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Introduction

Das menschliche Auge

Cosmic Ray
Background Radiation:
T=272K,n, = 4x108 m*®

700 nm

Das sichtbare Licht ist elektromagnetische Strahlung mit Wellenlangen von 380 nm
bis 700 nm
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What are the Objects? Fundamental Interactions
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Example for Resonance at HERA Detection of Particles and Radiation
The goal of experimental particle physics: measurement of
Pentaquark candidate: - particle properties
0 . 4 - reaction probabilities (— cross sections)
0 — D" p— K n7n"p
> 40 J ’ . . L
H o D p+Dp minimal quark content: uudde This requires determination of:
4 w - H .
T 30 —  Signal + by, fit so far only ,seen" by HI ... particle type (mass, Chmﬂge"Spm etc)
g - Bg. only fit - momentum / energy of particle
[ . . . - emission angles
E 20 * is this a real signal ?? I
& * or just a statistical fluctuation ?
ol # * oradetector effect ? Elements contributing to such measurements :
ol - position sensitive detectors — position, direction
s [ ‘ => very good understanding of detector deflection i ic field F
0 é - y ” response is required - de e.c’non in magnetic fie . - |p
. M.(D* ) (Gev ]- significance: signal/background - calorimetry: total energy absorption and measurement — Ejor
P * resolution - mass determination —-m
« efficiency / acceptance - Cherenkov radiation or time of flight - B
- transition radiation -y
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Criteria for an ideal Detector

Because in general there can be very complex event topologies one often aims at

reconstruction of full event kinematics (background rejection)

Most important:
- high efficiency
- high resolution

- high acceptance — try to cover full solid angle (4m)

also very important (partly conflicting demands):

- particle identification capability

- fast response

- high rate capability

- small dead time

- hermeticity

- longevity of detector components
- high reliability

- good accessibility (for repairs)

- low cost

Detectors for Particle Physics: 1
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Example of Particle Physics Experiments

Modern Collider Detectors

Besides the large collider detectors there are many other expts: www.hep.net/experiments/all_sites.html

Bates Linear Accelerator (MIT)
BLAST , OOPS , SAMPLE

Beijing IHEP
ARGO-YBJ , BES, Tibet ASgamma

Brookhaven

BRAHMS , Crystal Ball (E913/914) , E787 , E821/muon
g-2, E850, E852, E863/ EMUO1 , E864 , E865 , E869
E877,E881,E885, E890, E891, E895, E905 , E906 ,
E907 , E909 , E910, E913/914 (Crystal Ball) , E917 ,
E923, E926 , E927 , E949, E953 , EIC , EMUO1/E863 ,
High Gain Harmonic Generation FEL , ICAE , IFEL , IMB
, LEGS , MECO, Microundulator FEL , NuMass/E952 ,
PHENIX , PHOBOS , pp2pp , Smith-Purcell , STAR ,
Zero Degree Calorimeter

CERN

ALEPH , ALICE , AMS , ANTARES , ASACUSA ,
ATHENA , Atlas (European) , ATRAP , CDHS neutrino
experiment/WA1 , CERES/NA45 , CHORUS , CMS ,
CosmoLEP , CPLEAR/PS195 , Crystal Barrel/PS 197 ,
Crystal Clear/RD18 , DELPHI , EMUO1 , FELIX , HARP ,
ICANOE , ISOLDE, L3, LHC-B, MISTRAL , NTOF1,
NTOF2, NTOF3 , NA45.2/IONS/EL.PAR , NA47/SMC ,
NA48, NA48.1, NA48.2 , NA49 , NA50 , NA51 , NA52/
Newmass , NA56/SPY , NA57 , NA58/COMPASS ,
NA59 , NA60 , NOMAD , OBELIX/PS201 , OPAL ,
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OPERA , PAMELA , PS185, PS205/HELIUMTRAP ,
PS210, PS212/DIRAC , PS214/HARP , RD8 , RD11,
RD12/TTC, RD13, RD27 , RD39/SMSD , RD41/
MOOSE , RD42 , RD44/Geant 4 , RD45 , RD46 , RD48/
ROSE , RD49/RADTOL , TOSCA , TOTEM , WA85 ,
WA92 (Beatrice) , WA94 , WA97 , WA98 , WA102

DESY
H1, HERA-B, Hermes , TESLA , ZEUS

Fermilab

Antihydrogen/E862 , APEX/E868 , Auger Project ,
BooNE/E898 , BTEV/CO , CDF/E830 , CDMS/E981 ,
CEX/E853 , Charmonium/E835 , CMS (US Server) ,
COSMOS/E803, DO (DZero)/E823 , Donut/E872 , E665
, E771, E789 , Fermi lll Project, FOCUS/E831 ,
HyperCP/E871 , KTEV/E799/E832 , MINOS/E875 ,
NuMI , NUSEA/E866 , NuTeV/E815 , SDSS , SELEX/
E781 , Zero Degrees/CO

Gran Sasso

BOREXino , CRESST, CUORICINO , DAMA , EASTOP,
GALLEX(finished) , GENIUS , GNO , Heidelberg Dark
Matter Search (HDMS) , Heidelberg-Moscow
Experiment , ICARUS , LUNA , LVD , MACRO ,
MONOLITH , NOE , OPERA , USA
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HERA Experiment H1

The ATLAS Detector

==
LHC :-5"(.

under construction:

in operation: HERA/Tevatron
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Search for Rare/Forbidden Decays

Experiment in preparation at Paul Scherrer Institut (PSI, Switzerland):
- search for lepton-number violating process: | — ey sensitivity goal: 1013 |
- needs excellent energy resolution, high event rate, but small track multiplicity per event

- start full data taking in 2007

Lig. Xe Scintillation
Detector

Lig. Xe Scintillation
\{ ~+— Detector

[
Thin Superconducting Coil/

Muon Beam Stopping Target
—_— ¢ .
¢ Ve ‘\\ Timing Counter
Drift Chamber et \ ‘ /
| .:.’—‘.:. |
: |
im
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ALICE @ LHC Real Event in STAR at RHIC

Heavy Ion Physics: this simulation shows 1/10 of all 10000-20000 expected tracks in a
typical event. The separation of all these tracks puts very high demands on the position
resolution and double hit seperation of the device.

Alice event: 0, Run:0
=12114 Nhits = 32724

Alice event: 0, Run:0

oL
il

SRR et %S,
N
G A

e
o
i
77

DAL

il
WA A
i
N7

% 2000 tracks per event
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Super Kamiokande (Japan) Satellite based Detectors

Search for proton-decay and for neutrino
oscillations

- 50000 tons of water
- 12000 photo tubes

w The Gamma Ray Large Area Space Telescope

GLAST Gamma-Ray observatory for
high energy photons in the range 20MeV
t0 >300 GeV

EErs Catching Neutrinos

About ance every 30 minutres, & neutino interscts in the detector
chamber, generating Cherenkoy radiation. This optoal equivalent of
 Sonic boom crestes a cone ofight tha i registered on the
phowmuplers that e th tank. C harachensii ing pantsme tell

Felwere headed

Astro particle physics

history of star formation
acceleration mechanism of AGN's
. sources of gamma ray bursts
L I— Reactions : 9 Y
T nature of dark matter
v, N —=uN
EE ‘ Components (need highest reliability !)
e aal Cherenkov precision tracker (Si-strips)
E v,N —eN calorimeter (CsI(TI))
Tt data acquisition system
e shower anticoincidence detector
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Applications in Medicine

wewesiz e | Tmaging microgap detector:

Wiggler-Magnet in DORIS
Wiggler magnet in DORIS

Photon rates # 10 mm2 s

10 Ancde
wires R

Non-invasive Koronary Angiography
using synchrotron radiation
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Interaction of Radiation with Matter

Interplay between Physics and Technology

Charged Particles Neutral Particles

heavy charged particles -~ neutrons
electrons gamma radiation
neutrinos

Mainly “singular” interactions,
resulting in energy transfer to
charged particles

Coulomb-Interaction with
electrons of medium
— electrical signal in detector
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Almost all effects used in particle Understanding of e.g. a modern tracking
detectors are based on the electromag- detector in high-energy physics or a
netic interaction only. Most modern medical imaging system thus requires
detectors convert the absorbed energy knowledge of

into an electrical signal.
- solid state physics

The detection sensitivity and detector
performance depends on

- statistical processes in the detector
- fluctuations in the electronics

- semiconductor device physics
- semiconductor fabrication technology

- low-noise electronics techniques

To maximize detection sensitivity and
resolution one must consider and optimize

- signal formation in the detector

- coupling of the detector to the readout
electronics

- noise generated in the electronics

- analog and digital microelectronics
- high-speed data transmission

- computer-based data acquisition
systems
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Cross Section of a typical Collider Detector

) absorber (mostly Fe) heavy medium
Particle type: flux return yoke (Fe, Cu, U) + active
neutrinos (missing energy) material

muons w

hadrons: p, =, K ...
[quarks, gluons — jets]

electrons, photons

charged particles

e Track detectors for charge
particles

- gas detectors
- solid state detectors

e Calorimeter for energy meas.
(neutral & charged)
high Z

- electromagnetic

. magnet coil .
- hadronic e . material (Pb
(solenoid, field || beam axis) (Pb)
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Example 1: HERA ep Event with 3 Jets

Example 2: Muon Detection

g transverse view:

hadronic calorimeter —

electromagn. calorimeter ——‘> ¢

track detector

almost hermetic detector

= detection of nearly all
produced particles

side view
exploit energy- and momentum
conservation
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Example 3: Neutrinos

Because muons do not interact strongly and because of their large mass
(compared to electrons) they don't shower so easily and thus can penetrate
calorimeter and iron yoke

. H [U [_éi i ]

Event MUON-2 ‘

P =28GeV. P =67 GeV, PP = 43GeV

Missing transverse energy and
transverse momentum:

y Birans = 43GeV
IE trans

carried away by neutrino ?

H1
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i
y |
u
u
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Example 4: Secondary Vertices
@  Run 270530 Event 157876 4200 | g0 mosons containin 9

heavy quarks (charm or
beauty) only decay via
the weak interaction.
example: D™ = K*n™ -
Resulting lifetimes are
relatively long:

Tx0(10%2s) or

ct % 100 - 500 um

2m

With the help of high
precision track detec-
tors one can distinguish
- if particles originate
from secondary or
primary vertex:

T

/ e / = vertex detectors

} [in most cases based on
silicon]

—_— —
5cm 4 5 mm
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Interaction of Charged Particles

Bethe-Bloch Formula

There are two principal effects which characterize the passage of charged particles

through matter:
- energy loss
- change of direction

both effects result from the following electromagnetic processes:

- inelastic collisions with shell electrons of medium
- elastic scattering of f nuclei

relevant is the statistical sum of many such interactions.

In addition there are the following processes:

which however in general occur much less frequent than atomic collisions.

Energy loss by ionisation:

dE _

- = 47N, rim czzzi'

1 [1n2mec2[52y2
1

_p2- 2} [MeV/cm]

- B = v/c velocity of particle

z charge of particle

- Z, A of medium

- I=16" ZO'O average ionisation potential in [eV]

- 0 describes density effect due to polarisation
of medium (= saturation of relativistic rise)

- N, Avogadro’s number

- r, = 2.8fm classical electron radius

Properties:

- dependence only on particle velocity
not on particle mass

- at small energies
- drops like « 1/f2

- at relativistic energies i.e. fy » 1
P
x In(By) =1In —

- logarithmic rise -

Q\ﬁ/jf E field ‘ﬁ;‘

- >

2;?:?651' '2&‘ «;

For charged particles one must distinguish light particles (i.e. e*, €7)
and heavy particles (i.e. all the rest: u, z p, a, light nuclei, ...)

Detectors for Particle Physics: 1
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Material Dependence

- m, electron mass

Detectors for Particle Physics: 1

- approximate range of validity:
10MeV/c = p =50GeV/c
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Energy Loss of Electrons

hg E H, liquid :z
< E
o 4F -
> ]
[} r E|
2 3 it
X [ C—
3 f -
g2
-
0.1 1.0 10 100 1000 10000
By = p/Mc
o v el el il
i 1000
Muon momentum (GeV/ c)
R 1000
Pion momentum (GeV/ c)
0.1 1.0 10 100 1000 10000

Proton momentum (GeV/ c)
- logarithmic rise more pronounced
for gases (He)
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Energy loss is a function of Z/A, I, and the
density p . Hence use instead :

N wo o dE _1.dE
=*P X T p dx

= dE/dX essentially a function of Z/A

[MeV g~ lem?].

"Stopping Power"

25T
L Hpgas: 4.10
& L H2 liquid: 3.97
£ r 2.35-0.64 log,y(Z
S 20fe SN Preiuteiestin 902) B
|
> Q
> T N
3 o e
e oo W ]
€ kS
- r + Solids 1
§ r O Gases 1
o L
DAL [ 4
05 H He Li BeB CNONe Fe Sn
5L f
1 2 5 10 20 50 100

z
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In addition to energy loss by ionisation high energy particles also loose energy due to
interaction with the Coulomb field of the nuclei: Bremsstrahlung

Due to their small mass this effect is especially prominent for electrons (positrons):

- —dE/dxx 7} E/m’
- it is useful to introduce radiation length X,

. —X 200 —— : T
- energy attenuation: E = Eoexp<—> i ‘ ! 7
XO [ Copper Examzple: Cu ]
) o Xp=12.86 gcm~ R
716g cm ~A 100 - E.=19.63 MeV -
- approx.. X, = £ _ c 3
Z(Z+1) In(287/Z) = =
= i
;c Rossi: E
- critical energy E,: x leniatin epje'lgg 3
T 3J
dEBrems _ dEcollision g 30 =
dx dx ©
20
. X 610MeV 1
- approximately: E. = T 104 ¢ Brems:ionization:
10 I 1 | ‘
2 8 10 20 50 100 200
Electron energy (MeV)
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Energy Loss of Muons

10('375/ 3

K
~ _ A |
c 100 = L=\ E
; o Bethe-Bloch b
< L/ Anderson- ]
= o, Ziegler -
— G . . . .
g TE5 relativistic rise ]
2 T5 uc -/
2 10LER . " Radiati -
O Radiative ¢+ hadlative E
2 [ Minimum \ effects <4~ losses ]
S Ny Nuclear ionization \reach 1% 3 o E
® N« losses
i \\ K
1 \ ! /
0.001  0.01 0.1 1 10 100 1000 104 105 106
| | | | | | | | | |
L0l 1 10 100, |1 10 00, 1 10 100 |
[MeV/c] [GeV/d] [TeV/d
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Muon momentum

MIP = minimum-ionising particles
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dE/dx in a TPC

dE/dx Applications for different Detector Types

Gas

ionisation
Liquid
- local heating

ionisation

Solid

excitation of electrons
— conversion into light

creation of electron-hole pairs =

Detectors for Particle Physics: 1

Properties

= proportional or drift chamber

= bubble chamber

= calorimeter (Liquid Argon or Krypton)

= scintillators

solid state detectors

30 carsten.niebuhr@desy.de

of some Materials (PDG)

Measurements in

PEP4/9-TPC (Ar-CH4 = 80:20 @ 8 5at
(Ar-CHa ©8.3aM) 1t de/dx is plotted

versus momentum of

32

dE dr (keViem)

particle the curves
are shifted horizon-
tally for different
masses

Application: if also
the momentum of the
particle is known the
measurement of the
specific ionisation can
be used for particle
identification

In this example each
dot represents 2185
single measurements

ool 1 ol ol W i e

Lol 1
& 0.1
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in a drift chamber

10
Momentum (GeV/ie
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Material z A (Z/4)  Nuclear ® Nuclear §dE/dz]y |} Radiation hmgth‘f ': Liquid  Refractive
collision  interactiop ( \r.y Y1 ) Xo 1 1 boiling index n
length A7 length Af 2/en? 1 {g/cm?} {cm} 1 Ipoint at ((n —1)x10%
{g/em®} {g/cm?} & 1 1 I atm(K)  for gas)

1 1 1 1

Hy gas 1 100794 099212 433 508 1 (4.103) 161.28¢ (731000) 0.0838)0.0899]1 [139.2]

Hy liquid 1 100794 099212 433 508 1 4034 16128 866 1 00708 1 20.39 1112

Dy 1 20140 049652 45.7 547 1 (2.052) 224 7241 0.169(0.179] 1 23.65  1.128[138]

He 2 4002602 049968 499 651 1 (1.937) 19432 756 1 0.1249(0.1786]1 4224 1.024 [34.9]

Li 3 6.941 043221 546 734 1 1639 18276 155 1 0534 1

Be 4 9012182 044384 558 752 1 1594 16519 3528 1 1848 1

C 6 12011 049954 60.2 863 T 1745 X 188 T 2265¢ T

Ny 7 1400674 049976 614 s78 1 (1825 g 471 Vosorsieso) 1 77.36  1.205 [208]

02 8 15.9994 050002 63.2 o0 1 (1.801 . 300  V ov14ai[i428] ¥ 9018 1.22 296]

Fy 9 180084032 047372 655 953 1 (1675 X 2185 1 15071696 1 85.24 [195]

Ne 10 201797 049555 66.1 966 V(1724 94 240 1 1.204{0.9005)8 27.00  1.092[67.1]

Al 13 26981539 048181 706 1064 1 1615 124, 8.9 1 2.70 1

Si 14 280855 049848 706 1060 1 1664 Mo2182 936 1 233 1 3.95

Ar 18 39.948 045059 76.4 1172 b (1.519) 11955  14.0 I 1.396[1.782] I 87.28 1.233 [283]

Ti 2 47.867 045948 799 1249 1 1476 11617 356 1 4540 1 —

Fe 26 55.845 046556 82.8 1319 | 1451 1384 176 787 '

Cu 29 63546 045636 s5.6 1349 ' 1403 Y12s6 143 ' os96 ! -

Ge 32 7261 044071 883 1405 ' 13711 Yizas 230 ' 323 !

Sn 50 118.710 042120 100.2 163 ' o1260 Vss2 o1 Vo7 '

Xe 54 131.29 041130 1028 169 YV (1285) Vosas 287V 20535858 V65 [701]

W 74 183.84 040250 1103 185 Y 115 Ve o035 v 193 !

Pt 78 195.08 039984 1133 1807 ' 1120 Voesa o305 U o215

Pb 82 207.2 0.39575 1162 o4V orae3 Vesr o056 1 omigs !

U 92 2380289 038651 117.0 199 P o1os2 100 ~032 1 ~s9 1

Air, (20°C, 1 atm.), [STP)] 049919 62.0 90.0 3 (1.815) | 36. [30420] 5 (1.205)[1.2031]y 788 (273) [293]

Hy0 055509 60.1 836 1991 3608 361 100 37315 1.33

€O, gas 049989 624 89.7 o _(L819) 362 [18310)y _ _ J1.972) 410)
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Multiple Scattering

Summary Part I

Scattering of charged particles of f the atoms

in the medium causes a change of direction:

the statistical sum of many such small angle
scatterings results in a gaussian angular
distribution with a width given by:

13.6MeV | x X
g, = VeV, /—[1 +0.()381n<— ]
B Bpc Xo X0>

eD
log scalel T~ example: p = 1 6eV/c, d = 300um Si, Xo=9.4cm
" = 0y~ 0.8 mrad. For 10cm distance this
2 corresponds to 80um, which is significantly
S 001 larger than typical resolution of Si-strip
& detector
i the less likely scattering off the atomic nuclei
i . —— causes large scattering angles resulting in a
6.0001 deviation from a gaussian distribution at large
= angles
scattering angle 8 —» @
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Part IT
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Use of Track Detectors for Momentum Measurement

Gas Detectors
Proportional Chamber
Drift Chamber

- TPC

MSGC, RPC, GEM

Solid State Detectors

_ S'l’l"ip Detectors Common lecture on Fr, 10.8.
. by Georg Steinbriick

- Pixel Detectors
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- properties of different particles require many different types of detectors
- rough classification

- track/position detectors (non destructive) — Part IT
- calorimeters (destructive) — Part IIT

- basically all detectors based on electromagnetic interaction
- detectors also more and more used for other applications (e.g. medical appl.)

- energy loss of charged particles: Bethe-Bloch describes loss due to ionisation

- z2/f% — InE — Fermiplateau

- minimum at By =~ 3: 1-2 MeV per gcm™>

- however light particles (electrons, muons) at high energies lose energy predominantly by
bremsstrahlung: — dE/dx = Z2 - E/m?

- multiple scattering

- gaussian core of distribution with angular spread: 0, ~ % }x—
0

- deviation from gaussion distributiun at large angles due to Rutherford scattering (nuclei)
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