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Creation of the Signal

Charged patrticles traversing matter leave excited atoms, electron-ion pairs (gases) or
electrons-hole pairs (solids) behind.

C Excitation: )
€ pnotons emitted by the excited atoms in transparent materials can be detected with

photon detectors like photomultipliers or semiconductor photon detectors.

lonization:

By applying an electric field in the detector volume, the ionization electrons and ions are
moving, which induces signals on metal electrodes. These signals are then read out by
appropriate readout electronics.



Detectors based on Registration of excited Atoms - Scintillators
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Scintillators

Photons are being reflected towards the ends of the scintillator.

A light guide brings the photons to the Photomultipliers where the photons are converted to an
electrical signal.

Scintillator Light Guide Photon Detector

J J

By segmentation one can arrive at spatial resolution.

Because of the excellent timing properties (<1ns) the arrival time, or time of flight, can be measured
very accurately - Trigger, Time of Flight.
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UV light enters the WLS material « x UV (primary)

->Total internal reflection inside the WLS material
—> ‘transport’ of the light to the photo detector

Light is transformed into longer wavelength scintillator /\&\
\
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Scintillators

Typical Geometries:
« Light guides: transfer by total internal reflection (+outer reflector)

Light guide
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The frequent use of Scintillators is due to:
Well established, fast response time - 1 to 100ns

Schematic of a Photomultiplier:

« Typical Gains (as a function of the applied voltage): 108 to 1010

« Typical efficiency for photon detection: < 20%
« For very good PMs: registration of single photons possible.

« Example: 10 primary Elektrons, Gain 10’-> 108 electrons in the
end in T =~ 10ns. 1=Q/T = 108*1.603*10-19/10*10°= 1.6mA.

« Across a 50 Q Resistor 2> U=R*I= 80mV.
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Creation of the Signal

Charged patrticles traversing matter leave excited atoms, electron-ion pairs (gases) or
electrons-hole pairs (solids) behind.

Excitation:
The photons emitted by the excited atoms in transparent materials can be detected with
photon detectors like photomultipliers or semiconductor photon detectors.

lonization: D
By applying an electric field in the detector volume, the ionization electrons and ions are
moving, which induces signals on metal electrodes. These signals are then read out by

appropriate readout electronics.

Rienl



Principle of Signal Induction by Moving Charges

A point charge g at a distance z,

Above a grounded metal plate ‘induces’ a
surface charge.

The total induced charge on the surface is —q.

Different positions of the charge result in

different charge distributions.
The total induced charge stays —q.
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The electric field of the charge must be
calculated with the boundary condition that the
potential ¢=0 at z=0.

For this specific geometry the method of images
can be used. A point charge —q at distance -z,
satisfies the boundary condition - electric field.

The resulting charge density is
o(X,y) = &y E;(X.y)

Jo(x,y)dxdy = -q

Q= foc f@c olx,y)drdy = —q



Principle of Signal Induction by Moving Charges

If we segment the grounded metal plate g The charge induced on the individual strips is
and if we ground the individual strips \% now depending on the position z, of the charge.
the surface charge density doesn’t . , ,

: : If the charge is moving there are currents
change with respect to the continuous . ,
metal plate. flowing between the strips and ground.

- The movement of the charge induces a
current.
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Detectors based on lonization

—> (Gas detectors:

« Wire Chambers
 Drift Chambers

« Time Projection Chambers

Solid State Detectors

« Transport of Electrons and Holes in Solids

 Si- Detectors
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Gas Detectors with internal Electron Multiplication

Principle: At sufficiently high electric fields (100kV/cm) the electrons gain
energy in excess of the ionization energy - secondary ionzation etc. etc.

dN =N a dx a...Townsend Coefficient

N(X) = N, exp (ax) N/ N, = A (Amplification, Gas Gain)

Avalanche in a homogeneous field:

4 lons
Problem: High field on electrode surface E

- breakdown Electrons

In an inhomogeneous Field: a(E) > N(x) = N, exp [Ja(E(x))dx’]
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Wire Chamber: Electron Avalanche

Wire with radius (10-25um) in a tube of radius b (1-3cm):

Electric field close to a thin wire (100-300kV/cm). E.g. V,=1000V, a=10pm, b=10mm,
E(a)=150kV/cm

Electric field is sufficient to accelerate electrons to energies which are sufficient to
produce secondary ionization - electron avalanche - signal.

A
ok A
C Wire @ @ @
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Multi Wire Proportional Chamber

Classic geometry (Crossection), Charpak 1968 :

One plane of thin sense wires is placed between
two parallel plates.

Typical dimensions:

Wire distance 2-5mm, distance between
cathode planes ~10mm.

Electrons (v5cm/us) are collected within ~
100ns. The ion tail can be eliminated by
electronics filters = pulses of <100ns length.

For 10% occupancy - every us one pulse
- 1MHz/wire rate capabiliy !
- Compare to Bubble Chamber with 10 Hz !

W. Riegler/CERN 13
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Multi Wire Proportional Chamber

Cathods planey

i

|

-

In order to eliminate the left/right ambiguities: Shift two
wire chambers by half the wire pitch.

For second coordinate:
- Another chamber at 90° relative rotation
—> Signal propagation to the two ends of the wire.

—>Pulse height measurement on both ends of the wire.
Because of resisitvity of the wire, both ends see
different charge.

Segmenting of the cathode into strips or pads:

The movement of the charges induces a signal on the
wire AND on the cathode. By segmentation of the
cathode plane and charge interpolation, resolutions of
50um can be achieved.
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Multi Wire Proportional Chamber

Cathode strip:

Width (1) of the charge distribution ~
distance between Wires and cathode plane.

v (cm)

021l | T | lir ‘Center of gravity’ defines the particle
0371 M trajectory.
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Drift Chambers @ S
= F Amplifier: t=T
e
1 il
= cathode W,
10 mm [ S u_.+<_5 O— > 4e— O sense/ field W.
cathode W.
f L—Eﬂmm —-l
|

| Scintillator: t=0

In an alternating sequence of wires with different potentials one finds an electric field between the
‘sense wires’ and ‘field wires’.

The electrons are moving to the sense wires and produce an avalanche which induces a signal that is
read out by electronics.

The time between the passage of the particle and the arrival of the electrons at the wire is measured.

The drift time T is a measure of the position of the particle !

By measuring the drift time, the wire distance can be increased (compared to the Multi Wire
Proportional Chamber) - save electronics channels !
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Drift Chambers, typical Geometries
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U.Becker Instr. of HEP, Vol#9, p516 World Scientific (1992) ed F.Sauli

Electric Field = 1kV/cm
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Time Projection Chamber (TPC):

Gas volume with parallel E and B Field.
B for momentum measurement. Positive effect: Diffusion is
strongly reduced by E//B (up to a factor 5).

Drift Fields 100-400V/cm. Drift times 10-100 ps.
Distance up to 2.5m !
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charged track

Wire Chamber to
detect the tracks
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ALEPH

Run=15768 Evt=55%06
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STAR TPC (BNL)

Event display of a Au Au collision at CM energy of 130 GeV/n.

Typically around 200 tracks per event.

Great advantage of a TPC: The only material that is in the way of the particles
IS gas = very low multiple scattering - very good momentum resolution down

to low momenta !
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ALICE TPC: Detector Parameters

« Gas Ne/ CO, 90/10%
 Field 400V/cm

« Gas gain >104

« Position resolution o= 0.25mm
« Diffusion: o= 250pum

 Pads inside: 4x7.5mm

« Pads outside: 6x15mm

. B-field: 0.5T Jem
 Largest TPC:

— Length 5m

— Diameter 5m

— Volume 88m?3
— Detector area 32m?
— Channels ~570 000

W. Riegler/CERN
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W. Riegler/CERN

First 7 TeV p-p Collisions in the ALICE TPC in March 2010!
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First Pb Pb Collisions in the ALICE TPC in Nov 2010 !

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693

23



GEMs & MICROMEGAS

MICROMEGAS
Narrow gap (50-100 um) PPC with thin cathode mesh
Insulating gap-restoring wires or pillars

Anode strips

Pillar
Y. Giomataris et al, Nucl. Instr. and Meth. A376(1996)239

W. Riegler/CERN

GEM
Thin metal-coated polymer foils
70 um holes at 140 mm pitch

F. Sauli, Nucl. Instr. and Methods A386(1997)531
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Detectors based on lonization

Gas detectors:

Wire Chambers

Drift Chambers

Time Projection Chambers

Transport of Electrons and lons in Gases

—> Solid State Detectors

« Transport of Electrons and Holes in Solids
« Si- Detectors

« Diamond Detectors

25
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Silicon Detector

Velocity:

M.=1450 cm?/Vs, u,=505 cm?/Vs, 3.63eV per e-h
pair.

~33000 e/h pairs in 300um of silicon.

However: Free charge carriers in Si:
T=300 K: e,h =1.45 x 101° / cm? but only 33000 e/h
pairs in 300um produced by a high energy particle.

Why can we use Si as a solid state detector ???

1%a

conduction band

(
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doping

Doping of Silicon

In a silicon crystal at a given
temperature the number of
electrons in the conduction
band is equal to the number

of holes in the valence band.

Doping Silicon with Arsen
(+5) it becomes and n-type
conductor (more electrons
than holes).

Doping Silicon with Boron
(+3) it becomes a p-type
conductor (more holes than
electrons).

Bringing p and n in contact
makes a diode.

Acceptors a N, N,
X -
Donars
Conduction band &l
—__——_-_-——._-—\—‘ -
Fermi level ._EEEE‘-———:L - e{ma?ﬂf_
holes  —+ - _,._‘11:?——.__,_"‘“
‘ﬁ_-___-_-__
Valence band
AV//_
A V= -E

I

A dE dy= ple -

Carri
Holes & den«ﬁgf

Flectrons

Y
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Si-Diode used as a Particle Detector |

At the p-n junction the charges are depleted and
a zone free of charge carriers is established.

By applying a voltage, the depletion zone can be
extended to the entire diode - highly insulating
layer.

An ionizing particle produces free charge carriers
in the diode, which drift in the electric field and
induce an electrical signal on the metal
electrodes.

As silicon is the most commonly used material in
the electronics industry, it has one big advantage
with respect to other materials, namely highly
developed technology.

W. Riegler/CERN

Depletion
Region

S
o @@

T 2 L
i °
T [ ]
__‘."__4__-+ ® o ®
R

e Electron

+ Positive 1on from removal of
electron in n-type impurity

= Negative 1on from filling n
p-type vacancy

e Hole
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Under-Depleted Silicon Detector

Electric Field
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Fully-Depleted Silicon Detector
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Silicon Detector

ca. 50-150 um

\”‘/ / i’ if
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N (e-h) = 11 000/100um
Position Resolution down to ~ 5um !
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Uy

Silicon Detector

Every electrode is connected to an amplifier -2
Highly integrated readout electronics.

Two dimensional readout is possible.
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CMS tracker (~2007)
12000 modules
~ 445 m?2 silicon area

~ 24 328 silicon wafers

~ 60 M readout channels

CDF SVX IIa (2001-)
~ 11m2 silicon area
~ 750 000 readout channels

33



CMS Tracker
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Electromagnetic Interaction of Particles with Matter

Z, electrons, q

M, q=2, e,

q=-€,

Interaction with the
atomic electrons. The
incoming particle loses
energy and the atoms
are excited or ionized.

Interaction with the
atomic nucleus. The
particle is deflected
(scattered) causing
multiple scattering of the

particle in the material.
During this scattering a
Bremsstrahlung photon
can be emitted.

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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NeTtekTopun Ha Nlonemunsa agpoHeH yCKopuTen Ha HacpelwHU CHonoBe

Recreating the big bang The God particle Where the collision takes place

e YCKOpMTEN Ha 3apefleHn YacTuLM - B

HaWMA cAy4an NPOTOHM
Large Hadron Collider (LHC)
e CObnbcKBaHEe Ha YacCTMUM - eHEepPruAa Ha

Scientists accelerate two beams of protons
around the 17-mile ring, smashing them together

at 186,000 miles per second. B3aMMOp.EI71CTBlfleTO:

Ultimately, scientists hope to find in the collisions —
proof of the *God particle”, the Higgs boson, which © E E(CHOH 1)+ E(CHOH 2)

is thought to give mass to matter

e Hamn-Bucoka eHeprua Ha cOnbCcbUUTE HA

LHC pocera:
o E=13[TeV]=2x6.5[TeV] (2015 -
2018 r.)
e [lpoeKkTHa eHeprma Ha LHC:
o E=14TeV

e Bpb3Ka (NnpeBpbluaHe) mexay eHeprus n maca: E = mc?

e [lpn cHnbCcbKa Ha CHOMOBETE OT NPOTOHM Ce pPaXKAaT MHOIO HOBW
YyacTuum.

o [lo-TeXKWUTE YacTULUM ca HecTabuaHm 1 ce pasnagat 6bp30 A0 no-

NeKn 4aCtmymn, KOMTO MoXXem aa UaMmepum.
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ExkcnepmeHTbT CMS



EKcnepumeHmbm CMS (Runl &2) EnekTtpomarHuteH 5_'Aﬁbs;;;_k_é]i;ib;l}\h—é};;; """""""""""""" ;

| Kanopumetbp . TMN caHaBWY

(Komnaxmen mioonen conenoud) Kencramoronosen i ol il ehrpanwara sac) i

! | UNWU MecuHr(B 3aTBapALIMTE YacTH)
M NfIacTMacoBU CLMHTUIIATOPU

. ConeHoupaneH MarHuT
. CynepnpoBopsilla HaMOTK2
: MarHuTHO none:
! 3.8 T BbB BbTPELIHOCTTA,

L.saIBopeJ.-la. OT MarHuTa ._._.
~1.8 T n3aBbH MarHuTa

XeneseH xamyT Ha
/ AeTeKTopa;

MNMpe3 Here ce 3aTBapAT

MarHUTHUTE CUNOBU NIUHUWN.

. BbTpelueH TPeKoB AeTEeKTOp — ABEe OCHOBHMU
. CUCTEMM:

CunuumeB NMUKCENoB AeTEeKTO

. CUnMuMeB MUKPOCTPUNOB AETEF

__________________

! MiooHHa cuctema —
! 3aTBapsilyy YacTu:

KaTtogHu ctpunoBu
! i z i | kamepu (CSC)
; i "Strips | Kamepu cbC 3
Terno ; e i mimmm CbOPOTUBUTESIHA .
1251 ! i nnockoct (RPC)
ﬂuaMerbp 15 m P 38

T HRemkuHa 216 m S o
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[1Bn>XeHne Ha 3apegeHa Yactuua B MarHMTHO
nose
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ConeHonaanHO MarHUTHO none TpaeKTOpMFITa Ha 3apedeHa 4aCTnua Ce 3aKpuUBABa B
MarHMTHO none.

AKO rnegame cpelly nocoKata Ha MarHMTHOTO None,

NONOXUTENHO 3apeaeHnTe YaCcTULM LWe ce OTKIOHABAT NO MNOCOKa Ha YaCOBHMKOBATA CTPE/IKa,

a oTpMuUaTeNHO 3apedeHnTe B 0bpaTHa NOCOKa.

B npunoxeHuneto iSpyWebGl, nocokata Ha MarHUTHOTO NOJie BbB BbTPELIHOCTTA HA MAarHMTa e No NOCOKa Ha OCTa
Z. B OCHOBHMA Xy U3rnen, ocTa z € Haco4eHa KbM HabaoaaTens.
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OnpeaensHe Ha UMnync v 3apsg - BbTpelleH TpekoB JeTEKTOP

N

N

CurHanute OT BbTpELWHUA TPEKOB AETEeKTop, No3BonsABaT Aga ce
PEKOHCTpyUpaT TeXHUTe Tpaektopun. flonemMmHata Ha 3aKpuBsiBaHe
Ha TEeXHUTe TPaeKToOpMM NO3BONABAT onpeaeriiHETO Ha TeXHUS
umnync no c¢opmynata r ~ p/B, kbgeto r [mM] e paAaMycbT Ha
KpuBMHaTta, p [GeV/c] — uMnyncbT Ha ernekTpoHa, a B [T] e
MarHUTHOTO norne.
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OnpeaenﬂHe Ha VIMI'IyJ'IC " 3ap$-|u BpreLueH TpeKOB OEeTEKTOpP

Afth://cms.caEhBetectori ISR |f ‘« -trax;ks
N WL S W O N
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http://cms.cern/detector/identifying-tracks

IamepBaHe Ha eHeprusa - KanopmMmeTpuyHa
cuctema
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[leTekTupaHe Ha enekTPoHU, NO3UTPOHU U POTOHU
EnekTpomarHuTHa naBnHa BbB BELLECTBO

[Ba npoleca Ha 3aryba Ha eHeprus B NNbTHa cpeaa 3a e+ ¢ E>1GeV nnmn oToHu:
e M3NMb4YBaHe Ha POTOH OT 3apedeHa YacTuua (NPUMEpPHo e+ Unn e-) Npu ABMXKEHME B MOMETO Ha A4pPo OT
cpenaTa
e paxaaHe Ha e+e- OBOWNKM OT POTOH, B NOMETO Ha AP0 OT cpeaara

_

1 [ _
E E E E
05 My ':I/'ﬁ '3/16

0’ Kpucman om onoseH songhpamam u

Jsla8UHHU chomoduodu, u3rorizeaHu 8
EHepruaTa Ha YyacTuuaTta, MHMLMMpPana ECAL Ha CMS

NaBMHaTa e NPonopLUMoHanHa Ha bpos
nscseteHn GOTOHM 43



ECAL - enekmpomacHumeH
Karnopumemsp Ha CMS

(e nsigo)
HCAL - aOpoHeH
Karnopumemsp Ha CMS

(6 0sicHO)
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HCAL-
CSC & RPC - | |cSC & RPC +

Pixel & tracker

HCAL Forward - HCAL Forward +

3abenexka: He ca NokasaHW BCUYKWN JETEKTOPHN CIIOeBe, 3a ja He ce npeTpynsa durypara.




KanopumeTpuyHa cucrtema
ekTpomardHuteH (ECAL) n agpoHeH kanopumetbp (HCAL)
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MiooHHa cuctema Ha CMS (Run1 & Run?2)



MiooHHa cuctema Ha CMS (Run1 & Run?2)

DT (Kamepw ¢ apendosu Tpb6M) R R

N
cathoda with strips

3 16 I'rI'n " avalancha

plane cathode

Dirift lines
lsochrones

CSC (KatogHo cTpmnoBu kamepn)
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PernctpupaHe Ha mMioOH — Hanpesen paspes na CMS

e CwurHanun BbB BbLTPELUHUA TPEKOB OETEKTOP U B
MIOOHHUTE Kamepu;

e [loytTn He ce HabnwpaBat B3auMoOenCTBUA B
KanopumMmeTpuyHaTta CUCTEMA;

e MWmaT enekTpuuyecku 3apsg M TeXHUTe
TPaAeKToOpuu ce U3KpUBABAT B MAarHUTHOTO MnorJie
- U3MepBaHe Ha WMNyNc U onpepgensiHe Ha
3apsna,

o [lonama npoHuKBaWa CNOCOOHOCT, NpeMuHaBaT
npe3 MarHMTa v Uenusa OeTeKTop;

o PaxpaT ce B pe3ynrtaTr OT pa3nagaHeTo Ha no-
TEXKN 4YacTuum W HOCAT WHcopmauma 3a
CINlyYBaHeTO Ha WHTEepecHun cwvoOuTMa -
NPUMepPHO paxaaHe v pa3snag Ha Xurc 6030H.
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Kak ce peructpupa yactmum cbc CMS
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Key:
Muon
Electron

~———— Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
""" Photon

( ] . ‘ .:_..._"_,

Silicon
Tracker

Electromagnetic
)‘n" Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS

o MIOOHHa cucTema:
o Pernctpupa enekTpuyeckn sapeaeHun 4actmumn, NpemmHanum npes BCMYKN
OCTaHaNN CUCTEMMU N MArHUTA.
o Hue npeanonarame, 4ye TakmMBa moraT ga 6bAaT CaMo MIOOHUTE.

c
D Barn

wy, CERN, Febviary 200%

Cunvunes geteKkTop:
o Peructpmpa nonageHnA Ha

eNeKTpUYecKmn 3apeneHu
yacTmum.
o EnekTtpomarHuTeH KasiopumeTbp:
o Perucrtpupa €/IeKTPOHMU,

NO3UTPOHU U POTOHM
o Te omnaraT nbaHaTa Cu
eHeprma B Hero
o ALpPOHEH KanopumeTbp
o Peructpupa agpoHun, KouTo
oTnaraT NbaHaTa CU eHepruA
B Hero

KombuHmnpame nHpopmauymsTta ot
OTAENHUTE AETEKTOPHMU cuctemm!
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Jluncealla eHeprug

e Yactmum, KOoUTo He moraTt aa 6baaT perncTpupaHun c Halua AeTEKTOP
o HeytpuHo - TpA6Ba HN MHOrO NO-rONAM AETEKTOP
o Yactnyn, KOUTO He No3HaBame
e Ho HMe moXe ga HanpaBUM OLEHKA KaKBO KOJIMYECTBO EHEPrua MAN MMMYAC Ca OTHECIN Te3n Yactmum!

BennuymnHaTta, KOMTO e M3non3Bame B HaluA aHanm3 ce Hapuya Missing Energy v cbabprka B cebe cm cymaTta oT
eHeprumTe, OTHEeCEHU OT BCUYKM YACTULN, KOUTO HE CME YCMEeNn Aa PermncTtpmpame u Usmepum.
A CbLO 1 MHPOPMALMA 3a MOCOKATA, B KOATO € OTHECEHA Ta3u eHeprus.

e 3abenexkeTe, INNCBALLATA EHEPrMA MOXKE Aa € OTHEeCEHA OT nNoseye OT eAHa YacTuua!l
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bnarogaps 3a BHUMaH1UEeTo!



