ YAV
F, x e A F(t)dt
i 47:_“.;;.{11.}'! + "_:"El'jfz _:I'j-"‘g P — 'F{ }" -Lr:‘n:'h
. A2 IR
The transferred energy is then AE - B8P _Zy  2Zie
Im m (dmweg)2v2h?
. 1 ’Efo'[ﬁ y Z;;J Ez'fr'd AFEelectrons) m
AE(electrons) = A‘zmr (dmzg)?e?h? AE(nucleus) = 2 Zomy, (dmsg)2v2h? AF(nucleus) .,

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

7/8/2008 W. Riegler, Particle Detectors
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Idigcl lfaitciidal. 1ids’s A, Lz, UCIIly L&/ il J, AVUFaAUl U 1iullivel I‘A
A gramm > N, Atoms: Number of atoms/cm3 n,=N,p/A [1/cm3]

Number of electrons/cm?3 n,=N, pZ,/A [1/cm?]

27, Zm c? e Y AVAL \di
Tectr 5} = 1 ks 1] _ 280 1 @ ¥ o
AFE(electrons) 252 (Arzgm. 22 i re [
- DT,

-IT:Z;Zf:u,.rQI'f Nap /J‘"”” il
RE A b

binox
dE = —f n.AFdre2bmdh = —
B in

Boin

With AE(b) > db/b = -1/2 dE/E > E,_= AE(b_.) E.. =AE(b__)
E — —'.?T:.r'%m"z.--fz—f NaZop f}:m” E — —Errr'gm"}_f'gg—fx'_‘ Zop In Evnas
idr ' ' 32 A E E I ‘ 7 A .Emm

rLam

E..,=| (lonization Energy)

m

7/8/2008 W. Riegler, Particle Detectors



M.p E =

---@- > - - @

1)

2)

p= IJ'ri'[:.-i g+ j:“ COS

Relativistic Collision Kinematics, E__,

pre? 4+ M2ed m,p=0,E =mc*

P22 4+ M2+ me® = /p?c + m2et + /p2e + M2 .

p= p'j - ;3-‘} — 2pp cosd

0= p'sinf + p"sino

1+2)

E*

Praarr

_— Imes pre? cost @
k! 5 I > s I 0
E" = /p?2 +miet —me” =

]
] ] — et eost d

2mc? pte? 0 9 2y ~1
— I = 2me? 42 F P ('l L 2m o 7 m )

(m2 4+ M2)et + 2m/p2e? + M2cA M M2

7/8/2008 W. Riegler, Particle Detectors



Classical Scattering on Free Electrons

1dE o 23 7 2mec? 3242 F ,
5 o= —Q?r-rg mec? 3% Ny A7 In 22 'GJ'_E, F 12:
6

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

—dE/dx MeV g‘lcmz}
[#~]
|

1/p

Bethe Bloch Formula

10 100 1000 10000

= —4?1"? m C —N

1dE Zz Z In Z'HT-ECQIJngr'QF
pder  — 32 1A

/ Density effect. Medium is polarized

] Which reduces the log. rise.
Electron Spin

W. Riegler/CERN 10



Small energy loss
- Fast Particle

Discovery of muon and pion

W. Riegler/CERN

Large energy loss
- Slow particle

11



Bethe Bloch Formula

1dE Zz A 2m.c? 32~y F 5 0(87)
—— = 4mr?m.c® =L Ny= |In ' —pr- i ~ 0.9
pdx 32 A4 [ I - 2 Fiur Z>1,1=16Z %° eV
5ﬂqﬂ 1l“l\ ‘ "'"'I LI *"”'I LI 'fl"l LI | ’l""E LI T..‘.'Ij
For Large By the medium is being polarized by the N | dme o 53 % on Cu o
strong transverse fields, which reduces the rise of *\dEfdx « p2 I=322eV

the energy loss - density effect

At large Energy Transfers (delta electrons) the
liberated electrons can leave the material.

and the
energy loss reaches a plateau (Fermi plateau).

In reality, E,,,, must be replaced by E_;

Characteristics of the energy loss as a function

of the particle velocity (By)
The specific Energy Loss 1/p dE/dx
« firts decreaes as 1/f2

* increases with In y for 3 =1
* is = independent of M (M>>m,)

* is proportional to Z,2 of the incoming particle.
* is = independent of the material (Z/A = const)

» shows a pleateau at large By (>>100)
edE/dx = 1-2 x p [g/cm3] MeV/cm

W. Riegler/CERN

eV g lem?)
=
o

0

1p-aEy
ro
e ]

dx
o

=
o

Radiative effects
become important

Approx Tiax
dE [dx without 8

er‘uml‘lm

1.0 10 100 1000 10000

ﬂ’y:p}rMC

Energy Loss by Excitation and lonization 12



Bethe Bloch Formula

Bethe Bioch Formuia, a few Numbers:

ForZ=05A
1/p dE/dx = 1.4 MeV cm 2/g for By = 3

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

1/P —dEdx MeV g‘lcmz)

- A1 GeV Muon can traverse 1m of Iron

R

H, ]iquig_______._jz

By = p/Mc

10 100

1000 10000

This number must be multiplied
with p [g/cm3] 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= Mcy IS however
depending on the particle’s mass .

[
™o
I

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

no
o
I

[%]
=]

dFEAdy (keViem}

- Particle Identification !

Ll vl

Momentum (GeV/e)

1 dE 2

p dr

2 72 2 2
B 5 o oP"+ M 2 w Z 2m.ccF  p P
= —i_Lﬂ"re mec Zl p2 ﬂIAZ In i M2c2 - pz 4+ M?22

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

W. Riegler/CERN

CALI_F1

Energy Loss as a Function of the Momentum

Measure momentum by
curvature of the particle
track.

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

->Particle ID

15



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 |
0 1 20000 |
R(Ew) = [ GpmdE ol
5, AE/dz s |
= 20007 \Hzliqui:i
Hl_[fg J_ % 1000 ,— He gas
: 1V S 500 F
R(.ﬁg’}’ﬂ) o T]E 200 |
& 100 -
= 50 F 3
P 1 A ~Independent of S
—— R(Bov0) = =5 = f(Boyo) the material L i
. 010 MO0 10 & J
M2 27 i -
2 -
Bragg Peak: o 100 2 51000

bg ;A"r\f{'

For By>3 the energy loss is =

constant (Fermi Plateau) "Encrgic  Brage Peak

verlust
If the energy of the particle , |
falls below y=3 the energy ‘
loss rises as 1/p2

Towards the end of the track :
the energy loss is largest 2> e
Cancer Therapy.

W. Riegler/CERN Energy Loss by Excitation and lonization 16



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
K.obalt 6(

Elektronen 21 MeV
Photonen 25 MV

Kohlenstoffionen
330 MeV

3

g

8

MeBdaten:

Relative Dose (%)

Fhotonen und Elektronen
AKH Wien

s e e - R
&

%1 t.- Kaohlenstof fonen
! . ! . i S : ! L GS| Darmstadt

0 4 8 12 16 20 24 28

3
:

Depth of Water (cm)

W. Riegler/CERN Energy Loss by Excitation and lonization
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Search for Hidden Chambers
in the Pyramids

The structure of the Second Pyramid of Giza
15 determuined by cosmuc-ray absorption.

Luis W. Alvarez, Jared A. Anderson. F. El Bedwei

James Bawkhard Abmed Fakhry, Adib Gups. Asw Gonend
Fikhgy' Hassan, Denms Iverson, Gemald Lynch. Zenab Miligy,
Ah Hilmy Moussa DMobammed-Sharkaws Lawren Yarohno

Fig. 2 (bottom right). Cross sections of {a)
the Great Pyrammd of Cheops and (b) the
Pyramid of Chephren, showing the kpown
thambers: {4) Smooth hmestonecap, (8)

the Belroni Chamber, (¢} Belzoni's en-
trance, (0 Howard-Vyse's entrance, W
descending passageway, (F) ascending
passa, E“‘ﬂj‘. (G underground chamber,
{/-1) Grand Gallery, % King's Chamber.
(1) Queen's Chamber. (#) center hne 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 Scanmer plos showing the three stages m the combined analyne and wviswal
analysis of the data and a plot with a siggolated chamber, (a) Sigwolated “x-ray photo-
graph” of uncorrected data. (b) Data cormected for the geometncal acceptance of the
.ﬂ:aﬂms. (e} Data corrected for pyramud strocture a8 well 35 gecmetncal sceeptance.
(d) Same as (c) buat with sypplated chambgr, as Iy Fig. 12

W. Riegler, Particle

Netactnrs




Intermezzo: Crossection L

WV -
Crossection 0: Material with Atomic Mass A and density p contains -
n Atoms/cm3 r " s
r —11 r ".(- a2, . '_ 7 £
H[l'lll_:g] = A l'[lm_;l[guzi] m N4 = 6.022 x 10 mol ™

E.g. Atom (Sphere) with Radius R: Atomic Crossection G = R?1t © o ©

OFO
A volume with surface F and thickness dx contains N=nFdx Atom:s. OO 8

The total ‘surface’ of atoms in this volume is N G. /
The relative areais p=Nc/F=N,p G /Adx = dx
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 mt" layer

hy N, ¥ :
P{l’]”’lf [ J-_P'}I“ J” == ¢ m P 4_\:{1]. (— ":”I‘T .;') ":{”‘T |'||r.,l' /—{l{":{jl (—i) H'I.I' .:I'l. j{__jr)f’]’

Mean free path =f -T'Pf-r‘_:'ff.!'=f %f—%n{r::a
1] [1] “

Average number of collisions/cm ="

7/8/2008
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Intermezzo: Differential Crossection

E s F E_E.f

gl ot
Fd i
r A

do(E . E")
d B’
— Crossection for an incoming particle of energy E to lose an energy between E’ and E’+dE’

Differential Crossection:

do(E. E")

Total Crossection: a(E) = / 0o

dE"

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

1 dolE.E")

I||'.|'
7(E) JE il

P(E. E")dE'

Nap do(E.E'")

Average number of collisions/cm causing an energy loss between E’ and E’+dFE’ 1 iE

i FE Nap ydo(E.E")
Average energy loss/cm: =~ /E B 4F

7/8/2008

W. Riegler, Particle

Netactnrs
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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
PRHR—X >
PH0—% >
v wa\ e— >
/\v,v, w1 v >
y S v\ v >

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

. 1 T A
P(x)dr h exp (—i) dr A Napo



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,p o

Probability to have no interaction between 0 und D:
Ple = D)= ] Py )de, = e
o

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

Ju,

R J.
Pl re = 1)) = / Py ) ey — oy )deg = —e %
D A

Probability to have one interaction independently of @y

D
. . D b
ﬁ P(ry.ay > D)= S e %

Probability to have the first interaction at ry, the second at rs .... the n'"
., and no other interaction:

. ) )
P(xy,29..xy > D) = P(ey)P(xz —a1)..Plan — opy)dey = 12 o
Jbp .

Probability for n interactions independently of rq,ra...1,

Il e Ty — T T
n—1 n—1 1 l D
f j f / I’['J.I"J.'—J “““ Ly = D]flr.f'1...fl'l~rr-'—1 ol (_) r—%
0 i} 0 J0 n! A A



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
Pin) = Y ()&

—>Poisson Distribution !

|
e
H‘l
]
|
E
]|
=
!
e
L
I
(EN

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 ?

I 1 de
pl B =P 4+ P(2 f (E=E"fENdE! / ] EVHCE"YFIENdE"dE" 4
il

F(s) = £Uf(B) = [ f(B)PuE

0] —HFH ) . R )
L[p(E)) = P(1)F(s)+P(2)F(s)*+P(3)F(: Zm”ma = S T = P D

1
I
n=1 n=1

J_ o == 1T

II{E} = | [" e :I] - )T £ L)1 :_'L"F".nr.ﬁ'

A1



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 dc (E,E’)/dE’/ (E) which is given by the
Rutherford crossection at large energy transfers

I | I

|
|
— 5 i
L a I ¢
5 . .\ do o2 ZZet
= A P~ -
i £ . ! dE"  m.c?(32E72
L] 0
= S .
- xt{tations IImmkm
L > dll:':i‘lutut ltb distant e 1sions
S E collisions ’
w 9 | En
o) 10 oV | 100 oV
° - |
000} oot 1 al 0 100

Minimum ionization energy Energy fronsfer (keV)
Excitation and ionization Scattering on free electrons
o.1sE
1 cHioo 1 oo ,

plz) = — f exp(slogs + rs)ds.= —f exp(—tlogt — xt)sin(wt) dt.
271 Je—ico T Jn _
D.12;—
T = _£+E_"-_ —1—-Inmn n= —'\ ApZakD n'"g_
e Ae 0.08}-
5 o.os;—
lne = In - 4 232 0.04;—
HiaT 0_02;_

L_
%]
(=]
5]
Y
o
[=-]
=y
o
=y
4]
=y
F-Y

n
u

W. Riegler/CERN Energy Loss by Excitation and lonization 24



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 > A
450 MeV Electron usually leaves
the detector.

QL

005

L

rII|III1|\\m1H—-

.

Energy Loss by Excitation and lonization

5

LO L5 20
E (arbitcary scale)
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Landau Distribution

PARTICLE IDENTIFICATION

LANDAU DISTRIBUTION OF ENERGY LOSS: ) o )
Requires statistical analysis of hundreds of samples

.
v —;-'l— — v v -
Counts | 4 cm Ar-CH4 (95_5) Counts | 15 GeV/c
6000 5 bars 0001 Hrotons T electrons
N =460 i.p. '
2000 ¢ FWHM~250i.p. | 24000 |
2000 | 1 2000 |
[
0 — e ————— p————r 0 . - —
0 500 \1000 _ 0 500 1000 _
. o N (i.p.) N (i.p)
For a Gaussian distribution: oy ~ 21 i.p.

FWHM ~ 50 i.p.
|. Lehraus et al, Phys. Scripta 23(1981)727
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Particle Identification
Measured energy loss

32 I."‘Ii-r-]‘ T .J.;' I- Tr \I\l T T T T Ill\l

28

[a~
i

dE/dx (keV/iem)
[y%]
=

._.
(=2}

12

L

L1l I 1 1 1 | I I
p (GeVic) 8 o1 1 10
Momentum (GeV/o)

BLUE => PIONS RED = KAONS CREEN => PROTONS MAGENTA => ELECTRONS BLACK =» NO ID POSSIBLE

dE fdx vs. Rigidity (~ 50 HIJING Events)

4.00-06

STAR

In certain momentum ranges, L e

particles can be identified by
measuring the energy loss.

3.0e-06

2.60-08

dE/dx

20e-08

5.0e-07
0

Rigidity
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Bremsstrahlung,

P
—— {*f:-h?- q-° 3-1 g
Rl ®ze
de (2?,?16" ‘}‘ 1 .
é we, pv | (2sing) P Moy

T

L "I{i"".'t-*"'. -F'-J'_'J.“"l--"$‘
WPirk\ I TE"H'\_'. Uer -"?;;mﬂm Tpmk Q*,‘?Pl{q-mal

T \3
ds"‘gw(i,,i!c. . A

da e, Ac @?
— — o5
- Q=1p-pl

. f
=2 Fogn Nomwell'sCa | ..fa(-lfc.,'il.}k]

mm Qh..’
48 Ny g &. g2 3
= % jﬂ!m ﬁﬂ dw  da “e *
] EJhl’k
r : (?.."‘gt \2 &
o= 4 "3 2 (g e | Edn
E-: -1

T T TR Tt

W. Riegler/CERN

, I 2_ 3 _1 P .
fn 55~ e BE L0 tubt Ewgy beluer, b, 016

Classical

A charged particle of mass M and
charge q=Z,e is deflected by a
nucleus of Charge Ze.

Because of the acceleration the
particle radiated EM waves -
energy loss.

Coulomb-Scattering (Rutherford
Scattering) describes the deflection
of the particle.

Maxwell’s Equations describe the
radiated energy for a given
momentum transfer.

—> dE/dx
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Bremsstrahlung, QM

., ¢

2L 'gifgh.ﬂj.fli{{'bﬂ WH ¢ i
qri.e, E+Me>?1371 23 B

»-,-}5 ;M1 E-¢
-2 ﬂ;T{f‘ ’t.’f‘ I{bﬂj’ft ' E

F d 5
de’ () P 2
- e 4t 22" ewE, Mc*
f{?f" * 4 b Bt c

g’ d 2/ E sV e =1 4 !
Flee- 114 (1-Fa)~ 3(1- g L1833 + 3 (1- &)

E
AE g (s pr . 1ot (A2 Y 1 4
- - ~i_'5' nff %?Jdr- b 22} (e EI.&*-’H?’ *7g
N @ Y oo e
Q?E'F_iﬁ‘# E‘J,.“(Tv-i., AR
E6) g -
A=E, € Xo" T 0o 2 (i) g 3774

Xn s 'Pnglulf‘-‘ch ﬂy.qik

W. Riegler/CERN

Proportional to Z2?/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 -

E(x)=Exp(-x/X,) — ‘Radiation Length’
Xo < M2A/ (p Z,* Z2)

X,: 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/f:out 6 MeV and 6 GeV

(i on Cu For the muon, the second

= i :
L1001 -  lightest particle after the
> Bethe-Bloch Radiative 1 electron, the critical
S Anderson- R .
2 L. Ziegler 1 energy is at 400GeV.
g rad= y
PR i Radighve 7 The EM Bremsstrahlung is
g ENuclear ionization re PR E therefore only relevant for
P | losses e b | electrons at energies of
¢ Without density effegt
1 | | ; | | past and present
| 5 6
0.001 0.01 0.1 1 / b 100 1000 10 10 10 detectors.
I I l I I l l I I |
| 0.1 1 10 100 I | 1 10 100 I 11 10 100 |
[MeV/d] [GeV/d [TeV/d

Muon momentum

Electron Momentum 5 50 500 MeVic

Critical Energy: If dE/dx (lonization) = dE/dx (Bremsstrahlung)

Myon in Copper: p = 400GeV
Electron in Copper: p =20MeV

W. Riegler/CERN



Pair Production, QM

i e’ For Ey>>m_c?=0.5MeV : A = 9/7X,
e - i AT e
g - : 4 :_A_J“I‘ _:-‘e e F i Average distance a high energy
ve photon has to travel before it
converts into an e* e- pair is
The Diggvan is very simlor do ’5*‘*"*“60-7} equal to 9/7 of the distance that a
high energy electron has to
8 o travel before reducing it’'s energy
e € +lul = g+ e +luel from E, to E,*Exp(-1) by photon
f "Coossing Symloy: buing parkel radiation.
2e g K Ir_ﬁ"u §ith ord moke IF
e gal parkel ¥ - Sone' g 1 T T T T 1
:I Cvorae L'my ) {a) Carbon (7 = 6) -
d;:*f e byt Z.6(e,8')  E DBinc 2 E o _\ o |

G (Ep)e [ (E520) 0 (4- Canee' ), § Cotel(y. Comac'y o

- #langd A - f*ih.r.')
S E ( r J

| |
R ¥ i
‘i\
| Op.e. _

Cross section { bams/atom)

£« Ing! 1 kb
J - T + e
o EE e - e 2 S U 1837
@ Opayleigh :
Plo=5 ¢ 2 * e * ¥ Xo . N
('j ’Prﬂil'ﬁth& f? LL‘I ’PADJ‘Q“L CG'IV"F‘% P!El' Ei E- 10 mb = IJ*‘I" TCI'.'G'.I:L]JII:DI'I. } I “y I —
aflv o Gisterce x. 0eV ke IMeV  1GeV  100GeV

Photen Fnergy
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Bremsstrahlung + Pair Production - EM Shower

Eéﬁhphadﬂuc{nt Showev = ER Golovinelev

W. Riegler/CERN



Multiple Scattering

Statistical (quite complex) analysis of multiple collisions gives:

Probability that a particle is defected by an angle 6 after travelling a

distance x in the material is given by a Gaussian distribution with sigma of:

0.0136 z
7y )=

O, — -
! Bep|GeV /] Xo

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:

T & JIT\nh prqRB
LE‘ E“?' p[e¥]- 0.3 RI») BI1]
L=R-8

.-k L
s=R(1-wt)*RE=Fx 2> R* s
T

L
4P=ﬂ.3'Ba‘R- O3B gs: 43

" Pukf yauob b o . N . Magonvend Poi b

AP as_ &I 33.3 p[ &7
s . - S
P N RITY- L2 [w

5-3: b= 40 C_:_I.-r'j B=1T, L"'!'h, a—-’-m/n_, N=25

H 001 = 1%
Limit - Multiple Scattering

W. Riegler/CERN



Multiple Scattering

, —
5 #ha A (1, (L)°
i a1 Sopha
pl 1- 0.3 ROI DI P y
6. &- —l-!;—m;r.as T s m T T Mgl Sialen
= Tagepn bt of p

W. Riegler/CERN 36



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
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If we describe the passage of a charged part
permittivity N (using Maxwell’s equations) the different

if the velocity of the particle is
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N is the number of Cherenkov Photons emitted per cm of material. The expression
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Cherenkov Radiation

with velocity B> g, =1 n:refractive index
L
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Ring Imaging Cherenkov Detector (RICH)
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Transition Radiation
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When the particle crosses the boundary between two media,
photon, called Transition radiation.

there is a probability of the order of 1% to produced and X ray

7/8/2008
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Electromagnetic Interaction of Particles with Matter

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
2nd power of the particle mass, so it is only relevant for electrons.

7/8/2008
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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.

7/8/2008
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In case the particle’s velocity is larger
than the velocity of light in the medium,
the resulting EM shockwave manifests
itself as Cherenkov Radiation. 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.
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Now that we know all the Interactions we can talk about Detectors !
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Detectors based on registration of lonization: Tracking in Gas and
Solid State Detectors

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

The photons emitted by the excited atoms can be detected with photon
detectors like photomultipliers or semiconductor photon detectors.

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.

W. Riegler/CERN Tracking Detectors
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Principle of signal induction by moving charges:

: _ The electric field of the charge must be
A point charge q 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
® q distance -z, satisfies the boundary

The total induced charge on the condition - electric field.

surface is —q.

The resulting charge density is
_q G(st) =& Ez(st)

Different positions of the charge result
in different charge distributions.

The total induced charge stays —q.
Jo(x,y)dxdy = -q

-q

E. (x,y)=— q=0 F,=F, =0 Qind = Ou(x,y)dxdy = —q
' 2 2 2\ 2 Y
27T 0(11? + Yy + ZO) 2 —o0 J —00

M)
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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 q v strips is now depending on the position
strips the charge density doesn’t O z, of the charge.

change. If the charge is moving there are currents
flowing between the strips and gorund.

- The movement of the charge induces a
current.

T_T_TT

IL/Z 2 w
1(z0) / / Cu(z, y)drdy = _ arctan (‘)
w/2 n 279

QLI dal) _ dqw
0z dt T[4z (t)? + w?]

Li(t) = —Ql[zm )] =

W. Riegler/CERN Signal induction by moving charges o0



In order to calculate the signals the Poisson equation must be calculated for all
different positions of the charge q - difficult task.

t T1(0)

q
"N | e

qlB(t) |

Theorem (1) (Reciprocity theorem, Ramotheorem):
The current induced on a grounded electrode (n) by the movement of a charge
q along a trajectory x(t) can be calculated the following way:

One removes the charge q and brings electrode (n) to potential V, while
keeping all the other electrodes at ground potential.

This defined an electric field E (x) (‘Weighting field’ of electrode n).

The induced current is then

di(t) q

W. Riegler/CERN Signal induction by moving charges 51




Example: Elektron-lon pair in gas | I,
Z=D

E,=V,/D z £
E,=-V,/D " Ve

Z=0
1= -(-a)Vg*(Vg/D)*V, - GIV, (V,/D) (-v)) = q/D*V+q/D*, | ,
|2='|1

The induced current is proportional to the velocity of
I the charges.

v

T T, t

e

Qtet,= [l dt = q/D*v, T, + q/D*v,*T,

= q/D*v. *(D-zy)/v, + q/D*v,*z,lv,

= q(D-z,)/D + qz,/D =

qe+q|=q
The induced charge depends on the position from where the charge starts
moving.

The total induced charge on a specific electrode, once all the charges have
arrived at the electrodes, is equal to the charge that has arrived at this specific
electrode.

W. Riegler/CERN Signal induction by moving charges
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Theorem (2):

In case the electrodes are not grounded but connectd by arbitrary active or passive
elements one first calculates the currents induced on the grounded electrodes and
places them as ideal current sources on the equivalent circuit of the electrodes.

v, R R
Z=D l,
q, v To Ol -qQ,Vy "o Z=20 C
= R l
V, !
R

W. Riegler/CERN Signal induction by moving charges 53
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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 g>>1000e-.

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

Solid state detectors have 1000x more density
and factor 5-10 less ionization energy.
->Primary charge is 104-10%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).
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By using thin wires, the electric
fields close to the wires are very
strong (e.g.100-300kV/cm).

In these large electric fields, the
electrons gain enough energy to
ionize the gas themselves -2
Avalanche - a primary electron
produces 103-10°6 electrons >
measurable signal.
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